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FOREWORD

‘ _ The research reported herein was supported by the Office of
Naval Research, Power Branch, Code 473, and the U, S. Army
Research Office, with Dr., R, S. Miller of ONR as Scientific
Officer. This report covers the peviod 1 March 1980 through

nrogram has been dircotaed by Dr., W, O,

¢ effort was carried out by Drs. K. O,

W. W. Wilson, and Mr. R. D. Wilson.
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INTRODUCTION

This report covers the period from 1 March 1980 thorugh 28 February 1981 and

'a describes Rocketdyne's research efforts in the area of energetic inorganic
halogen oxidizers. As in the past years (Ref. 1), our research covered areas
ranging from the exploration of new synthetic methods and the syntheses of novel
compounds to structural studies. Although the program is directed toward basic
research, applications of the results are continuously considered. A typical
example of the usefulness of such goal-oriented basic research is the application
of NF + chemistry to solid propellant NF3-F2 gas generators for chemical HF-DF

4
lasers.

Only completed pieces of research are included in this report. As in the past
(Ref. 1), completed work has been summarized in manuscript form suitable for
publicatien. Thus, time spent for report and manuscript writing is minimized,

and widéspfeéd dissemination of our data is made possible.

DPuring the past 12 months, the following papers were published, submitted for
.publication, or presented at meetings. In addition, several patents were filed

and issued. All of these originated from work sponsored under this program.
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PUBLICATIONS AND PATENTS DURING PAST CONTRACT YEAR

PAPERS PUBLISHED

1.

"Simplified Synthesis of NF4+SbF6_,” by W. W. Wilson and K. 0. Christe,
J. Fluorine Chem., 15, 83 (1980).

"Synthesis and Properties of NF4+C104_ and NF4+HF27nHF and Some Reaction
Chemistry of NFA+HF27nHF Salts," by K. 0. Christe, W. W. Wilson and
R. D. Wilson, Inorg. Chem., 19 1494 (1980).

"Synthesis and Properties of NFA+SOBF-’” by K. 0. Christe, R. D, Wilson

and C. J. Schack, Inorg. Chem., 19, 3046 (1980).

"Vibrational Spectra of 15NF4ASF6 and General Valence Force Field of

NF4+," by K. 0. Christe, Spectrochim Acta, 36A, 921 (1980).

"The Force Field of SF4," by W. Sawodny, K. Birk, G. Fogarasi and
K. 0. Christe, Z. Naturforsch., 35B ,1137 (1980).

"Synthesis and Characterization of (NFa)ZMnF6’” by K. 0. Christe,
W. W. Wilson and R. D. Wilson, Inorg. Chem., 19, 3254 (1980).

"Evidence for the Existence of Directional Repulsion Effects by Lone
Valence Electron Pairs and frBonds in Trigonal - Bipyramidal Molecules,"

by K. 0. Christe and H. Oberhammer, Inorg. Chem., 20, 296 (1981).

PAPERS IN PRESS

8.

"On the Properties of Azidotrifluoromethane," by K. 0. Christe and C. J.

Schack, Inorg. Chem,

"The General Valence Force Field of Perchloryl Fluoride," by K. 0. Christe,

E. C. Curtis, W. Sawodny, H. Haerthner and G. Fogarasi, Spectrochim Acta.

RI/RD81-140
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10,

11,

12,

13,

14,

15.

16.

17.

18.

19.

s e TR A

"The Formation of the Halogen ~ Halogen Bond," by K. 0. Christe,
Inorganic Reactions and Methods.

"Determination of Nitrogen Trif luoride in Perfluoro Ammonium Catiom
Containing Complex Fluoro Anion Salts,”" by R. Rushworth, C. J. Schack,

W. W, Wilson and K. 0. Christe, Anal. Chem.

"On the Syntheses and Properties of FOIF, 0, C101F 0, HOIFaO and Tetra-
f luoroperiodates,” by K. 0. Christe, R. D. Wilson and C. J. Schack,

Inorg. Chem.

- + - . .
"Synthesis and Properties of NFA UFSO ," by W. W. Wilson, R. D. Wilson, and
K. 0. Christe, J. Inorg. Nucl. Chem.

"EPR Evidence of Molecular and Electronic Structure of Nitrogen Trifluoride
Radical Cation," by A. M. Maurice, R. L. Belford, K. 0. Christe and
I. B. Goldberg, Inorg. Chem.

""Gas Phase Structure of Chlorine Trifluoride Oxide, ClFBO," by H. Oberhammer
and K. 0. Christe, Inorg. Chem,

PAPERS PRESENTED AT MEETINGS

"Recent Results in Nitrogen Fluoride Chemistry," by K. 0. Christe, C. J.
Schack, W. W. Wilson and R. D. Wilson, 7th European Symposium on Fluorine
Chemistry, Venice, Italy (Sept. 1980).

"Synthesis and Properties of NFAUFSO,” by W. W. Wilson, R. D. Wilson and
K. 0. Christe, Second Chemical Congress of the North American Continent,

Las Vegas, Nev., (Aug. 1980).
————————,
"On the Syntheses and Properties of FOIF40, ClOIFaO, HOIF&O and Tetra-

f luoroperiodates,"” by K. 0. Christe, R. D. Wilson and C. J. Schack,
Fifth Winter Fluorine Conference, Daytona Beach, Florida (February (1981).

PATENTS T1SSUED

"High Detonation Pressure Explosives,'" by K. 0. Christe, U.S. 4,207,124
(.lune 1980),

RI/RD81-140
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22,

"Peroxonium Salts and Method of Producing Same,'" by K. 0. Christe and
W. W, Wilson.

"Stable NF4+ Salt of High Fluorine Content,'" by K. O. Christe and
W. W. Wilson. |

"Improved NF3-F2 Gas Generator Compositions,'" by K. 0. Christe and

W. W. Wilson,.

RI/RD81~140
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DISCUSSION

Significant progress has been made in the area of NFQ+ Chemistry. A number of
novel complex fluorotungstate salts have been synthesized and characterized.
Most of these salts were found to be stable and are of practical interest as
solid propellant WF6 gas generators. The results of this study are presently

being summarized in manuscript form.

Other novel NF4+ salts derived from SiFA, UFG’ and BeF2 have also been success-
fully synthesized. Characterization of these salts is presently being completed.
Some of these salts are attractive because of their potential as ingredients in

high NFB/F2 yielding solid propellant gas generator formulations.

Analytical procedures for NF&+ salts have been refined, and the results are
summarized in Appendix A for publication. The vibrational spectra of 15N labe led
NF4A5F6, and the general valence force field of NF4+ were published in Spectro-
chemica Acta (see Appendix B).

Thermodynamic data have been determined for NFABFA’ NFAPF6’ NF4A5F6, NFASbF6 and

NFAGeFS. Measurements on (NFA)ZGeFé are 1in progress. This work is being carried
out in collaboration with Prof. Peacock of the University of Leicester, U. K. and
Dr. Bougon of the French Atomic Energy Commission. The results will be highly
useful for theoretical performance calculations and theoretical predictioms

concerning the possible existence of yet unknown NF4+ salts. For example, it was

+ -
shown that the hypethetical NF4 F salt, i.e., an iomnic NFS’ cannot exist under
normal conditions. This study is expected to be completed during the current

T

year.

The papers on the novel (NFA)ZMHF6 salt was published in Inorganic Chemistry
-+

(see Appendix C), and a US patent on the use of NFQ salts in high detonation

pressure explosives was issued (see Appendix D). Attempts to synthesize the

unknown (NF4)3A1F salt by new methods have so far been unsuccessful.

6

RI/RD81-140
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In addition to the previously mentioned studies on NF4 chemistry, extensive
efforts were carried out in several other areas of nitrogen fluorine chemistry.
In connection with the interest in a chemical NF laser, the reacrion of fluorine

atoms with HN3 was studied by matrix isolation spectroscopy, but no evidence for

the existence of an intermediate F-HN3 adduct was observed under the given con-

was prepared and characterized (see Appendix E), and
NFZ’ a

ditions. The compound CF3N3
it was found that its fluorination provides an improved synthesis of CF3
compound which 1s difficult to prepare in good yield and purity according to

previous literature methods (see Appendix F). Attempts were made to synthesize
the unknown NHZF molecule by a series of displacement reactions using NH3
(Ref. 2) as a starting material (Drs. Grakauskas and Baum from Fluorochem kindly

provided the precursor for the preparation of this compound).

Sighificant progress was also made in the area of halogen fluoride chemistry.

The first example of an iodine hypofluorite OIFAOF was prepared and fully
characterized (Appendix G). 1In connection with this study, numerous interesting
reactions of periodates were investigated. In collaboration with Prof. Oberhammer
ogithe University Sf Tubingen, W. Germany, the molecular structure of ClF30 was
determined by electron diffraction (see Appendix H), and evidence was obtained

for the existence of directional repulsion effects by lone valence electron

pairs and TM-bonds in trigonal-bipyramidal molecules (see Appendix J).

The interesting compound, fluorine perchlorate, recently became readily accessible
+ - .
4 ClO4 (Ref. 3). Since

very little was known about this compound, except for it being highly explosive,

in high purity through the thermal decomposition of NF

a complete characterization was carried out and the results are being summarized
in manuscript form. In conneS?TEFTJTEB this study, the knowledge of the General
Valence Force Field of FClO3 was required. Since these data were previously not
available, they were determined and are presented in Appendix J in manuscript
form., This study was carried out in collaboration with Prof. Sawodny of the
University of Ulm, W. Germany, who carried out the Ab Initio Force Field calcu-
lations. Similar calculations were also obtained for the closely related SF4
molecule (see Appendix K). A review chapter on chlorine oxyfluorides was written

for the serles "Inorganic Reactions and Methods'" (see Appendix L).

RI/RD81-140
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Aqueous fluorinations of several substrates, such as Te0, ~ and CrOA", were
studied in an attempt to extend the reaction recently discovered by Appelman
{(Ref. 4) which resulted in the isolation of the first known example of an ionic
hypofluorite, FSOZOF—. No difficulty was encountered with the duplication of
Appelman's work, but so far no evidence for the formation of other analogous

hypofluorite anions has been obtained.

RI/RD81-140
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Contribution from Rocketdyne, a Division of
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Brief

The NFz content of complex fluoro anion salts is cetermined by quantitative
measurement of the NF-3 evolved during hydrolysis using gasometric and chroma-
tographic methods. The use of several quantitative, semiquantitative and
qualitative methods for the determination of the anions or for the detection

. Ce s . + . .
of impurities in the NF4 salts is discussed.
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Abstract

The NF: content of complex fluoro anion 5alts is determined by quantitative
measuremnt of the NF3 evolved during hydrolysis of 500-1000 mg size samples
using gasometric and chromatographic methods. Analytical data dare given for
NF4BF4, NFQSbFG, NF4
These data show a scatter of about - 2 relative percent for the NF3 analyses.
Tne use of several guantitative, semiquantitative and qualitative methods

for the determinaticn of the anions or for the detection of impurities in the

NFZ salts is discussed.

RI/RD81-140
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Introduction

Perfluoroammonium salts are unique., In spite of their unusual oxidizing power,
they are capable of Torming numerous stable salts, Potential applications
of NFZ salts include their use in solid propellant NF3-F2 gas generators :

for chemical HF-DF lasers (1,2) and as a fluorinating agent for aromatic

.
I

compounds(3). Since generally the elemental analyses of powerful oxidizers are
difficult to perform, we would like to report the methods develoned in our . :

laboratory for analyzing NFZ salts.

Experimental

Caution: The hydrolysis of NFz salts is highly exothermic and can be explo-

il

sive. It must be moderated, as described in the following paragraphs, and
appropriate safety precautions must be taken.

Apparatus. The hydrolysis reaction of NFZ salts was carried out in a volume
calibrated s:iinless steel vacuum line equipped with Teflon FEP U-traps and
bellows seal valves. Pressures were measured with a Heise Bourdon tube-type
gauge {J-760 e 0.01%). The vacuum line was directly interfaced with the
gas chromatograph, F and M Model 700, which was equipped with a 1/8" X 20" ’
column packed with PPQ, 80-100 mesh, and was operated at ambient temperature, '#
with 25 mL/min He, and a thermal conductivity detector. Peak area integration

was accomplished with a Hewlett-Packard Model 3371 R integrator. Non-velatile

materials were handled outside the vacuum system in the dry nitrogen atmosphere

of a ylove box., Raman spectra were recorded on a Cary Model 83 spectrophoto-
meter using the 4880 R exciting line of a Lexel Model 75 Ar ion laser and a

Claassen filter (4) for the elimination of plasma lines with sealed glass

Infrared spectra were obtained

melting point capillaries as sample containers.

RI/RD81-140
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using Perkin-Elmer Model 283 or 457 spectrophotometers using a Wilks mini-

 pellet press for pressing the dry powders between AgCl disks.

Hydrolysis of the NF;>Sa1t. The sample to be analyzed (500-1000 mg) was
transferred in the glove box to a previously evacuated, leak checked, and
weighed volume-calibrated Teflon FEP ampoule equipped with a stainless steel
valve. After removal from the glove box, the ampoule was reevacuated and
reweighed. It was attached to the vacuum Vine and after cooling to »1960,

2.0 mL of degassed and deionized H20 was slowly admitted into the sample tube
from an inverted bulb. The HZO addition was carried out in such a manner that
the water was frozen at -196° on the upper walls of the tube some distance above
the sample., Upon closing the ampoule the frozen water was knocked down onto
the sample. The resulting solid mixture was agitated and carefully warmed
toward room temperature. As soon as interaction was noticeable, the mixture
was chilled in liquid N, again to moderate the hydrolysis. Repeating this
warming and cooling cycle, two or three times accomplished most of the hydro-
lysis reaction and at this point the reaction was allowed to go to completion
near room temperature.

Deteriination of the NF Content by Gas Chromatography. The tip of the

39

ampoule with the resulting hydrolysate was cooled to -78°%. Care was taken that
al)l the hydrolysate was in the tip and that it was frozen to avoid distortion
of the ensuing pressure measurement by water vapor pressure. With the solution
frozen, the ampoule was opened to the calibrated volume of the vacuum line,

the gas pressure and temperature were recorded, and the amount of gas was

calculated from these PVT measurements. A portion of this gas was analyzed by

RI/RD81-140
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GC which had previously been calibrated for NFB, 02, NZ’ and mixtures thereof,

Retention times (in minutes) for the gases were: N2(2.4), 0,(2.55), and NF3(4.95).

The amount of NFZ, originally present in the sample, was calculated from the
total amount of gas evolved and the percentage of NFB, as found by GC. Analyses,

carried out on pure samples showed that 1 mo) NFZ generated 1 mol of NF3.

Separatfon of NF. angd 02 by Fracticnal Condensation. The following procedure

was also used in place cf the gas chromatographic determinaticn of NF3 ard 02.
After the NFZ salt had been hydrolyzed as described above, the ampoule contain-
ing the hydrolysis products was cooled to -210°C by a N, slush bath prepared

by pumping on a dewar containing liquid N2‘ The contents of the ampoule were
allowed to slowly warm frrom ~210 toward O°, while the volatile materials were
pumped in a dynamic vacuum (.loi4 torr) through a series of U-traps kept

at -78°%C for trapping water vapor and at -210°C for trapping NF3. When the
hydrolysate in the ampoule had melted, the vaives between the ampoule, the first
U-trap and the second U-trap were closed and pumping on the second (-210°C)
U-trap was continued for another 15 minutes to remove any trapped oxygen. The
-210°¢ U-trap was then closed off, the contents were allowed to warm to ambient

temperature and were measured by PVT.

Results and Discussion

The analyses of numerous spectroscopically pure NFZ salts of different
counterions by the gas chromatographic method have shown (see Table 1) that

the hydrolysis of NFZ results in quantitative NF3 evolution according to:

RI/RDB1-140
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- +
ZNF4 + ZHZO + 2NF, + 02 + 2H,F

3 2

The solubility of NF3 in HZO is very small (5,6) and can therefore be neglected.
The hydrolysis reactions must be carefully controlled to avoid violent

reactions (7,8) which (i) are dangerous and (ii) can result in the hydro-

lysis of some NF3 to nitrogen oxides. The oxygen evolution was found, even
under well controlled conditions, to be often less than quantitative due to

the formation of some HZOZ and HOF (2). In addition, certain oxidizing anions,

2'(s)also produced oxygen on hydrolysis.

e 2=, R .
such as N1F6 (7Y, B1F6 (2) or MnF6
Consequently, determination of the evolved 02 should not be used for a quanti-

tative determination of the NFz content.

Two methods were developed for the determination of the amount of NF3
evolved during hydrolysis. In the first method, the total amount of gas
volatile at -789C is measured by PVT, followed by a gas chromatographic analysis
of the gas. In the second method, the evolved NF-3 and 02 are separated by
fractional condensation using a -210°¢ trap,; the -210% trap retains only the
NF.. The choice of either method depends on the availability of the appro-

3
priate equipment.

An error analysis of the method using gas chromatographic separation
shows that by far the largest uncertainty stems from the uncertainty in the
area integration of the GC peak. This is confirmed by analytical data on
high purity NF48FQ, prepared by low temperature UV-photolysis in a steel-
sapphire reactor (9). These data show a scatter of about ) relative percent

for the NF3 analyses.

RI/RDB1-140
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An error analysis of the second method shows that its accuracy is limited
by the affectiveness of the NF3-02 separation. The NF3 values cbtained for
high purity NF4BF4 standards were found to be highly reproducible, but were
always slightly high due to small amounts (0-0.8 mol %) of residua) oxygen,

as determined by gas chromatographic analyses of the NF3 trapped at -210%.

Despite the minor limitations of either of these two methods, both are

well suited for the quantitative determination of NF, in NFZ salts.

3
Often, however, the NFz- containing salts are obtained by a metathetical

reaction (10), rather than in a direct fashion. This results in a product

consisting of a mixture of several salts. This fact does not alter the method

nor the reliability of the NF3 determination of such a mixture; however, it does

require additional analyses for the remaining constituents using methods such

as atomic absorption, x-ray fluorescence spectroscopy and gravimetry.

Typical elements determined in the hydrolysate after the NF3 analysis include

(s, Ag, B, Sb, Sn, Ti, Ni, Mn, Bi, W and U. Analyses for the determination of

the total fluoride content were not carried out because they do not provide

much useful information and require Parr bomb fusion techniques using Na202

(11) to assure complete hydrolysis of the complex fluoro anions.

If the mixture of the salts to be analyzed can contain polyanions, such

as Sb,Fy (2), 3i,F ,7(2), o Ti2F102‘(12), the mole ratio of total cation

central atoms to total anion central atoms provides information about the

RT/RDBLI-140
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percentage of polyanions present, The presence of polyanions or of impurities,
such as H30+(13), HFZE or solvated HF, can be further confirmed by qualitative
spectroscopic techniques, such as infrared and Raman spectroscopy. The
question of which cations are combined with which anions can be answered by

recording the x-ray powder diffraction patterns of the mixture.

Semi-quantitative methods for the determination of NFZ and MFxn' include

]gF NMR spectroscopy. In the Ramana spectra the symmetric stretching

Raman and
mode of tetrahedral NFZ, for example, occurs at about 850 cm"1(14) and always
results in an intense and narr-w line outside the frequency range of most

anion moces. The relative peak height of this line can therefore be taken

as a measure of the NF; concentration, provided that calibration spectra

of analyzed samples recorded under identical instrumental conditions are
available and that the relative peak heights of the other complex ions are

alse known. The advantage of this method is its speed and the small amount

of sample required. It is routinely used in our laboratory and gives results
within a few percent of those obtained by conventional wet analysis technigues.
It should be pointed out,however, that this method is not suitable for the
detection of weak Raman scatterers, such as HF.

19F NMR spectra of solutions of NFZ salts in solvents, such as

In the
anhydrous HF or BrFs, a very narrow well-resolved triplet of equal intensity
is observed for NFZ at about 220 ppm downfield from external CFC13 with a

line width of about SHz and JWF = 229 Hz (15, 16). 1t is well syited for

RI/RD81-140
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accurate peak area integration. !owever, in many cases rapid fluorine
exchange between the complex fluoro anions and the HF solvent preempts =
the simultaneous determination of the anion concentration, thereby limiting -

the general applicability of this method.
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Table 1. The Determination of NFy in Various NFj Salts
by the Gas Chromatogruphic Method

S P RIPR Y i

COMPOUND THMEORET | CAL EXPERIMENTAL
JLLA H NF3°

‘ NF,BF, 2 4o. 16 40.28

NF,SbF, b 21.80 21.69

NF,SbF, © 21.80 217 .

NF BiF, b 17.19 16.94
‘ NF, SN, d 23.38 23.60 ¥ %
= "4 a) From uV photolysis reaction : %
: {J b) From direct thermal synthesis ; %

¢) From pyrolysis of szF“a salt

d) From displacement reaction

e) Averaged values from multiple determinations
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APPENDIX B

Vibrational spectra of '*NF.AsF, and general valence force field of NF;

+

KarL O. CHRISTE

Rocketdyne, A Division of Rockwell International. Canoga Park, CA 91304, U.S.A.

(Received 3 March 1973; in revised form 6 May 198()

Abstract—Samples of *NF,AsF, and '*NF,AsF, were prepared by low-temperature u.v.-photolysis
and their vibrational spectra were recorded. The observed spectra are in agreement with space group
Pd4/n for NF,AsF, and site symmetries of §, and C, for NF; and AsF;. respectively. The observed
4N-13N isotopic shifts were used to compute a general valence force field for NF}.

INTRODUCTION

Since the first report {1, 2] on the existence of
NF¢ salts numerous papers [3-25] dealing with
NF; chemistry have been published. The vibra-
tional spectrum of NF; is well known [5, 7-9.
13-15, 17-19], and its force field has been com-
puted [5, 7]. However, the earlier work permitted
only computation of an approximate force field.
since the F; block has two fundamentals and three
symmetry force constants. In view of the general
interest in the NF, cation, the computation of a
general valence force field was highly desirable. In
addition, it was hoped that the vibrational specira
might allow the determination of the space group
of NF4ASF5. - H

EXPERIMENTAL

The samples of '*NF,AsF, and '*NF,AsF, were pre-
pared by low-temperature u.v.-photolysis of mixtures of
F,. AsFg and '*NF, or "*NF,, respectively, in a quartz
reactor, using a previously”iiescribed method [15). The
SNF, starting material was prepared by glow-discharge
of N3 (99% '*N, Stohler Isotope Chemicals) and F,
(Rocketdyne), as previously described [26]. Volatile ma-
terials were handled in a stainless steel Teflon-FEP vac-
uum system and solids in the dry nitrogen atmosphere of
a glove box.

The ir. spectra were recorded on a Perkin-Elmer
Model 283 spectrophotometer as dry powders pressed
between AgCl disks in a Wilks mini_press. The spec-
trometer was calibrated by comparisonMd gas
calibration points [27, 28). The Raman spectra were re-
corded on Spex Ramalog and Cary Model 83 spec-
trophotometers using the 4880 A exciting line and quartz
tubes as sample containers. The reported frequencies and
isotopic shifts are believed to be accurate to x1 and
£0.1cm™*, respectively.

RESULTS AND DISCUSSION

The sample of 'NF,AsF, was of high isotopic
purity and its vibrational spectra did not exhibit any
detectable bands due to the "*N isotope. To deter-
mine the "*N-'*N isotopic shifts, the corresponding
"N salt was prepared and studied by vibrational
spectroscopy under identical conditions. Since the
"*N salt spectra were identical to those previously
published for the "N salt [15], except for the
isotopic shifts observed for v, and v, of NF;, the

actual spectra are not shown. The observed fre-
quencies, "*N="*N isotopic shifts and assignments
are summarized in Table 1.

Although the assignments given in Table | were
made for simplicity for tetrahedral NF; and oc-
tahedral AsF;, the observed splittings of the degen-
erate modes and deviations from the T, and O,
selection rules indicate that the actual site symmet-
ries of the NF; and AsF. ions must be lower than
T, and O,. respectively. Unfortunately, the exact
crystal structure of NF,AsF, is unknown, however,
based on its reported X-ray powder diffration data
[4]. NF,AsF, appears to be isotypic with PCI;PCl,
which belongs to space group P4/n (C3,, No. 85)
[29. 30]. In this space group, the NF; cation would
occupy sites of symmetry S,. As can be seen from
comparison of Tables 1 and 2. the observed NF;
bands agree well with the predictions for S, site
symmetry, but not with those for D, or D,,. Simi-
larly, the deviations from the O, selection rules,
observed for AsF,, are compatible with a site sym-
metry of C, (see Table 3), but not with D,,, Ds,.
D, or S,. Based on these resuiw, alternate probable
space groups, such as P4/nmm, P4,/n, P4,22,
P4,/mmc, P4/mnc P4,/mnm or P4/m, can be ruled
out.

Since the A, and E block of tetrahedral NF;
contain only one fundamental vibration each, the
values of the corresponding symmetry force con-
stants are uniquely determined. For the F, block
which contains one stretching and one deformation
mode, additional data, such as “N-'>N isotopic
shifts, are needed to allow the calculation of unique
values for the three symmetry force constants.

In solid NF,AsF, the F, modes of NF; are split
under S, site symmetry into one B and one doubly
degenerate E mode. Since the isotopic shifts of
both modes are very similar (see Table 2). weight-
ing of the shifts can be neglected and a simple
average was used. It should be pointed out however
that in certain NF} salts, such as NF,BF, [31]. the
"N-"'N isotopic shifts of the v.(F.) components
can differ by as much as 8em 'L thus requiring
reliable mode assignments.

As expected from their G matrix clements, the
UN-IN isotopic shifts of v (A}) and r.tEY were

921
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Table 1. Vibrational spectra of '*NF,AsF, gnd 'NF,AsF
'NF,AsF 'NF,AsF, Assignments (point group)*
4 [ 14 15
i Raman i.r. Raman NF3(T,) AsF4(0,) A v"IN=-PN
2360 vvw 2310 vvw )
i) it
sh S| :

1997w} 1969w} v+ vs(Fy)
1780 sh
1763 vw 1732 vw 3+ V(A +E+F),) 29.2+1.8
1760 sh
1457 sh 1455 sh 2
1453w} 1451 w} vit+valF)
1398 vw 1398 vw vy + v3(Fru)
1290 vw 1290 vw vy + vy(Fyo + Fay)
1221.9 mw 1218.2 mw 20 (A, +E+F,) 1.85
1165 vs, br {{ 165.0(D 135vs.br {: 1600 w(Fy) %3‘53} 29.25+0.25
1056 sh 1054 sh
1052 vw} 1050 vw} vptvi(Fy+Fy)

882 (0+) 882(0+)  2vy(A,+A,+E)

848.2(7.3) 848.2(7.3) »(A))
826 vw 826 vw v+ ve(Fy, + Fa,)
710.0vs,br  704.5(1.5) 710vs,br  704.5(1.5) vy(Fy.)
685 sh 685.4 (10)  685sh 685.4 (10) vi(Ay,)
61335 613.3(2.6) 61155 611.4(2.6) 1.8, 9}18101
609.0s 609.0(5.2) 607.3s 607.2(5.2){ v (F) vy(E,) 1.7,1.8f “°F
579w 5783(1.2) 579w 578.3(1.2)

445.0(1.9) 444.9(1.9)

441.6 (2.0) : 4415 (2.0)} va(E) 0= 01
395s 395s va(FyL)

369.6 (3.6) 369.6 (3.6) ve(Fag)

* The site symmetry of NF; and AsF; in NF,AsF, is S, and C,, respectively (sce text). However, since reliable
assignments for the nearly degenerate vibrations cannot be made for S, and Cj, the observed spectra were assigned in
point group T, and O,, respectively.

Table 2. Correlation table for the internal vibrations of NF; in NF,AsF, for space group P4/n and

Z=2
Point group Site group Factor group
d 4 Can Assignment
A, — Raman
A, — Raman* A — Raman < } VyymNFZ
B,— —
A, — Raman
n_—__
, B,— —
E — Raman > 8mNFZ
B, — Raman
B ir. Raman <
Aui.r. — J
B, — Raman)
B ir. Raman <
: A,ir.  — \
F, ir.Raman E, — Raman ( v,NF}
E ir. Raman <
E,ir. — J
B, — Raman?
B ir. Raman <
Air. —
F, i.r.Raman > 5.NF
E, — Raman
E ir. Raman <
E, ir.

_ J

* Spectral activity,

RI/RD81-140
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Table 3. Correlation table for the internal vibrations of Ask . in NF ASE for space wroup Plon and

Z=2
Point group Site group Factor group
W C, i Assignment
A, — Raman
Ay, — Raman-— - A v, Ruman < vymAF,
A lr —
"__G_____,_,-——AR - RumanY
A 1. Raman \
Ajnr. -
E, = Roman ’ vy m ASF,
) B, ~ Ruman
B — Raman<
B, — — J
— Ruman)

’—"_",’_,—?B‘
B - Rumun<\
B, — —

E 1. Raman

<
B — Raman
~~E ir. Raman
B — Raman
F,, — Raman
<E i.r. Raman

— Raman

i.r. Raman

AL AN

m Mo Sh me «h

> 1-"/‘\515,,
E, — Raman

E, :r — )

3, — Ramun)

=
|

AoASHL

™
I

=

Ramun

i.r. —_ J
— Rumuan\

B

A

-— By AN
— Raman

B

=

. — P

~— Raman?

B

»

- Raman ( &'AsFq

<

ir. —

<
N

found to be zero within experimental error. Those
of v (Fy) and v,(F;) were measured to be 29.25=
025 and 1.820.1em ', respectively. These values
were supported by preliminary measurcments on
UNFBF, and NE,BF, [31] which shows very
similar averaged isotopic shifts for vy and v,.

For the computation of the general valence force
field of NF, the frequencies and isotopic shifts
listed in Table 4 were used. For the F; block. the
possible ranges of the two diagonal symmetry force
corstants F. and F,, and the "*N-**N ssotepic

shifts of vy and v, were computed as a function of
the interaction constant Fy; by trial and error and
by the use of the expressions previously reported
[32! for the calculation of extremal force constant
solutions. The results of these calculations are
shown in Fig. 1. The observed “N-""N isotopic
shifts were used to graphically select the correct F,
plock force field. The isotopic shift of ¥, was pre-
ferred because. due 1o ity smallness. anharmonicity
corrections should be unimportant {337

Since the slopes of the Ay and 3w, v Foy ploic

Table 4. Frequency values. "*N="*¥ isotopic shifts {cm ™"\, general valence farce field® wnd potential encrgy dintrby-

tion for NF'
vUNF) vIENF; A Symmetry force constants PL-D
A, 248.2 848.2 0 F,\ = f -3, = 8043
E 4433 443.3 0 Fromf, =20, = fyn . =0.733
E, v 1158.95 1129.7 19282025 Fi=f -f, =58 x0uN 9BFy, - $3F,, - 39F
vy 611.15 605.35 LEx0 Faa=fy=t, = 1.0020.02 1SE, < 67K, ¢ 18F

Fus~f.—f, ~n73«103

f=6.053=0.1
[, 706334003

* Stretching, bending and stretch-bend interaction force constants have units of mdynrr v /A radian’ and

mdyn, A radian, respectively.

A ardh 0

i
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diggonai symmetry farce constants and NN solopic
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Fi,. The rectangies delineate the observed '*N-UN

isotopic shifts und their uncertainties. The broken vertical

and soiid horizontal lines indicate the resulting force
constant ranges.

have opposite signs. the A1, range might be used as
a rough cstimate for the arharmonicity correction
required for Aey. Figure 1 indicates an anhor-
monicity correction of about em ¥ for Sy, which
inoin hne wath presious estimates  for  similar
molecules. such av NF, (33

The general valence foree feld and the potential
energy distribution (PED) of NF; are summarized
in Table 4. The PED indicates significant mixing of
Sy and S.. as expected {32,36) for a strongly mass
coupled system (32,36 The close agreement he-
tween the general valence force tield of this study
and the previously reported 5,77 approximate
force field v in line with Pfeitfer's analysis {37)
which showed that for similar molecules the
method of step-wise coupling” gives the best agree-
ment with the general valence foree field values. A
comparison of the NF stretching force constant of
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v 124 A NT bond.

Acanowledpgements—The author 1s indebted to Drs. L. R,
Grast, B CoCorts, CJl Stnack and W W WiisoN

Chem. 11, 1696 (1972).

S. M. SINEL'NIKOV and V. Ya. Rosorovskil, Dokl

Akad, Nauk SSSR 194, 1341 (1970).

0] V. YA, Rosotovski, V. 1. Nerepov and S. M.
SineL'Nikov, [zv. Akad, Nauk SSSR, Ser. Khim 7,
1445 (1973).

(11} S. P. MisHrA, M. C. R. Symons, K. O. ChrisTE, R.
D. Wison aud R. 1. WAGNER, Inorg. Chem. 14,
1103 (1975).

(12} K. O. CHrisTE, R. D. WiLso~ and A, E. Axwor.
THY, Inorg. Cheri. 12, 2478 {1973),

[13) K. O. CHRisTE and C. J. SCHACK, Inorg. Chem. 16,
353 (19775

(147 K. O. CHrisTE, C. J. Sciiack and R. D. WiLsox,
Inorg. Chem. 16, 849 (1977,

[15) K. O. CHrisTE. C. J. SCHACK and R. DL Witsw,
norg. Chem. 18, 1275 i1976:.

[161 K. O. CHRrIsTE, C. J. Scuack and R. 1D Wivion,
Fluorine Chem. B, 541 (376

{17! K. O. CHwiste, Inorg. Chem. 16, 2218 (1977},

{187 K. O. CHRisTE, R. D Whisox and C. J. ScHACK.
Inorg. Chem. 16, 937 (1977,

[19] K. O. CHrisTE, W. W. Witson and C. J. SchAack, J.
Fluorine Chem. 11, 71 {1978).

(200 1 J. SoLomon, J. N. KEItH and A. SNELSON, J.
Fi-.arine Chem. 2, 129 (1972).

(21] J.NCKETH, 1)L SoLtomon, 1 SHEFT and H. Hysan,
J. Inorg. Nucl. Chem. Supplement 143 (1976).

227 K. O. Cuwiste and 1. B. GouLpueRa, Inorg. Chem.
17, 759 (1978,.

{23] 1. B. GoinserG, H. R. Crowe and K. O. CHRISTE,
frorg. (hem. 17, 3189 (1978,

24, KO Cawiste, R D Wison and 1. B GoLDBERG,
Inorg. Chem. 18, 2878 (1979

28T W W, Wison and K. O. Christe, J. Fluorine
Ciiem. 15, 83 [1980).

T26F W Mava, Thorg. Chem. 3, find 119Ad:,

2T E K Puvier, AL Dast Lo RO Biasg and B D
Tioweit, L Res. Nul. Stind. 64, %31 11961),

(2%} Tahlex of Wavenwmbers for tie Calibration o n.
frared Spectrometers. Intcrnationa! Umion of Pure
and Appied Chemistry, Wachingron Butterworths
96T

{297 HL Pritss 2 anorg siduem Cienr 380, 5101971

(9!

RI/RD81-140

B-4




1
3

G

ol

4
L

PPN R PSR A

Vibrational spectra of 'SNF,AsF, and gencral valence farce fielt of NF; 928

[34) A, ALLaN, ). L Dunean, ) H Hopreway and D.
C. MCKEAN, J. Mol. Spectry 31, 36X 110nus

135) W. Sawonny and P. Pulay, J. Mol Spectry 8§, 135

(321 W. SAwoDNY, J. Mol. Speciry 30, 56 (1940}, 119747 and references cited therein,

[33] A. MUELLER, in: Vibrational Spectroscopy-—Modem (367 §. N. THakuR and S. N. Ral. J. Mol Strce. 8,320

Trends (Edited by A. ). BARNES and W. J, OrviLLE- {197m.
THoMaS) p. 139, Elsevier, Amsterdam (1977, {377 M. Prerrer, J. Mol Spectry 31, 181 (1969).

{30) D. CLark, H. M. PowsLL and A. F. WeLLs. J.
Chem, 50¢. 642 (1942).
[31] K. O. CunisTe, unpublished results.

RI/RD81-140
B-5/B-6




3254 Inorg. Chem. 1980, 19, 3254-3256

Contribution from Rocketdyne, A Division of Rockwell International Corporation,

APPENDIX C

Synthesis and Characterization of (NF),MnF
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The synthesis of novel NF* salts containing doubly or triply charged 3d transition-metal fluoride anions was studied. The
new compound (NF,);MnF, was prepared and characterized. The combination of good thermal stability and high active
fluorine content makes (NF,);MnFg an outstanding solid oxidizer.

Introduction

Due to the high-energy kinetic stability of the NF,* cation,'
NF,* salts are important high-cnergy oxidizers. In order to
maximize the oxidizing power of such salts, it is desirable to
combine as many NF,* cations as possible with a given anion.
Furthermore, the anion should be as light as possible and also
be an oxidizer. Of the presently known NF,* salts,2 (N-
F,);NiF¢ has the highest active fluorine content or oxidizing
capacity. However, its marginal thermal stability limits its
usefulness. Consequently, compounds having comparable
fluorine content but possessing better thermal stability are
highly desirable. This paper describes the results of a sys-
tematic study on the synthesis of NF,* salts derived from 3d
transition-metal fluorides and the successful synthesis of the
novel (NF,),MnF; salt.

Experimental Section

Materials and Apparatus. The equipment, handling techniques,
and spectrometers used in this study have previously been described.!?
A literature method! was used for the synthesis of NF,SbF. For
the synthesis of Cs,MnFg, a previously reported method® was slightly
modified. Anhydrous MnCl, and dry CsF, in a 1:2 mole ratio, were
fluorinated in a Monel cylinder at 400 °C for 36 h by using a MnCl,:F,
mole ratio of i:10. On the basis of the observed material balance,
clemental analysis, X-ray diffraction powder pattern, and vibtrational
spectra, the resulting yelfow solid consisted of high-purity Cs,;MnF,,

The Cs,CuFg salt was prepared by high-pressure fluorination of
a mixture of CsF and CuCl, in a 2:1 mole ratio. The conditions (400
°C, 18 h, 130 atm) were similar to those® previously reported.
However, during unsuccessful attempts to prepare Cs;CuF, in a similar
manner, it was noticed that very mild fluorination conditons (flow
reactor, 200 °C) sufficed to prepare Cs,CuF4. This brick red com-
pound was always formed as the major product, instead of the pale
green Cs;CuF,. At the lower fluorination temperatures, the fluori-
nation product also contained CsCIF,. The infrared spectrum of
Cs,CuF showed major bands at 670, 570, 480, and 430 cm™'. The
compatibility of Cs,CuF with different solvents Wirsrmetstmin BrF,
Cs,CuFj is stable but highly insoluble, whereas in anhydrous HF,
it is soluble but undergoes a reaction even at —78 °C, resulting in the
formation of a brown solid. When the Cs,CuF,HF solutions were
warmed to room temperature, fluorine evolution was observed, in
agreement with a previous report.’

Preparation of (NF,);MnF,. [n the N, atmosphere of a drybox
a mixture of NF,SbF, (37.29 mmol) and Cs;MnF; (18.53 mmol) was
placed into the bottom of a prepassivated (with CIF;) Teflon FEP
double U-tube metathesis apparatus. Dry HF® (20 mL of liquid) was

(1) K.O. Christe, R. D. Wilson, and 1. B. Goldberg, /norg. Chem., 18, 2572
(1979), and references cited therein,

{2) K.O. Christe, W. W, Wilson, and R. D. Wilson, fnorg. Chem., 19, 1494
{1980), and ref 1-18 cited therein.

(3) K. O. Christe, Inorg. Chem., 16, 2238 (1977).

(4) K. O. Christe, C. J. Schack, and R. D. Wilson, J. Fluorine Chem., 8,

341 (1976). , 3 -
(5) K. . Christe, C. J. Schack, and R. D. Wilson, Inorg. Chem., 16. 849 can be readily removed from the product. Such a method was
(1977).
(6) W. Harnischmacher and W. Hoppe, Angew. Chem., Int. Ed. Engl., 12,
582 (1973). i ) (8) K. O. Christe, W. W. Wilson, and C. J. Schack, J. Fluorine Chem.. 11,
(7) T.L.Court, Ph. D. Thesis, University [ Nottingham, England, 1971, 71 (1978).
Reprinted Trom Inorganic Chemistey, 1980, 10, 5251, RI/RD81-140
Copyright © 1980 by the American Chemical Society and reprinted by permission of the copyright owner.

added at -78 °C on the vacuum line, and the mixture was warmed
1o 25 °C for 30 min with stirring. The mixture was cooled to -78
°C and pressure filtered at this temperature. The HF solvent was
pumped off at 30 °C for 12 h. The white filter cake (14 g; weight
calculated for 37.1 mmol of CsSbFg = 13.7 g) was shown by Raman
spectroscopy to consist mainly of CsSbF,. The yellow filtrate residue
(6.1 g; weight calci'ated for 18.5 mmol of (NF,);MnFs = 6.46 g)
was shown by elemental analysis to have the following composition
(weight %): (NF,);MnF, 91.27; NF,SbF,, 4.27; CsSbF, 4.46. For
the elemental analysis, a sample of (NF,);MnF, was hydrolyzed in
H,0, the NF; and O, evolution was measured by PVT and gas
chromatography, and Cs, Sb, and Mn in the hydrolysate were de-
termined by atomic absorption spectroscopy. Anal. Caled for
[(NF):MnFglo; 7[NF,SbF¢la 2 [CsSbFglae: NF5, 38.07; Mn, 14.37;
Sb, 3.07; Cs, 1.61. Found: NF,, 37.8; Mn, 14.5; Sb, 3.10; Cs, 1.62.

Caution! The reaction of (NF,),MnF, with H,O is extremely
violent, and proper safety precautions must be used.

The CoF,~NF HH, System. A suspension of CoF; (231 mg = 2
mmol) in a freshly prepared concentrated NF,HF,-HF solution? (15
mmol of NF,HF,) was stirred at =45 °C for 4 h. The tan CoF, did
not a?pcar to react, and no evidence for the formation of pale blue
CoFg~ was observed. The HF solvent was pumped off while the
mixture was allowed to warm slowly toward ambient temperature.
At this temperature, the NF,HFynHF underwent decomposition and
was also pumped off. To ensure complete decomposition of NF,HF,,
we warmed the mixture to 45 °C for 4 h under a dynamic vacuum.
The tan solid residue (230 mg) was shown by vibrational spectroscopy
to be unreacted CoF,.

Results and Discussion

In view of the marginal thermal stability of (NF,),NiF; it
was interesting to investigate the possibility of synthesizing
other NF,* salts containing multiply charged anions derived
from higher oxidation state transition-metal fluorides. It was
hoped to obtain a salt which would be comparable to (N-
F4);NiFg in its active fluorine content but possess better
thermal stability. The following anions were considered most
promising: CuF*, NiF", CoF,*", MnFg*, CuFs>, CoF,t,
and MnF¢!,

Attempted Syntheses of (NF,);MF Salts. In a previous
study,” it was shown that the above listed triply charged anions
undergo solvolysis in HF. Furthermore, it was found that
CuFg* decomposed with F, evolution and NiF~ dispropor-
tionated with NiF¢¥ formation but that for CoF¢* the sol-
volysis to CoF,” + 2 HF,™ could be suppressed by the addition
of a 10-20-fold excess of fluoride ion to the solution. In view
of these results, a simple metathetical reaction of an MF*
salt in HF solution according to

INFSbF, + Cs;MF, —— 3CsSbFq} + (NF);MF,

is preempted by the unavoidable solvolysis of MF?~. However,
the synthesis of a CoF¢* salt might be possible in the presence
of a large excess of fluoride ion, provided the excess of fluoride
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(NF,);MnF,

recently discovered® and successfully applied to the synthesis
of NF,UF;0 according to

NF,HF, + UF,0 —= NF,UF,0 + HF

NF,HF, is thermally unstable? and decomposes at 30 °C to
NF,, F,, and HF, which are all gases. Therefore, the HF
solvent can be pumped off first at fow temperature, followed
by decomposition and removal of the excess NF,HF,. Ap-
plication of this method to the synthesis of (NF,);CoF; ac-
cording to
INF,HF, + CoFy —— (NF),CoF, + 3HF

was unsuccessful, and no evidence for the formation of a co-
balt-containing NF,* salt was obtained. Only unreacted CoF,
was recovered.

Syntheses of (NF,),MF, Salts. Since the MF¢* anions
contain one negative charge less than the MF,> ones, they are
less basic and, therefore, are less likely to undergo solvolysis
in the strongly acidic solvent HF. The compatibility of TiF
and NiF with HF has previously been demonstrated®™'® and
led to the successful syntheses of (NF,),TiF,'® and (NF,),-
NiFg.} During this study the compatibility of Cs,CuF with
HF was studied. It was found that Cs,CuF reacts, even at
low temperature, with HF to form a dark brown solid. At
room temperature, decomposition with fluorine evolution oc-
curs. The compatibility of Cs,CoF with HF was not examined
since Court had previously shown’ that this salt is unstable
in HF solution,

In agreement with a previous report,” MnF,2~ was found
to be stable in HF solution. Consequently, the metathetical
reaction

2NF,SbFg + Cs;MnF; — 2CsSbF,} + (NF,);MnF

was carried out which resulted in the isolation of the novel
(NF,);MnF salt. Since the impurities NF,SbF, and CsSbF;
are well characterized, no attempts were undertaken to purify
the compound by weil-estabished? recrystailization techniques.
Properties of (NF,);MnF,. The (NF,),MnF, salt is a
yellow, crystalline solid which is highly soluble in anhydrous
HF. At 24 °C, its solubility exceeds 1.30 g/g of HF. It is
stable at room temperature, and, in the absence of fuels, it is
not shock sensitive. With water a violent reaction occurs,
similar to that previously reported® for (NF,);NiF,. By
analogy with the other known NF,* salts, the hydrolysis was
found to result in quantitative NF; evolution and, therefore,
is a useful analytical method. The hydrolysis also produced
oxygen in a NF;:0, mole ratio of 8:5 in excellent
with the equation

4(NF,),MnF, + 10H,0 —
§NF, + 50, + 20HF + 4MnF,

Thermal Decomposition. At 65 °C, (NF,),MnF, appears
10 be stable, but at about 100 °C it starts to slowly decompose.
Its decomposition rate in a sapphire reactor was monitored
by total pressure measurements over the temperature range
100130 °C. Except for a slightly faster rate during the first
20 min, the decomposition pressures increased approximately
lincarly with time at 100 °C. At 130 °C, the rates slightly
accelerated with increasing time; however, this rate increase
was quite small. At 100 °C, 0.17% of the sample decomposed
in 17 h, whereas, at 130 °C, 0.66% of the sample decomposed
in the same time. The gascous decomposition products con-
sisted of NF; and F, in a mole ratio of about  .2. For
identification of the solid residue, a sample of (- i,),MnF,

(9 W W. Wilson and K. O. Christe, J. Inorg. Nucl. Chem., in press.
(1) K. O Christe and C. J. Schack, /norg. Chem., 16, 353 (1977),
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Table 1. X-ray Powdcer Data For (N1 ), ME | Salts
(M = Mn, Ge, Ti, Sn)®
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Table 11. Crystallographic Data of (NF,),MF Salts
(M = Ti, Mn, Ni, Ge, Sn)°®
tetragonal unit cell
¥ caled

dimensions . X
vol/¥, density,

a A ¢ A v, A’ Al g/cm’

(NF,,TiF, 699 928 453 162 251
(NF.MnF, 690 923 440 157 264
(NFONIFE 683 927 432 154 271
(NF,),GeF,  6.92 925 443 158 275
(NF..SnF.  7.05 941 468 167 293

9 Space group /4/m (No. 87); Z=2. ¥ Data from ref 13.

was completely decomposed under a dynamic vacuum at 240
°C. On the basis of its weight, X-ray powder diffraction
pattern,!! and mauve color, this residue was identified as MnF,.
Consequently, (NF,),;MnF, decomposes according to

2(NF4)2MDF{, hnd 4NF3 + 5F2 + ZMHFJ

A comparison with the decomposition data previously pub-
lished? for (NF,);NiF, shows that the normal stability of
(NF);MnFg is significantly higher than that of (NF,),NiF,
which in 6 h at 100 °C exhibited 9% decomposition,

Crystallographic Data. The X-ray powder diffraction
pattern of (NF,),MnF are listed in Table I. The pattern is
very similar to those of cther (NF,}-MF, salts (M = Ge, Ti,
Sn, Ni). 35101213 indicating that these salts are isotypic. Recent
studies on both powdered and single-crystal (NF,),NiF, have
shown that this compound crystallizes in a tetragonal form
derived from the K,PtClq structure and belongs to space group
14/m. Conscquently, the indexing, previously proposed for
the (NF,),MF, salts (M = Ge, Ti, Sn, Ni).>*'%12 was revised
according to ref 13. The revised patterns and the crystallo-
graphic data are given in Tables I and 1, respectively. Some
of the additional lines, previously observed,*'%'2 were found
to be due to small amounts of polyanion saits such as (N-
F4).Ge,Figor (NF,),Sn-F . As expected, the size of the unit
cell decreass from (NF;),TiF to (NF,).NiF, owing to the
transition-metal contraction and then increases again when
going from Ni to the main-group elements.

NMR Spectrum. The ionic nature of (NF,),MnF, in HF
solution was established by its "°F NMR spectrum which was
recorded over the temperature range +20 to -75 °C. It
showed at all temperatures a broad resonance at ¢ -218
(downfield from external CFCl,), characteristic of NF,*. The
lack of observable NF spin—spin coupling, generally seen for

(11) M.A. Hepworth and K. H. Jack, cta Crestallogr., 10 34> (1957, T,
C. Ehlert and M. Hsia, J. Fluorine Chem.. 2, 23 (1972).

(12) K. O.Christe, C. J. Schack, and R. D. Wilson. Inorg. Chem., 18,1275
(1976).

(13) P.Charpin, M. Lance, T Bu Huv. ard R. Bougon. J. Fluortne Chent.,
in press.
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Table HIL. Vibrational Spectra of Solid (NI7,), MnF, and Cs,Mnl-

Christe, Wilson, and Wilson

obsd freq, cm™*, and el intens?

assignt (point grnup)b

(NF,),MnF, Cs, Mnl:,
IR Ramaun IR Raman NEL(Ty) Ml P (Og)
2310 vw vy (A+E+T)
2000 w v, +v, (F,)
1759 vw v+ A+
1466 w v, +v, (F))
1221 mw 20, (A, + L+ F))
1202 v b
1160 vs v, (1))
1110 ¢h Hiow }"= Py 4y
1061 vw v, v, (F, + )
91§ vw 919 vw v, v, ()
856 vvw 855 m v, (A)
r60 ras et T
620 vs 620 vs v (1)) vy (F )
593vs 590 vs vy (A )
569 vw
$00 vw 508 m 502 m v, (Lg)
450 vw 450 w v, (I)
J81 vw
338s 338s v, (V)
3043 3045 v, (Fy)

9 Uncorrected Raman intensities. ® By analogy with (NF,),NiF,'® the actual sitc symmetries of NI,* and MnF,?" are probably S, and Ch,
respectively, thus explaining the observed slight deviations from the selection rules (or Ty and Op,.

TRANSMITTANCE ———

(NFglaMnFy ’.—/_“/"\

— '
A"

4
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Figure 1. Infrared spectra of solid Cs;MnF, and (,QF:;z.an. recorded
at 25 °C as dry powders pressed between AgCl disks. The broken
lines indicate absorption due to the window material.

tetrahedral NF.*.'%1% is attributed to the influence of the
paramagnetic MnF, anion which can provide rapid relaxa-
tion. ’

Vibrational Spectra. The ionic nature of (NF,},MaF, in
the solid state was established by its vibrational spectra which
exhibit the bands characteristic for NF,*'? and MnF,>.!*

(14) K. O. Chniste, J. P. Guertin, A. E. Paviath, and W. Sawodns. fnorg.
Chem., 6, 533 (1967).

(15) W_E. Tolberg, R. T. Rewick, R. S, Stringham, and M. E. Hill. fnorg.
Chem.. 6, 1156 (1967).

(16) S.L.Chodos. A. M. Black. and C. D. Flint. J. Chem. Phys.. 65, 3R16
(1976), and references ciled therein.

Figure | shows the infrared spectrum of (NF,);MnF,, com-
pared to that of Cs;MnF,. Great difficulties were encountered
in obtaining good-quality Raman spectra with the blue 4880-A
exciting line of our spectrometer due 10 strong luminescence'®
(ruby red red light emission). However, the principal Raman
lines of NF*'? and MnF,? '¢ were observable even under these
conditions. The observed vibrational frequencies and their
assignments are summarized in Table 11].  Since the as-
signments of NF,* 2 and MnF¢2- ' are well established, no
further discussion is required.

Semmary

The present study shows that, in HF solution, solvolysis
preempts the metathetical synthesis of NF,* salts containing
triply charged MF,* anions derived from 3d transition-metal
fluorides. On the other hand, three NF,* salts derived from
doubly -harged MF,?" anions are accessible by this method.
These salts are (NF,),TiF,.' (NF,),MnF,. and (NF,),NiF,.}
All of them are stable at room temperature, with (NF,);NiF,
possessing the lowest thermal stability. The existence of stable
NF,* salts of TiF ", MnF¢>", and NiF¢" can be explained by
the favorable d° d’ (high-spin) and d® (low-spin) electron
configurations, respectively, of these anions. The combination
of good thermal stability with high active fluorine content (1.58
g/cm’) renders (NF,).MnF, a very attractive candidate for
solid oxidizer applications.
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1
HIGH DETONATION PRESSURE EXPLOSIVES

BACKGROUND OF THE INVENTION

1. Field of the Invention,

This invention relates to insensitive, high perfor-
mance explosives.

2. Description of the Prior Art.

The use of organic nitro compounds as explosives is
well known. These compounds are self-oxidizing, i.e.,
the nitro groups provide the oxygen used in oxidation.

The highest detonation pressures achievable with the
currently used organic nitro compounds are about 390
kbar. Further, the best performers (those from which
detonation pressures approaching 390 Kbar are achiev-
able) are highly sensitive. Thus, the use of the highest
performing organic nitro compounds as explosives is
risky and impractical. On the other hand, the lower
performing explosives which possess acceptable stabil-
ity are, without exception, underoxidized and generally
exhibit low densities. The densities of the stable explo-
sives are generally less than two grams per cm3. These
two factors, i.e., the underoxidized nature of the stable
organic nitro compounds and their low densities, se-
verely limit their performance.

SUMMARY OF THE INVENTION

It has now been found that the performance of explo-
sives based on commonly used organic nitro com-
pounds can be increased to about 530 kbar by adding
certain dense and stable but highly energetic inorganic
oxidizers. Among the suitable oxidizers are:
(NF4);TiFg, NF4BF4, Ti(ClO4)s, (NF4)2 NiFs and other
hereinafter named compounds.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Typical examples of performance increases achiev-
able by the use of the inorganic oxidizers of this inven-
tion are illustrated in the following table.

TABLE

Examples of Theoretical
Performance Improvements

Detonation

System Weight % Pressure (kb)
Nitroquanidine (NQ) 100 55
NQ + (NF4); TiFg 43-57 349
Triaminotrinitrobenzene (TATB) 100 280
TATB + NF4BF, 29-;1 315
TATB 4 (NFy)2 TiFg 30- 8
HMX 100 382
HMX + NF4BF, 5149 449
HMX + Ti (C104)4 70-30 456
HMX - (NFq)2 TiFg 52-48 47
HMX + (NF4); NiFg 5644 527

The detonation pressures set forth in the foregoing
table were calculated by means of the Kamlet correla-
tion (/. Chem. Phys., 48, 23 (1968)), a method commonly
used for the performance evaluation of explosives. The
percentage of oxidizer used was chosen to obtain com-
plete combustion of the organic nitro compound (to
COy, N3z and HF in the case of HMX or NQ and to
COF,, Nzand HF in the case of TATB). As can be seep
from the table, the performance of organic nitro explo-
sives is significantly increased by the addition of dense
energetic inorgaic oxidizers.

Laboratory tests have shown that the oxidizers and
explosives are mutually compatible. For example, HMX

25

35

50

55

65

2
and NF4¢BF3 were found to be stable at 150° C. and drop
weight tests of the HMX/NFiBFs mixtures showed
only a moderate increase in sensitivity over that of pure
HMX.

The examples given in the above table are illustrative
only and are not intended to limit the scope of the in-
vention. Other commonly used, underoxidized organic
nitro compounds of suitable stability could be substi-
tuted for the explosives given as examples in the table.
Similarly, other inorganic oxidizers could be substituted
for those listed in the table.

The primary requirements for suitable oxidizers are
high energy content, high density, high thermal stability
and low reactivity with the organic nitro compounds.
From this point of view, NF4+ containing salts are
ideally suited. The NF4+cation is isoelectronic with
the extremely inert CFymolecule and, therefore, in spite
of its high energy content, a relatively high activation
energy is required to cause it to react with other com-
pounds.

The concept of this invention is not limited to fluo-
rine containing oxidizers. As can be seen from the exam-
ple of Ti(ClO4)4in the table, this fluorine-free oxidizer is
equally useful. By analogy with the NF4-+ salts, Ti(-
Cl04)4 possesses all the necessary properties for use as
an explosive ingredient.

Although oxygen containing oxidizers will be as ef-
fective as fluorine containing oxidizers in most explc-
sives, fluorine containing oxidizers are advantageous in
aluminized formulations. The addition of aluminum is
known to increase the performance of an explosive, but
the Al;O3 combustion product formed in a fluorine-free
system may not remain for a long enough time in the gas
phase. AlF3, on the other hand, is formed as a combus-
tion product when fluorine containing oxidizers are
used. Since AlF; (sublimation point 1270° C.) is much
more volatile than Al,O;3 (boiling point 2250° C.), the
use of fluorine containing oxidizers offers a distinct
advantage for aluminized systems in that efficiencies
higher than those obtainable with oxygen containing
oxidizers are achieved.

It has been stated above that the oxidizers listed in the
table are illustrative only. Examples of other suitable
oxidizers are NF4+4 salts such as: NF;ShiFie,
NF4SbFs, NFsHF;, NF4BiFs, NF:PF¢, NF4GeFs,
NF3AsFs, NFsTi;Fy9, NF4TijFis, NF4TigF2s,
(NF4)28nFe and NF4SnFsand other metal perchlorates.

The salts disclosed herein are not soluble in organic
nitro compounds so their use in liquid explosives in
conjunction with liquid organic compounds is not possi-
ble. However, they may be used in plastic bonded
(solid) explosives of the type wherein explosive ingredi-
ents are bound in a suitable binder (many of which are
known in the art) and in slurries where oxidizer parti-
cles are suspended in liquid organic nitro compounds.

What is claimed is:

1. An explosive composition comprising an explosive
organic nitro compound, and enough of a dense inor-
ganic oxidizer having an NF4+ ion in conjunction with
said organic nitro compound 1o improve detonation
pressure.

2. An explosive composition according to claim 1
wherein said NFs+ containing oxidizer is selected from
the group counsisung of (NF4):TiFs. NFiBF,,
(NF4))NiFq, NFiSbiF1s, NF4SbFg, NFsHF2, NF BiF,,
NF4PFs, NFaGeFs, NFsAsFq, NFsTihFo, NFsTi:F) A
NF4TinFas, (NF)28nF, and NF4SnFs.
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3. An explosive composition according to claim 1
which is a slurried explosive wherein particles of said
dense inorganic oxidizer are suspended in a liquid or-
ganic nitro compound.

4. An explosive composition accovding to claim 1
wherein said organic nitro compound is selected from
the group consisting of triaminotrinitrobenzene, ni-
trtoguanidine and cyclotetran.ethylenetetranitramine.

4

8. An explosive composition according to claim 4
wherein said organic nitro compound is nitroguanidine
and said dense inorganic oxidizer is (NF L TiFs.

6. An explosive composition according to claim 1
wherein said organic nitte compound is triaminotring-
trobengene and said dense inorganic oxidizer is selected
from the group consisting of NF4BFi and (NF),TiF,.

7. An explosive composition according to claim 1
wherein taid organic nitro compound is HMX and said

10 dense inorganic oxidizét is selected from the group

congisting of NF4BF4, (NFshTiFg and (NFo);NiFs.
¢« & 6 o @
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Contribution from Rocketdyne, a Division of

Rockwell International Corporation, Canoga Park, California 91304

ON THE PROPERTIES OF AZIDOTRIFLUOROMETHANE

Karl 0. Christe® and Carl J. Schack

Received August 29, 1980
Abstract

The infrared spectrum of gaseous and the Raman spectrum of liquid CF3N3

were recorded. A total of 14 fundamental vibrations out of 15, expected

for a model of symmetry C with hindered rotation, were observed and assigned.
The uv, 9F NMR and mass spectra were also recorded and confirm the presence
of a covalent azido group. The melting point and vapor pressure curve of

F .
C 3N3 are reported

introduction

Although the existenc? of CF3N3 has been known for almost two decadesl,
very little is known about this interesting molecule. In 1961 Makarov and
coworkers ment?oned' that CF3N3 is formed during the chlorination of CF3NNNH2
and in 1968 they described its synthesis in more detailz. However, the
compound was only characterized by elemental anlysis, its boiling point, and
a statement concerning its explosive properties at elevated temperature.z

No further information on CF_N_ could be found in the literature. This is

33
not surprising in view olubhamexplosive character, generally exhibited by
covalent azides.3’ " In view of this paucity of data, a characterization of

CF3N3 was carried out, the results of which are summarized in this paper.

Experimental

Caution: Although no explosions were encountered in this study, covalent
. . . b
azides are in general explosive, 3 and Makarov anad cowork:rs reported that
an0a 2 . .
CF3N3 explodes at 330°C. Consegquently, appropriate safety nrecactions

should be taken when working with larger amounts of CF3N7.
2

RI/RD81-140
E-1




. W

w=

Materials and Apparatus. Volatile materials were manipulated in # stain-

less steel vacuun line equipped with Teflon FEP U traps and 316 stainless
steel bellows-seal valves and a Heise Bourdon tube-type pressure gauge.

Gas chromatographic data were obtained using a Varian GC under isothe —~I
conditlons with a stainless steel column (1/8'" X 10') packed with Poropak PS.
Trifluoronitrosomethane {PCR Research Chemicals, Inc.) and hydrazine (0Yin=-

Mathieson) were used as received.

Iinfrared spectra were recorded in the range 4000-200 cm“I on a
Perkin-Elmer Model 283 spectrophotometer wsling a Teflon cell of § c¢cm

pathlength equipped with Csl windows. The spectrometer was calibrated by

:.

comparison with standard gas calibration points,

s , + -1
quencies are believed to be accurate to -2 cm .

and the reported fre-

The Raman spectra were recorded on a Cary Model 83 spectrophotometer
using the 488 nm exciting line of an Ar-ion laser and a Claassen filter7
for the elimination of plasma llnes. Quartz tubes (4 mm o0.d.), closed by
a meta) valve, were used as sample containers in the transverse-viewing,
transverse-excitation technique. A previously described8 device was usec¢ for
recording the low=temperature spectra. Polarization measurements were carried

7

out by method VIil as described by Claassen et al.

19

The ~F NMR spectra were recorded at 84.6 MHz on a Varian Model EM 390

spectrometer., Chemical shifts were determined rulative to the CFC‘3 solvent
with positive shifts being downfield from crc13.9
The mass spectre were recorded with an EAl Quad 300 quadrupole spectrometer

at an ionization po.ential of 40 eV.

The UV spectra were reccrded on Cary Model 14 spectrophotometer using

a stainless steel cell of 10 ¢m pathlength equipped with sapphire windows.

Synthesis of CF3E3; A 200 nl glass ampoule containing @ stirring bar was

loaded with 78.1 mmol N HQ and 40 ol CH,0H, stirred and cooled to -78% .
7

2
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After removal of air, CF3N0 (83 mmol) was bled into the cooled ampoule durlng
2.5 hours resulting in a blue-green solution. Trifluoronitrosemethane in

the vapor phase was removed and C12 was added {78 mmol during 2 hours) to

the ctirred *78°C solution giving a light yellow colored liguid phase. The
sclution was ¢llowed to warm slowly and the gas generated was passed through
a coarse glass frit NaOH scrubber. In 4 hours approximately 76 mmol of crude
CF3N3 passed the scrubber. Final purification was effected by fractional
condensation through traps cooled at ~78°, -126°° -1u2°, and -I960C. The
~|96°C fracticn was mainly CF3NO while the -780C trap contained traces of
material which was discarded without examination. The remaining traps con-
tained the coiorless CF3N3 (70 mmol, 367 yield based on NZHQ Laken) whose

GC indicated purity was 98-99%.  Sterage v ostainless steel cyiinders for
several weeks at ambie:t temperature at several atmecspheres pressure did not

result in any significanr decorposition,

Results and Discussion

Synthesis and Properties of CF353; For the synthesis of CF3N3 the procedure

of Makarov and cowo-kefs” was followed, |t invoives the following reactions.
+ H_NNH_ ———p = +
CFNO + H, g CEN=NNH  + H,0
F_N=NNH_ + C1_—mCF N_ - . dCl
CFyN=NNH, = L) "3

Azidotriflucromethane is white as a solid and colorless as a liguid
and a gas. It relts at -ISZOC. It is stable at room temperature and can
be handled without notizeable decomposition. Vapor pressures were measured
over the range -95 %o -45°%C, and the data were fitted by the method of least

squares to the equation

log, ,P(mm) = 7.8748 - 1221.7/7(°K)

with an index of correlation of 0.9998. The extra-polated boiling point is

-28.5°C, in good agreement with that of -28.5°% at 743 rm, previously reportcd‘.

Measured vapor pressures at the noted temperatures are {T(°c),mem)]: -85.2,
10; -78.6, 40; -64.6, 108; -45.5, 324, The latent heat of vaporization of
CF3N3 is 5.531 kcal/mol and the derived Trouton constant is 22.9, indicating

little association in the liquid phase.
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Vibrational Spectra. Figure | shows the infrarcd spectrum of gascous and Lhe

~ .

oL

she
]

Raman spectrum of liquid CFBNB' The observed frequcn:ies are lited in
By analogy with the known struciures of CH3N3,'O‘I‘ CFSOF,‘Z’]3 and CINB.
the CF3N3 molecule is expected to possess a structure of symmetry CS with a
planar CN3 backbone, an approximately linear NB group, a staggered CF.

group, and (~1.25R) being significantly longer than PN (1. 13R)

"N H
due to 1l being %he most important resonance structure.

@

® » ®@ _u)\
- ~ No/ Q Ny
: = N3 ez
<:ijx =N <:i:> ! ~N2
|Il l

C

C g

NN

F3 F; Fl
F2 1 II

Structure | would be‘ana1ogous to that of CF3N=0ls in which the CF3 and NO
group are eclipsed. Whether the CF‘ is eclipsed or staggered depends on thre
coordination number of N‘, includlné its sterically active valence electron
pairs as lizands. |If NI is three coordinated, as in CFBNO or structure |,
tihe highly repulsive free valence electron pair of N‘ will avoid the fluorine
ligands of the CF3 group and therefore cause the free valence electron pair
of NI to be staggeied and the N=X ligand to be eclipsed relative to the CF3
group. However, if N] is four coordinated, as in ll, the two free valence

electron pairs on N] and the N-X group should all be stagyered with respect

to the CF3 group.

Assuming hiindered rotation of the CF3 group, CF3N3 should exhibit 15
fundamental modes of vibration, all sctive In both the infrared and the Raman
spectra. Of tnese, 10 belong to specics a' and can be either polarized or
depolarized, while 6 belung to species a'' and should be acpolarized in the
Raman spectrum., An approximate description of thase 15 fundamental vibra-

tions is given in Table 2. Eight of them involve motions of the CF3 group,
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four are due to the N3 group and three involv~ the (=N |inkage.

Assignments for the four N3 rodes were made by comparison with the
6 16,17 16 18

knownh spectra of the covalent azides FN . C|N3, BrNB, |N3, CH3N3.
19-22 21,22 23-27 2327 . ( '
N H N, OPFN T .
C03 3 Ny 0 3 and OPF, 3 {see Table 2)
O0f the four =N, modes, two are due to stretching motions, one antisymmetric

3

and one symmetric. Sinece the two NN bonds significantly differ in their

bond strength, the higher frequency mode might equally well be described as

~3 ' mainly a stretching of the N_N. bond and the lower one as malnly a stretching

23 :

. of the N]N2 bond, however, due to the linear N3

be strongly couplcd.l2 Based on ils high freguency and relative intensity,

structure, both modes should

the N2N3 s.retch s readily assignable to the band at about 2180 Cm§|
The N]N2 stretch should occur in the frequency range between 1090 and 1270 am
and most 1 %<ely be of higher Raman intensity than the CF3 stretching modes,

e

.

I

It is thevefure assigned to the Raman band at about 1150 cm-l. This assignment

agrees well with those reported for CIN3|6,BrN3‘6and IN318

. cceurs at 1144, 1160, and 1176 cm-l, respectively. é

EE L SRR

for which this mode

o

¢

The in plane (&") and out of plane (a'') N, deformation modes should :

. 3
occur in the 500-660 ¢m ] range (see Table 2). Two polarized Raman bands

é were observed In this range at 580 and 514 cm*‘, respectively, and must be

AP K A e

due to the in glanc N, deformation and the antisymmetri-: a' CF3 deformation

3
mode. Based on the similarity ot the frequencies of the CF3 modes in
S 29,30
. CF_N CFLND
, 3Ny and &, (

rental to the H3 a' deformation and the 514 c.m'I one to the (F, a' deformation

3 P
modes, for which :

see Table 2), we prefer to assign the 580 cm-] funda= =
mode. A similar chopice exists for the two corresponding a''
two bands st 594 and 556 cm-‘ are avallable for asslignment. By comparison :
with the related compounds listed in Table 2 and based on intensity arguments, 3;

- - i
we prefer to assign 554 em l to SNB(a")and 556 cm ‘ to SasCF, (a''). Spectra ‘

"N substituted CF N,

3

of would be required to confirm these assignments.

The assignment of the three fundamental vibratlons involving mainly the

C-N linkage presents no difficultles because they occur at frequencies out-

side of the ranges expected for the CF3 and N3 modes. Thus, the C-N stretching

R1/RDBL-140
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mode obvif:usly22 must be assigned to the strongest Raman band at 859 am
and the second strongest Raman band at 179 cmﬁl must be due to the CWN angle
] for CH_N, and

373
C33N3. respectively, and the further mass increase of the methyl group In

deformation. The latter mode was observed22 at 245 and 23) em

CF3N3 can account for the observed additional frequency decrease. The C-N

tersional modes in CH3N3 and CD3N3 have frequencies of 126 and 90 cm",
9

respectivly] . Based on the larger mass of the CF3 group, this mode should

] -
show again a frequency decrease for CF3N3 and should occur well below 90 em .
Due to its low frequency, this mode could not experimentally be cbserved in

the present study.

Assignments for a CF3 group with hindered rotation (CS symmetry) are
generally difficult, however, several recent thorough studies of the vibra-

3X type compounds, such as CF3C0X3"32 and CF3N0.29‘30

have provided valuable information and permlt asslgnments for most of

the CF3 modes .

tional spectra of CF

As previously pointed out by Redington,32 the CF3 modes of molecules of i :

symmetry CS can be rolated to those of molecules of symmetry C3v' for which

the assignments are wel! established. Such a correlation is shown in Table 3

- 29,30 e 33-37 32 B 28 39
for CFoNg, CFaNUY CF30F, CF 4 COOHL"CFCN, ™ CFCCH™™ and CFyH”".  Under

CS symmetry the doubly degenerate e modes of C3V split into one a' and nne

a' component. Although the degree of splitting can significantly vary from
compound to compound, the average of the a'and the a'' frequency is similar
to that of the corresponding degenerate e mode, provided the following

secondary effects which can influence the frequencies are kept in mind:

(i) The covalency, and thereby the bond strength and fre:uency values, of

the C-F bonds ir CFBX increases with increasing electronegativity of X, and
(i1) coupling between certain modes can result In large frequency shifts.
A typical example for [ii) is the symmetric CF3 deformation mode. In CF3CN

and CFBCCH. this mode «trongly couples with the stretching modes of the atoms

located along the C3Vaxis. This causes their frequencies to scpatare and

significantly lowers the frequency of &sym CF, {sce Table 3).

RI/RD81-1.0 |
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For CF3N3' the following CF? modes can be assigned with reasonable
confldence. The three CF3 stretzhing modes are expected to occur in the
1150 - 1300 cm"‘ region and therefore are assigned to the fundamental vibra-
tions at about 1168, 1254 and 1284 cmﬁl. Since the two higher frequency
bands are definitely polarized in the Raman spectrum, the )68 cm" band must
represent the antisymmetric CF3 stretch of specles a'‘. This assignment Ig

31,32,40

in good agreement with previous conclusions that vas CF3(a") usually

exhibits the lowest frequency value of the three CF3 stretching modes., Basnd
on its higher Raman intensity and a comparison with similar molecules3l’32‘ho
the highest frequency fundamextal vibrations is assigned to v sym C?3 (a").
Based on analogqous arguments, the 730'(’.m-l fundamental vibration must be
assigned to the symmetric CF3 deformation of species a'. Adopting the above
assignments for the two N3 deformation wodes, the antisymmetric CF3 deforma-
tion modes are ascribed to the 556 and 513 crn_1 bands with the Raman polari-
zation data unambiguously distinqulshing the &' from the a'' gode. The CF3N3

assignments also suggest that In Redington's 32 and Berney's l previous
studies the assiynments of the § asCF3 {a') & asCF3 (a'') might need to be
interchanged. Although intensity arguments were clited against such an exchange,

it s supported by Raman polarization datas"BZ.

The two modas which in must studies could be assigned only with difficul-
ties are the a' and a'' CF3 rocking modes. As can be seen from Yable ?i the
corresponding duegenerate e mode of symmetry CSV occurs at about 460 cm
Therefore, the polarized Raman band, generallv observed for CF3X compounds
of symmetry CS in the range 4CO~430 cm-‘. should represent the a' CF3
rocking mode. Since the a'' CF3 rocking mode must be depolarized in the
Raman spectrum, the 179 cm” | fundamental vibration of CFyN, cannot be
assigned to this mode. The only vibration left for a possible assignment
to the a'' CF3 rocking mode is the weak infrzred band at 450 cm-‘, unless a

coincidence of the symmetric and of the antisymmetric CF3 rocking mode is

1

assumed at 403 ¢m ', which would leave no plausitle assignment for the 450 e

band.

A normal coordinate analysis was not carried out because of the grossly

underdetermined nature of the problem and the strong coupling experienced bty

RI/RD81-140
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us and others30’36 for CFBX type species. Since the force constants and the

resulting potentlal energy distributions can be varled over a wlde range with

exact reproduction of the observed frequencies, PED based conclusions concern-
ing the identities of certain fundamental vibrations should be treated with the
necessary scepticlsm,

a:
EX
{

R

Numerous overtunes and combination bands were observed in the infrared

g g

sgectrum at higher sample pressures. Almost all of them could be readily

assigned (see Tabel 1) and confirm the proposed assignments, The only detecta-

et
1.

. ble impurities were possibly traces of C2F6 and CFBNO.

' 19 F NMR Soectrum. The '9F HMR spectrum of CF_*N3 was recorded at ?7OC in i

CFC]3 solution. It consisted of a sharp singlét~at =57.6 ppm, upticld trom

3 internal CFCI3. characteristic for a CF, group with all three fluorines being :

3

equivalent on a MMR time scale. This is not surprising in view of the rela-
19,29,37 £

tively low barrier to internal rotation, expected

such as CF3N3.

¢r a molecule, L

M _‘g, )

Mass Spectrum, The mass spectrum of CF3N3 ls listed In Table 4. It shows a -
strong parent fon at m/e = 111 and a strong N;

azides. As expected, the base peak Is due to CF;, but surprisingly, the

fragment, typical for covalent

IS
i CF_N" peak at m/e = B3 was extremely weak(less than 1%), In contrast to

: or;anic azides which generally show RN+ as base peak. However, the high b

;b intensity of the N; and CFZN+ peaks indicate that in CF3N3 N2 elimination is

% -; also important, but that CF3N readlly loses a fluorine to form the relatively
stable CF2N radical.h'

UV - Spectrum, The uv absorption spectrum of gaseous CF3N is shown in Fiqure 2.

3
The spectrum shows two strong absorptions at 200 and 258 nm, which by analogy
b2

to previous assignments for similar covalent azides ~ might be assigned to

the spx>?y* and ly » lIx* transitions of the azido group, respectively. The

. L2 , i
previous suggestions, that the e~argy difference between these two electronic Ve

transitions in a given XN, molecule is both a measure for the polarity of the

3

X-N bond and an indication for a negatively polarized chlorine in C]N3, appear

gquestionable. |f these suggestions were correct, the replacement of the three

RI/RD81-140
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hydrogens in CH3N3 by three fluorines should result in a closer match of the
electronegativities of the methyl and the azido group and hence an Increased
covalency and a larger enerqy difference between the two electronic transi«
tions., However, this is clearly not the case. The previously postulated

C!*N; polarization is also lncompatible with the well establlshedu reaction
chemistry of CIN3 which ¢learly demonstrates the electro-positive charaiter of
chlorine in this compound. The principle argument previously presented For

the CI-N; polarization iu C1N3 was the relatively high frequency of the N-Hal
stretching modes in CIN3 and BrN3. It was suggested that these high frequencies
are due to partial N=X double bording, and that this partial double bond charac-
ter can only be explained by the followénéw;?SOﬂance structure invoking a formal

negative charge on the halogen atom IX=S Obviously, the possibility of

h
i :
the more likely resonance structure§§=ﬁf“’ which results also in an X=N

double bond but with a positively polarized halogen was overlooked.

Summary. Azidotrifluoromethane is a relatively stable compound and some of its
physical properties were determined. The spectroscopic data show that CF3N3
contains a covalent azido group, similar to those of other covalent azides of
known structure, such as CH.N, or CIN.. Whether the azido group is linear,

373 3

as in CH3N3 or HN3, or slightly bent, as In ClN3' is difficult to say on the

basis of the available data.
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~0bsd freq, cm-‘; and lntens'-——-—-—,

Infrared (gas)
3465 w
3436 sh
3327 w
3039 w

2755 ww
2567 w
2510 w
2440 mo
2410 sh
2354 vw

2302 w
2270 vw
2183 s

2140 m
2018 mw
1856 ww
1798 w
1713 we

1625 mn
1613 rw
1530 w
UL
th27 mw
to1370 mw
1316 m
1284 vs
1255 ms
1223 rw
1169 vs
1152 sk
1110 sh
1034 ww

1009 vw

687

m, PQR
w, PQR

m, PQR

W

594 rmw

582 sh

557 w

513 mw, PQR
450 ww

402 w, PQR

Table V. Vibrational $Spectra of CF N

Raman (liquic)

2182(3.0)p
2137(0.1)

1370(0. %}

1280(a.2;7

1253(0.2)p

1165 sh, dp
1149(0.5)p
1110(0+)

T,

859(10)p

814(0+)
751(0+)

730(3.8)p
685(0+)

594(0.2) dp
580(1.1)p

555 sh
S51(3.Mp

»03(1.6)p

179(k.3)p

3-3

Assignment in point group Cs

vy *ug = 66la")
vy oy = 3636027

vyt = 3332007)
vy *vg = 040"

vy vy 2762(3‘)
2%, = 2568(a")
2vy = 2508(a")

Vg vy = 2434 ()

uy v = 2008(a")
vy vyq = 2361(a)
Y, - 2300(a")

“‘(o‘)

vy *vg = 214301
vy *vg = 2014(a")
vy tug o 1864(a")
vy bvg = 1787(2))
2;5 - |7|8(a‘)

impurity?
vg +vg = 1589 sV
2y = 1460(a')
vy *vig " lﬁ32(a\)
vg vy = 1372(a")
vg vy ® l}lo(a‘)
vz(a‘)
aytah)

C,Fg impurity?
v”(a“)

vh(a‘)

€2fe

v *vig = 10380)

V()

vy *vio ” 759(1\)
Vs(. )

vg *vyg =632(a")

{8} Uncorrected Raman Intensities representing relative peak helght.

or cr3no1

impurity or zu‘3 - 1112(.‘)7
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Table 4. Mass Spectrum of g,}i3

m/e Rel. intensity Assignment

28 90 N,

n 68 cF

42 27 N3

Ls 37 CFN

50 39 CF,

64 52 CFN

69 100 CF,

92 3 CF2N3

P 79 CF3N3
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Diagram Captions

Figure 1, Vibrational Spectra of CF3N3.

of the gas recorded in a 5 cm pathlength
pressures of 8 and 255 mm, respectively.
an asterisk are believed to be due to an
Traces C, D, and E, Raman spectra of the
two different sensitivities and with the

perpendicular.

Traces A and B, infrared &pectri
coell equipned with Csl windows 4t
The bands marked by a diamond and
impurity and CF3NO, respectively.
liquid, recorded at -100°¢C at
incident polarization parallel and

Figure 2. uv - absorption spectrum of gaseous CF3N3.
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APPENDIX ¥

A NEW SYNTHES1S OF DIFLUGRAMING TRIFLUOROMETHANE

CARL J. SCHACK
Rocketdyne, a Division of Rockwell Internmational
Canoga Park, Califor:i fa 93104

To Professor William T, Miller on his 70th Blrthday

ABSTRACT

Fluorination of azidotrifluoromethane furnishes difluoramino trifluoro-
methane in a direct, reproducible, and high yield reaction. A maximum rate
of conversion with minimum degradation was obtalned at 70-80°. Enhancement
of the rate of reaction was reallzed with added KF as a catalyst.

INTRODUCT | ON

[1,2)

Numerous methods have been reported for the synthesis of clifluoro-~

amifno trifluoromethane, CFBNFZ’ Including fluorination of amlines, nitriles,
metal cyanides, and metal thiocyanides. Fluorinating agents employed are
NF3, NZFb' transition metal fluorides, and fluorine. Nearly all these
processes suffer from low yields of the deslred CF3NF2. poor reproducibi-
litv, and/or the presence of difficultly separable by-products. For example,
rany of the me thods produce coproduct C2F6 whose 5.p. is the same as that

of CFBNFZ and tirus it is very tedlous to effect their separation. Ruff has

reported [3) an excellent yield of CF3NF2 by the reaction shown.
-78°
KSCN + 6F2-—"———* KF + SF6 + CFBNF2

However, half of the fluorine consumed goes to by-products and .ae small

NF_, Ib°, regiires chromatographic

differesce in the b.p.'s of SF6 and CF3 2

purification techniques.

It has now been discovered that a direct, reproducible, high yield

synthesls of CF3NF2 is possible according to:

R1/RD81-140
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CF3N3 + F2 -+ CF3NF? + NZ

A

Mini=al side react!ons were encountered.

EXPERIMENTAL

Volatile materials were manipulated in 3 stainless=steel vacuum line
equipped with Teflon FEP U traps an? 316 stalnless-steel bellows seal valves
and a Heise Bourdon-Tube type gauge. Gas chromatographic data were obtainad
us ng a Varian GC under iscthermal conditions with a stainless~steel column
(178" X 10') sacked with Poropak PS. Fluorine (Air Products) was scrubbed
with NaF irmediately before it was used. Trifluoromethyl azide .as prepared
by a previously described procedure [4,5].

A 30 ml stalnless-steel Hoke cylinder was locaded with

Svnthesis of CF3§£2.

CF3N3 (1.68 mmol) and F2

and as soon as the cylinder was free of frost, 1t was placed in an oven pre-

(6.70 mmo!) at =196°C. The cocling bath was removed

heated to 70°C. After 24 hours the reactor was cooled to -196% and all volatile

raterial, consisting mainly of the ercess FZ and by=-product Nz,was pumped away.

The condensable material (1.69 mmol) was shown by Infrared spectroscopy and
GC analys's at 65°¢ to be 51% unreacted CF3N3 and 45% CFBNF2 with a trace of
CF“. wWhen fluorinated for an additional 24 hour period at 70°C, the yield

of CF3NF2 was B84% and about 15% CF3N3 was still recovered. Further fluorina-
tion consured the azide and produced CF_NF_ (92%), CFA (6%) and C_F, (1-2%),

. 32 26
A similar 70°C fluorination reaction in whieh the reactor contained 18 mmol
of anhydrous Kf powder, gave a 68% yleld of CFSNF2 after | day. After 2 days
this yield had increased to 737 and was accompanied by a 6.4% yield of the

degradation product CFb'
RESULTS AND DISCUSSION

Azidotrifluoromethane and difluorcamino triflucromethane are potentially
hazardous and should be ka~dled with caution. The existence of CF3N3 has
been known for some time [U4], but its chamistry remained unexplored. In

covalent azides, X-N-N-N, the N-N bond adjacent to the X group is longer and

weaker than the other N-N bond [6]. In a fluorination reaction this is a
RI/RD81-14
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1ikely fragmentation polint and {f controllable could be expected to lead to

X«N<F derivatives, For CF3N3 this was expected to produce CFBNFZ' It was
found that little or no reaction occurred with 72 at € 20°. Increaslng

T LT

the temperature, howevef, geve reproducible amounts of CFBNFZ' Percent

conversions after 24 hours at various tewperatures are shown in Figure 1.

£0

4C

T v Y —— T
50 60 70
[N
T(C)
Figure 1. Yield & CF3NF2 after 24 hours without (®) and with added KF .
(A) as a catalyst. :

<
r
@
o J

Enhancement of the rate of reaction was realized with added KF, while CsF
at 20°C or higher temperature lead to further fluorination as shown in the

equation. ¢
CFN, + Fo o+ N, + CFNF, —2— CF

NF
33 2 2 32 CsF or A

R

RI/RD81-140
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The maximum yield of C?BNF2 observed in both catalyzed and uncatalyzed reactions

for ' day was about 70%.

the

90-95% range,
separated, there was also some C,F¢ formed (~1%) when all the CF

yield, easy product purification, and reproducibility.
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N
3Ny had reacted.

Although not a very fast reaction, thls synthesis has the advantages of high-
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HOIF, 0, AND TETRAFLUOROPERIODATES

—

Karl 0. Christe®, Richard D. Wilson, and Carl J. Schack

Received October 16, 1980
Abstract

Mixtures of cis- and trans- CsIFL‘O2 were prepared by the interaction
of CsIOh with either anhydrous HF, BrF5 , C1F3, CH-‘5 or F2. The vibraticnal
spectra of these mixtures were recorded and partial assignments are given for
cis= anu trans- thon. The assighment for trans- 'FDOZ- were supported by
a normal coordinate analysis. The CsIFhO2 salt dissolves in CH3CN with the
formation of |Fh02_anions, but undergoes solvolysis in anhydrous HF with
formation of HﬂthO. An improved synthesis of HOIFQ?sfrom CSlFbOZ and
BiFS in anhydrous HF is reported, and its Raman and F NMR spectra were
recorded. The interaction of Cleho2 with NFthF6 in anhydrous HF results
in sclutions containing NFb+,HF2-, and HOI?MO. On standing or when pumped
to dryness, these mixtures decompose to yield NF3 and the new compound
FOIFQO in high yield. The latter compound, the first known example of an
iodine hypofluorite, was thoroughly characterized and shown by vibrational
and NMR spectroscopy to be a mixture of the cis- and the trans-isomer. For
comparison, the vibrational spectra of IFSO have also been recorded. The
reaction of CsIFuO2 with CIOSOZF was shown to yield the novel compound
ClOinO. The flucrination reactions of Cs$0b, cSthoz, IFSO and HOIFQO

with elementary fluorine were also studied.
Introduction

The number of elements known to “orm stable hypoflucrites is very limited.
Thus stable hypofluorites are known only for carhon, nitrogen, sulfur, selenium,
fluorine,and chlorine containing compounds. In acdition, the unstable nypo-
fluorous acid, HUF, kas been prepared 2 Since recent work in our ‘aporatory

+ - .
had shown that the “hermal decomposition of certain NF{ salts of oxyanions,
!
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such as NFbC|0“3 and NFASOBFQ, produces the corresponding hypefluorites in
high yleld, it was interesting to apply this method to the synthesis of novel
nypofluorites. Preliminary resultss showed that FOIFhO, the first known
example of an lodine hypofluorite, can be prepared in thls manner. In this
paper, detailed information is given on the synthesis, properties and

reaction chemistry of this interesting compound and of related iodine oxyfluor-

ide derivatives, such as ClOIFuO. HOIFuo and the IFkoza anion.

The literature on the synthesis and properties of saits containing
472
saits was published in 1971 by Engelbrecht end coworkers, but was limited

the IF anion is scant. The first report on the existence of IFhOz-
to a one sentence statement that HOIFMO interacts with either alkali metai
fluorides or trifluoroacetates to yleld the corresponding salts. In a
stbseguent paper,7 this st&tcment was repeated, but again no data we.e given.
'n 1975,Aubke and coworkers reported8 that CsF combines with an excess of
IF302 to give Cs+lF“02-. A melting point, elemental analysis and incomplete
vibrational spectra were given which were incorrectly interpreted In terms
of a ¢is-isomer. In 1976, Selig and Elgad reported 3 that partial hydro-
lysis of IF7 produces IFSO. HOF,0, a?d, with increased water addition, the
IFhoza anion which was identified by 'SF NMR and vibrational spectroscopy as
the cis isomer., Although Selig and Elgad reported only solution data, their
vibrational spectra strongly disagreed with those reported by Aubke for solid
Cs+IFAOZT tn 1977, Gillespie and Krasznai published 1o that solutions of
KIOh in lF5 contain a mixture of IOZF, IOF3 anc¢ cis and trans IFQOZ' an
cooling solutions of Klou dissolved in boiling IFS, they iscolated a Kth02.2|F5
?gduct which can be converted into KIFQOZ. Both compounds were shown by

F NMR and Raman spectroscopy to contairn in the solid ftate and in CH3CN

solution trans lFbOZ . In IF5 solution, however, ‘Fboz was shown to exist

in a cis-trans equilibrium, with the cis isomer being favored.

The tetrafluoroorthoperiodic acid, HOIFQO, was first prepared by

Engelbrecht and coworkers]] according to
oUF g0
Ezc~.3.wk(|c>6)2 + TLHSOF > 2HCIF 0 + 81,50, + 38ai50,
Since HOIFLO could not be separated from HSOBF by distillation, it was

e
)
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- : converted into the more volatile |F302'
| R

' HOIF
0 hO + 803*-IF302 + HSOBF

- ‘1 ; which was distilled off and then reconverted to HOIFuo by HF addition according to
: IFy0, + HF> HOIFL0

w1

¢ The acid was characterized by Its physfcal constants and mass and

e

§ NMR spectra which showed the compound to be a mixture of the cis and the

AN

K

trans isonmer, with the cis isomer being more abundant. Selig and Elgad

£ .

found9 that solutions of Nalo, in anhydrous HF contain HOquo, as well as
B other untdentified fluorine species, and reported the ‘9F NMR spectra of

hoth isomers in HF solution. Gillespie and KrasznaiIO also listed chemical

shifts for cis and trans HOIFQO, but did not specify the solvent, and gave a

coupling constant of 21 Hz for the cls isomer, which disagrees with the values

%? of about 220 Hz reported by others 6’9'11. 3
¥ E
3 :
g Experimental :
| |
; CautiOﬁ: Two explosions were encountered in re?ctions involving FOIFMO. P
3’ Most hypofluorites are shock sensitive materials and appropriate precautions
! should therefore be taken when working with larger amounts of FOlFuO.

! 12, 13,1k
Materials. Literature methods were used for the syntheses of NFthFs, IFSO i
and CIOSOZFIS. The CsIOu was prepared by slowly combining with stirring, -
! stoichiometric amounts of concentrated aqueous solutions of CsCl and Nalob.

The mixture was cooled to OOC. and the Csloh precipitate was filtered off,
washed three times with ice water and dried for 16 hours in an oven at 110°C,
Its vibrational spectra showed no detectable impurities. Bismuth penta-
fluoride (0Ozark Mahoning Co.) was used as received. The BrFS {Matheson) was
treated with 35 atm of F. at 200°C for 24 hours and then purified by frace
tional condensation thro;gh traps kept at -64° and '95°C,with the material

retained in the latter being used. Hydrogen fluoride (Matheson) was dried

il inali i m

BiFS to remove the last traces of HRJQ The CIF3 (Matheson) and CIF_ (Rocketdyne)
2

5

!

)

i

’ by treatment with 20 atm of FZ at room temperature, foliowed by storage over
| .

|

| were purified by fractional condensation prior to their use.

!

|
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Apparatus. Volatile materials used in this work were handled either In a
Monel-Teflon FEP, a stainless steel-Teflon FEP or a Teflon PFA vacuum line.
The latter was constructed exclusively from injection molded PFA fittings
and valves (Fluoroware, Inc.}. The anhydrous KF was preferentially handled
in the PFA or Mone! line, whereas the halogen fluorides were handled mainly

in a steel line. All lines were well passivated with ClF, and, if HF was to

3
be used, with HF. Nonvolatile materials were handled in the dry nitrogen
atmosphere of a glove box. Metathetical reactions were carried out in HF

solution using an apparatus consisting of two FEP U-traps interconnected

through a coupling containing & porous Teflon filter {see Figure | of ref. 17).

For NMR or low temperature vibrational spectra, the second FEP U-trap, which
served as 3 receiver, was replaced by either a 4 mm Teflon FEP or thin-walled
Kel-F tube.

Infrared spectra were recorded in the range loOOO—ZOOCm'I or a Perkine
Elmer Model 283 spectrophotometer. Room temperature spectra of solids were
obtained using dry powders pressed between AgC! disks. Spectra of gases
were obtained using a Teflon cell of 5 cm pathlength equipped with AgCl
windows. The spectra of matrix-isolated FOIFho and IFSO were obtained at
6% with an Air Products Model DE202S helium refrigerator equipped with Csl
windows. Research grade Ne (Matheson) was used as & matrix material in a

mole ratio of 1000:1. The spectrometer was calibrated by comparison with

18,19
]

standard gas calibration points , and the reported frequencies are

o + -
oelieved to be accurate to - 2 cm

The Raman spectra were recorded on a Cary Model 83 spectrophotometer
using the 4880-R exciting line and a Claassen filter 20 for the elimination
of plasma lines. Sealed quartz, Teflon FEP or Kel-F Tubes were used as
sample containers in the transverse-viewing, transverse-excitation technique.
Polarization measurements were carried out according to method VIl listed
by Claassen et al.zo Lines due to the Teflon or Kel-F sample tubes were

suppressed by the use of a metal mask.
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The 9? NMR spectra were recorded at 84.6 MHz on a Varian Model EHM 390
= i spectrometer equipped with a variable temperature probe. Chemical shifts were
determined relative to external CFCI3 with positive shifts being downfield

i from crcn3.2'

The mass spectra were recorded with an EAl Quad 300 quadrupole spectro-

i f meter at an ionization potential of 70 eV.

o U R AL

Preparation of CsIF/0,. In a typical experiment, CslO, (31.44 mmol) was

! placed in a 3/4 inch o.d. Teflon FEP ampule equipped with a stainless steel

valve., Anhydrous HF (20 mL Jiquid) was condensed into the ampule and the

mixture was stirred with a magnetic stirring bar for 4 days at ambient temper-

_

= a ature. Volatile products were pumped off overnight at ambient temperature

and for 2 additional hours at 50°C. The solid residue (11.L02 g, welght
calculated for 31.44 mmol of CsIFhO2 11.564 g) was shown by Raman spectro-

scopy to still contain some unreacted cs|oh. It was treated again, as described
above, with fresh anhydrous HF (15 ml liquid). After pumping to dryness, the

3 " Raman spectrum of the solid residue (11.532 g) showed cis~ and trans - CsiFL0,

PP

as the principal products and only a trace of unreacted Cslob.

A total of eight preparations were carried out in 2 similar manner,

using shorter reaction times, slightly higher reaction temperatures (~50°C),

18

and rapid HF removal at elevated temperature. The corversion of Cs|Ol4

4 to CSthoz after the first HF treatment was generally in the range of 75-90%,

and the Raman spectra showed the presence of some unreacted Cslou. This

I

unreacted Cle“ was readily converted to CsIFhO2 by repeated treatment with
anhydrous HF, however in most cases, repeated HF treatments resulted in a §
slight weight decrease and the appearance of bands due to HF7U (infrared:

1435 cm-‘, s, br; 1228 cm-] ms. Raman: complex band at 790-740 cm-l with
maximum at 759 cm-l). This is caused by the solvolysis of CsIFuo2 in anhydrous
HF and the volatility of the resulting HOIFQO (see below). The ratio between
the cis- and the trans- isomer of Cleuo2 varied somewhat for the different

preparations, with the trans isomer being slightly favored at the lower and

the cis isomer being somewhat favored at the higher reaction temperatures.

’ RI/RD81-140
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The Cs10,~BrF,. System.  Zesium periodate (2.453 meol) was placed In a
I 2
and a

passivated sapphire reactor equipped with a stainless steel valve
T

Bromine pentafiuoride (14.95 mmol) was added at =196°%,

magnetic stirring bar.
A

and the mixture was allowed to react during warm up to room temperature.
fast reaction with gas evolution occurred which was moderated by intermittent

coociing with liguid NZ' After completion of the warm up cycles, the mixture
)
was stirred at 20 C for 24 hours, resulting in a clear, pale vellow solution,

The Raman spectrurm of this solution showed the presence of SrFS, BrF3G, and

cf IF mainly trans with a small amount of cis-iso~er). The so.ution was

W2 ! °
kept at 22°¢ for 4 days, then cooled to ~196 ¢C.
-196°C. consisted of 1.92 mmo! of oxygen. The materials volatile at 22°¢

were separated by fractional condensation and identified by Raman spectroscopy.
and BrF30

The materials, velatile at

They consisted of unreacted BrFS (9.9 mmol) and a mixture of BrF3
{found 682 mg, calcd. for 3.84 mmo! BrF3 + 1.06 mmol BrFBO = 688 mg). The
solid residue (804 mg, weight calcd for 2,453 mmol of CsIF0, = 787 mg) was
shown by Raman spectroscopy to consist mainly of trans CSlFHOZ’ c;ath and
smaller amounts of cis CSthOZ’ and possibly some solvated BrF30. Vacuum

pyrolysis at SOOC resulted in a solid residue consisting again of trans

CslF,0,, CsBrF, and a small amount of cis Cs!F 0, and in the evolution of

some IFS (.8 weight %).

The C;LQL;C\F3 System, A well passivated (with C1F3) sapphire tube

equipped wiht a stainless steel valve and containing a Teflon coated stirring
(10.6 mmol). The

bar was loaded with Cs10, (1.4 mmot), followed by CIF3
liguid C]F3 and solid periodate were stirred magnetically overnight at 0-20
Upon removal of the

O~

This resulted in a clear, very pale yellow solution.
volatile material and pumping for several hours at ambient temperature, a
white powder (0.493 g) remained in the tube which was identified by vibra-
tional spectroscopy as a mixture of CsF'3lF5 and CsClFb (weight calculated
for the conversion of 1.14 rmol of Cs10, to 0.38 mmo! CsF.31F, and 0.76 mmo!

C5C1Fh was 0.497 g). The volatile materials consisted of CIF; FClOZ. and

unreacted C1F3.
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Ihe_C;IOueCngfsystem. When CS'Oh was allowed to interact with a large
excess of CIFS In a stainless steel reactor at room temperature, the composi-
tion of the solid reaction product depended on the reaction time. After :
short reaction times (about several hours) the solid consisted, based on its :
weight change and Raman spectra, mainly of unreacted Cslou and smaller amounts

of trans CS|Fu°2‘ After longer reaction times (in excess of | month), the

solid consisted mainly of Clee and trans CsIFhO2 and $ome CsIFAO.

The Csl0 -F2 System. The fluorinationoof CsIOh with elemental fluorine in a
static system at temperatures up to 60 C resulted in a solid product which,
based on its vibrational spectra, was a mixture of mainly Cs!FS, Cslﬁé, and
Csloh containing imaller amounts of Cleuo and c¢cls and trans CsIFbOZ.

Synthesis of HOIF,0. |In a typical experiment, CsIFy0, (2.0 mmol) and Bi.='.5
(2.0 mmol) were placed in a passivated Teflon FEP U-trap <ontaining a magnetic

stirring bar, One arm of the trap was closed ¢ff by the stainless stee! valve,
while the other one was connected through a porous Teflon filter to a second

: Teflon U-trap which was capped off by another valve. Anhydrous HF (5mL liquid)
21 BIFS, :
at 25°C for ! hour. The double U-trap assembly was cooled to -78%C, inverted

was condensed into the U-trap, and the CStho HF mixture was stirred

, S and the HOIFQO containing HF solution was separated from the CSBIF6 oreci=

| pitate by pressure filtration. The HF solvent was pumped off at -U5 and -13°C.
_ The residue was allowed to warm to ambient temperature and the material voia-
'{- tile at ZSOC was collected at -78°C inald mn o.d. external Teflon U-trap.

: This trap was shown to contain HOIF,0 (~2 mmol) which was identified by its

- ; Raman and ‘9F NMR spectra. The filter cake (0.9 g) was identified by its

Raman spectrum as CsBiFs.

' Synthesis of FOIF, 0. 1In a typical experiment, Cle“O2 (5.0 mmol) and NFthF6

(5.0 mmol) were placed in the Teflon-FEP metathesis apparatus (see above) and

} anhydrous MF {5 mL liquid) was condensed in at -78%C. The mixture was stirred

' for 1 hour at room temperature. The apparatus was cooled to -780C, inverted
and the white precipitate was separated from the solution by pressure filtra-
tion. Most of the HF solvent was pumped off over several hours at tempera-

v? ! tures ranging from -64 to -30°C. The.résulting white solid residue was |lowed

to decompose during <low warm-up from -30°C to ambient. The volatile pr Jducts

e P RI/RD81-140
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were passed through a Teflon U-trap containing passivated NaF pellets, followed
by a series of cold traps kept at =78, <95, =112 and -210%. The -78°C trap

‘ contained a small amount of unidentified materiel which was discarded, the
; "9S°C fraction consisted of pure FOIFQO {2.36 mmol), the -112% trap had

il
{

i 1,69 mmol of FOIF,0 containing a small amount of IFc0 as impurity, and the

contents of the -210°¢C trap consisted of NF, (4.0 mmol). A small amount of

g2 o gt AR

: 3 |
vy white solid residue, which was left behind after the thermal decomposition L
L :‘ of the filtrate, was shown by vibrational spectroscopy to consist mainly of .
e

trans- CsinDZ. The filter cake (1.8 g) was identified by Raman spectroscapy

- - o . . .
. as LSSbrs. The -95°C fraction was used for the characterization of FC!F“G

. , 19
and was shown by vibrational and “F NMR analysis to be free of IFSO.

»

For the elemental analysis, 278.7 mg of the material was condansed at

« ’
*{ -1960C into an ampule containing 12 mL of frozen IN NaOH. The mixture was

% warmed to ambient temperature for 12 hours and then analyzed for total iodine i .
z by energy dispersive X-ray fluorescence spectrometry, for Ioh by iodometric ' E
! titration, for base consumption by back titration with O0.1N HCl using a R
{ pH electrode and for fluoride by titration using La(NO3)3 and an Orion LT

specific ion electrode. Anal. Caled for FOIFAO: (, 49.98: F, 37.42; oK~
consumed, 6.0 equiv/mol; iodometric titration, 8.0 equiv/mol, assuming the
L, *5F +0.50,(g) + 3H.C.

Found: |, 50.0;, ¥, 36.0; OH consumed, 6.1 equiv/mol; iodometric titration,

i following hydrolysis reaction: FOIF,0 +60H +10

7.8 equiv/mol.

Synthesis of CI0IF 0. A 30 mL stainless steel cylinder was loaded with 2.32
mmo | CS'FAOZ’ and 2.12 mmol ClSO3F was added at —196°C. After keeping the

cylinder for 5 days at -780C. the volatile products were removed from the
cylinder. The solid residue was identified by vicrational spectroscopy as
CsSO3F. The volatiles were fractionated through traps cooied to -45, -78,

and -196OC. The lowest temperature fraction (0.77 mmol) was mainly C12

together with some FC0 while the ehSOC trap contained a white solid which

2 ?
me!ted above 9°C and which was identified by its infrared spectra as 1F_.

5

The -78°C trap contained a vellow-orange solid, which or slight warming
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meited to an orange liquid, Its gas phase infrared spectrum was recorded at
25°¢ and showed the following bands (cm‘]. rel. intens., asslgnment): 912 m,

{«Q stretch; 763 mw, 0=Cl stretch; 678 vs, 635 s, 532 mw IF and t=0 stretching.
The compound was found to be thermally unstable and very difficult to handle.

[t readily decomposed to I|F,. and its synthesis required careful temperature

cortrol. Wwhen the synthesiz was carried out for example at *45°C. only
decemposition products were obtained. Attempts to isolate fluorocarbon
derivatives of CIOIFbO by adding it across the (=C double bond of CZFQ
resulted at -780C in no reaction and at room temperature in the oxygenation,

fluorination and cecomposition products COF CFBCOF, ClCFZCOF, C,F . C1, and

2’ 25
IF_.
5
Results and Discussion
Synthesis of Cslgzﬁ4. In our work the known 3 equilibrium

10, + 4HF = 1F.0,7 + 2H,0
was utilized for a convenient synthesis of Cs|F,02. To shift this
equilibrium to the right, a large excess of HF must be used and the MF
treatment must be repeated at least once. The resulting Cs!FkO2 consists
of a mixture of the cis and the trans isomer, as shown by ]9F NMR and vibra-
tional spectroscopy (see below). The ratio of cis to trans isomer varies
somewhat with the reaction conditions used, but the formation of tke cis
isomer appears to be slightly favored. The ]9F NMR and Raman spectra were
recorded for solutions of CsIFbO2 in anhydrous HF and CH_CN. Whereas the

3

CH.CN solution spectra show the presence of the IF“OZi anion, the spectra cf

3
the HF solutions are characteristic (see below) for those of HOIFQO. This

finding is in excellent agreement with the previous report by Selig and Elgadj

that solutions of Nalou in enhydrous HF contain HOIFQO and the report by

6,7

Engelbrecht and co-workers that HOIFhO interacts with alkali metal fluor-

ides to form IFQOZ- salts. Consequently, the above equilibrium reaction in-

volves at least two reactions
- +HF
loh + GHF >  HCIF
-HF
and upon HF and HZO removal

LO + Hr2 + ZHZO

RI/RD8L-140
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: : =HF
: HOIrho + CSHF2 : CSIFAO2 + 2HF
‘ +HF

The intermedlate formation and the slight volatility of HOthO also explain

why in some of our Cleho2 preparations, when the HF was rapldly pumped

. é off at elevated temperature, a weight loss accompanied by some CsHF2 3,

formation was observed.

The above synthesis of CsIFhO2 from Cleu and HF appears more convenient

than the previously reported methods involving either the difficult to ¢ tain }

%" i, IFBOZ 85 a starting material or the isolation and recrystallization of
MIFL‘OZ-ZIF5 from IFS, followed by its pyrolysis. However, the latter method

produces almost exclusively the trans isomer and might be the preferred

method i{f pure trans IFQOZ" ls desired. The fact that the cis~trans isomer

ratio strongly depends on the nature of the reactants suggests that this ratio

is kinetically and not thermedynamically controlled, This conclusion is tn

excellent agreement with those reached by Toetsch ad Sladky for the closely

related TeF‘l‘(OH)2 system. 2la

An alternite method for the formation of CsiFhO2 involves the reaction

= of Csi0, with SrFS. The main reaction rar be described by

.

Csloh + 2BrF,. + Cleho + 2B8rf.0

5 2 3

. . , ! . .
This reactior is analogous to that 0 previously reported for Kloh + IFS, i.e.

i KIC“ + ZIF5 -+ K}TL‘O2 + ZKFBO

arg produces almest zntirely the trans isomer., Compared to the |F5 reaction,

s

the BrF5 reaction of ‘ers the advantage that the BrF30 and BrF3 by-products

are volat'le and can easily be pumped off. However, the resulting product

Ll

ey

was contaminated by nonvolatile CsBer which could not be readily separated

from the CSIFQOZ'

o i,

The re~rtions of Cslob with chiorine fluorides were also briefly

studiet. With CIF_, trans CslF, G, was formed in iow conversion according to:
W2 bt

5
CsIOb + ClFS + Clebo2 + FL10

2

Attempts to achieve highes conversions by the uee of longer 1eaction times

faiied due to the formation of CsiFg as the main product and of Cs1F O as
-

a minor product

CL/RUBL- 4D
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When CIFS was replaced by the more reactive C2F3, complete conversion
of the Csloh was obtained, however all tha 6xygens in loh were exchanged for
fluorine and the solid product consisted of a mixture ¢f CsIF6~2IFS22 and
CsCIFh23. Based on the observed materlal balance, the followlng reactlon

occurred:

30510, + 11CIF, » BFCIO0, + 3CIF + 2C5C1F, + CsIFg 21F

3 5
The formation of £if and of “alf of the FCIO2 can be readily explained by
the well knownzq disproportionation of the expected unstable FCI0 inter-
mediate:
2FC10 -+ F(‘.lO2 + CIF
The fluorination of Cleh by elemental fluorine at temperatures up to
69°¢ in a static system was also studied. The main products were CleB

and Cleé. with Cleuo and cis and trans Cle“O2 as minor products.

In view of the fact that the fluorination reactions of Csloh with

CIFS. BrFS. C1F3 or F2 do not result !n pure compounds they are less
attractive synthetlc nethods for the preparation of CS|Fu°2'

Vibrational spgg;ra_pf”CsIFhQZ. The vibrational spectra of solid Cleuo2

were recorded for samples which differed in their cis and trans isomer
content. The observed spectra are given in Figures | and 2 and the observed
frequencies and their assignments in point group th and CZv

£

— -z

0 |

e L—" N~

. F/iI\O
F

~

|

0

th‘ trans CZV' cis

are summarized in Tables | and 11, respectively. The bands belonging to
the trans isomer could be reacdily distinguished from those of the cis isomer
due to the fact that only the trans isomer has a center of symmetry which

rauses the infrared and Raman bands to be mutually exclusive. Furthermore.
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the 3¢ NMR spectrum (see below) clearly distingulshed the yrams from tne

¢is isomer and established which isomer was more abundant in a glven sample.

Assignments and Normal Coordinate Analysis for trans lj;pzz, The trans

thozb anion of symnetry D,, should possess 1l fundamental modes classified as

ZAlo + ZAZU + Blg + BZg + B:u + Eg + BEU. 0f these,the Alg’ 819. BZg and Eg

vodes should be Raman active only, the A2u and Eu modes should be infrared

active only, whereas the B2u mode should be inactive !n both spectra. Of
the 10 active modes, all five Raman active modes and three out of the five
infrared active modes have been observed and can be readily assigned based

on their activity, polarization data and by comparison with the closely
related species IFh-.ZSIFuO' 36 IF52~7’28 and I?SOM'29 (see Table 1). The

correctness of these assignments was confirmed by a normal coordinate analysis,
using the symmetry coordinates and G matrix elements previously published3ob

Beattie and coworkers. The bond dlstances were estimated to be g = 1.92 R

and dlo = 1.72 R, based on the known structures and stretching frequencies of
14,29,31 . 27,28,32 26,33
and IFS

the related IFSO
The force constants of the B]g. 529 and Eg species are uniquely determined.
in the A]g block, the G12 element is zero and therefore F‘2 can pe ignored.

For the A2 block, the extremal so\ution,3b ““ = Min, was used which has

previously been shown 25 for the closely related IFu

molecules and the lFuO‘ anion,

anion to be an excellent

approximation to a generé' valence forcefield for these weakly coupled systems.

For the EU blocik, only the frequency value of the stretching mode is experi-
25

mentally known. A comparison with the force field of the related !Fg'anion

showed that, due to the heavy iodine central atom, the approximation F_ . =
A /u ag yields an almost exact value for the stretching force constant T; the
Eu block, and was therefores used for IFQO2 . The resulting force field is
listed in Table Il and strongly supports our assigmments. Table IV gives
a comparison of the internal stretching force constantg ofstrans IFL’O2 .
with those of the closely related species IFq . IFMO . IFS IFSO and IF6 .

As previously dxscussed37 for chlorine oxyfluorides, the IF stretching

force constants increase in the sequence anions < neutral molecules < cations,

and within & given group with increasing oxidation state of the iadine
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central atom. The |10 stretching force constants are in the range expected
for | = 0 double bonds and demonstrate that, even in the anions, the formal
negative charge is located mainly on the more electronegative fluorine
|igands rather than on the oxygen llgand. Consequently, tontributions from

resornance structures, such as | and (1,

(@]
o

F\;/F F\II! F-
p/’/: ;- e ——— F’//lf\\\F
o) @
are more important than those from 11l and |V
0~ 0
NN
N N R

0 ) @ o.
to explain the bonding in IFQO2 . Resonance structures, such as | and 11,
also ac¢count for the decrease of the IF stretching force constants with
increasing formal negative charges and also with decreasing oxidation state
of the central atom. Both effects Iincrease the f+- é-polarity of the IF
bonds, hereby causing the bonds to become more ionic, longer and therefore
weaker., This weakening of the |F bonds can be very significant as is
demonstrated by the low value of fr in lFb_ which is only 1% of that in
IF6+. The fact that the |0 stretching force constant dreps from IFuoa {€6.56
mdyn/8) towards iFhOZ- (6.15 mdyn/R), in spite of an increase in the
oxidation state of the iodine atom, is interesting and parallels the trends
previcusly noted 37 for chlorine oxyfluorides, i.e., the electron releas~

ing effect of oxygen ligands in highly electroregative compounds.

Cur assignments for cis thOZ- have been

Assianments for cis IF“gz;.
limited to the stretching modes because only 10 of the 15 fundamentals,
expected for point group C2v’ nave been observed and because no reliable

assignments have been published for similar XFbG2 species. The assignment

RI/RD81-140
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of the two 10, stretching modes is straight forward based on thelr high

2
frequencies, relative intensitles and the previously published'80 spectra.9 }‘

2 equatorial stretch must
1

The symmetric le axial and the symmetric |F
belong to the two intense polarized Raman bands at 540 and 609 e s

respectively, with the axial mode resulting In a weak and the equatorial

mode resulting im a strong infrared counterpart. The antisymmetrlc axial {
and the antisymmetric equatorial IFZ stretch should both be very intense
in the infrared spectrum and therefore are assumed to coincide at about

-1
600 e¢m ', resulting in a very strong, broad band.

{omparison with Previous |F,O2 Assignments. Disregarding some solvent
L

induced shifts, therabove assignments for cis th02~ agree well with those

previously reported9 by Sellg and Elgad for an aqueous solution. The only i
minor discrepancy is the assignment of the antisymmetric ax!ial IFZ stretch, .
For trans thoz , the assignments preposed by Gillespie and Krasznai for

six of the modes have been revised for three of them. The vibrational

spectra reported by Carter et al.8 show that their sample contained mainly

trans (F,0 '. but was incorrectly interpreted in terms of the cis isomer. i =

472
}95 NMR SDeCtré,QfmJELOZ‘Ath HOIF,0. The presence and the relative amounts ?
of cis and of trans IF,0, in the above samples were verified by 9 nmr ' 5
spectroscopy. The spectra were recorded in CH_CN solution at -7OOC and z

3

showed a marrow singlet at & 65.1 for the trans isomer and a broader AZBZ

scattern at ¢ 66.0 and112.8 with JFF = 204 Hz for the cis isorer. The S

observed shifts and coupling constant are in fair agreement with the value
. , . I , _ i
previously reported for solutions in CHBCN (trans: ¢ 62.0), ¢ IF5 {cis: = |
- 1 - - i
68.5, 102.1; J§F = 202 Hz. trans:ic70.6), O and aqueous HF {cis:¢ €k, 105; i
3

JFF = 196 Hz).

Solutions of ClebO2 in arhydrous HF at -75°¢ resulted in a sharp

singlet at262.0 and a broadened ﬁsz pattern at$61.8 and 85.9 with

JFF = 220 Hz. At room temperature, the A2B2 pattern was broadened to the

extent that it could barely pe detected. Although these spectra are |
1
t
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= ! ' similar to those of |Fu02'. it was conclusively shown (see below) by Raman
T spectroscopy that they are cue to cis and trans HOIF 0 and not to lFbozn

This finding is in excellent agreement with the conclusion9 reached by

: Selig and Elgad that their signals (1) and (2) observed for solutions of

r i Naloh In HF are due to c¢is and trans HOIFkO. The observed chemiga; Eh:gts
and coupling constant are in fair agreement with previous reports ’'’’'~®
considering the different solvents and conditions used for recording the E

spectra. The coupling constant of 21 Hz, previously reported by Gillespie

fi
sl

and Krasznai,lo appears to be a typographical error.

Synrhesis and Properties of HOIF,0. The above described experiments in-

voiving CleuO2 in HF solutions indicate the existence of the following
equilibrium HE

+ s
(':s”"“O2 + ZHF“J.F CaHF’2 + HOlF“

which, In the presence of & large excess of HF, is shifted al) the way to

0

il bl it

the right side. In view of the lack of a convenient synthesis of HOthO,S’7

this reaction was utilized to prepare HOIF“O. Since during HF removal
the above equllibrium is shifted back to the left, the CsHF2 was converted

into an insoluble BiF6 salt according to :

CSHF2 + BiFS HF CsBiF6+

which can be filtered off at -78°C. The resulting mixture of HOIF 0 and

HF can be easily separated by fractional condensation or distillation.

The ]SF NMR spectrum of HOthO in HF solution was recorded at —750C
and was identical to that obtained by dissolving Cle“O2 in HF {see above).
The ratio of cis toc trans isomer in the HOIFhO sample appeared to be
similar to that in the CsIFhO starting material. It should be pointed out
that at room temperature the signal due to the cis isomer can be so broad
that it is difficult to detect,thereby giving the false impression of

dealing with samples containing exclusively the trans isomer.

The Raman spectra of liquid HOIFQO showed some variation. Freshly

prepared samples and HF solutions exhibited spectra cimiiar o that of

il o

vt dl
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trace A of Figure 3. On standing, the 872 Cmﬁ‘ band decreased in intensity
and bands at 828 and 799 cm'] started to grow in. In addition the bands in
the 600-700 <:m°l region became broader and shifted to slightly lower fre-
quencles, as shown by trace B of Figure 3. Based on its ISF NMR sne¢trum,

a sample of HOIFbO in HF solution which showed a Raman spectrum very similar
to that of trace A of Figure 3 consisted mainly of the cis isomer. Whether

the change from Raman spectrum A to spectrum B involves a change in the isomer

ratio or is caused by association effects was not clearly established.

&
Synthesis of FQ |F 0. Previous studies have shown that unstable NF& salts

containing oxyanions, such as Cl0 "3 or SO F-h. can be prepared by retathesis
4 3

in anhydrous HF solution according to:
HF
NFQSbFé + Csxob + CsSbF6+ + NFhXOA

+ . . . .
Thermal decomposition of these NFH salts provided a new high yield synthetic
route to hypoflucrites.B’h Since no examples of iodine hypofluorites had
previously been known, it was interesting toc examine the applicablility

of this method to periodates.

Since the IOJ4 anion is fluorinated to IFhO in anhydrous HF, as
shown by the above studies and the previous report by Selig and tlgad,
the metathetical reaction of I0h~ itself could not be studied. However,

when |Oh- was replaced by IFQOZ-. the following metathetical reaction

occurred:
HF

NthbF6 + CS'FAO 7BOESSbF6$ + HOIFhO + NF)‘HF2

The ysS::F6 precipitate could be easily filtered off at -78°C and Raman and

+
‘SF NMR spectroscopy of the filtrate showed the presence of NFh 38 and
HOLF 0 {see above) with no evidence for the thOZ- anion. This is in agree-

ment with the above results for CsIF‘,‘O2 which demonstrated that HlFbO2

salts undergo solvolysis in anhydrous HF according to:

£ iE a
MIFQOZ + 2HF ~ MH.Z + HvthO

Ramanr and )9F NMR spectra showed that these NFAHFZ'HOtho containing HF
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solutions are unstable at room temperature and slowly gecompose to NF339’uO
and a new compound identified (see below) as a mixture of c¢is and trans
FOIF,0. At the same time, the relative intensities of the NF, and HOIF .0
signals decreased accordingly., When the MF solvent was pumped off at -30°C
from a freshly prepared NFAHF2=HOIFhO solution, a white solid residue was
obtained. The low~temperature Raman spectrum of this solid showed the
presence of the NFZ cation, but the remaining bands wer> *tyL broad to permit
a positive distinction between IFhoza. HOlFuo and possibly scme Han'nHF.3
The new compound FOIFbO was obtained in high yield »y decomposing at room
temperature this thermally unstable solid, with the by-product being NF3.
Since the same products were obtained from HF soiutions which, based on
their ]9F NMR and Raman spectra, contained only HOIFbO but not IFLOZ-,it
appears that FOIF 0 |5 formed by fluorination of HOIF,0 by either NF) or
nascent fluorine formed during the thermal decomposition of the marginally
stable NFl:HFZﬁ
whether FOIFbO could also be obtained by the fluorination of HOIFQO with

-nHF.3 Consequently, it was interesting to investigate

elementary fluorine. However, fluorination reactions carried out at 25°C
using either neat or HF solutions of HOIFuo, 2 atm of F2 pressure and a
shaker for agitation, did not result in any fluorination of HO|Fb0 and only

unchanged starting materials were recovered.

Since the fluorination reactions of alkali metal salts, such as

CsSF_0, F_0, CsCl , KNC
55 5O CsC 3O sC Ou or 3

ponding hypofluorites, it was interesting to study the analogous fluori-

with elementary fluorine yield the corres-

nation reaction of CS|Fb02‘ In static systems up to SOOC slow reactions

between CsIFAO2 and F_, were observed producing IF_0 in low yield as the only

2 5
volati le product. Since IF5O is the primary decomposition product of FOIF“O

(see below) the intermediate formation of some FOiF“O in this reaction

cannot be ruled out. Similarly, the fluorination of Cslou with F2 under

comparable conditions produced small amounts of IF_0 as the only volatile

5
product. The Raman spectra of the sclid residues from both reaction systems
siiowed the presence of CsIFB.“] CSIF6‘22 cis and trans CSIFAOZ' and ClebO.‘?6

The low reactivity of the | = C double bond in IFSC was further demonstrated

by separate experiments showing that F, is not added across the | =0

“
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double bond, even in the presence of CsF as a catalyst, at temperatures between

-196 and ZSOC using an excess of FZ.

Properties of FOIF, 0. As shown by NMR and vibrational spectroscopy (see

below), FOIFkO exists fn the form of two lsomers, one in which the two

oxygens are ¢is and one in which they are trans to each other. Attempts

were unsuccessful to separate the two isomers by gas chromatography at
25° using a 30 foot, 3/16 inch o.d., stainless steel column corntaining

50-percent Halocarbon oil No. 4=11V on Kel-F 300 (70-80 mesh). 2 Conse-

auently, the physical properties could only be determined for a mixture

of both isomers. Based an their ‘9F NMR peak areas, the ratio of cis to

trans isomer in the sample used for the physical property measurements was
l.92:l.FOth0 is colorless_as a gas, pale yeliow as a liquid, and white In
the solid state. The given sample melted at =33.IOC. Vapor pressures were

fitted by the method of least squares to the equation

log P(mm) = 7.62925 - 1432.0/7(%K) ‘

with an index of correlation of 0.9999). The extrapolated boiling point
is 28.3700. Measured vapor pressures at the noted temperatures are
IT(°%),p(mm)): -45.3, 22; -33.1, 47; -23.0, 80;-13.7, 129; 0, 2Lk, The
latent heat of vaporization of FOIFQO is 6.55 kcal/mol and the derived
Trouton constant is 21.73, indicating little association in the ligquid phase.
This is in agreement with the relatively iow boiling point and the small
changes between the vibrational spectra of the gas and the liquid (see below).
The molecular weight was determined from the vapor density and found to be
254,85 {calcd for FOIFuO, 253.9). The good agreement indicates littie or no
association in the gas phase at the pressure used (P~ latm).

FO!FMO is marginally stable at room temperature and can be handled in

well nassivated metal and Teflon equipment without rapid decomposition. The

fact that |F_0 was frequently observed as an impurity in

5
NMR spectra suggests the following primary decomposition mode

the vibrational and

- ro 1
FOIruC nd |.5 + 302 .
when a sample of FOIFAG has heated in a stainless steel cylinder to 120°C
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for 388 hours decomposition to lF5 and 02 was observed. This I8 not surprising
13 that lFSO readily decomposed to IFS and 02.

As expected for a hexacoordinated iodine species, FOIF,0 1s neither a good

in view of a previous report

fluorlde ion acceptor nor & donor. Thus, it does not form stable adducts

at room temperature with either the strong Lewls acld SbFS or the strong
Lewis base CsF. Attempts to add FOIFhO across the C=C double bond in C2F‘,4

were unsuccessful. Fluorination and oxygenation of Cth oceurred with

COFZ, CFBCFO and C2F6 being the principal reaction products.

]SFANMRVSRectra,of FOIF,0. The 19F NMR spectra of FOIFQO were recorded

for the neat material and HF solutions and were essentially identical. The

spectra of the neat liguid and solid are shown in Figure 4, together with the

observed chemical shifts and coupling constants. Peak area measurements

showed that the 202 and 67 ppm signals belong to an Axh and the 176, 175 and

TR "
Yo, -

- E . 77 ppm signals to an AZBCX system. The qu system is readily assigned to the
- d ' trans isomer § ?"F

% F\\\I ///F

Py F

P n
0
The chemical shift of 66.8 ppm of the four equatorial fluorines is almost

identical to that in IF.0 (68.5 ppm for neat IF 0 at -20°C) and that of

{ 5 5

202.5 ppm of the fluorine on oxygen is similar to those of other hypo-

fluorites, such as 0.C10F (219 ppm)43, SF_OF (189 ppm),bh or trars - Sef, {0F)

. LS 3 S 4" 2
! (179 ppm) . The fluorine-fluorine coupling constant, JFF =34 Kz, is in goed
g agreement with the value of 27 Mz, previously reported for the coupling

constant of the four equatorial fluorines to the two hypofluorite fluorires
. L5
in trans Sth(OF)z.

lack of observable fine structure in FOthO is attributed to unresolved IF

The broadened fluorine on iodine resonance and thre

coupling (||=5/2) due to decreased quadrupole relaxation caused by the
approximately spherically symmetric electric field about the iodine.

The A_,BCX system is assigned to the cis~isomer

2

Fa
% l 0
\\\\' e \F
F'/‘ N x

~
Fe 0
Fa
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and also shows an unresolved IF signal (at about 77 ppm) and a resolved
hypofluorite signal (at about 202 ppm) which exhibits a pronounced temperas
ture deperdence. At hOOC. the OF signal approximates a first order doublet
{J=88Hz) of triplets (J=1L4Hz)., Since coupling should be stronger to the cis
fluorines than to the tranms fluorine,bu this spectrum could then be inter=
oreted as being due to the cis isomer with free rotation around the (=0 single
bond and JAx 88Kz, JBx
cooling, the line width ‘ecomes smaller and the CX coupling becomes observa-

14Hz and JCX being too small to be resolved. On

ble. As can be seen from Figure 4, the spectrum exhibits proncunced second
order effects and a computer aided analysis will be required to obtain precise
coupling constants. The fact that the unresolved fluorine on iodine signal
has a significantly larger line width for the cis than for the trans isonmer

is not surprising because the cis isomer possesses three similar but never-

theless nonequivalent types of fluorine on i{cdine.

Vibrational Spectra of FOIF, 0 and |F 0. The infrared spectra of the gas and

e e - —
- - ——— -~ e B g e

P
of the Neon matrix isolated solid and the Raman spectra of liquid and solid

PR O o 1 e

FOIF,0 were recorded (see Figures 5 to 7), and ths observed freguencies are
summarized in Table V. The studied samples were mixtures of cis and trans

FOIFuo wvith a cis:trans ratio of about 1.9 based on the NMR spectra ard, in

the matrix study, also contained a small amount of IFSO, formed during mani-
pulation of the sample. Since the vibrational spectra of cis and trans

~ n
FCIFbO and of |FS\,
are only of limited value for distinguishing the three compounds. However,

are all very similar, the gas phase infrared spectra

the Raman spectra of the liquid and solid and particularly the infrared
spectra of the matrix isolated samples definitely confirm the presence of

the two FOIFQG isomers established by the ]9F NMR study. Some distinction

T R

of the cis from the trans isomer bands was possible from a comparison of

Ea

spectra of sarmpies having different cis to trans ratios {(see for example

traces D ane £ of Figure 5).

TR

[T

Tentative assignments for the stretching modes of cis and trans FOIFho

e

are given in Table V and were made by comparison with those established for
14,2 - . . .
IFSO 123 and IFbO2 {see above). relving mainly on the ooserved relative .

infrared and Raman intensities.

RI/RDB1-140
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The vibrational spectra observed for IFSO are in excellent agreenent with

. 1k :
those previously reported, 129 except for the fact that our spectra do not

show a strong infrared band at 640 cma‘. As previously suggested, 3 this

band is due to IFS, the principal decomposition product of I?SO.

Mass Spectra. The recording of the mass spectrum of FOIFQO presented diffi-
culties due to reaction of the compound with the in'et system, resulting in

the formation of sore IFSO. Furt. , l2 has almost the same mass (253.8)

as the parent FOIFQO (253.9), thus making a distinction of the two molecules
difficult. These problems were ove:.ume by recording the spectra of pure !FSO

under the same conditions and subtracting the IFSG pattern from that of the

FCIFbO containing sample. The interference from !2 was elimirated by recording

spectra of 1:1 mixtures of CIF3 and FOIFhO. The CIF3 oxidized lz rapidly to
iodine fluorides, but did not appear to interact with FOIFbo. The mass crack=-
ing pattern obtained in this manner for FOIFAO is listed in Table V! and

agrees with the expect‘:ations-“6 for a hypofluorite. The 1~0F single bond is

readily broken to yield an intense IF&0+ fragment which can undergo addi-

tional oxygen and/or fluorine loss.

Since FOIFhO was found to be stable, the synthesis

Synthesis of CI01F,0.
Using CS|Fh02 and

of the analogous hypochlorite, ClOIFhO appeared feasible.
CIOSOZF, a generally useful reagent for the syntheses of hypochlorites, 47

the synthesis of ClOIFbO was accomplished according to:

ts1F,0. + 1050, F 18 Ess0.F + CI01F,0
472 2 3 4
The resulting C]0|Fh0 appears to be highly reactive, difficult to handle

and thermally unstable. Consequently, the compound could not be well charac~

terized. The main evidence for its existence is the infrared spectrum of

the gas which exhibits a spectrum similar to that of FOIFhO. but with the 0-F
-] . .
stretch being replaced by a band at 763cm , characteristic of an 0-Cl

4 . . .
stretch, 7 and with the i=0, |F, and |-0 stretching modes being shifted to

slightly lower fregquencies. The compound decomposes to IFS. and attempts

to add it across the C=C double bond of CZFb did not resuit in stabie adducts.

RI/RD81-140
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Conclusion: Although the isalation of NF: salts of either IOL4 or IFQOZ-

was not possible, solutions containing NFM+ and HO\Fbo were found to decompose
to produce FOthO in high yleld. This is in marked contrast to the similar

syntheses of FOClO3 and FOSOZF where the corresponding NFQ+CIOA‘ 3
NFh+SO3F" b salts were shown to be the actual intermediates. FOIFbo is the

first known example of an iodine hypofluarite and exist: as a cis and a

and

trans isomer. It is a stable compound and was thoroughly characterized.

The analogous hypochlorite, C101F, 0, was also prepared for the first time,
but, as expected, is considerably less stable than FO!FQG. The reaction of
Cslob with HF was found to be a convenient synthesis of ClehO2 which,

by reaction with BiFg in HF, can readily be converted into uQIFMO, thus i
providing easy access to tetrafluoroperiodates. The bonding in trans IFL‘U2
was studied by vibrational spectroscopy, and the results of a normal coor-
dinate analysis are in excellent agreement with the trends previously estab-

lished37 for chlorineoxyfluorides.
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Table V. Vibrational Spectra of FOIF,0

based on trace E of Figure 5.

5 robsd freq, cm-l, and rel i."nehsi:)a__i_._____________,1
é t=——— | R ———— r
‘; gas Ne Matrix :égééd Egéég 55 :
; 1375vw 2x688 L. o
! 1315 w 2%655 é% :
; 930.5 m 926 (2.9}p 924 (1.7) VI=d trans /
p Q ¢i6 s 92C.2 ms 916 (U)p 914 (3.6) vis0 cis ;;
%;;\;; 1L o ( 399 (6600 891 (0.4 V3F trars !
T 322 sh gol.zm | RS v “OF c¢is L
- 700 sk 703.9 m ¢
- . £96.6 s
L 6%3 vs  695.2 vs , vas 1F, trars
= .ﬁ 692.3 m } 695 sh 690 sn vas IFZ ax cis
o 688 vs  688.6 vs 680 (3.9)p 679 (3.3) VI-0 trans j
= 686 sh -
E, E 657.9 m 3
S 653 s 656.3 ms 654 (L.5)p 652 (2.9) vi-0 cis ’
f 631 (6)p 630 () Veym 1F, ax cis |
; 624 (9.2)n 622 (6.8) vsym IF, trans ;
E i 584 ms 59C.9 ms 585 {10)p 586 (10) ) Vsym IF2 eq cis _
' 583.0 mw :
- £76.3 w 575 sh 577 (4) ‘ and
;». 6101 mw 570 sh “as IF2 eg cis
= 363.7 ms
E ¢ 3159.4 m 360 sh 358 (1)
- 353.5 sh
F 351.5 ms
3 1.2 m 340 sh
. 335 s 336.5 vs
= 334.2 sh 334 {5.4)p 333 (4)
Afii : 315.7 mw
- 308.5 3 (0. W) 5 3N (0. 4) .
2 295.5 m L
s . 29} (6.7 291 (1)
o 264 (1)p 263 (0.8) f‘
205 (0.1) 203 (o0%) 4
2 182 (0.9)p 183 (0.6) _
Con
Vi
{a) Mixture of ¢is and trans isomer. (b) Uncorrected Raman intensities

s

tentative assignments %o
cis and trans jsomer

23man ——
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Table VI. Mass Spect_t_um? of a Mixture of cis and trar_wsﬂFOiFhO -

] m/e rel intens ion :

- 219 72 17 0" =

; 203 100 IF,* =

_ 200 32 |F3o+

A 184 18 e

181 73 1F,0°

178 1 o, ]

. 165 18 1e,* &

L 162 38 1oF* :
B 146 15 (¢t

E . 143 7 1o ;

£ ,, 127 38 v

I 5

E. 5 f (a)

% 1 Recorded with an ionization potential of 70 eV, using a 1:1 mixture of ) f'—

ig ‘(; ! FOIFAO and C1F3. Peaks due to ClFB and IFSO have been subtracted from I3

§ the pattern. 'i

E- i

j 3

i3
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Diagram Captions

i Figure |. Vibrational spectra of a CsIFho2 sample containing mainly trans

? lFAOZ- (bands marked by their frequency values) and smaller amounts of cis
IFhOZT Trace A,infrared spectrum of the solid as a dry powder pressed .
between Agl! disks; the broken line indicates absorption due to the window i

material. Trace B, Raman spectrum of the solid. |[nserts C, Raman bands
of the CHBCN solution recorded with parallel and perpendicular polarization. ; E
- Figqure 2. Vvibratioral spectra of a CleL‘O2 sample containing mainly cis ‘
Y IFhOZ' (bands marked by frequency values) and smaller amounts of trans :
a IFhOZ_ (merked by t). Trace A, infrared spectrum of the solid as a dry

powder cressed between AgCl disks. The weak bands at 815 and 470 em ! -

: .;f probably do not belong to IFuOZ-. Trace B, Raman spectrum of the solid,
Trace C, Raman spectra of a CHBCN solution. Solvent bands are marked by

an asterisk.

Figure 3. Raman spectra of liquid HOIFho, recorded in Teflon FEP tubes at

room temperature,

3 . 19 B 7 . . 7 R

N Figure &. F NMR spectra of cis and trans FOIF, 0 recorded at different

' temperatures. The signals due to the 0-F fluorines are given at a ten

i times wider scale then those due to fluorines on iodine. Positive shifts
are downfieid from the external CFCI3 standard,

Figure 5. Vibrational spectra of a mixture of cis and trans FOIFho in a
ratio of about 1.9:1. Traces A and B, infrared spectra of the gas recorded

at pressures of 10 and 95 mm,respectively, in a8 5 cm path length cell

equipped with Agl! windows. Most of the absorption below L0O cm"l is due

to the window material. Trace C, infrared spectrum of FOIFQO isolated in

a Neon matrix (MR 1000:1) and recorded at 6°K. Traces D, E and F, Raman
spectra of liquid FOlF“O recorded in 4 mm o.d. quartz tubes at -26%¢ for

2 samples containing scmewhat different ratios of cis (c): trans(t) isomer

with the incident polarization parallel and perpendicular.

RI/RD81-140




% Figure 6. Infrared spectra of IFg0 and FOIF,0 In Ne matrix (MR 1000:1)
P i at 69K recorded at 20 fold scale expansion. The bands due to IFSO in the
: : FOIF,0 spectrum are marked by an asterisk.
i }
} Figure 7. Infrared spectra of IFSO and FOIFQO in Ne matrix (MR 1000:1).

Figure 8. Vibrational spectra of IFSO. Trace A, Infrared spectra of the 9as,
trace B, infrared spectrum in Ne matrix, trace C, Raman $pectrum of the liquid,

all recorded under conditions identical to those of Figure S.
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APPENDIX H

Contribution from the Institut fur Physikalische und Theoretische Chemie,
Universitdt Tubingen, 7400 Tiubingen, West Germany and
Rocketdyne, a Division of Rockwell International Corporation
Canoga Park, California 91204

GAS PHASE STRUCTURE OF CHLORINE TRIFLUORIDE OXIDE,AC1F3Q

Heinz Oberhammer and Karl 0. Christe

Recaived .

Abstract

The molecular structure of C1F30 has been studied by gas electron diffraction.
A distorted trigonal bipyramid with the following geometric parameters (re«

values) was obtained: C1 = 0 1.405 (3) R, C1-F_ = 1.603 (4) &, C1-F, = 1.713
(3) R, #F,C10 = 108.9% (0.9), ¥F,CIF, = 87.9° (1.2) and $F,C10 = 94.7° (2.0).
Steric repulsion effects in equatorial and axial directions for the doubie
bond and the lone electron pair of chlorine are discussed. The position of
the lcne pair was derived from ab initio calculations,

Introduction

Chlorine trifluoride oxide was independently discovered in 1965 at Rocketdyne]
and 1970 at Sac]ayz. No structural data have been published for this interesting
19F1,4 an 17,5

compound, except for its vibrational"3 and d 07 NMR spectra which

were in agreement with a pseudotrigonal bipyramidal structure of symmetry CS.
In this structure, two fluorineseccupy the axial and one fluorine, one oxygen
and one sterically active free valence electron pair uccupy tne equatorial
positions. It was recently proposed6 that free valence electron pairs and I
bonds can result in directional repulsion effects for trigonal bipyramidal
molecules. Since C1F30 possesses both a free valence electron pair and a
bond, a knowledge of its exact molecular structure was or yreat interest. |In
this papaer, the results of a structure determination of C1F30 by gas phase
electron diffraction are given in support of the previously proposed” direc-

i

tional repulsion effects.
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Experimental

The sample of C1F3O used for this study was prepared by low-temperature flyori-
nation of C1ON02 using a previously described method. The sample was purified
by fractional condensation, followed by complexing with KF and controlled vacuum
pyrolysis of the resulting KC1F40 adduct.7 The product showed no impurities
detectable by vibrational and NMR s‘,pec‘cr~oscopy1“4 and was handled exclusively

in well passivated (with C1F3) Teflon-stainless steel equipment.

The electron diffraction intensities were recorded with a Balzer Diffracto-
graph KD—GZ8 at two camera distances (50 and 25 cm) and an accelerating voltage
of about 60 KV. The nczzle temperature was 10%C and the samplc was kept at
-35°C.  The camera pressure never exceeded 1.10'5 Terr during the experiment.
(Throughout this paper 1 R = 100 pm, 1 Torr = 101.325/760 kPa). The electron
wavelength was determined from Zn0 diffraction patterns. An s - range (s =
(4 w/X) sin 8/2, X..electron wavelength, 8..scattering angle) of 1.4 - 17 Q'1
and 8 -« 35 3'1, for the two camera distances, was covered in the experiment.
For each camera distance two plates were selected and the intensity data were
evaluated in the usual wayg. The averaged molecular intensities were measured
in steps of As = 0,2 Ri1.

Results and Discussion

Structure Analysis. The observed molecular intensities are given in Figure 1. A

prel iminary geometric model was derived from the radial distribution function
(Figure 2) and then refined by a least squares analysis based on the molecular
intensities. A diagonal weight matrix was used9 and theoretical intensities
were calculated with the scattering amplitudes and phases of J. Haase1o.

The only geometric censtraint was an assumed CS symmetry. The ratios between
the vibrational amplitudes of the bonded distances and of some nnn-bonded
distances were constrained to the spectroscopic values (see Table 1).

Parallel vibratignal amplitudes and harmonic vibrational corrections &r =

ry - ra(Tab1e }% were calculated from the force field of Reference 3 with the
program NCRCOR''. Two correlation coefficients had values larger than
0.5:1 &FaC1Fe/%FaC10] = 0.88 and [1(bonded)/1(Fd..Fa)] = 0.61. The results
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of the least squares analysis are summarized in Table 1. Fstimated uncertainties
are 3¢ values and a possible scale error of 0.1% is included for bonded distances.

Ab_initio Calculations: The molecular wave tunction at the experimental geometry

was calculated with the program TEXAS12. For second row atoms, 4-21 basis sets13
and for chlorine a 3-3-21 basis setTa, supplemented by d functions12, was used.
The position of the chlorine lone elactron pair (Figure 3) was obtained by trans-
formation to localized orbitals, using Boys' criterion15. Atomic net charges
and overiap populations (Table 2) were derived by a Mulliken population ana1ysﬁs16

Molecular Structure of CIF.0: Chlorine trifluoride oxide is a distorted tri-

3=
gonal bipyramidal molecule with three different ligands in the equatorial plane:

a single bond, a double bond and a lone valence electron pair. The angles
(Figure 3) between the axial bonds and the double bond are larger (by about 70)
than the angles between the axial bonds and the single bond or the lone
electron pair, i.e. the axial fluorine atoms are bent away from the double
bond into the sector between the single bond and the lone electron pair. This
demonstrates that in the axial direction the steric repulsion of the double
bond is larger than the repulsion from either the lone pair or the single bond.
The angles in the equatorial plane, however, indicate that in the equitorial
direction the repulsion by the lone pair is largest, followed by the double
bond, with the single bond being smallest. This directional repulsion effect
of double bonds which has been pointed aut previous]ys, correlates well with
the different ponulation of the I bond orbitals in the axial and the equatorial

plane]7.

For C1F30, these populations (Table 2) are almost equal.

The observed bond distances (C1 = 0 1.405 R, C1-F, 1.603 2, C1-F,, 1.713 2)
agree well with previous estimates (C1 = 0 1.42 R, C1-F, 1.62 R, C1-F,, 1.72 2)
derived from the observed vibratiocnal spectra and a comparison with related

3

moiecules. They confirm the conclusions, previously reached from the results

of a ncrmal coordinate analysis,3 that the chlorine-oxygen bond has double bond
character and that the axial C1-F bond is significantly weaker than the equatorial
one. These results support a previously outlined bonding scheme assuming mainly
sp2 hybridization for the bonding of the three equatorial ligands {CIF, (10 =
bond, and free valence electron pair) and the use of a chlorine p orbital for

RI/RD81-149D
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the bonding of the two axial fluorines by means of a‘semidonic three center- fo O
4 electron bond pair.3’7‘18

A comparison of the bond Yengths in C1F3O with those in closely reltated
molecules (see Table 3) also correlates well with the conclusions previously
derived from force field computations.3’7’18 These computations had shown that,
if the bonds are separated according to the two possible types (i.e. mainly
covalent and mainly semi-ionic 3c-4e), the bond strength within each type
increases with increasing formal oxidation state of the central atom and a
decreases with increasing oxygen substitution. The first effect is due to an

increase in the effective electronegativity of the central atom with increasing
oxidation state. This increase causes the electronegativities of the cenrtrai

atom and the ligands to become more similar and therefore the bonds to becem
more covalent. The secondeffect is caused by oxygen being less electronegative ; 3
than fluorine thereby releasing electron density to the molecule and increasing
the jonicity of the C1-F bonds.’*'® Although the previous force field computa-
tions clearly reflected these trends, the uncertainties in force constants,
obtained from an underdetermined force field, were rather large and certainly

"
PR VN POV YO

are not as precise as the more reliable bond length weasurements from this
study.
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Table 1: Results of electron diffraction experiment and
spectroscopic caleculations.

a) geometric parameters (ry values) in & and degrees. See text

for estimated uncertainties.

C1=0 1.405 (3) yF CIP, 87.9 (1.2)
C1-F, 1,603 (4) yF_C10 94,7 (2.0)
C1-F, 1.71% (3) 4F301Faa 170.5 (4.1)
§F C10 108.9 (0.9)

b) vidrational amplitudes from electron diffraction and spectros-
copic data and harmonic vibratioral corrections in R.

vibrational amplitudes

e.d. spectr. r, - Tg
C1=0 0.032 (7)° 0.0%6 0.0010
C1-F, 0.041 (7)° 0.047 0.0001
C1-F, 0.0u8 (7)° 0.053 0.0040
F,..0 0.066 (6)°¢ 0.065 -0.0008
F...0 0.073 (6)° 0.072 0.00C0
F ..F, 0.079 (6)°¢ 0.078 -0.0007
F,o.F, 0.061 (410) 0.067 -0.0010

c) Agreement factors for both camera distances.

RSO = 5.2 % R25 = 7.0 %

a »H,C

dependent parameter. ratic constrained to spectroscovpic
value.
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Tatls 2: Atomic net charges (a.u.), dipole moment (D) and
overlap populations {a.u.) for ClFBO.

overlap
net charge population

Cl + 1.76 C1-F, 0.092
F - 0.%1 C1-F, 0.070
F - 0.46 i} qreq 0.10%

- 0.53 MTae ©0-097

0
/La 1.974

8 see Fig. 3 for direction of dipole moment.
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Diagram Captions bk
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; Fig. 1: Experimental (ooo) and calculated (~-—) molecular f é
' intensities and differences. :
; 5
; Fig. 2: Experimental radial distribution function and -
ey difference curve. !
' Fig. 3: Bond angles in axial (a) and eguatorial (%) directiorns. b
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APPENDIX I

Evidence for the Existiz~e e Directional Repulsion Effects
by Lone Valence Electron Pairs and » Bonds in
Trigonal-Bipyramidal Malecules

Sir:

The Gillespie~Nyholm valence-shell electron-pair-repulsion
(VSEPR) theory'? is very useful for explaining the basic
structural features of many classes of inorganic compounds.
Thez theory assumes that the geometry around a given central
atom is determined by the number of electron pairs in its
valence shell which are arranged as “points-on-a-sphere” in
a manner 1o mirimize the mutual repulsion energy. The finer
details of the structure are predicted by assuming lone or
nonbonding electron pairs to be more repulsive than single
bonds, with double bonds being almost as repulsive as the lone
pairs. Since the valence electron pairs are treated as points,
their repulsive effect is assumed to be directionally inde-
pendent. This approximation holds well for highly symmetric
molecules such as octahedrons or tetrahedrons and for valence
electron pairs which are cylindrically symmetric with respect
to their axes. However, if a molecule possesses a structure
of lower symmetry such as a trigonal bipyramid and if the
valence electron pair is not cylindrically symmetric such as
the = bonds of double bonds, directional repulsion effects can
be expected which should depend on the nature of the orbital
and its electron density Jistribution.

Contrary to the ligands in a tetrahedron or octahedron, those
in a trigonal-bipyramidal molecule, when arranged as being
equidistant from cach other, are no longer on the surface of
a sphere and become nonequivaient. The two axial ligands
have a greater (ideally by a factor of 2'/?) central atom-ligand
bond length than the three equatorial ligands. Consequently,
an equatorial ligand possesses two nonequivalent pairs of
neighbors, one axial one of greater bond length and ideally
at 90° angles aud one equatorial one of shorter bond length
and ideally at 120° angles.

In this correspondence, two cases are presented which ave
strong evidence for the existence of directional repulsion effects
in trigonai-bipyramidal molecules. These two caces are (1) a
comparisun of the structures of SF* and X==SF, (where X
is O or Cr1)*'% and (ii) the structure of CIF,0."" [n the first
case, the relative repulsion of the axial and of the equatorial
fluorine ligands by either the = bonds of a double bond or a
free valence electron pair is compared, whereas in the second
casc, the combined effect of a lone pair and of a doubly bonded
oxygen is described.

J. Gillespic and R. S. Nyholm, Q. Rev.. Chem. Soc.. 11. 339 {1957}

) Gillespie, /. Chem. Educ., 40, 295 (1963), 47, 1R (1970)

J Gillespie, "Molecu'ar Geometry”, Van Nostrand-Reinhold. Lon-

n. 1972

{3) M. Tolles and W. D. C nn, J. Chem. Phys . 36, 1119 {1962).

(4) K Kimura and S. H. Bauer, J. Chem. Phys 39, 3172 (1963)

(%) G. Gundersen and K. Hedberg, J Chem. Phys, 81, 1500 (1969).
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Engl. 18, 944 (1979).
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For a meaningful comparison, we must first establish the
relative repulsive strength of a lone valence electron pair and
of a doubly bonded oxygen in the absence of directional effects.
Inspection of the known structures of IF*¥ and IF,0'? and
of XeOF,'

e aret 0 sacer “ae2tF
£ e F F r{“' F £
F/l\" N e et
F F °

shows that in these pscudooctahedral molecuies the repulsive
strengths of a lone valence electron mair and of a dc bl bonded
oxygen are very similar and that, as demonstrated for XeOF,.
the oxygen can be even slightly more repulsive than a {ree
valence electron pair. In the pseudotetrahedral molecules PF,
and PF,0.% the frec valence electron pair appears o be
somewhat more repulsive than oxygen:

&
é d
. PPN
r//;,/\,-r e fie
F F

The above examples show that, for practical purposes, the
nondirectional repulsive strengths of a free valznce electron
pair and of a doubly bonded oxygen are comparable. For a
more precise comparison, cffects such as changes in the oxi-
dation state of the central atom or in the hybridization of the
orbitals should be climinated. This is best achieved by selecting
a compound such as XeOF, containing both a free valence
electron pair and doubly bonded oxygen at the same time. In
this manner, their relative repulsive strengths can be compared
under identical conditions.

Returning to the less symmetric case of trigonal-bipyramidal
molecules, iet us consider the structures of SF,, O==SF,, and
H;C=SF4:

F 1 4
F L F - LT

- 37\ =
Ty .-,cu- "‘/ ">7>\.-
F 13

As recentlv pointed cut by Oberhammer and Boggs.® the FSF
bond angles are surprisingly different in these molecules but
could be well duplicated by ab initio MO calculations. These
calculations showed that the observed differences in the
structures of O=SF, and H,C=SF, can be satisfactorily
explained by the different population of the X==S r-bond
orbitals in the equatorial and the axial plane (OSF, z =017
au, 7, = 0.12au; H,C=SF,, n =0.13 au, r,, = 0.02 au).

The comparatively small F,,,S'iéi.,,l vond angle of SF, can be
rationalized in the following manner. A lore electron pair can
be delocalized rather casily, as shown, for example, b the
structure of BrF, ** as opposed to that of IF, "¢ Although

{12) A G Robiette. R H Bradlev. and P N Brier. J Chem S:ix D 1567
(1971), R K Heenan and A G Robiette, J Mol Serucr, 88192
(1979).

(13, L.S.Bartell. F B. Clippard. and E. J. Jacob, /norg Chem.. 18, 3009
(1976).

(14) ). F. Martins and E. B. Wilsun, J. Mol Specirusc., 26, 410 (1968).

(15) R. Bougon. P. Charpin. and J. Sonano. C. R Hebd. Seances Acad. Sci.,
Ser. C. 272,565 (1971)
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in botn ions the central alom possesses a lone valence electron
pair. the size of bromine permits only a maximum coordination
number of 6 (toward fluorine) and the lone pair in BeFg is
sterically inactive and centrosymmetric. In IFy", the larger
central atom can readily accept seven or eight ligands, as
demonstrated by the existence of IF, and IFy '} and,
therefore, the lone valence electron pair becomes sterically
active and acts as a ligand. On the assumption of a similar
case of delocalization of the free valence electron pair in
trigonal-bipyramidal arrangements, a free valence electron pair
¢an then be expected 10 possess little directional repulsive
selectivity and to compress preferentially the most compressible
bond angle. [n andeaiized SF, structure. the 120° equatorial
FSF angle obviously shouid be compressed more easily than
the 90° angles formed between the axial ligands and the
fluorine containing cquatorial plane.

On the other hand. the » orbitals of an S==X double bond
are more ocaiized and concentrated between the sulfur and
the X atom in the equatoriai and the axial planes of the
molecule. Depending on the refative population of these or-
bitals. preferential repuisiun of either the axial or the equatonal
flyorines is possibic Thus, the “shape™ of the S=X r bond
is responsible for the preferred direction of the repulsion effect
and must be considered when the structure of an unknown
molecule is predicted.

In view of these directional repulsion effects, the change in
a single bond angle is not a good measure for the overall
repulsive strength of a ligand or a frz¢ valence electron pair.
Since the repulsion of all the other ligands must be considered,
the average quadruple angle'® should be used for such a
comparison. In SF,. OSF, and H,CSF,. these average
quadruple angles are 111.5, 110.3, and 113.3°, respectively,
indicating that the overall repulsive strengths of a free valence
electron pair and of 3 S==X = bond are, within experimental

i N O Canste. fnorg Chem 11 12150:972)
107 C J Adams. [norg Nuci Chem Lett. 10, 831 11974).
1By F Seeiand M Pimal J Fluorine Chem. 10,413 (1977)
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error, quite similar but that they strongly differ in their di-
rections.

Since the molecular structure of SF,O has not vet been
established beyond doubt {four models have been proposed on
the basis of an electron diffraction study)® and since one might
argue that secondary effects such as the difference in the
oxidation state of the sulfur central atom might be of 1m-
portance, the structural study of a trigonal-bipyramidal
molecule containing both a lone valence electron pair and a
doubly bonded oxygen atom was important. Such a molecule
is CIF,0. the structure of which was recently established: ™

F vaos

|h;l~K‘ ‘6

._ﬁilf’awu' .__”40
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The fact that the axial fluorine atoms arc repelied more
strongly by the oxygen ligand than by the icnc pair contirms
the existence of directiona! repuision effects 1n trigonal-bipy-
ramidal molecules and supports the conclusions reached from
the comparison of the SF,, OSF,, H.CSF, seties.

In summary, in trigonal-bipyramidal molecules, cylindrically
nonsymmetric valence electron pairs can result in dircctional
repulsion effects. These effects can be rather proncunced and
cannol be accounted for by simple VSEPR theory.
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Abstract
The infrared spectra of FCIO3 in Ne, NZ’ and Ar matrices were recorded

and the 3SCI -
the E~species vibrations were redetermined and together with the isotopic

37C1 isotopic shifts were measured. The Coriolis constants of

data used for the computation of a general valence force field. The A] block,
for which only isotoplc frequencies are available, was fixed with the help

of ab initio force constant caleulations. It is shown that vz and v3 are

best described as an antisyrmetric and a symmetric combination, resnectively,
of the CIF stretching and the CIO3 bending motions. Comparison with 13 pre-
viously published force fields demonstrates the iradequacy of underdeterri~ed
force fields for stronaly coupled systems, such as FC]O3. The C10 and CIF
stretching force constants were found to be 9.76 and 3.49 mdyn/R, respective-
ly, in good agreement with those expected for a mainly covalent Cl1-F single

and C1=0 double bonds,
Introduction

During a normal coordinate analysis of the fluorine perchlorate, FOCIOB.
1 .

molecule we became interested in the force field of the closely related

perchloryl fluoride, FC\O3, molecule. Although FCIO3 is a well known and

. L .
important molecule, and at least 13 force fleldsz " have previously been
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published for it, comparison of the literature data revealed large discre-
pancies. Furthermore, for most of these computations estimated structural
parameters had teen used. Since the structure of FC!O3 has been well established

by electron diffraction dat36 and since for similar molecules a combination of
isotopic frequencies and Coriclis constants have been shown to result in well
defined general valence force Fie1ds,15-'7 it was interesting to apply this

approach to FC10 Further interest was added to the problem by the fact that

3"
in several 5tudie52'3'8'9']) FC\O3 had been used as a model compound to test

the guality of approximate fcrce flelds. An evaluation of the merits of the
different approximating methods, however, requires the knowledge of a relia-
ble general valence force field. Finally, based on the results of a normal

9

coordinate analysis, Gans pointed out” that two possitle assignments {715 and

5Lg cm—]) exist in the Al block for the C1-F stretching mode and that, as
a result, v, and v, might be mixtures of C1-F stretching and angle deformations.

2 3
The purpose of this study was to clarify some of these aspects and to obtain a

better understanding of the force field of this interesting molecule,

Experimental bl

Perchloryl fluoride (Pennsalt) was handled in a passivated stainless
steel - Teflon FEP vacuum system and purified prior to use by fractional
condensation. Infrared spectra of the gas were recorded using a 5 cm path-
length Teflon cell with Csl windows. The infrared spectra of matrix-isclated
FC\O3 were obtained at 6°K v:iith an Air Products Mode! DE 202 S helium refrig- S
erator equipped with Cs! windows. Research grade Ne, N2 and Ar {(Matheson) were
used as matrix materials in a mole ratio of 1000:1. The infrared spectra were
recorded on a Perkin Elmer Model 283 spectrophotometer calibrated by comparison |

. , , 18,1¢ . . .
with standard gas calibration points. ' 3 The reported frequencies and isotopic

[

. o + + -] .
shifts are believed to be accurate to - 2 and = 0.} em , respectively.

g l

Results and Discussion

T

Since the infrared and Raman spectra and the assignments of FUO3 are

, 10 -25 . . .
well established, »20-25 only the infrared matrix isolation spectra were

ety
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recorded for the determination of the35 C1~37 €1 isotopic shifts., These
spectra were obtained at 6%k using three different matrix materials, Ne, NZ’
and Ar, at a MR of 1000. The observed spectra, frequencles and assignments
are shown in Figure | and Table |. As expected for a five atomic molecule of
symmetry C3V. FC103 exhibits a total of 6 fundamental vibrat;zns clasg;fied as
3At+3§' By analogy with the similar halogen fluorides, BrF3 . BrF30 and
FBrO2 , heon matrices exhibited the least matrix site effect splittings and
showed frequencies closest to those of the gas phase values. The additional

splittings observed for the N2 and the Ar matrices are attributed to matrix

site effects.

A general valence force field was computed for FCIO3 using a previously

described machine method29‘ The frequency values were taken from previous

gas phase measurementslo’zl’22’2‘4’25

Cl=37cl isotopic shifts were taken from the present matrix work except for

and are summarized in Table 1. The35

v3 and vs which were more accurately determinedz2 by a previous high resolu-
tion gas phase infrared study (see Table 1}. Anharmonic frequencies were used

for the force fleld computations because sufficient experimental data for an-
harmonicity corfections were not avallable. Since the relative signs of the
symmetry coordinates are critical for the computation of the Coriolis constants,
the symmetry coordinates have been summarized in Table 11, The following internal

coordinates and the geometry, determined by an electron diffraction study,

were used:

F
10083 |r- 16194

%Q\; = 1404R

oN6s’

As it was clear from the beginning, that the measured isotopic splittings
would not suffice to determine the A] block force constants unequivocally,
ab initio force constant calculations were performed too, using the force
methodBo, a 4-~21G basis setB‘ for F and 0 and a 3-3-21 basis set32 for the

chlorine atom, which was augmented by one d function with exponent 0.633.
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when it was realized, that the pure basis didnot reproduce the geometrical

data properly. With the augmented basis set for 1, the calculated geometry
(reye 1-628R, fer0 1.437R, ¥C10,116.57%, ¥C10F 100.8%) is in good agreement

with the experimental values. Table 1fl shows the results of the at initio force
constant calculations (set 1). The usua!3ui38 deviation of the diagonal force
constants was remedied by @ subsequent iteration using the measured frequencies

(set 1 in Table (11),

E-Block Force Field, The37 ¢l isotope can provide only two new indepen-

dent frequencies, due to the product rule. Consequently, the fact that the

isotopic splitting for Ve could not be measured, is unimportant. Similarly,

the Coriolis constants can provide two additional independent data points

since they are related by the sum rule,c“+ C5+ c6=28/A. Again, the fact that

one Coriolis constant could not be measured, does not decrease the number of

available independent data points. Thus, there were a total of seven pieces

of independent data available to determine six force constants. The least

squares computer code, used for our force field computations, did not converge
when the observed frequencies and the previously reported Coriolis £ constant

valuess’lo were used as input data. Consequently, this code was used to com-

pute five symmetry force constants and the Coriolis constants as a function of

the sixth constant, Fhs' requiring an exact fit of the five observed frequen-

cies. The resulting ramge of solutfons is shown in Figure 2.

Since neither of the two previously published 5,10 sets of Coriolis

constants (see Table |v ) resulted in a unique force field solution (see Figure 2),
This examination revealed severe short-

the Coriolis constants were reexamined.

comings for both sets. The set calculated from Raman gas phase band contours,
although quoted with the smaller uncertainties, is effectively useless because
the Rarman band contours are a function of both the Coriolis constants I and
the ratio 6§ of the relative intensities between the set of transitions in J
with AX=21 and the same transition in J with AK=12. Since the & values are

unknown, reliable Z values cannot be obtained in this manner.

The other set of Coriolis constants was calculated5 from infrared gas-
phase band contours. For the determination of 4 the accurately known Q

branch spacing of v, {0.158] c:z:r.bl)z2 was used according to C5=1-% - 94%%§l
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where A and 8 are the reduced moments of inertia. At the time of the original

22,30 only for B, but

computations of ;5' an experimental value was available
A had to be estimsted. Reevaluation of L with A and B values of 0.1846 and
0.1764 cm'l, respectively, deduced from the electron diffraction structural
dats,6 resulted in a revised value for L of -0.384~ 0.008, assuming one

percent uncertainties for both the value of A and the value of the ( branch
spacing. The values of A and B computed from the published electron diffraction
dataG are considcred to be more precise than Z one percent in view of the 0.64%
deviation between our value of B (0.1764 cm'1=5292 Mc/sec) and that of 5258.682°

0.005 Mc/sec obtained 30 by microwave spectroscopy.

i

bl

The previously reported5 value of :6 had been computed from an estimated
geometry and the PR branch separation of‘v6 which was obtained by doubling the
QR branch separation observed in the low resolution work of Lide and MannZ!

A reexamination of the complete Ve infrared band contour at 30°C resulted in

a P-R branch separation of 20.52 1.0 cmnl, which in turn resulted in £6=0'32:
31-34

il bl ..

il Il

0.05 using previously reported graphic interpolation methods.

Determination of §4 from the infrared band contog; of v, ;35 not possible
due to interference from the strong Q branches of the ~Cl and

Therefore, §4 was determined

Cl isotopic

species and from the ( vztxzs) combination band.
from the known QS and §6 values and the sum rule §4¢; 5*; 6=2B/A and was

found to be 0.540.05.

. . e s
This revised set of Coriolis constants differs significantly from those

reported previously3'5’10 (see Table 1Vv}. As can be seen from Figure 2, it

results in a single set of force constants, thus lending credibility to the

force field chosen. The numerical values of the resulting force constants
2 with uncertainties derived from the

are sumnarized in Tables II! and V and Figure 2

uncertainty limit of ;5. 5
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There is an excellent agreement of this experimentally derived force

fleld with the ab initio results (see Table I1!),

This E block force fleld appears entirely plausible. All the off-diagona)
symmetry force constants have relatively small values, and the potential energy
distribution (see Table lll)shows the fundamentals to be highly characteristic
(70-98%). They are well described as an antisymmetric C103 stretch, an

antisymmetrlc 6103 deformation and a CIO3 rocking mode. Flgure 2 also demon-

strates that the general valence force “ield [s approximately an extremal solu-

il

tion with Fuu being a maximum and FSS and F66 being close to their minima.

ﬁl-Block Force Field. For the A] block, the product rule reduces the six
vibrational freguencies to five (dependent pieces of data. Therefore, a unique

force field cannot be determined. Thus, we had to rely mainly on the at initio
calculations (see Table 111), which, however, do not reprodu-~e the vibraticnal
frequencies v, and v3 even after iteration of the diagonal terms. This is due

2

to the small value of F We have conputed the five reamining symmetry force

23" -
constants as a function of F23, requiring an exact (f0.0S cm ]) fit of the
observed frequencies and chlorine Isotopic shifts. The results from this com-

putation are displayed in Figure 3.

Its imspection allows the following conclusions: (1) F23 must be posi-
tive and must have a value of at least 0.57 mdyn/rad. The ab initio value
(0.4B1 mdyn/rad.) is definitely below the range of real solutions. (ii) At

=min. v, andv

F
23 2 3
stretching) and 53(C103 derormation) with v, being an antisymmetric and Vy

are complete mixtures of the symmetry coordinates S, (CVF

52 symmetric combination of them, (iii) Except for a very smali range close

F '. A =.. F ] (-] T
to F]2 and 13 being zero and to F23 min., F‘2 and 13 must have the same

sign with FIZ>FI3' For increasing positive values of F‘2 and F13' the contri-

bution of 53 to Vs and of SZ to v3 increase and for increasing negyative values
these assignments become reversed 3 (iv) The diagona! terms of the torce con-

stant matrix have their extremal values (F]]=max., F22=min., F33=min.) close

to the minimum of F In this range, large changes in the values of FIZ

23’
and F]3 will be of minor influence on the diagonal force constants. Though
for the A‘ block the ab initio force constants do not fulfill these require-

ments exactly (F23 if outside the range of real solutions and the difference

RI/RD8L1-140




(0.0 mdyn/rad) is too large), they may be

S between F,, (0.154 mdyn/R) and Fls
- used to fix the force “'eld within narrow limits, provided their sign and E
‘ 34-38 5

order of magnitude is correct, which was proven for many examples (e.qg.

o Thus, the ab !nitio value of F-"2 may be regarded as an upper limit, the value

of F]3 as a lower one, whlle F23 is ciose to the minimum value, F13 exhibits
the largest uncertainty. 1ts lower 1imit is given by the ab initio value (0)
and fts upper limit by the value for Flz‘ The force field derived in this

way with an optimal adaption to the experimental data Ils given in Table 11| =¥

W

-

R as set 111,

T Y e e
-

The strong mixing of the symmetry c¢oordinates 52 anrd 53 in v, and v3 can

be easily rationalized. [If the three oxygen atoms are treated as cne center

of mass X, then the symmatric £10_ deformation mode corresponds to a stretch-

3
ing of the hypothetical Cl1-X bond. Since such a hypothetical F-Cl-X molecule

is linear, the F-C1 and Cl1-X stretching motions should be strongly coupled

and, therefore, result in an antisymmetric and a symmetric F-Cl1-X stretch,

Comparison with Previous Force Fields, Table V gives a comparison of

our force field with those previously reported. In most cases, an exact com-
parison of the bend-bend and stretch-bend force constants is difficult because
for most of the previous force fields all force constants were given in units
of mdyn/ﬂ and the authors were not specific which bondlengths (r, R or possible
combinations) were used for their normalization procedures. For a comparison
with our force field, approximate values of the previously reported all mdy
force fields can be obtained by ﬁultip;ying F33 and F66 by rR, F]3 by R or

s .
/§2,3223 and F“S by r or ¥rR, F55 Ly r. or rR, Fh§ by /?E, anc:.F56 bi rR or
r 2 R%. Furthermore, most of the previously published force {lelds were
computeu with estimated geometries or inaccurate Coriolis constants. C(onse-
cuently, an objective evaluation of the merits of the individual approximating

methods is difficult and was not undertaken.

General Comments. We would like to point out the wide range of force

constant values previously published for FCIO3 which fully supports the pre- ;
vious critica)l statement59 by Gans concerning the questionable value of force i

constant calculations from insufficient or inaccurante data. in such cases, the

computation of wide solution ranges is important to determine the range of possi- 1

ble plausible solutions.
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The values of 9.76 and 3.49 mdyn/g obtained for the Cl=0 and the Cl-F
stretching force constant, respectively, of FC&O3 ire in excellent agreement.
with our expectations“s ifor highly covalent C1=0 double and C1-F single bonds.
Higher C1=0 force constants have only been observed for the cations C1F202*
(12.1 deﬂ/R)46 and CIFZG+ (11.2 mdyn/g)dﬁ and are caused by their formal
positive charge.ds Similarly, C1F70; is the only chlorine oxyfluoride specins
which exhibits a higher (4.46 mdyn}ﬁ) ClF stretching force constant, This‘can
be attributed to the high oxidation state of chlorine (+VII) and the energetically

favorable pseudo-tetrahedral structure of FC]Oz.

The results of the present study are of particular interest because they
demonstrate that arguments concerning the assignment of certain modes,
capable of underroing coupling, can be rather meaningless. This has recently
been demonstrateddd for the axial and the equatorial SF2 scissoring modes :
in SF4 and is now further substantiated for FC103. Rather than resulting in :

highly characteristic fundamentals, their symmetry coordinates are strongly

mixed and the fundamentals correspond to an antisymmetric and a symmetric combina-

tion of the corresponding symmetry coordinates
i
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Figure 1.

Figure 2.

Figure 3.

Diagram Captions

Infrared matrix isolation spectra of FClO3 recorded at 6°ﬁ in Ne, N
and Ar at a MR of 1000.

E-block symmetry force constants and Coriolis constants of FCIQ3
plotted as a function of FdS' The units of the force constants are
given in Table 1. The observed Coriolis corstants are marked by +
and their uncertainties are given by rectangles. The solid and the
two broken lines represent the general valence force field and its

2

uncertainties, respectively, derived from the corresponding 9 values.

values.
A1 - block symmetry force constants of FC10, plotted as a function

of FZ

3
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of F ClO3

TABLE I Frequenciesa and 35Cl-37C1 Isotopic Shiftsb 33
Species mode F35C103 35Cl~37C1
frequency isotaopic shift
(cm”! (em™h
A1 vy 1063 3.05
v, 717 ~1c.0
vy 550 0.89
E Va 1315 15.8
Ve 591 3.09
Ve 405 [0.171€
(a) Frequencies were taken from the gas phase values of refs

(b)
(c)

to, 21, 22, 24, 25

Taken from this study, except for Av3 and Av5 (from ref. 22)

Calculated wvalue.

observable

Smlitting was tno small to be experimentally
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x : s Constants for FC10
TABLE II Symmetry Coordinates and Symmetry Force Constant 3

5, = (r'+r243)/v’3-
5, » R
s, = 0.4912 (e‘+e’+8’) - 0.303b(a’+uz*a,)

) ; St e 0,3034 (3}45205’) + O.hslz(ul¢uz*a,)
] ‘-ai £ S“." (rzﬂ" -)-jr:/;-//s
K 54" (r -r ,

S = (a:¢a' -2a )/v8
s (0,-a) Wi
- ‘2Bn'8:'3;)’“g
Seb" (Bi-e’)/ 2

i + redundant coordinate

P“ . fr . If"
Faas fy

F“ . 0."2!'B . O.ZM'. ¢ l.lsfes . O.SSF“ - I.qu . D.!Qf.e,

Fla=v 1,

t

Fily = 0.0 o 1701 4 - 10se _ « 0.53¢
Faa = 1476, - 0911,

/TR frr

Feg ol - f

Fa®f

[1) 8~ tap

Fas " fra ™ fran

: Fag * frg - LY
5 - Fso * fug = Tap
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APPENDIX K

Das Kraftfeld von SF,
The Force Field of SF,
Wolfgang Sawodny* und Karl Birk

Abteilung fir Anorganische Chemie der Universitidt Ulm, Oberer Eselsberg, D-7900 Ulm

Geza Fogarasi

Department fiir Allgemeine und Anorganische Chemie, Eétvos-Lorand-Universitét,

H.-1088 Budapest,
Karl O. Christe

ngarn

Rocketdyne, A Division of Rockwell International, Canogs Park, Calif. 91304, USA
Herrn Prof. Dr.-Ing. Fritz Seel zum 65. Geburtstag gewidmet
Z. Naturforsch, 85b, 1137-1142 (1980); eingegangen am 9. Mai 1980

Force Constants

As it proved impossible, to compute a unique and meaningful General Valer.xég Force
Field for SF4 from the known experimental data, this was realized by an ab initio cal-
culation uaingra. basis set of 3-3-21 4 1d G functions for the S., and 4-21G functions for

the F.atom.

he values of the stretching force constants are f (S-Feq): 5.36 mdyn/A,

f(S-Fax): 3.25 mdyn/A. Problems of assignment of the deformational modes could be

settled conclusively.

Obwohl SF,; im Grunde eine recht einfache Ver-
bindung darstellt, birgt seine schwingungsspektro-
skopische Behandlung eine Fiille von Problemen.
Dies liegt zum einen an der niedrigen Symmetrie
(Cev), die eine eindeutige Zuordnung insbesondere
der Deformationsschwingungen erschwert, zum an-
deren an der starken Assoziation in fliissiger Phase,
die fiir eine Untersuchung des ungestérten Molekiils
lediglich Spektren in Gasphase oder in einer Inert-
gas-Matrix zula8t. Hinzu kommt, daB die Gewin-
nung zusitzlicher spektroskopischer Informationen
durch das Vorliegen eines asymmetrischen Kreisels
und die beschrankten Méglichkeiten einer Isotopen-
Substitution sehr begrenzt ist. In einer langen Reihe
von Arbeiten [1-13] wurde versucht, wenigstens die
Zuordnung der Normalschwingungen zu treffen,
was allerdings erst jiingst [13] mim Daten
fiir %4SFy einigermaBen zuverlissig gelungen ist.
Hiermit war es auch méglich, das allgemeine Va-
lenzkraftfeld (GVFF) fiir die beiden asymmetrischen
Rassen B; und B; festzulegen, wihrend die 4 Nor-
malschwingungen (und damit 10 Kraftkonstanten)
enthaltende Rasse A; mangels ausreichender Daten
nur niherungsweise behandelt werden konnte. Es
soll nun der Versuch unternommen werden, unter

* Sonderdruckanforderungen an Dr. W. Sawodny.
0340-5087/80/0900-1137/$ 01.00/0

Einbeziehung der bisher unberiicksichtigt gebliebe-
nen, aber gemessenen [12] Zentrifugaldehnungs-
konstanten zu einer genaueren Eingrenzung des
Kraftfeldes auch fiir die Rasse A; zu kommen, oder
~ falls dies nicht zum Ziel fithrt — durch ab initio-
Berechnung der Kraftkonstanten eine Losung zu
finden. Durch letzteres kann gleichzeitig die Zuord-
nung bestdtigt werden.

Das Kraltfeld aus experimentellen Daten

Die Normalschwingungen des SF, teilen sich nach
4 A1 4 1 Aa + 2 By + 2 B; auf die Schwingungsras-
sen auf. Die Symmetrie-Koordinaten wurden wie
in [11] gewahlt, die F- und G-Matrizen nach der
Wilsonschen Methode abgeleitet. Als experimen-
telle GroBen standen die Schwingungsfrequenzen
nach [13] (Werte der IR-Gasspektren; 325~34S.Iso-
topenverschiebungen aus Spektren in Ne-Matrix),
5 Zentrifugaldehnungskonstanten [12] und die mitt-
leren Schwingungsamplituden [14] zur Verfiigung,
letztere wurden allerdings nicht in die Iteration
einbezogen, sondern nachtraglich berechnet.

Die Kraftfelder der Rassen B; und B, lassen sich
aus den Isotopendaten ermitteln und wurden aus
{13] ibernommen, ebenso Fss(A2) mit dem geschatz-
ten Frequenzwert von vs = 437 cm-1, nachdem die
gleichzeitig angestellten ab initio-Rechnungen (siche
unten) dies als sinnvoll bestdtigten. Fiir die 10
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W. Sawodny et al. - Das Kraftfeld von SFy4

Tab. 1. Kraftfeld fir SFq aus e){;)erimentellen Daten (Valenzkraftkonstanten mdyn/A = 102 Nm-!, Deforma-
a

tionskonstanten mdyn A = aJ,

lenz/Doformations.Wechselwirkungskonstanten mdyn = 10 nN),

[13] diese Arbeit MefBdaten [12, 13]
4y in em~!, v in MHz
A1t Fyy = + fr 5,884 5,644 4 0,233
Foa = fr + frr 3,467 3,479 + 0,145
Fag = 0,99 f5 + 0,01 f, — 0,15 fay 1,414 1,707 4- 0,083
F“ = 0,71 fv + 0,29 (fa + faa + faa + f”ua) -+
0,004 f5 4 0,13 fya + 0,18 fay + 0,11 £, 0,863 0,598 + 0,023
Fie - —0,495 + 0,799
Fi3 0,320 0,311 + 0,144
Fiq 0,300 —0,012 + 0,213
Fo3 0,100 0,057 4+ 0,125
Faq - 0,092 4- 0,291
Fay 0,4813 —0,018 4+ 0,082
Ag: F55 = fa — fau — F'ae — £ aa 1,673
Bi: Fgg = fr — frr 2,821
F77 = fa + faa. - f’aa _ f”uu 1;673
07 0,530 wie [13)
Bs: Fgg = fr — fir 5,185
FW = fa -— fau + f’au —_ f”qa ls914
Fay 0,700
Avy 11,37 11,8 11,33 + 0,05
dvy 0,07 0,8 0
Avy 4,14 2,8 4,09 + 0,05
Ay 0,08 0,2 —
Avg 13,14 13,13 4 0,05
A‘V-; 0,87 -_
Advg 10,63 10,52 + 0,05
Advg 2,48 2,42 4+ 0,1
Txxxx ~—10,7 —14,3 —15,2 +1,1
Tyvyy — 6,0 — 59 — 178 1,1
Trrzz —_— 2,1 — 3,2 b 4,9 ﬂ: 1,0
1. —14,0 —16,2 —14,7 + 2,0
T2 — 24 — 24 — 52 + 1,6

Kraftkonstanten der Rasse A; bleiben dann neben
den 4 Frequenzen, den Isotopenaufspaltungen fiir
v und »s (fiir »2 wurde keine beobachtet, v4 nicht ge-
messen) 57-Werte als Bestimmungsgréfen (wobei
in T; und T; die Anteile der Rassen Az, B; und B,
abgezogen werden). Das Ergebnis der Iteration fin-
det sich in Tab.I. Die groBen Standardabweichun-
gen zeigen, dafl diese Daten zu einer verniinftigen
Festlegung des Kraftfeldes nicht ausreichen, alle
Nichtdiagonalglieder der F-Matrix auf} 1ls
F13 sind letztlich unbestimmt. Es ergibt sich ferner,
daB alle -Werte auller Txxxx und Ty wesentlich zu
klein erhalten werden, und dies trifft nicht nur fiir
das in Tab. T wiedergegebene Kraftfeld zu, sondern
auch fiir weitere, die wir unter Variation der Zu-
ordnung der Deformationsschwingungen gemd frii-
herer Vorschlige [6, 7, 11] getestet haben., Weiter.
hin weist das berechnete Kraftfeld fiir A; gegen-
uiber dem nur aus den Isotopenverschiebungen ab-
geschitzten [13] erhebliche Diskrepanzen auf, die

sich auch in einer unzureichenden Wiedergabe von'
Avs dubern.

ab-initio-Berechnung der Kraftkonstanten liir SF,

Da sich also mit den derzeit bekannten experi-
mentellen Daten das Kraftfeld des SF4 in der Rasse
A; nicht eindeutig bestimmen lafit, sahen wir nur
die Moglichkeit, durch eine ab initio-Berechnung
weiterzukommen. Zuerst wurden nur s- und p-
Funktionen verwendet, fiir Schwefel ein 3-3-21G-
Basissatz nach Hehre und Lathan [15], und Skancke
et al. [16], fiir Fluor ein 4-21 G-Basissatz nach Pulay
et al. [17]. Die Berechnungen wurden nach der
Kriftemethode von Pulay [18] mit Hilfe des
TEXAS-Programms [19] durchgefiithrt. Analog zu
Oberhammer und Boggs [20] stellten wir mit diesen
Basissiitzen starke Abweichungen der berechneten
von der experimentellen Geometrie fest. Entspre-
chend unterscheiden sich auch die fiir diese beiden
Gleichgewichtslagen erhaltenen Kraftkonstanten.
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Zieht man in Betracht, daB bei derartigen Rech-
nungen die Diagonalglieder der Kraftkonstanten-
Matrix und damit die Schwingungsfrequenzen im-
mer zu hoch erhalten werden, insbesondere die Va-
lenzkraftkonstanten und -schwingungen von X-F-
Bindungen [22-25), so kann man mit dem Ergebnis

W. Sawodny e al. - Das Kraftfeld von SF, 1139
Tab. II. Durch ab initio-Rechnung erhaltene Kraftfelder fiir SF4 (Dimensionen wie Tab. I),
exp. Daten [13, 21].
i Basissatz S: 3-3.21 G 3-3-21 G 3.3.21 +1d G
F: 4-21 G 4-21 G 4-21 G

Ort: exp. Geom. theor. Geom, exp. Geom,
Ar: Fnn 9,212 6,059 7,580

Feo 8,049 4,523 4,886

Fss 1,104 0,739 1,309

Faa 1,125 1,033 1,233

Fi2 0,698 0,584 0,756

Fis 0,041 —0,104 0,073

Fua 0,433 0,438 0,422

Fos 0,065 0,155 —0,034

Faq —0,176 —0,033 —0,051

Faq 0,488 0,498 0,513
Ag: Fs 1,950 1,966 2,099
Bi: Fae 5,028 3,888 4,073

Faq 2,237 2,268 2,413

Fer 0,658 0,679 0,784
Bo: Fas 9,133 6,136 7,320

Foo 3,273 2,147 3,008

Fao 0,541 0,625 0,624

n (dv) - 892 (11,33) 1124,90 (13,08) 850,72 (10,36) 1033,31 (13.03)

va (dys) 558  (0) 727,11 (0,0) 708,71 (1,94) 648,29 (0,03)

vy (dv3) 532 (4,09) 547,26 (5,12) 477,71 (2,91) 569,31 (4,72)

vg (dve) 228 (=) 223,72 (0,01) - 153,88 (0,0) 248,50 (0,01

vy (dvs) [437) (=) 472,23 (0,0 461,34 (0,0) 489,94 (0,0)

ve (Ave) 730 (13,13) 982,52 (17,18) 850,70 (14,67) 874,61 (15,68)

v7 (dvr) 475 (-) 550,80 (1,30) 515,14 (1,19) 571,11 (1,08)

vg (dvg) 867 (10,52) 1184,68 (15,59) 976,78 (12,84) 1054,18 (13,79)

vy (dvwe) 353 (2,42) 458,68 (2,76) 372,86 (2,14) 440,62 (2,68)

mit obigen Basissitzen berechnet:

r (4) 1,545 1,628 1,559

R (4) 1,646 1,694 1,631

g (®) 101,8° 110,0° 102,2°

r () 173,1° 161,4° 169,7°
sitze (Tab.II) erheblich voneinander. Oberham. die Richtigkeit der Zuordnung, die ja lange Zeit in
mer und Boggs {20] zeigten, daB sich die Diskrepan- der Literatur kontrovers war [1-13], priifen. Die
zen beziiglich der Geometrie durch Einbeziehung aus der ab initio-Rechnung erhaltenen Frequenz-
von d-Funktionen beseitigen lassen. Deshalb wur- werte stiitzen eindeutig die Zuordnung aller Va-
den auch von uns Rechnungen mit einer um 1d- lenzschwingungen und der Deformationen »; und
Funktion (Exponent: 0,6) erweiterten Basis vorge- v¢ nach {6, 10, 13], die Besonderheit ciner sehr
nommen. Die damit ermitteltevGesmetiie stimmt hohen Deformationsschwingung in A (v3, nur knapp
nun sowohl mit [20] wie mit der aus Mikrowellen- unterhalb der Valenzfrequenz v} wird bestitigt.
spektren erhaltenen [21] befriedigend iiberein. Den Die Alternative mit vz = 350 cm-! [11] kann man
zugehorigen Kraftkonstantensatz und die damit damit endgiiltig ausschlieBen. Lediglich die Zu-
berechneten Schwingungsfrequenzen und Isotopen- schreibung der Schwingungen bei 475 und 532 ecm—?
aufspaltungen zeigt ebenfalls Tab. II. zu v3 (A1) und »7 (B1) ([6, 10] einerseits, [13] anderer-

seits) JaBt sich nicht entscheiden, die Berechnung
ergibt hier identische Frequenzwerte. Jedoch wird
die Zuordnung »3 = 532 em-1, v; = 475 em~1 (wie
in [13]) durch die Isotopenverschiebungen (die ab
tnitio alle etwas zu hoch erhalten werden) gestiitzt.
Wir haben diese Zuordnung dariiber hinaus durch
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Tab. III. Das Kraftfold der Rasse A; fir SFy auf der Basia des ab initio-Resultats (Dimonsionen wie Tab, I).

nachiteriertes Modifizierungen:
ab initio-Feld 8 c d

Fu 5,533 -+ 0,099 5,536 5,522 5,505 5,626

Faa 3,724 4 0,056 3,683 3,608 3,684 3,662

Fays 1,448 + 0,229 1,458 1,456 1,465 1,447

“4a 0,891 & 0,138 0,876 0,879 0,880 0,873

Fie 0,756 0,68 0,70 0,68 0,65

Fis 0,073 0,12 0,11 0,10 0,13
Fua 0,422 0,36 0,37 0,36 0,40
Fos —0,034 —0,034 —0,05 —0,034 —0,034
Faq — 0,051 — 0,051 —0,07 —0,051 —0,051
Faa 0,513 0,513 0,513 0,518 0,505
v (dv) 890,60 (11,64) 891,07 (11,82) 891,15 (11,82) 890,96 (11,93) 891,03 (11,56)
ve (dva) 557,95 (0,21) 557,88 (0,11) 557,82 (0,04) 557,90 (0,15) 557,81 (0,02)
va (dva) 535,41 (3,81) 533,53 (3,80) 533,45 (3,86) 534,11 (3,69) 533,76 (4,03)
va (Ava) 227,56 (0,11) 227,77 (0,10) 227,78 (0,10) 227,71 (0,10) 227,75 (0,10)
Txxxx —11,5 —11,5 —11,5 —11,6 —11,2

Tyyyy - 5,5 — 5,6 — 5,6 —_ 5.6 — 5.6

Tazzz — 2,1 — 2,1 — 2,1 — 2,1 — 2,1

Txxyy + 0,28 — 0,04 — 0,001 — 0,02 — 0,02
Txxzz — 1,9 — 1,9 — 1,9 — 1,9 — 1,9
Tyyzz — 0,8 — 0,8 — 0,8 — 0,8 — 0,8

1 —12,6 —12,9 —12,9 —12,9 —12,9
Ty — 2,1 — 2,1 — 21 — 2,1 — 2,1

eine Messung der Polarisationsgrade der Linien bei
558 und 532 cm-1! (die Linien bei 475 und 350 cm-1!
waren so schwach, dafl ihr Polarisationsgrad nicht
festgestellt werden konnte) im Raman-Gasspek-
trum bestitigt: beide Linien sind im Gegensatz zu
fritheren Angaben [5] polarisiert. Fiir die inaktive
vs (As) laBt sich aus der ab initio-Rechnung ein
Bereich von 400-450 cm-1 abschiatzen, so daB
die Annahme »s = 437 cm-! [13] durchaus plau-
sibel ist.

Angesichts der Erkenntnis, dal die Diagonalglie-
der der Kraftkonstanten-Matrix ab initio auf jeden
Fall zu hoch erhaiten werden, 1aBt sich mit einem
einfachen Satz von Schwingungsfrequenzen unter
Festhaltung aller Nichtdiagonalglieder eine Nach-
iteration durchfiihren, die die Diagonal-Kraftkon.-
stanten den experimentellen Werten anpalt. Dieses
Kraftfeld ist fiir Ay in Tab. III wiedergegeben.

Einen Hinweis auf die Qualitdt der erhaltenen
Wechselwirkungskonstanten liefern neben fritheren
Erfahrungen [22-25) auch die Ergebnisse fiir By
und B: (vgl. Tab. IT mit Tab. I). Sie zeigen, daB die
experimentell bestimmten Xopplungskonstanten
Fe7 bzw. Fgs von der ab initio-Rechnung in Vor-
zeichen und Gré8enordnung richtig wiedergegeben
werden, aber im Absolutwert Abweichungen zeigen.
Unerwartet ist angesichts des gleichen Wechselwir-

kungstyps (Valenz-Deformations-Kopplung) deren
unterschiedliche Richtung (Fe-(exp) > Fsz(ab in.);
Fso(exp) < Fgo(ab in.)). Dies muBl nicht unbedingt
eine Unzuverldssigkeit der ab initio-Rechnung si-
gnalisieren: Kontroll-Untersuchungen haben ge-
zeigt, daB etwa bei einer Annahme von Fg7 =
0,52 mdyn und Fge = 0,65 mdyn (Abweichung vom
ab initio-Wert in gleicher Richtung und in gleichem
Verhaltnis) Kraftfelder erhalten werden, die fiir alle
gemessenen AJv keine groBeren Diskrepanzen als
5%, (die T-Werte zeigen iiberhaupt keine Anderung)
aufweisen, was bei einer realistischen Einschitzung
der MeBgenauigkeit durchaus tragbar ist (iibrigens
weichen auch die Diagonal-Kraftkonstanten fiir
diese Lsungen um nicht mehr als 59, von denen in
Tab. I ab). Trotzdem i{ibernehmen wir fiir B; und
B: die in {13} aus den Isotopenverschiebungen er-
mittelten Kraftkonstanten und nehmen an, daB
die fiir F¢7 und Fsy beobachteten Unterschiede auch
fiir die Kopplungsglieder in A; den Rahmen der zu
erwartenden Genauigkeit aus der ab initio-Rech-
nung abstecken.

Vergleicht man die Ergebnisse fiir diese Rasse,
so ist festzustellen, daB die durch Iteration unter
Einbeziehung auch der Zentrifugaldehnungskon-
stanten erhaltene Lésung (Tab. T) iiberhaupt nicht
den ab initio-Werten entspricht. Bei der nur aus den
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Isotopenverschiebungen abgeschitzten Losung [13)
sind zumindest die Konstanten F1s und Fa4 dhnlich,
die auch im ab initio-Feld die grofiten Werte besit-
zen (die dritte derartige Konstante Fi2 beschreibt
nur einen Potentialeffekt, der durch die Isotopen-
verschiebung nicht erfait werden kann, da das zu-
gehérige Giz = 0 ist). Trotz der Abweichungen der
iibrigen Nichtdiagonalglieder zeigen die Diagonal-
kraftkonstanten eine erstaunlich gute Ubereinstim-
mung, ein Hinweis, daB diese Kopplungskonstan-
ten wohl nur von geringem EinfluB auf sie sind.
Betrachtet man die Wiedergabe der experimen.-
tellen Daten durch das nachiterierte ab initio-Feld
fiir A; (in Kombination mit den experimentell er.
mittelten Kraftkonstanten fiir B; und Bs), so wer-
den die Isotopenverschiebungen gut reproduziert,
die »-Werte zeigen hingegen noch groBere Diskre-
panzen als bei der Iteration nach v, dv und v ge-
meinsam. Da aber die 7’s wegen anharmonischer
Effekte weniger zuverlissig sind und zudem noch
im Gegensatz zu den Isotopenverschiebungen eine
wesentlich geringere MeBgenauigkeit aufweisen, er-
scheint dies aber tragbar, ja man muB sogar ver-
muten, daB das vollig andere Kraftfeld bei der Ite-
ration nach allen experimentellen Daten gerade
durch das Bemiihen um eine Angleichung der 1.
~ Werte, die aber trotzdem nur bei Txxxx und T,
innerhalb der angegebenen [12] Fehlergrenze er-
reicht wird, verursacht ist. Beim ab tnitio-Feld wer-
den fiir alle s zu niedrige Werte erhalten, T,
koénnte aber durch eine Erniedrigung von »s (Aj)
angeglichen werden (filr » = 400 em-t: Ty =
—14,8 MHz). Jedoch zeigt sich bei ihm fiir das
ebenfalls im Summenausdruck T: verborgenen
Txxyy SOgAr ein positiver Wert, was nicht moglich
ist. Es ist also zumindest erforderlich, die Nicht-
diagonalglieder des ab initio-Feldes so zu variieren,
R

daB Txxyy negativ wird. Bei der Untersuchung, wel-
chen EinfluB die Nichtdiagonalglieder einzeln auf die
MeBdaten haben, zcigte sich, daB dieser bei Fza und
F24 auBerordentlich 'gering ist, fiir Fa hingegen ex-
trem stark: schon eine Anderung unter 0,01 mdyn. 4
verschiebt Txxyy erheblich, jedoch werden gleich-
zeitig vs, Avy und 4w so sehr in negativem Sinne
beeinfluBt, daB dieser Effekt kaum genutzt werden
kann. Eine Verkleinerung von Fi2, Fisx und eine
VergroBerung von Fy3 wirken beziiglich 7xxyy in der
gewiinschten Richtung, wenn auch nicht stark. Sie
wurden daher alle drei gemeinsam geandert, um
sich nicht mit einer GroBe allzuweit vom ab initio-
Wert zu entfernen. Tab. I1I zeigt 4 solche Kraft.
felder (Modifizierungen a~d), bei denen die Nicht-
diagonalglieder gemaB dieser Erfahrungen festge-
legt wurden. Sie reproduzicren alle Daten etwa
gleich gut. Auf die Diagonalkraftkonstanten haben
diese Anderungen kaum EinfluB, und man kann
wohl davon ausgehen, daB die korrekte Losung fiir
die Rasse A; des SF, tatsachlich in diesem eng um.
schriebenen Bereich liegen wird. Daraus ergeben
sich fiilr SF¢ folgende Valenzkraftkonstanten
£:(S-Feq) 536 mdyn/A (fr 0,10 mdyn/A):
fr(S-Fux) = 3,25 mdyn/A (far 0,43 mdyn/\). Die
mittleren Schwingungsamplituden bei 208 "K fiir
all diese Losungen betragen (in A, in Klammern
experimentelle Werte [14]): SFux: 0,048 (0,047
0,(»5); Sng. 0,041 (0,041 = 0,005); Fequq,l 0,074
(0,068 + 0,01); FuaxFeq: 0,069 (0,067 + 0,005);
FaxFax: 0,060 (0,059 + 0,01) und entsprechen so
den Werten, die auch mit dem Kraftfeld in [13] er-
halten wurden. Auch Eigenvektoren und Potential-
energieverteilung stimmen weitgehend mit den Er-
gebnissen von [13] iiberein, insbesondere was die
vollige Mischung der Symmetriekoordinaten S3 und
S4 in den Schwingungen »; und »; anbetrifft.

[1] R. E. Dodd, L. A. Woodward und H. L. Roberts,
Trans. Farad. Soc. 52, 1052 (1956).

[2) R. L. Redington und C. V. Berney, J. Chem.
Phys. 43, 2020 (1965).

[3) I. W. Levin und C. V. Berney, J. Chem. Phys. 44,
2557 (1966).

(4] S. J. Cyvin, Acta Chem. Scand. 23, 576 (1969).

{5] K. O. Christe und W. Sawodny, J. Chem. Phys.
52, 6320 (1970).

{6] R. A. Frey, R. L. Redington und A. L. K.
Aljibury, J. Chem. Phys. 54, 344 (1971).

[7] 1. W. Levin und W. C. Harris, J. Chem. Phys. &5,
3048 (1971).

[8] I. W. Levin, J. Chem. Phys. 55, 5393 (1971).
(9] C. V. Berney, J. Mol. Struct. 12, 87 (1972).

[10] K. O. Christe, W. Sawodny und P. Pulay, J. Mol.
Struct. 21, 158 (1974).

[11] K. O. Chniste, E. C. Curtis, C. J. Schack, S. J.
Cyvin, J. Brunvoll und W. Sawodny, Spectro-
chim. Acta 324, 1141 (1976).

[12] H. Inoue, A. Naruse und E. Hirota, Bull. Chem.
Soc. Jpn. 49, 1260 (1976).

{13] K. O. Christe, H. Willner und W. Sawodny,
Spectrochim. Acta 35 A, 1347 (1979).

[14] K. Kimura und S. H. Bauer, J. Chem. Phys. 39,
3172 (1963).

RI/RD81-140

K-5




W. Sawodny et al. - Das Kraftfe!ld von 8F,

: ! 1142
1
i
: [16) W. J. Hehro und W, A. Lathan, J. Chom. Phys.
. 668, 5265 (1072).
! 118) P.skancito, G. Fogarasi und J. 1. Boggs, J. Mol,
| Struct., im Druck.
: 1171 P, Puluy, G, Fogarasi, £, Pong und J. E. Bnpgpgs,
' J. Am. Choni, Soe. 101, 2550 (1070).
! 18] P, Puluy, Mol, Phys, 17, 107 [1060) und in H. I,

Schuofor [T !Herausg.): Modorn Theorcetieal
Chomistry Vol. 4, 8. 153, Plenum Press, Now
York 1977,

[10) P, Pulay, Theor. Chim. Acta 60, 200 (1070).

£ oai ...

- R

!
. L d .
U TV NUELY SRRV N

K-6

Lt

[20] H. Oberhammer und J. I\, Bopps, J. Mol, Struct.
56, 107 (1070,

1211 W. M. Tolleg und W, D, Gwinn, J. Chem. Phys,
36, 1116 710825,

(227 W. Sawndny und P. Pulay,. J. Mol. Spootr., 51,
135 (1974).

723] P. Pulay, A. Ruoff und W. Sawodny, Mol. Plys.
B0y 1123 (1076).

1247 K. Molt, . Sawodny, P. Pulay und G. ¥oparasi,
Mol Phys. 82, 188 (1078).

[25) G. Fopsnresi, P, Pulay, K, Molt und W. Sawodny,
Mul, Phys, 88, 1585 (1977),

RI/RD81-140

Havag g

Pk 3

[Ty




| Contribution to: Inorganic Reactions
and Methuods

; 2.2 The Formation of the Halogen - Halogen Bond

j 2.2.7 Preparation of Halogen Oxyfluorides

Halogen oxyflucrides can be prepared by reactions involving the formation
of either halogen-fluorine or halogen-oxygen bonds. Since this chapter deals
= exclusively with the formation of the halogen-halogen bond, preparative

methods for halogen oxyfluorides based on the formation of halogen-oxvgen

AP

bonds are not included in the following discussion.

2.1.7.1 By Reaction of Halogen Uxides with Elemental
N : Fluorine

ALY T it il

f1=. __‘]
The interaction of F, with chlorine oxides, such as ClOzl‘ 3], Claoé[e -

1
. . 18]
, or C1207

! . : . . ' -
: obtained with ClO2 as a starting material and moderated reaction conditions.

, produces FC]O?. Essentially quantitative yields of FCIO2 are

Ll

' Particularly, the use of inert solvents,such as CFCIS. or diluents, such as F

[V SR P T _‘9:. -
T

air or Nz, are recommended to avoid hazards due to the explosive nature of
| the chlorine oxides. In the case of the higher chlorine oxides, the use of

elevated temperature and the decreased yields of FClO2 suggest that the

e kel -

primary step in these reactions involves the thermal decomposition of these

-ﬁ; chlorine oxides to ClO2 whi¢h is then fluorinated. Therefore, all of the
S above reactions are likely to involve the step:

TS 2C10, + F,+2FC10,

2

3 In view of the shock sensitivity of chlorine oxides, none of the above
methods is recommended for the large scale production of FC10,, and necegsary ;

‘ safety precautions must be used. The recommended method for the preparatien >

of FC10, is the reaction of .-\‘aClO3 with C)FS {see section 2.2.7.6). o
‘ The low temperature (-78°C) fluorination of C1,0 with clemental flucrine H
(9] ‘ I

produces CIFSO as the main prouuct. Depending on the reaction conditiens,

= ‘ the by-products can be either CIF or ClF.:

o o mn

-
'
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2F2 + C120 -+ C1F30 + CIF

3F2 + C1,0 + C1F30 + ClF3

2
When no catalyst is used or if KF and NaF are present as catalysts, ClF is

the main by=product. When the more basic alkali metal fluorides, RbF and

CsF, are used, ClF3 is the favored coproduct. The formation of C1F,

rather than ClF is presumably associated with the more ready formation of Clef

2

ble and may be affected by the particular alkali fluoride present. Yields

intermediates with RbF and CsF. Yields of CIFSO from C1.0 are rather varia-

of over 40% have been consistently obtained and have reached over 80% using
either NaF or CsF. Since NaF does not form an adduct with C]FSOIIO],
stabilization of the product by complex formation does not seem to influence
the ClFSO yields strongly.

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

The fluorination of solid C1,0 to C1F3O proceeded at temperatures as low
as -196°¢C provided the fluorine was suitably activated by methods such as
glow discharge. Unactivated fluorine did not interact with CIZO at -196°C.
The relatively low yield of C1F30 (1-2%) makes this modification impractical.

Due to the shocksensitivity of C120, its fluorination reaction 1is not
the preferred method for the preparation of ClFSO. Replacement of C130 by
the more stable CIONO2 results in a safer process (see Section 2.2.7.5}.

By analogy with C102, B)‘O2 1s readily fluorinated by elemental F: 1o

give FBrO, in high yield:[lll

2
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28?02 + F2 “+ 2F8r02

However, direct reaction with F2 is not practical because, even at a78°C. the
reaction is exceedingly vigorous resulting in spontaneous decom)osition of
the BrO2 and explosions. Liquid C12 or perfluoropentane have successfully
been used as a diluent to moderate the reaction. BrO2 is not soluble in
these solvents and must be suspended. Again, this method is not recommended

for larger scale preparations of FBrO2 and appropriate safety precautions must

be taken,
The fluorination of 120S with elemental fluorine in anhydrous HF was
reported[IZJto result in the formation of FIOZ. This claim, however, was

[13)

refuted by a subsequent study which showed that anhydrous HF guantitatively

converts 1205 or FIO_ to IF,.

b4 5
2.2.7.2 By Reaction of Halogen Oxides with Fluorinating Agents other
than ¥
2
In the FC10

2 synthesis from ClO2 and Fz, the latter can be replaced by

other fluorinating agents. Thus, the passage of CIOZ, diluted by N., over

[14] [12]
5 or CoF3

AgF, + Ci0, + AgF + FC10

AgF at room temperature produced pure FC10, in high vield.

2

The consumption of the AgF2 can be readily followed by the color change
of AgF, (dark brown) to AgF (vellow).

Halogen fluorides can also be used to fluorinate ClO2 to FCIOZ. Thus,
the passage of ClO2 through liquid BrF3 at 33°C has been reportedElJ]to pro-
ceed according to

bClO2 + EBrF3 - 6FC102 + Br2

The risk of explesions in the C1O, - AgF, reaction is somewhat reduced
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when ClO2 is replaced by the less dangerous CIZO. The yield of FCIO2 was

[15-16 ]. [17]

35% Similarly, C120 can be fluorinated at -78°C with either CIF s

2C1 0 + C1F * FC10, + 2C1
2 2 2

or Cl}‘~‘30[18 {

€C1.,0 + C1F_0 * FCl0, + 2CIF
A 3 2
In these two reactions, the unstable FC10 molecule is probably formed as an

intermediate which can readily disproportionate to yield FC10, and CIF (sece

2

Section 2.2.7.4).

The fluorination of Clzo6 with a variety of fluorinating agents was

also studied and vields FCl10., as the principal product. Fluorinating agents

2
used with C1206 include BrF3 or BrFS. [lngF[zol, and FNOZ[IAJ. The latter
reaction was carried out in CFCI3 solution at 0°C and proceeded according to:
" - + .
C1206 + FNC, FC102 + NO2 10,

These reactions of C1206 were carried out at low temperatures at which decompo-

sition of C]206 to 2ClO2 + 0, canbe excluded. However, they can be rationalized in

2
terms of the easy polarizaticn of CIZO6 to C10,+C104-[12].
- + - E‘"’"+'-+
C102 ClOa + _N02 NOZ ClO4 FC102
The ionic structure of C]Ob in the solid state has been established by

5 ; (21]
vibrational spectroscopy .

Fluorination of Br0, to FBrO is readily achieved by the use of BrF_ as

2
; ; . [12,22]
a fluorinating agent .

10810, + 2BTF * lOFBr02 + Br,

The reaction is carried out at -55C in liquid BrFS, and the FBrO, is separated
from the Br2 by-product and excess of BrF_ by vacuuwn fractionation. This
b

reaction can be further simplified by preparing the BrO, in situ by passing

hl ﬁ.') ‘V"i]

0, through a sojution of Br, in BrF5[1»‘~~,-
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1081‘02 * ZBIFS'+ 10FBTO2 + Br2

The reaction is carried out a -55°C in liquid Brf,, and the FBrO, is Separated
from the Br2 by-product and excess of BTFS by vacuum fractionation. This
reaction can be further simplified by preparing the Bro2 in situ by passing

in BrFSIlz’zz’ZS].

0, through a solution of Br,

BrF. + 28?2 + 10 O3 + S5FBr0, + 10 0

5 2 2
khen I,O5 is dissolved in boiling IFS’ white hvgroscopic reedles of
IF30 separate on cooling of the solutionlza].
120S + 3IF, * 51F30

A modification of this reaction was used toIsz repare KIF, (0 according to:
prep 4

SKF + 120-5 + BIF5 + SK1F40

2.2.7.3 By Reaction of Halogen Oxyfluorides with Fluorinating Agents
The fluorination of a chlorine oxyfluoride to one of higher oxidation state

is a difficult task due to the scarcity of stable low (+III) and high (+VII)

. . . . 126,27
oxidation state oxyfluorides. Thus, there is only one case known,!“"’ ]where

FClO2 is fluorinated by the very strong oxidizer PtF6 according to:

2FC10, + 2PtF, = CIF,0,PtF" + C10, PtF,”

6 6

-
Several side reactions compete with this reaction and the vield of Cl1F_ 0,
. . + -
varies greatly with slight changes in the reaction conditions. The C1F 0, PtF6
- -

can be converted to C1F302 by a displacement reaction using FNOZ:

- s ot -
Cleo2 rtP6 + F.\-O2 e xoz PtF6 + C1F302
A scrambling of oxvgen and fluorine ligands was achieed in the synthesis of

C1F.0 from various mixtures of chlorine, fluorine and oxvgen containing start-

3
. 18- . [3 :
ing materials usinyg uv-phctolysis:® §-30] The clalmlao]for the formation of

0 in the uv-photolysis of the C]FS—OFy system couid not be confirmed by

131)

ClFS

work in other laboratories
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A detailed kinetic study of the photolyses of the C1F3-= 02 and of the

C12- Fz-— O2 systems was carried Out[32]. Contrary to the original report

[28] 7.

, the rate of ClFSO formation was demonstrated to be the same for both

systems, to increase with O2 concentration, and to be independent of irradia-

T T

tion time. Furthermore, the rate of C1F30 formation was shown to be propor-
tional to the intensity of the 1847 & band of the Hg spectrum indicating that

: . . ) . .
the dissociation of 02 to two ground-state, ~p, oxygen atoms 1s the primary

photochemica' process. 1lhe following mechanism was proposed which requires

the photochemical dissociation of ClF3 as well:

hv(1847 &)

0, 0+0
hv (2000~ 3500 %)
CIF, —— 4 CIF. +F
3 2
} j 0 + ClF peeee——s  C1F,0
. CIF,0 + Fy » CIF,0 + F
|

The photolysis of CIF3 was investigated under similar conditions. A

photochemical steady state was quickly achieved, where [F,] = [C1F) =&[C1F3],

4 and a has a value of about 1 at low and of about 3 at high pressures. These

. : s [33] : P g
results together with the known photochemical decompcsition of 0F, ! explain =

why C]F30 can be readily generated by the photolysis of so many different
starting materials,including the halogen oxyfluorides FCIO,, FC10, and IFSO.

= : For bromine oxyfluorides, fluorinations with the powertul oxidizers PtF6

and Ker have been studied. With PtF6 the following reactions were observedqu], Z'

2FBrO, + SPtF—s :Bero*PtF T oz‘Ptpé“ + 2PtF

6 5

PLF, + FBrO, — Bro:’PtF(;'

. i ..
2PtF, + 2FBrOs—— 2B-0, PtF = + F, !
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§ f but no evidence for the formation of Br02F2+ was obtained. Similarly, the
reactions of KrF2 with either FBrOZ, BrF30 or F8r03[35'36jdid not produce any

novel bromine + VII compounds, but proceeded according to

[ . 2F8r02 . ZKrFZ———'ﬁ- ZBrF30 + Xy + 02

2 5 + 2kr + 02

Todine (+V) oxyfluorides or oxide are fluorinated by BrFS to yield

2BRF30 + 2KrF,~—— 2BrF

FBrQ, and IF5 .

21205 + aBrFS——VSFBrO + 4IFS

%- ;{ FIO2 + BrFS —————*F8r02 + TFS

E. :l

Pl i e - B -
§ { ZIFSO + BrFs —e—-«-.BrO2 + ZIFS
gs E but heptavalent IF302 or its Ast or SbFs adducts are fluorinated teo give IF50[361
%n‘ ; 21F302 + BrFS————*QIFSO + FBrO2
E 3
5 : . ) + -
%ﬁ ; IF302 ASFs + BrF§ﬁ+iFSO + BTFZO A5F6

. 9

= The addition of HF to IF302 results in the formation of 01F40H13’J. This
%‘ reaction is reversible

2 _+HF

= i IF. 0. + HF +— OIF OH

S 32 +503 4

and represents an example for the addition of HF across a X=O double band

with formation of a new X-F bond.

2.2.7.4 By Disproportionation of Haiogen Oxyfluorides
[31,38]

The thermally unstable compound FCl1O is known to readily dis-

proportionate at room temperature according to E

- 2FC10 ——=FC10, + CIF

- This reaction explains the formation of FCI0, and CIF in reactions where

bl

FC10 would be the expected reaction product (see Section 2.1.7.2).

i
i
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Todine trifluoride oxide is stable at room temperature, but at 100°%¢C
undergoes a reversible change into IFS and FIOZI:4J.
21F30 -'-=--IF5 + FIO2
This reaction is also involved in the thermal and photochemical decomposition
of IF302[37Jaccording to

ZIFSO ~va-*2IF30 + 02

2

21F.0 ———I1F_ + FIO,
> 2 <

2.2.7.5 By Reaction of Positive Halogen Compounds with
Fluorinating Agents
For the synthesis of CIFSO the fliuorination of CIONO2 with F2 at -SSOCng

is most attractive,

2F2 + C10N02-a—* C1F30 + FNO2
Contrary to chlorine oxides, CIONO2 has the advantage of not being shock
sensitive. Othevr advantages include (a) less fluorine is required than in the
fluorination reactions of C120 which yield ClF3 as a coproduct, (b) the great
difference in the volatilities of the products FNO, and C1F,0 (Apr*lOOOC)
permits an easy separation by fractional condensation, (c¢) CIONO2 can be
prepared more conveniently, and (d) yields of C1F30 are somewhat higher,

In the flucrination of C]ONOZ, side reactions compete with the actual
fiuoriration step. These are caused by thermal decomposition of the starting
material due to inefficient removal of the heat of reaction. Hence, the rate
of the competing reactions is marhedly affected by the reaction temperature.
At reaction temperatures near or above ambient, the decomposition of the
hypochlorite appears to be favored and little or no CIFSO is formed, resulting

in rapid, rather uncontrolled reactions. “Apparently, thermal decomposition

RI/RD81-140
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preceding the fluorination step yields only intermediates incapable of pro-

ducing CIFSO. Thus, in order to maximize the desired fluorination reaction,

long reaction times at low temperature (T‘<0°C) are indicated.
Similarly, C1080,F interacts with C1F30[18]
2CIOSOZF + CIFSO‘———* FC102 + 2C1F + 8205F2

and
ClOSOzF * CIFSO — FCIO2 + ClF + SOZF2

There reactions can be rationalized in terms of a reduction of C1F30 to the

unstable FC10 which readily decomposes to FCIOZ and C1F (see Section 2.2.7.4)

2.2.7.6 By Reaction of Halogen Oxvacids and their Salts with
Fluorinating Agents

Whereas the fluorination of halogen cxyacids generally results in the

o . 39
formation of the corresponding fiuorooxy compounds[ J,

HOC10, + FZ““* FOCIO3 + HF

3
the fluorination of the salts of these halogen oxyacids is a more useful

method for the synthesis of halogen oxyfluorides. The nature of the halogen

oxyfluoride product depends on the starting material and on the reaction condi-

tions chosen. Thus the fluorination of perchlorates can be used as a high
yield synthesis of perchloryl fluoride. Heating of KC]O4 to 70° - 120°C in
an excess of SbF. produces FC10, in 50% yieldldol The yield of FC10, can

. . 0 .0
be increased to 90% and the reaction temperature can be lowered to 20~ - 507°C,

when a mixture of HF - SbF5 is uSed[Jll Siightly lower vields were obtained
wvhen the HF solvent was replaced by ASFS, ]FS, or BrFS.
42
Most of the cormercial processes are based on the use of HOSOiF[ ].
Evolution of FCIOX starts at 50°C and goes to completion at 85° - 110°%.
. o(5,42-44] .
The yields of FC]O3 vary from 50 to &0 and, if necessary, the
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4
HOSO,F can be regenerated[ 3J. If desired, the reaction can be carried out

2
in glass apparatus. The influence of certain additives on the yield of

FC10, was stucied **]. The addition of 5 to 254 of SHF, to the HOSO,F

§ : increases the vield of FCIO3 io 90% and higher but hinders the regeneration
of HOSOZF. The addition of HF -= BF3 increases the FClO3 yield to 85% but
requires elevated pressure. Zinc, aluminum, silver, and lead fiuorides were
found to decrease the yvield of FClOS.

The highest yield of perchloryl fluoride (97%) was achieved with 3
mixture of flucrosulfenic acid and SbF5 as fluorinating medium. Potassium,
sodium, lithium, magnesium, barium, calcium, and silver perchlorates and
verchloric 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 (100o -135°C) 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

. C o : . 46]
reaches 98% and over; air and carbon dioxide are present as trace impurities! ].

uli

The cxact mechanism of the reaction between ClOd_ and superacids has as

yet not been established, although numerous comments on it were published

(12,41, 47-50] . . :
. Based on the present understanding of superacid chemistry

51-5 . . . . +
[51 ~3]and 0f the complex formation of FClOS,a mechanism involving clo,

as an intermediate is very uniikely. Furthermore, the high vields of FC1O3

{up to 97%) would be surprising in view of the expected instability of i

- + . . .
Cl10. . Other mechanisms, such as the one shown, invelving protonated
J

)

————y

'
Crrd
m

54 .
perchloric acid[D arc more plausible:

RI/RD81-140
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4HF + ZSbFS~~—a—-* 2H2F - 25br6

+ v - +
ZHZF + Llod RS HZOCIO3 + 2HF

+

H,0C10 MEPUETL I FC104 + H0

3 3

- ., R _ . 3 N -
C104 + SHF + ZSng———* FClO3 + HSO + ZSbF6

Other methods for the synthesis of FC]O3 from metal perchlorates include
the electrosysis of a saturated solution of NaClO4 in anhydrous HF with a

current efficienzy of 10%[b°]and the fluorination of NOZCIO‘1 by ClF1 at

room temperature which resuits in the formation of FClO3 and smaller amounts

of FC10,, cio, and C1N02[56]. The corresponding reaction of Rele, with BrF,

was reported[57]to yield FC10, in 97% yield.

2

3KC104 + SBrFs-—ﬁﬁ*-3K8rF4 2

If the MC]O4 starting material is replaced by MCIOS, the main fluorination

+ Br2 + 302 + JFC10

product is generaliy FClOz. For example, the reaction of NaClOS with an equi-

molar amount of C1F3 produces FClO2 in high yield[57]. This r:thod is based
on previous repcrts[55~583that gaseous ClF3 reacts with KC:’)3 to give FC10,

in high yield. The substitution of KClO3 by NaCl0, is significant since the

3

product NaF does not f-.rm an adduct with C1F3, whereas KF does. 7Tais decreases

by 50% the amount of CIF

3
. [59] . . . _ C .
+ BrF3 reaction , the idealized stoichiometry of the above reaction is

required for the reaction., By analogy with the KC!O3

6 .\’aClO3 + dClFi‘———“GNaF + 2Cl2 + 302 + 6FC102

The use of a slight excess of ClF3 is recommended to avoid the pessible formation

of shock-sensitive chlorine cxides. The KClOz + BrF3 reaction[bgl

6KC]O3 + 10[’»1*}?3'—————*'6KBrFL1 + ZPr2 + 302 + 6FC102
also produces FCI0_ in high yield, but it is difficult o obtain pure color-
less FClO2 by this method.

RI/RD81-140
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The fluorinztion of KClO3 with elemental fiuorine has also been studied

[£5 60-62 ] but is not synthetically useful for preparing FCIU, due to the

»
large amounrts of FC]O3 always formed.

The low temperature fluorination of NaClO2 with F2 produces FClO2 as the
main product, however, small mounts of C1F30 were also obtained in addition
to CIF,, CIF and .:12[9].

The fluorination of alkali metal perbromates with HF and Lewis acids is
analogous to that o, the perchlorates and produces FBrO3 as the main product

in high yieid. The reactions were carried out in HF soluticn using SbFS,

r -
AsFS, B‘F5 cr BrF6 A5F6 .

+> -
——pe 3 ¢ AsE
KBrO4 + 2AsFs + IHF FBrO3 + HSO A5F6 + kAs.6
2KBrO4 + BrFS + 2HF——-—-—*2F51*O3 + FBr02 - 2KHF2

6 : 3 + ZBrF5 + 02 + ZKAsF6
In the absence of HF, CsBrO4 was foundleJto react with BrF5 and F2 at

2KBTO, + 2srr6*AsF e 2FBIO

roon temperature to produce CsBrF40 as the solid and FBrO, and FBrO, as the
volatile products. Potassium perbromate was less reactive than the cesium
sait and required prolonged heating to 80°C to achieve a substantial con-
version to KBrFJO. In the absence of FZ’ the ccnversion of CsBrOJ to
CsBrFAO was very low, even at SOOC, and was not cataly:zed by HF.

The reaction of KBrO3 with BrFS iz rather complex. According to the

HEE)
: o2l : nCp .
orginal repcrt,l “'KBr0_ reacts with BTF5 at ~50C according to

3
2KBrO_ + ZBrF:)----—-—‘\—2KBrF4 + 2FBrO, + 0,

&

Subseguent work[éb]showed that the reaction of KBrO3 wita equimolar ar~unts

of BrF; at room temperature proceeds according to

ZKBTOS + ZBrFS————¢ 2KBYO . F, ¢+ ZBr"; + 0,

RI RD81-140
L-12
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and that the reaction is rather slow when a large excess of Br?s is used. It

was also reported[663

that KBTO5 and BrFs at a mole ratio of 1:2.5 did not react
appreciably at room temperature, but that a rapid reaction occurred when catalytic
amount$ of HF were added. The solid product of this reaction consisted of

2°2
ble formation of KBrF40 in this system was establishedféljby showing that the
use of a large excess of BrF5 and FZ at 80°C can result in quantitative forma-
vion of KBero. This reaction, however, can be difficult to duplicate and
can easily result in <he formation of KBer QS]‘ The KBr03 + BrF5 reaction

was further modified 66 by reacting KBrF6 with KBrO3 in CHSCN solution,

) CH3CN 7
KBrF6 + KBr03 ——— KBrOzF2 - KBrF40

The KBero produced is slightly soluble in CH3CN. whereas KBr02F2 is not.
Therefore, the two products can be separated by extraction with CHSCN.
Fram a mechanistic point of view, the reactionsof BrF. with Br03° or
Brodd are very interesting since they involve an oxygen-=fluorine exchange.
On the basis of the observed Auantitative yields of BrFAO_, a free radical

mechanism involving the addition of oxygen atoms to bromine fluorides is
extremely unlikely. A mechanism involving the addition of BrF5 or BrFé'=

across a Br=0 dcuble bond of BrOA- or BrOs-, followed by FBrO, or F3r0,

elimination with Bero' formation, appears plausible, but requires furtaer

experimental support.

The fluorination of periodates has also been studied in detail. For

example, BaSHd(IOGJ2 is fluorinated by HSOSF to tetraflucro orthoperiodic

37
acid . HSOSF

Ba3H4(106) 2*‘“““—'—" HOIFJD

E
3
KBrd,F, and KBrF,0, and FEr0. was produced as vhe volatile product. The possi- %

“Hum 1ol .

At T o M i s S,

=T
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The same compound is also formed from solutions of HOIO3 or Nal0, in anhydrous

HF.[68] When Cslo4 is repeatedly treated with anhydrous HF and the solvent is

pumped off, the less volatile acid HOIFAO displaces HF from the CsHF2 with

quantitative formation of CsIFAO2 (¢is:trans =2:1).£69] This reaction represents

a convenient synthesis for IF402° salts.

HF
CSIO4 + 6HF —~—— CsHF

-HF

+ HOIFAO —_ CSTF402 + ZHF

+ HOIFAC + 2H.0

2 2

CsHF2

With elemental fluorine at 60°C. CsIO4 was converted t69]to mainly CsIF_ and

8

CsIF_, but the product also contained lesser amounts of CsIF,0 and cis- and

6!
trans- CsIF,0,. Wiht a large excess of ClF5 at room temperature, Csl0, was

slowly converted to CsIFB, trans CsIF402 and some CsIF40. Wiht the more

reactive fluorinating agent CIFS, complete conversion of CsIOA was obtained

at ambient temperature according to:

SCSIOA + llCle"""'GFClO2 + 3C1F «+ 2CsC1F4 + CSIFG-ZIFS

With BrF5 the wain reaction can be described by

CslQ, + 2BrF. ———==(CsIF 0, + 2BrF_0
4 5 472 3

This reaction is analogous to that reported 0 for K10, and ]FS, i.e.

KIO‘1 + LIFs————*'KIFdo? + ZIFSO

and produces almost entirely trans IF407-. Under the exyerimental conditions

(120°C, vactum) used for the removal of the excess ]FS' the IF30 disproportion-

ates according to

;IFSO "—*'FIOZ + IFS

resulting in FI0, and KIF402 as the final products. Cempared to the IF,

reaction, the BrF_ reaction offers the advantage that tle BTFSO and BrF3 by«

5

RI/RD81-140
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products are volatile and can easily be pumped off. However, the resulting
solid product is contaminated with CsBer.

The fluorination of iodates has also been studied. Whereas the fluorina-

tion of HIO3 in aqueous HF results in the formation of the 102?2° aniOﬂ[71]:

solutions of NaIO3 in anhydrous HF contiain IFS[ISJ. With IFS as a fluorina-
ting agent, MIO3 or K102F2 produced the corresponding IFAO' salts[72].

MIO, + 2MF + 21F ——=~3MIF,0 (M<Cs, K)

K102F2 + KF + IF5~——ﬁ*-2KIF40

2.2.7.7 By Elimination Reactions
Very little is known on reactions involving the elimination of halogen

oxyfluorides. The only reaction reported in the literature is the CsF catalyzed

FClO3 elimination of fluorocarbon perchlorates[’sl.
CsF

——ea O ‘.

fCF 0C10 Rfc £ + FLIO3

Thic reaction proceeds at 60 °C in nearly quantitative yield and probably
involves the attack of the CF2 carbon atom by the fluoride anion, followed

by an intemmal nucleophilic displacement reaction and FCIO3 elimination.
B
3 “c ,/F
Rf—
- J\ -— =
g )¥-—“'Cl =

HO
0

The reactions of BrF5 with Bros- or BrO4 (see Section 2.2.7.6) may also
involve similar intermediates whici. decompose with FBrO, or FBrO3 elimination.

However, these intermediates have as vet not been isolated.
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P Compound Index Entries

2.2.7.1

c10,
€1,0,
c1,0,
C1FO,

C120

C]FBO

PO WU

C1F

s

ClF3

BrO2

BrFOz

[NERI: A N 7S A

e

1205
F102

1205

IF_

:.l R}

to

2>
d
fa

C10

~r

clo,

CIFO,

C10

Empirical

Formulas
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Linearized Structural

Formulas

C102

C1206

C]207

FCIO2

CIZO

c1F30

ClF

CIF3

BrO2

FBrO2
1.0,
FI0,
I205

IFS

C10

Cl0

FC10
2

clo,

'S

C1.,0
C1.90

1.0
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AbF
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CoF.

BrF

AgF,

C1F

ClF,0
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i Formation D
i
C1206 C1206 Reaction with Ber f
: C1206 C1206 Reaction with BrFs
i CIZO6 C1206 Reaction with HF
: C1206 C1206 Reaction with FNO2
Clb«O6 N02C104 Formation
8102 BrO2 Reaction with BrFs =
BrFO2 FBrO2 Formation
i 1205 IZOs Reaction with IFS
| .
“ F,10 1F 40 Formation
¢ F,IKO KIF,0 Formation
¢ 4 4
)
e 2.2.7.3
b ClFO2 FCZlO2 Reaction with Pt,F6
¥ ClFBOZPt C1F202PtF6 Formation
] | C1F802Pt (31}:202!%!:6 Reaction with FNO2
. C1F302 C1F302 Formation
b CIF 0 C1F,0 Formation
CIF C1F Reaction with OF,
3 3 2 iz
C1F, CIF, Reaction with OF
- ; 5 5 2 I
3 \ CIFSO CIFSO Formation
= | ©
| C1F3 ClFs Photolysis in presence of 02
CIF 0 CIF 0 Kinetics of formation
, FSIO IFSO Formation of C]FSO
; ClFO3 FC]O3 Formation of C1F30
BTF02 FBrO, Reaction with KrF,
3 .
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BrFo2
BTFBOPt
BrF602Pt
+

BrF202
BrFO2
BrF30
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