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FOREWORD

The research reported herein was supported by the Office of
Naval Research, Power Branch, Code 473, with Dr. R. S. Miller
as Scientific Officer. This report covers the period 1 January
3 1977 through 31 December 1977. The program has been directed
g by Dr. K. 0. Christe. The scientific effort was carried out

by Drs. K. 0. Christe, C. J. Schack, W. W. Wilson, and Mr.
R. D. Wilson. The program was adﬁinistered by Dr. L. Grant,
Manager, Exploratory, Propellant and Analytical Chemistry,

and Dr. K. O. Christe, Program Engineer.
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INTRODUCTION

3 This report covers a l12-month period and describes Rocketdyne's research efforts i
in the area of halogen chemistry. As in the past years, our research was kept

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

and the syntheses of novel compounds to structural studies. Because of the
importance of NFx+ salts as ingredients for solid propellant NF3—F2 gas genera-

tors for chemical HF-DF lasers, our main efforts were concentrated in this

AL L s s o

area. The existence of stable NFZ salts was originally discovered by one of us
in 1965 (Ref. 1) under ONR sponsorship, and much of the development in this field
has since been achieved at Rocketdyne uhder the current ONR program. The results

obtained under this program have been successfully applied to a number of past

and ongoing Navy, Army, and Air Force programs, thus demonstrating the usefulness

of goal-oriented basic research.

Starting with this report, only completed pieces of research will be included.
As in the past (Ref. 2) completed work was summarized in manuscript form suitable
for publication. Thus, time spent for report and manuscript writing is minimized,

- - and widespread dissemination of our data is achieved.

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

issued. All of these arose from work sponsored under this program.

*Papers that were published during 1977, but were previously given in our last
years's annual report (Ref. 2) in manuscript form, are not repeated.
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A

PUBLICATIONS AND PATENTS DURING PAST CONTRACT YEAR

PAPERS PUBLISHED

"On the Synthesis and Characterization of NFaBiF

NF, SbF,

16, 937 (1977).

6 and Some Properties of

" by K. O. Christe, R. D. Wilson, and C. J. Schack, Inorg. Chem.,

"Synthesis and Characterization of (NF4)ZSnF6 and NF4SnF5," by K. 0. Christe,
C. J. Schack, and R. D. Wilson, Inorg. Chem., 16, 849 (1977).

"Vibrational Spectrum and Normal Coordinate Analysis of SFSBr," by K. O.
Christe, E. C. Curtis, C. J. Schack, and A. Roland, Spectrochim. Acta.,

334, 69 (1977).

"“Synthesis and Characterization of (NF4)2T1F6 and of Higher NF4+ and Cs+
Polyperfluorotitanate (IV) Salts," by K. O. Christe and C. J. Schack,

Inorg. Chem., 16, 353 (1977).

"Improved Syntheses of NF4BF4 and NF4SbF6," by K. 0. Christe, C. J. Schack,
and R, D. Wilson, J. Fluor. Chem., 8, 541 (1976).

"Vibrational Spectra of Thionyl Tetrafluoride, SF40," by K. 0. Christe,
C. J. Schack, and E. C. Curtis, Spectrochim. Acta, 33A, 323 (1977).

"A Simple Method for the Purification of Fluorine," by E. Jacob and K. O.
Christe, J. Fluor. Chem., 10, 169 (1977).

"

"Synthesis and Characterization of (NF4)2N1F6,

Chem., 16, 2238 (1977).

by K. 0. Christe, Inorg.

PAPERS PRESENTED AT MEETINGS

10.

"NF4+ Chemistry,'" by K. O. Christe, 3rd Winter Fluorine Conference,

St. Petersburg, F1 (January 1977).

"Reactions of Electropositive Chlorine With Fluorocarbons," by C. J. Schack,
3rd Winter Fluorine Conference, St. Petersburg, Fl1 (January 1977).

RI/RD78-125
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11.

12.

13.

«

"Recent Progress in NF4+ Chemistry," by K. O. Christe, R. D. Wilson, and
I. B. Goldberg, 6th European Symposium on Fluorine Chemistry, Dortmund,
W-Germany (April 1977).

Invited seminars were given at the University of Stuttgart and the University

of Ulm, Germany (April 1977).

"Inorganic Oxidizers and the Potential to Improve Materials," by K. O.
Christe, DOD Workshop on New Opportunities for Research in Energetic
Materials, Wrightsville Beach, NC (November 1977).

PAPERS SUBMITTED FOR PUBLICATION

14.

15.

16.

17.

18.

19.

20.

"Vibrational Spectra and Force Fields of the Tetrafluorooxohalate (V) Anions,
CiF,9, BrF40_, and 1F40‘,“ by K. O, Christe, R. D. Wilson, E. C. Curtis,
W. Kuhlmann, and W. Sawodny, Inorg. Chem.

"Bromine Trifluoride Oxide. Vibrational Spectrum, Force Constants, and

Thermodynamic Properties,"” by K. 0. Christe, E. C. Curtis, and R. Gougon,
Inorg. Chem.

"ESR Evidence for the Formation of the NF3+ Radical Cation as an Inter-
mediate in the Syntheses of NF4+ Salts by Low-Temperature UV-Photolysis,"

by K. 0. Christe and I. B. Goldberg, Inorg. Chem.

"On the Syntheses and Properties of Some Hexafluorobismuthate (V) Salts and
their Use in the Metathetical Synthesis of NF4+ Salts," by K. 0 Christe,
W. W. Wilson, and C. J. Schack, J. Fluor. Chem.

+ C

"On the Synthesis of the N,F ' Cation. A Critical Comment on the Paper
by Toy and Stringham," by K. 0. Christe, C. J. Schack, and R. D. Wilson,

J. Fluor. Chem.

"Reactions of Electropositive Chlorine Compounds With Fluorocarbons,"
by C. J. Schack and K. 0. Christe, Israel J. Chem.

"Bromyl Fluoride Vibrational Spectra, Force Field, and Thermodynamic
Properties,” by K. O. Christe, E. C. Curtis, and E. Jacob, Inorg. Chem.

RI/RD78-125
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ISSUED PATENTS

21. "Stable Chlorine Tri’‘uoride Dioxide," by K. O. Christe, U.S. 4,038,374
(July 26, 1977).

22. "Synthesis of Anhydrous Metal Perchlorates,' by C. J. Schack and D.
Pilipovich, U. S. 4,012,492 (March 15, 1977).

23. "Synthesis of Nitryl Perchlorate," by C. J. Schack, U.S. 4,026,996
(May 31, 1977).
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DISCUSSION

NITROGEN FLUORIDE CHEMISTRY

+
NF4

Chemical (Ref. 1), are the most promising oxidizers for solid propellant NF3-F2

gas generators. The concept of such a gas generator was conceived (Ref. 3) and

salts, first discovered by one of us in 1965 under an ONR contract at Stauffer

to a large extent (Ref. 4 through 9) developed at Rocketdyne. It offers signi-
ficant logistics and safety advantages over cryogenic or storable liquid oxidizers
for use in chemical HF-DF lasers, for example. As reported in our last annual
report (Ref. 2), our work during the past several years has resulted in signifi-
cantly improved oxidizers containing increased amounts of active fluorine and

having the additional advantage of being self-clinkering.

. . i +
During this contract year, we have continued efforts to synthesize N*% salts

of even higher fluorine content, such as (NF4)3)A1F6. Efforts in this direction
+

4

salts were studied (see Appendix C). It was found that a CsSbF6 based process

were unsuccessful. Alternate metathetical processes for the prcduction of NF

appears most attractive. The mechanism of the UV-photolytic NF4+ salt formation

was investigated by ESR spectroscopy. It was shown that the NF3+ radical cation

is the key intermediate in these reactions. These results and their implications

+ . . . N
on the reaction mechanism of the NF salt formation are summarized in Appendix B.

14, + 4 15 +
A detailed analysis of the NF3 and NF3 ESR spectra will be given in next
year's report in manuscript form. Samples of lSNF3 were prepared and converted

lSNF +

4 salts. Their vibrational spectra were recorded and the lAN—ls

to N isotopic
shifts were used to compute a general valence force field. These data will be
summarized in the next annual report. Halogen exchange studies of NF4+ and N0F2+
salts with BCl3 and SiCl M and NOC1 + salts

were studied, but the desired NC14 2
could not be isolated.

4

+
Toy and Stringham had previously reported (Ref. 10) the existence of N2FS salts.

Since these salts can be considered as NF4+ derivatives in which a fluorine

ligand 1s substituted by an NF, group. We examined the possible existence of

RT1/RD78-125
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salts. Although the existence of N

this cation. It was concluded that the pre¢vious work is most likely incorrect
(see Appendix D).

+
Because N2F3 salts are useful burning aids in solid-propellant NF3-F2 gas genera-
tor formulations, we have studied the synthesis and characterization of these
F,'Sb,F, .~ and N.F.'sb.F.,~ (Ref. 11) was

T 2°3 "72711 2°3 773716

known, the synthesis of N2F3 SbFG_ had not been reported. This salt was desirable

as both, a burning aid by itself and a starting material for the metathetical
production of other N2F3+ salts. We have found that NZFSSbF6 can be prepared in

quantitative yield from N2F4 and SbF,. if anhydrous HF is used as a solvent.

5

Furthermore, this salt was successfully converted to the novel NZFBSnFS by meta-

thesis according to:

HF
I, +
2N2F38bF6 + CSZSnFG —78C 2CSSbF6 + N2F38nF5 N2F4

/

This salt is useful as a burning aid in self-clinkering formulations based on

(NF SnF6. The vibrational and 19F NMR spectra of N2F3+ were reinvestigated

4)2 +
and it was shown, that, contrary to a previous report (Ref. 12), N2F3 is planar.
These results are summarized in Appendix E. Various NFZX type compounds were
also synthesized for testing as starting materials for NF lasers.

Bromine Oxyfluorides

Since several new bromine oxyfluorides have become known during the past 2 years,
gystematic studies of their spectroscopic properties and structures were
carried out. Appendixes G, H, and I summarize the results obtained for BrF

FBrOZ, and the series C1F

30>

40_, BrFAO_, and IF40—. Reactions of perhalates with

halogen fluorides were studied, but these studies have not been completed as yet.

RI/RD78-125
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Miscellaneous

Attempts to synthesize 02+0104- were unsuccessful.+ Neutron diffraction and iow—
temperature X-ray powder data were obtained for 02 AsF6 . H30 AsF6 , and D30
AsF_ . However this study is still under progress. The novel oxonium salt
H30§B1F6_ was prepared and characterized (see Appendix C). It was shown that
BiF5 is an excellent water removing agent for wet HF. iuch a process could be
of extreme importance for large-scale production of NF4 salts by metathesis in
anyhdrous HF. A simple method was developed for the purification of elemental
fluorine (see Appendix A). Its main advantage is that only the impurities, but
not the bulk of the fluorine, are converted into other compounds. Much work
has been recently performed in the area of electropositive chlorine compounds.
Since a large percentage of this work was done under this contract, this field
was reviewed (see Appendix F). Three patents on C1F302, N02C104, and anhydrous
metal perchlorates have issued during 1977 and are given as Appendices J, K,

and L.

RI/RD78-125
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APPENDIX A

A SIMPLE METHOD FOR THE PURIFICATION OF FLUQRINE

Jowurnal of Fuorine Chengistrye, 1001977) 169172
© Ebevies Sequana S AL Lasssone Prsted m the Netheilainds

Received. May 6, 14977

SHORT COMMUNICATION

A Simple Method for the Purification of Fluorine

EBERKARD JACOB and KARL O. CHRISTE

Abt. Physikalische Chemie, M.A.N.-Neue Technologie, Postfach 50 06 20,
D-8000 Munchen 50, Germany and

Rocketdyne, a Division of Rockwell International, Canoga Park,
California 91304, USA

A simple method for the purification of fluorine gas is described.
With the exception of nitrogen and argon, all impurities usually present in
conmercial fluorine can be readily removed by 1) conversion of 02 to non-
volatile 0; salts, and 2) a 70 to 63°K trap-to-trap distillation.

Commercial fluorine gas contains 1-2% of impurities, primarily 02,
N2 and HF with trace amounts of Ar, coz. CF4,CZF6,.C3F8. COFZ, NF3, OFZ’
51F4. SFG, SOZFZ' and others [ 1-5]. For most preparative purposes the
02 content of fluorine does not interfere with the desired reactions,
and the purification of F2 can be limited to the removal of HF by a NaF
scrubber, For example, a nearly quantitative synthesis of IrF6 is possible
by heating Ir metal in an atmosphere of 20% F, and 80% 0, [6]. However,
there are applications, where oxygen free fluorine is needed. A typical
example is the HF-DF chemical laser. It is known[7,8] that molecular
oxygen acts as an inhibitor for the chain branching reaction of N2 and F2'
In addition, the presence of 02 causes the formation of water which is a
very strong deactivator for vibrationally excited HF or OF [ 9], In order
to obtain meaningful baseline data, oxygen free fluorine is required.
Furthermore, in the syntheses of the very expensive platinum metal hexa-
fluorides RuFG. RhF6. and PtF6 the yield of the products is decreased by
the formation of the undesired and volatile [10] OZHFE salts. Similarly,
in the syntheses of ReF7 and OsF6 the presence of 02 results in the
formation of the corresponding oxide pentafluorides. Other applications

RI/RD78-125
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requiring high purity fluorine fnclude calorimetry [1], and spectroscopic
[11, 12] and analytical [ 3] studies.

Previously described methods for the purification of fluorine involved
efther low-temperature distillation [ 2-4], low-temperature uv-photolysis
[(13], or the pyrolysis of l(zNiF6 in the presence of KF[ 4]. These methods
have the following shortcomings. The low-temperature distillations require
rather complex and expensive equipment which is beyond the reach of most
laboratories. The low-temperature uv-photolysis involves the irradiation
of liquid fluorine in a glass apparatus to convert 02 to the less volatile
02F2. followed by a distillation at 90°K. This method is not suitable for
scale-up, and the handling of larger amounts of 1iquid fluorine in a glass
apparatus presents a potential hazard. The pyrolysis of KZNiFG-KF mixtures
is somewhat cumbersome, because the bulk of the material and not the
fmpurity must be converted to a nonvolatile compound. In this paper, we
describe an alternate method which we have found to be more convenient
than those previously reported.

(1) Removal of Oxygen
We have found that the well known [ 14-16] reaction

AE _ b -
02 + F2 + nSbF5 —-——OZSbFG {n 'I)Sbl*'5

is ideally suited for the removal of oxygen impurities from fluorine.
Either heating [ 14] or uv-photolysis [15] can be used for activation of
the reaction, Of these two activation energy sources, thermal activation
{s preferred owing to its scalability and simplicity.

In a typical example, crude F, (17 g, 500 mmo1) [17] and SbFg (2.1 g,
10 mmo1) [18] in a 1.2 ¢ Monel reactor were heated for 2 hto 460°K. The vessel
was cooled to 90°K and the F2 was distilled into a container kept at 77°K,
The excess of unreacted SbF5 was removed from the Monel vessel by pumping
at room temperature. The vesse) was opened in a dry box and contained 1.1g
of a white solid which was identified by its vibrational spectra [16] as
Ozsszn. The above procedure was repeated with pretreated F2. In this
case, no evidence for the formation of any 02 salt was obtained and the
reaction vessel showed clean inner surfaces. It can therefore be assumed
that the oxygen was quantitatively removed by a single heating cycle.

RI/RD78-125
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(2) Removal of Trace Impuritics

It is known that impurities which have no measurable vapor pressure at
90°K can be removed from rz by a 90 to 77°K trap-to-trap distillation.

For the removal of the more volatile impurities CF4. NF3, and OFZ. however,
lower temperatures are required. In our experience, a 70 to 63°K trap-to-
trap distillation can be carried out with relative ease and removes al)
remaining impurities, except for "2 anu Ar which usually do not interfere
with most applications. Since the amount of N2 present in commercial F2
can vary strongly depending on the batch and supplier, no meaningful
number can be quoted for the overall purity of the FZ obtained by our
method. The temperature of 63°K (nitrogen slush bath) is easily obtained
by either pumping on liquid "2 or by passing a stream of helium, precooled
to 77°K, through liquid NZ‘ The temperature of 70°K is obtained either by
passing He through liquid N2 or by allowing a 63°K trap to gradually warm
towards 70°K. The purity of F2 after two 70 to 63°K trap-to-trap
distillations was tested by recording its infrared spectrum as a solid
[12] at 12°K. No detectable impurities were observed. The absence of
impurities volatile at 70°K but nonvolatile at 63°K in the purified
fluorine was established by mass spectroscopy..

Thus, a 70 to 63°K trap-to-trap distillation combined with the 02
scavenging method using SbF5 pravides a convenient purification method for
fluorine.

One of us (KOC) is indebted to Drs. L. R. Grant and C. J. Schack
for helpful discussions and to the Office of Naval Research,Power Branch,
for financial support.

1 (a) L. Stein, E. Rudzitis and J. L. Settle, Report ANL-6364
{1961).
(b) E. Greenberg, J. L. Settle, H, M, Feder and W. N, Hubbard
J. Phys. Chem,, 65 (1961) 1168.

2 G, de Jachy and J. Gillardeau, Bull, Soc. Chim. France, 7 (1970)
2747,

3 E. Jacob, Z. Anorg. Allg. Chem., 377 (1970) 267.
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APPENDIX B REVISED AIC70527+

Contribution from Rocketdyne, A Division of
Rockwell International, Canoga Park, California 91304,
and from the Science Center, Rockwell International,

Thousand Oaks, California 91360

ESR Evidence for the Formation of the NF; Radical Cation as an

Intermediate in the Synthesés of NFZ Salts by Low-Temperature

UV-Photolysis

Karl 0. Christe* and Ira B. Goldbery
Received JULY 18, 1977

The mechanism of the formation of NFZ salts is of significant practical

and theoretical interest. From a practical point of view, a better under-
standing of this mechanism would permit optimization of the reaction conditions
for the direct syntheses of NFZ salts, such as NF4BF4, NF4PF6, or NF4GeF5.]
from a theoretical point of view, the formation of the NFZ cation is intriguing2
because its parent molecule, NF5, does not exist as a stable species. Since
under the conditions used for most of the syntheses of NFZ salts an F cation
should be extremely difficult, if not impossible, to prepare by chemical means,
the following mechanism has previously been proposed2 for the formation of
NF4AsF6:

AE

F, == =2F° (1)

2
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F* + AsF. ——=AsF® (2)
5 6 i

. et -
AsFg + NFy —NFAsFg (3)

I S - .

. . . i
2 this mechanism requires :

-]
only a moderate activation energy (D (F2) = 36.8 kcal mol'])3.

In good agreement with the known experimental facts,
The two
critical intermediates are the AsFé radical and the ﬁF; radical cation.

Whereas the AsFé radical is unknown, the ﬁF; radical cation was shown4 to §

form during y-irradiation of NFZ salts at -196°. Although this observation
of the ﬁF; cation demonstrated its possible existence at low temperature,
it remained to be shown that the ﬁF; radical cation is indeed formed as

1 an intermediate in the syntheses of NFZ salts. We have now succeeded in

+
3

intermediate in the low-temperature uv-photolyses of both the NF3-F2-AsF5

observing experimentally the ﬁF radical cation by esr spectroscopy as an

and the NF3-F2-BF3 system. The results and implications derived from the

f observations are given in this paper.

Experimental Section

Binary and ternary mixtures of the starting materials were prepared
for both the NF3-F2-BF3 and the NF3-F,-AsFg systems in a stainless steel Teflon
FEP vacuum system. The sample tubes consisted of flamed out quartz tubes of
4 mm o.d., 30 cm long, with a ballast volume of about 150 ml attached at the
top. The starting materials were condensed into these tubes at -210° and the
tubes were flame sealed. The NF3 (Rocketdyne) was used without further
purification, F2 (Rocketdyne) was passed through a NaF scrubber for HF
removal, and BF, (Matheson) and AsFg (0zark Mahoning) were purified by
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fractional condensation prior to use. About 300 cc of gas mixture was
used for each sample tube in the following mol ratios, NF3:F2 = 1:10;

:BF3 = 1:1; NF :AsF5 = 1:1; NF3:F :BF3 =

BF3:F2 = 1:10; AsF.:F, = 1:10; NF 3 2

5°72 3
1:4:1 and 1:2:1; NFy:F,:AsFg = 1:4:1.

The ESR spectra were recorded as previously described.5 » 6 Variable
temperature control over the temperature range 4-300°K was achieved with an
Air Products liquid helium transfer refrigerator Model LTD110. For the
photolyses, an Oriel Model 6240 Arc Lamp with a 200 watt Hg lamp was used.
In some of the experiments, the starting materials were condensed at -196°C
into the tip of the ESR tube and were irradiated for 10 to 30 minutes while
inserted in a liquid nitrogen filled unsilvered dewar. The ESR tube was
then quickly transferred to the precooled esr spectrometer. In other

experiments, the sample tubes were irradiated at various temperatures inside

the ESR cavity.

Results and Discussion

Uv-photolysis of both the NF3-F2-AsF5 and the NF3-F2-BF3 system produced an
intensely violet colored species which exhibited the ESR signal shown in

Figure 1, traces A and B. Comparison with the previously pub’lished4 anisotropic
spectrum of the ﬁF; cation (trace C, Figure 1) establishes beyond doubt the
presence of ﬁF; in our samples. The spectra are assigned on the basis of
anisotropic hyperfine coupling to three fluorine atoms (I=1/2) and approximately
isotropic hyperfine coupling to one nitrogen atom (I=1). The g-matrix is
isotropic to within the linewidth. The spectra thus appear as a quartet of
triplets as shown in Figure 1. The broader linewidths observed in the spectra

of UV irradiated NF3-F2-AsF5 and NF3-F2-BF3 mixtures than in y-irradiated
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NF4SbF6 may be the result of exchange sr of dipolar interactions of

materials on the surfaces of the solid components of the mixtures.

The observation of identical signals for both the BF3 and the
AsFS containing system proves that the signal must be due to a species
not containing boron or arsenic. By carrying out irradiation experiments
of the sample within the ESR cavity at -196°C, it was shown that the signal
strength increased during irradiation, but did not decrease when the lamp
was turned off. The thermal stability of the signal in the absence of
uv radiation depended on the strength of the Lewis acid used. For the
stronger Lewis acid AsF5, the signal did not change significantly up to
about 4105°C, whereas for BF3 decomposition started at about ~155°C. When
the sample tubes were warmed to ambient temperature, they contained white
stable solids which were identified by Raman spectroscopy as NF4AsF6 and

1,7,8

NF4BF4, respectively. Irradiation of all possible binary mixtures,

i.e. NF3-F2, Lewis acid 'FZ’ and NF3 - Lewis acid, under comparable conditions

did not product any ESR signal attributable to N?;.

A positive identification of the proposed AsFé or BFJ radical
intermediates was not possible in the above experiments. The observation
of hyperfine splittings for the free Ang or BF; radical at temperatures
above several °K is not 1ikely because they would be in orbitally degenerate
states which could cause rapid spin relaxation resulting in a strongly
temperature dependent line width. Furthermore, if we assume the existence
of an AsFé or BFJ radical in an ionic lattice, rapid electron exchange
between the radicals and the corresponding anions is possible which would
destroy hyperfine structure. The line width of the resuiting signal would

depend on the rate of exchange. Finally, in our experiments we were dealing
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with polymeric solid AsF5 or BF3 phases which on combination with a
fluorine radical are not likely to result in an isolated AsFé r BFi
radical. In our experiments, several ESR signals were observed in

addition to ﬁF;. However, in the absence of observable hyperfine structure
we prefer not to make any assignments.

Based on the above results, the following conclusions can be
reached concerning the formation mechanism of NFz salts: (i) the ﬁFg
radical cation is indeed an important intermediate. (ii) The requirement
of uv activation and of both F2 and a Lewis acid for the synthesis of ﬁF;
is in agreement with steps (1) and (2) of the above given mechanism. (iii)
The strength of the Lewis acid determines the thermal stability and lifetime 1
of the intermediate ﬁF; salt formed. This can account for the low tempera-
ture conditions required for the synthesis of the NFZ salts of weaker Lewis

acids. (iv) In the absence of uv irradiation, the NF; salts do not sponta-

il

neously react with the large excess of liquid F2 present. This indicates

that in the absence of an activation energy source the thermodynamically

2 - -

feasible™ chain propagation step NF3AsF6 + F2————»NFZASF6 + F° does not

play an important role. Possibly, the conversion of ﬁF;Ang to NFZAsFé

may require F° atoms according to:

>+ . + -
NF3A5F6 + F—————»NF4ASF (5)

6

Since the intermediate NF; salt is an ionic solid, its reaction with a
fluorine atom might well be a heterogeneous diffusion controlled reaction
and step (5) might be the rate determining step in the above mechanism.
It was shown that at temperatures above -196°C, where a given ﬁF; salt

is still stable in the absence of light, uv irradiation causes a rapid decay

RI/RD78-125
B-5




-6-

decay of the ﬁF; ESR signal. However, it was not possible to distinguish
whether this decay was caused by photodecomposition of the intermediate
ﬁF; salt or by the reaction of the latter with the generated F atoms

according to step (5).
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Figure Caption

Figure 1. ESR spectra of the NF3 radical cation obtained
by uv photolysis of NF3 - F2 - BF3 at -196°C; trace A, first
derivative; trace B, second derivative. For comparison, the

known4 first derivative spectrum of ﬁF; obtained by y-irradiation

of polycrystalline NF4SbF6 at -196°C is given as trace C.
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APVENDIZ €

ON THE SYNTHESES AND PROPERTIES OF SUME HEXAFLUOROBISMUTHATE
(V) SALTS AND THEIR USE IN THE METATHETICAL SYNTHESIS OF NFZ
SALTS

KARL O. CHRISTE, WILLIAM W. WILSON, and CARL J. SCHACK

Rocketdyne, A Division of Rockwell international, Canoga Park,
California 91304 '

SUMMARY

The salts LiBiFG, NaBiFG, KBiF6, C581F6 and NF4B1'F6 were
prepared and characterized. Differences in the observed numbers
and relative intensities of some of the Raman bands of these salts
are explained by crystal effects. Solubilities of these salts in
anhydrous HF at -78° were determined and compared to those of the
corresponding Sng salts, It was shown that, contrary to a previous
report, CsBiF6 does not exhibit any unusual properties such as
forming a mushy volatile HF adduct. The potential of NF4BiF6 baced
metathetical processes for the production of other NFZ salts was
evaluated. The novel H30+81F8 salt was prepared and characterized.

The usefulness of BiF5 for water removal from HF is briefly discussed.
INTRODUCTION

In the course of our work on oxonium salts [ 1] and metathetical
NFZ salt processes [ 2-6], we became interested in pentavalent bismuth
compounds as possible replacements for the corresponding antimony
compounds. For example, the use of the less volatile BiF5 has been
proposed [ 1], but has never been tested, as an alternative to SbF5
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for removal of small amounts of water from HF. Because NF4BiF6 has
become readily accessible by direct thermal synthesis from NF3, FZ’
and B1F [7], it holds potential as a starting material in meta-
thet1cal processes for the production of other less accessible NF4
salts. However, its usefulness in such a process depends on the
relative solubilities of its salts in a suitable solvent, such as
anhydrous HF. Although BiFg salts have been known [ 8] since 1950,
only a small number of papers [7, 9-18] dealing with BiFg salts
have been reported since then, and some of the reported data are
very much open to question. For example, Surles and coworkers
reported [ 13] that HF formed a stable adduct with CsBiF6 and that
this adduct readily sublimed on heating. Consequently, a more
systematic study of BiFg salts was necessary in order to be able to
properly evaluate the potential of BiFg salts in the above applications.,

EXPERIMENTAL

Materials and Apparatus

The apparatus, handling procedures, and the method used for the
HF drying have previously been described [ 1,6]. Bismuth pentafluoride
(0zark Mahoning Co.) did not contain any detectable impurities and
was used as received. Antimony pentafluoride (Ozark Mahoning Co.)
was distilled prior to use. Lithium fluoride (Baker, A. R.) and
NaF (MCB, Reagent grade) were used as received, Potassium fluoride
(A11ied, Reagent grade) and CsF (KBI) were dried by fusion in a
platinum crucible and powdered in the drybox. The syntheses of
NF4BiF6 [7]) and NF4SbF6 [4] have previously been described. Except
for NaBF4 which was obtained from H3BO3 and Na2c03 in concentrated
aqueous HF solution, all the alkali metal tetrafluoroborates were
prepared by introducing a slight excess of gaseous BF3 into stirred
solutions of the corresponding alkali metal fluorides in anhydrous
HF at 20°, followed by removal of t..2 volatile products.
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Syntheses of BiFg and SbFg Salts

For the syntheses of the alkali metal hexafluorobismuthates,
equimolar amounts of finely powdered alkali metal fluoride and B1'F5
were heated in a Monel cylinder for several days to 280° under 2 atm
of FZ' The vibrational spectra of the resulting products showed no
evidence for the presence of ejther unreacted BiF5 [ 19] or polybismuthate
salts [7]. When these reactions were carried out at 150°, however, the
products contained some polybismuthate salts. The alkali metal hexa-
fluoroantimonates were prepared in a simjlar manner by heating equimolar
mixtures of SbF5 and the corresponding alkali metal fluoride in a F2
atmosphere to 280°. Again, vibrational spectra of the solid products
showed no evidence for the presence of polyantimonates.

Spectra

Infrared spectra of solids were recorded as dry powders between
pressed AgCl or AgBr disks on a Perkin Elmer Model 283 spectrometer.
Raman spectra were recorded in glass melting point, quartz or Kel-F
capillaries an a Cary Model 83 spectrophotometer using the 4880ﬁ exciting
line of an Argon ion laser. Debye-Scherrer powder patterns were taken
using a GE Model XRD-6 diffractoieter with nickel filtered copper Ko
radiation and quartz capillaries as sample containers. The thermal
decomposition of salts was examined with a Perkin Elmer differential
scanning calorimeter (Model DSC-1B) using crimp-sealed aluminum pans
as sample containers and a heating rate of 2.5°/min at z2tmespheric
pressure,

So]ubi]ity Measurements

Solubilities of the salts in anhydrous HF at -78° were measured
in an apparatus similar to that previously described [ 6] for metathetical
reactions, except for eliminating trap I. Saturated solutions were
prepared at 778° and separated from excess undissolved salt by filtration
f at -78°. The HF solvent was pumped off at ambient temperature, and the
amount of HF used and of the solid residues obtained after HF removal
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were determined by weighing.

Metathetical Reactions

Metathetical reactions between I;F4BiF6 or NF4SbF6 and different
alkali metal tetrafluoroborates in anhydrous HF solution were carried
out as previously described [ 4,6].

Synthesis of H30BiFg

Bismuth pentafluoride (10,08 mmol) was transferred in the glove
box into a passivated (with C1F3) Teflon FEP ampule containing a Teflon
coated magnetic stirring bar. Anhydrous HF (10.12 g) which had been
stored over B1'F5 was condensed into the ampule at -196°. The mixture
was warmed to room temperature, and the Raman spectrum of the resulting
clear solution was recorded. It showed bands similar, but not
identical, to those expected for either BiFg (see below) or solid BiF5
[16, 19]. The ampule was cooled to ~196°, and distilled H,0 (10 mmo1)
was syringed into the ampule. On warm up to ambient temperature, a
copius white precipitate was formed. The mixture was stirred for ten
hours at 25°. The Raman spectrum of the clear solution above the white
solid precipitate showed the bands characteristic for BiFg (see below).
Removal of the HF solvent in a dynamic vacuum at -45° resulted in the
formation of a white solid (3.469g, weight calcd for 10.08 mmol of
H3OB1'F6 = 3.1479) which was identified by Raman and infrared spectro-
scopy as H30 BiFE. This solid was stable at ambient temperature only
under an HF pressure of about 20mm. On evacuation of the ampule, the
white solid would immediately turn dark brown. When the valve of the
ampule was closed to allow the pressure to build up again, the white
color of the sample was restored. Complete decomposition of H3OB1‘F6
in a dynamic vacuum at 35°for 3 days resulted in a light cream colored
solid. Based on its weight, physical properties (nonhygroscopic,
insoluble in H20 and aqueous HC1, sublimination at the softening point
of glass), and elemental analysis (found: Bi, 77.2; F, 23.3; 0, 0.2;

calcd for BiF3: Bi, 78.57, F, 21.43; 0, 0) this solid appeared to be
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mainly BiF3. The vibrational spectra of the solid decomposition
product did not show any evidence for the presence of either H30+

or B1F6.

RESULTS AND DISCUSSION

Syntheses and Properties of Hexafiuorobismuthates

The alkali metal hexafluorobismuthates were prepared from
equimolar amounts of BiF5 and the corresponding alkali metal fluoride
by heating to 280° in a Monel cylinder. Fluorine was added to the
cylinder to suppress possible decomposition of B1'F5 to BiF3 and F2.
This synthesis is similar to that [ 9] previously reported, except
for using a significantly higher temperature. Using the previously
reported [ 9] temperature conditions (85-150°), the product always
contained some polybismuthate salt. For the syntheses of the alkali
metal hexafluoroantimonates, similar reaction conditions were required
to suppress the formation of polyantimonates.

The rather unusual properties previously reported [ 13] for CsBiF6
could not be confirmed. Thus, CsBiF6 was quantitatively recovered from
HF solutions by pumping at ambient temperature, without any evidence
for the formation of a stable CsBiFG'xHF adduct. Furthermore, no
evidence was found for sublimation without decomposition for either HF
treated or untreated CsBiFG. DSC data obtained for CsBiF6 showed a small
reversible endotherm at 190°, attributed to a phase change, and the onset
of a large endotherm at 308°, attributed to decomposition. Thermal
decomposition of CsBiF6 around 300° was confirmed by visual observation
of samples sealed in melting point capillaries. At this temperature,
sublimation of BiF5 to the colder parts of the capillary occurred. For
comparison, DSC data were also recorded for CsSbFs. They showed a small
reversible endotherm (phase change) at 187° and the onset of endothermic
decomposition at 296°, These data show that the thermal stabilities of
CsSbF6 and CsBiF,. are similar, with the bismuth salt being slightly more
stable,

6
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The vibrational spectra of the alkali metal hexafluorobismuthates
were also recorded and showed some remarkable differences (see Figure 1).
Particularly, the Raman active deformation mode exhibited different
numbers of bands and intensity ratios. In order to determine whether
the observed splittings were caused by the simultaneous presence of
more than one crystal modification, the Debye-Scherrer powder patterns
of these compounds were recorded. In excellent agreement with a
previous report [ 10], it was found that LiBiF6 and NaBiF6 were
rhombohedral (LiSbF6 type), KBiF6 was cubic (low-temperature a-
modification), and CsBiF6 was rhombohedral (KOsF6 type). No evidence
was found for the presence of other modifications in either the
thermally prepared (280°) or the HF recrystallized (-78°) samples. The
observed splittings can be readily explained, however, by solid state
effects. In the rhombohedral compounds (space group R§-C§i, Nr. 148,
1 molecule per Bravais cell [10]), the site symmetry of BiFg is Cqje

TABLE 1. Correlation Table for Isolated BiF. of Point
Group 0h and for Site Symmetry Cay

O, Cs4
Arg Ag
By By
F2g Ag *Eg
F]u Au * Eu
F2u Au * Eu

Therefore, from Table I only the F2 mode in the Raman and the F]u modes
in the infrared are expected to be split into two components. For cubic
KBiF6 (space group la3, Nr. 206) the site symmetry of BiFg is again Cq0
but since the Bravais cell contains four molecules, factor group splitting
can further cause the doubly degenerate Eg modes to split into two
components. These predictions are in good agreement with our observations
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(see Figure 1), except for NaBiF6 which exhibits only one Raman band
in the BiFg deformation region. This lack of splitting for NaBiF6

is attributed to a coincidence of the frequencies of the A and the Eg
components of Vg This is plausible since the weaker (probably the

E ) component has a higher frequency in LiBiF6 and a lower frequency
in CsBiF6 than the more intense (probably the Ag) conponent. The
frequency separation of the two components in NaBif_ must be rather
small since, even at a spectral slit width of 1 cm'§, we could not

resolve the band into two components.

The infrared spectrum of CsBiFg (see Figure 1) shows a very
intense and broad band for the antisymmetric BiFg stretching mode Vg
(F1u) at 570 cm-]. It exhibits a pronounced shoulder at 590 cm'] which
probably represents the second component of V3 predicted for C3i symmetry
(see Table 1). In addition, several infrared allowed combination bands
were observed (see Figure 1). From these, the frequencies of the two
remaining deformation modes can be derived as: v4(F1u) = 277 and vG(FZU)
= 147 cm']. It should be noted that the combination bands involving
v3 show splittings of about 20 cm_], analogous to that exhibited by vy
itself. This lends further support to the above assignments.

The previously reported [ 16] Raman spectrum of NOBiF6 exhibits
the same splittings and intensity pattern as a-KBil%, indicating that
the two compounds are probably isotypic. Of the six frequency values
reported by Bougon and coworkers [ 14] for BiFg, Vg and vg appear too low
and should be revised. In agreement with a previous report (7], it was
found that infrared spectroscopy is well suited for the detection of
polybismuthate impurities in BiFé salts. The polyanions result in an

intense infrared band at around 440 cm'1.

Solubility Measurements

The metathetical production of NFZ salts is based on the following
principle. A readily available and highly soluble NFZ salt, such as

NF4SbF6, is reacted in a suitable solvent, such as anhydrous HF, with
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Figure 1.

Infrared spectrum of CsBiF6
and Raman spectra of CsBiFG,
KBiFG, NaBiFG, and LiBiFG.
The infrared spectrum was
recorded as a dry powder
between pressed AgCl disks.
The broken line is due to
absorption by the window
material.,
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an alkali metal salt containing the desired anion. If the alkali
metal is chosen in such a manner that the starting materials and
the desired NFZ salt product are highly soluble and the resulting
alkali metal Sng salt, for example, is of very low solubility,
the following general equilibrium,where X=Sb,can be shifted far to
the right hand side:

HF
MY + NF4XF6

MXF61 + NF4Y

The principle has been demonstrated for salts where Y = BF; [2-4],
SnFET 61, TiFET 51, and NiFST 20]. Prior to nowX had always been
Sb; but the case where X could be Bi had not been tested. Since
NF4B1'F6 has recently become readily available by direct synthesis
[7], and since an extrapolation of crude solubility data, previously
measured [ 2] for alkali metal XFg salts (X=As, Sb) in HF at room
temperature,indicated that L1'B1'F6 might possess the lowest solubility
of any MXF6 salt, quantitative solubility data for MXF6 salts in
anhydrous HF were desired. These data should allow to determine
whether a BiFg based process would offer any significant advantages
over one based on Sng.

The solubilities of NFZ and of several alkali metal BiFa and
Sng salts were measured in anhydrous HF at -78°, The low tempera-
ture was chosen based on our past experience [ 4]. The results of our
measurements are summarized in Table II. As can be seen, the measured
solubilities clearly favor a process based on a cesium rather than a
1ithium salt. Furthermore, the solubility of CsBiF6 is only slightly

“lower than that of CsSbFG, thus not compensating for the significantly

Tower solubility of the NF4B1'F6 starting material in HF and its less
favorable formation rate [ 7], compared to those of NF4SbF6 [4].
Consequently, based on all the presently available experimental data,

a CsSbF6 based process appears to be+the most attractive method for the
metathetical preparation of other NF4 salts.
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TABLE II. Solubilities of Varic s BiFy and SbF, Salts

in Anhydrous HF at - 3° 6
nion SbFg | BiFy
Cation a b a b
NF, 259.0 | 0.7951 | 173.1 0.4191
it 9.21| 0.0379 | 11.9 0.0361
Na* 7.48 | 0.0280 | 25.6 0.0740
Kt c c 20.2 0.0558
cs’ 1.80 | 0.00468 | 1.71 0.00373

a) in mg of solute per g of HF
b) in mole of solute per 100(g of HF
c) not measured

Metathetical NF,BF

48F4 Production

Since in the metathetical production of NFABF4 highly concentrated
HF solutions are used, the activity coefficients of the ions are expected
to differ significantly from those of the more dilute solutions of the
solubility measurements. Consequently, the knowledge of solubility data
is insufficient to predict accurately the product composition obtainable

from metathetical experiments.

Metathetical NF4BF4 production runs using different MBF4 and
NF4XF6 salts in HF were carried out. Typical results from such experi-
ments are shown in Table III. As can be seen, the data of Tables II and
III are only in qualitative, but not quantitative, agreement, As
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TABLE III. Comparison of the Composition of the Crude
Products Obtained by the Metatheses of NF}
Salts with Different Alkali Metal Tetra-
fluoroborates in HF at -78°

System® Composition of Product (weight %)
NF4BF4 NF4XF6 MXF6

LiBF4 - NF4SbF6 81.7 8.4 9.9

LiBF4 - NF4BiF6 86.7 5.9 7.4

NaBF4 - NF4SbF6 68.3 12.6 19.1

KBF4 - NF4SbF6 15.3 79.6 5.1

CSBF4 - NF4SbF6 85.4 13.3 1.3

(a) A 5 mole % excess of the NFZ

except for the LiBF4 - NF4B1'F6

stoichiometric amounts of starting materials were used.

salt was used in all runs,
system, where approximately

expected, the solubilities of the alkali metal hexafluoro-antimonates
and bismuthates are much higher in the concentrated solutions of the
metathetical runs. Furthermore, Table III shows that a cesium salt-
based process results in the best product purity. The extremely

Tow yield of NF4BF4 for the KBF4 - NF4SbF6 system is caused by KBF4
being less soluble in HF than KSbFG. Keeping the difference in the
stoichiometry of the used starting materials in mind, (see footnote
of Table IIl) the results obtained for the L1'BF4 - NF4SbF6 and the

LiBF4 - NF4B1'F6 system are roughly comparabie,
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Oxonium Hexafluorobismuthate

Our interest in the possible ex stcnce of H30+BiF6 was twofold.
The salt has previously been proposec [ 1] as a potential candidate
for the removal of traces of water fiom HF. Furthermore, its

possible formation in wet HF solutions of BiF. might interfere with

5
metathetical experiments, or result in undesired by-products,
particularly when BiFé salts are prepared from BiF5 and alkali

metal fluorides in HF solution [ 13].

It was found that, contrary to a previous literature report
[13], BiF5 is quite soluble in anhydrous HF and has a solubility in
excess of 300 mg of BiF5 per g of HF at 22°, The Raman spectrum of
this solution (Figure 2, trace A) significantly differs in the
deformation region from those of the BiFg anion in HF solution
(Figure 2, trace B) and of solid BiF5 [16, 19], but is not
u-reasonable for an associated hexacoordinated bismuth fluoride.

On addition of water to this solution a copious white pre-
cipitate formed. The formation of this less soluble solid in the
presence of small amounts of water could explain the previous report
[ 13] on the low solubility of BiF5 in supposedly anhydrous HF. The
Raman spectrum (Figure 2, trace B) of the HF solution above the
white solid showed one polarized (591 cm']) and two depolarized
bands (520 and 220 cm']), in agreement with our expectations for
octahedral BiFg. These frequency valtues are similar to those
é salts in the solid state (see
above). The Raman spectrum of the precipitate was also recorded
and was similar to that of the liquid phase. These observations
show that water addition converts HF dissolved BiF5 into a BiFg

salt.

observed for the alkali metal BifF

Further identification of the formed precipitate was achieved
by pumping off the HF solvent at -45°, Based on the observed material
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balance and vibrational spectra, the following reaction occurred

. + ., -
H20 + HF + B1F5——H3O B1F6

The Raman spectra of the solid product (Figure 2, traces C) showed

the presence of the bands characteristic for BiFg (see above) and

H30+ [1]. The presence of these ions was further confirmed by :
infrared spectroscopy at -196° which showed a strong band at 3240 cm
with a shoulder at 3000 cm'] due to H30+ stretching and a very intense
broad band with maxima at 598, 566 and 538 cm'] due to BiFg stretching.
The splittings for the BiFg stretching mode is not surprising since

at the low temperature rotational motions of the ions in the crystal
lattice are frozen out [ 1] causing symmetry lowering due to strong
anion-cation interactions. The same temperature effect was observed
for the Raman spectra. At -100°, the 594 cm'] band was observed to
split into the following bands: 595 vs, 586 s, 574 mw, 562 w, 555 sh,

An interesting behavior was observed for solid H3OBiF6. At
ambient temperature, H3OB1'F6 appears to be stable only under an HF
pressure of about 20 torr.When the HF is pumped off, the compound
turns instantly dark brown indicating hydrolysis of BiF5 [9]. When
the HF pressure is restored, the solid turns white again, The nature
of the decomposition product was established by allowing a sample of
H3OB1‘F6 to completely decompose in a dynamic vacuum for 3 days at 35°.
The solid residue was found to be mainly BiF3, as expected from the
knowq [ 9] hydrolysis of BiFS. Based on these observations, it appears that
H3OB1F6 first undergoes a reversible dissociation according to

H OBiFG'_*’H 0 + HF + BiF

2 5

3

followed by the irreversible hydrolysis

BifF + H20 ——BiF

5 + 2HF + 1/202

3
with the first step being strongly suppressed by HF.
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Although the thermal stability of H3OBiF6 appears to be lower
than that [ 1] of H3OSbF6, the following reaction cycle might offer
a convenient method for drying HF:

B1F5 + H

20 + HF-—————*—H3OBiF6

H3OB1'F§———--—-°-B1'F3 + 3HF + 1/20,

BiF, + F,

H20 + F2

BiF5

——2HF + ]/202

The advantage of this cycle over one using SbF5 would be that BiF5 is
a nonvolatile solid which is easier to handle. As shown by the above
equations, the proposed cycle amounts to a fluorination of water to
yield HF and oxygen. Although this objective can also be achieved

by a direct treatment of wet HF with high pressure fluorine with
agitation [ 1], the proposed cycle could offer practical advantages.
For example, in the proposed cycle the fluorination step could be
limited to a relatively small amount of BiF3 instead of treating

the bulk of the HF with a large excess of high pressure fluorine
which has to be recovered,
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APPENDIX D

SHORT COMMUNICATION

On the Synthesis of the NZF; Cation. A Critical Comment on the

Paper by Toy and Stringham.

K. 0. Christe, C. J. Schazk, and R. D. Wilson

Rocketdyne, A Division of Rockwell International, Canoga Park,
California 91304 (usA)

Toy and Stringham recently reported [1] the synthesis of NZF;
(CF3)3CO-, a salt containing the novel pentafluorohydrazinium cation.
This cation would be of significant academic and practical interest
[2] since it would constitute the first known example of a substituted
NFZ cation, i.e. an NFZ cation in which a fluorine ligand is replaced
by an NF2 group. According to the authors of [1], NZF;(CF3)3CO- was
formed in a very unusual reaction involving the transfer of a

fluorine cation from (CF3)3C0F to NZFb according to:

(CF.) .COF—=(CF.).CO~ + F+——___...+N2Fl’ N F(cF.) . co”
3'3 3'3 25 3°3

Since such a heterolytic fission [3] of (CF3)3C0F with £ formation
is unlikely, the reported [1] synthetic and spectroscopic evidence for
NZF;(CF3)3CO_ was critically reviewed. Ihe folloYing points indicate
~that the reported white solid is not N FS(CF3)3C0 , but most likely the

known [4] compound (N0+)ZSing.

2

(1) The reference, cited by the authors of [1] for the known
existence of NZF;, is Sheppard and Sharts' book on Organic

Fluorine Chemistry (Benjamin, New York 1969, page 328).
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(2)

(3)

Although this book lists=the reaction of NZFh with AsF5

to yield NZF;A5F6, this is clearly a typographical error.

Examination of the original reference [5] shows that the

product from this reaction is N2F;AsF6, in agreement with
other previous reports [6,7], and unpublished results from

this laboratory.

It was also reported [ 1] that the white solid was formed
only in a Pyrex vessel, but not in a copper vessel. The
slow reaction proceeded with the formation of a brown
gas. This is charcteristic of the well known [ 8] attack
of glass by nitrogen fluorides to form (NO)ZSiF6 as the
principal product, The observed [1] weight of the solid
product (50% yield based presumably on the molecular weight
of NZF;(CFB)BCO-) is in fair agreement with that expected
for a high yield formation of (NO)ZSiF6 according to:

N, Fy + z(cr3)

COF — 2NF3 + (CF3) COOC(CF3)3

3

2NF3 + S|02—————*(N0)ZS|F

3

6

Unfortunately, no elemental analysis was reported for the
white solid, and its identification was based only on

infrared, mass, and ISF nmr spectroscopy.

For the infrared spectrum of the solid, pressed as a NaCl
disk, the following absorptions were reported [1]: 1450 (s),
1233 (s), 809 (vs), 730 (vs), and 480 (s) cm-]. These bands
do not agree with expectations for either a tertiary per-
fluorobutoxy group [9,10] or a nitrogen fluoride cation

[2, 7, 11]. However, the bands at 730 and 480 cm_] are in
excellent agreement with those of the SiFg- anion [12]. The
bands at 1450 and 1233 cn”! are characteristic [12] for the

HF; anion, which could readily form from (NO)ZSiF6 and NaCl
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(4)

(5)

in the presence of moisture. No infrared data were
reported for the higher frequency range which would

. + .
allow a positive identification of the NO cation.

For the mass spectrum only 4 mass peaks were reported
[1] at 104, 85, 71 and 52 m/e. The peaks at 104 and

85 were assigned to NZF: and NZF;, respectively, but
since N2 has the same miss as Si; they can equally

well be assigned to SiFu and SiF3. Based on their
observed relative abundances of 2 and 100, respectively,
we prefer their assignment to SiF, [13], which is the
product expected for the thermal dissociation of a SiF6
salt. It is important to note that no fragments due to

(CF3)3C0- could be detected [1] for the white solid.

The l9F nmr spectrum of an HF solution of the product
showed at room temperature only one exchange broadened
resonance at ¢=204 due to HF. On cooling to -80°C a
singlet at ¢=149 appeared which was assigned [ 1] to the
(CF3)3CO- anion. However, for a tertiary perfluorocbutoxy
group a resonance around ¢=70 should be expected [ 9, 10].
Furthermore, we cannot envision a mechanism which could
provide for a rapid fluorine exchange between the covalent
CF3 groups and the HF solvent., On the other hand, the

observed chemical shift and exchange characteristics are

in line with expectations for a silicon fluoride. Un-

published work in this laboratory has shown that the SiF6
anion is unstable in HF solution undergoing solvolysis
according to SiFg- + 2HFW==:SiFh + ZHF;. The chemical shifts
reported for SiFy in CCIQ and Sin- in H20 are ¢=160 and 126,
respectively, and acid was found to catalyze fluorine exchange

between SiFg— and F~ [14].
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In summary, all the experimental data available for the reported

[1] white solid are consistent with a hexafluorosilicate salt, such as

(NO)ZSIF6, but cannot be reconciled with the proposed composition
+ -

N.F co .

2 5(CF3)3 0

Very recently, Stringham and Toy have also claimed [ 15] the
synthesis of NZF;BF; by the photolytic reaction of NZFQ and BF3 in the

presence of fluorine below -100°C, Based on our experience, these

reaction conditions are not likely to produce an N salt. Generally,

oFs
compounds containing-NF2 groups readily undergo fluorination to NF
during photolysis, followed by formation of NFZ salts [16]. If the
reaction is carried out in glass, formation of FNO is also possible,
which can result in the formation of N0+BF;. Unpublished work in this
laboratory has also shown that NzFb does not form a stable adduct with
BF3 at temperatures as low as -78°C., At ~78°C, an equimolar mixture
of Nth and BF3 is still liquid and can be transferred quantitatively
from trap to trap. Therefore, the only solid products expected from
the photolysis of NZFQ—FZ-BF

mixtures in glass are NFhBFh and BF; salts
+ +
of NO or NOZ'

3
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International, Canoga Park, California 91304

On The Chemistry and Structure of NZF; Salts

Karl 0. Christe* and C. J. Schack

Received . . . . .

Abstract

The novel NZF; salt N2F3SbF6 was prepared from N2F4 and SbF5 in anhydrous HF
solution., A metathetical reaction between N2F3SbF6 and CSZS"FG in HF produced
N2F4 and the novel salt N2F3SnF5. It was shown that N2F4 and BF3 do n?; form
a stable adduct at temperatures as low as -78°C. The vibrational and "“F NMR
spectra of the Nng cation were reexamined. All the expe:imental data are
consistent with a planar structure of symmetry Cs for N2F3. The previously
reported vibrational assignments, made on the basis of a nonplanar structure
of symmetry C], are revised for 6 fundamental frequencies.

Introduction

The first report on the formation of a stable adduct between N2F4 and a Lewis
acid was published' in 1965 by Ruff. He showed'*? that SbFy, when treated with
an excess of N2F4 in AsF3 solution, produced, depending on the pressure of N2F4, j
either the 1:2 adduct N2F4-ZSbF5 or the 1:3 adduct N2F4'3SbF5. Based on the observet
]gF NMR spectrum and an incomplete infrared spectrum, they assigned to N2F4°ZSbF
the jonic structure NZF;szF]; with hindered rotation around the N-N bond in

NZF;. In 1967, Young and Moy pubh’shed3 the syntheses of adducts between N2F4

5
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and AsF5. At -78°C and ambient temperature, the Ast: N2F4 combination ratios
were reported to be 2.3 and 1.3 + 0.2, respectively. In addition to an
iucomplete infrared spectrum and an unresolved lgF NMR spectrum, the strongest
lines of an x-ray powder diffraction pattern were given which was indexed

on the basis of a cubic unit cell with a= 10.8%. In the same year, Lawless
pubh‘shed4 a better resolved infrared spectrum of N,F AsF6, but no assignments
were offered. In 1970, Qureshi and Aubke pubh‘shedg a paper dealing with the
infrared and Raman spectra of solid N2F3AsF6 and N2F3Sb2F11. With the
exception of the N-N torsional mode, they observed and tentatively assigned
all fundamental vibrations of N2F3 proposing a nonplanar structure of symmetry
c

].

Since N2F3 salts are of interest as burning aids in solid propellant NF3-F2
gas generator formulationse, we have studied (i) the synthesis of N2F3SbF6, (i1)
the possibility of converting N2F3SbF6 into "se1f-c1inkering"7 2F§ salts by
metathetical reactions,8 and (iii) the vibrational spectra and structure

of the N2F3 cation. The results of this study are summarized in this paper.

Experimental

Materials and Apparatus. Volatile materials were manipulated in a well-
passivated (with C1F3) Monel vacuum line equipped with Teflon-FEP U-traps and
diaphragm valves. Pressures were measured with either a Heise Bourdon tube-type
gage (0-1500 mm + 0.1%) or a Validyne Model DM 56A pressure transducer. Non-
volatile materials were handled outside of the vacuum system in the dry nitrogen

atmosphere of a glovebox.

Arsenic pentafluoride and SbF5 (Ozark Mahoning), N2F4 (Air Products), and
BF3 and SO (Matheson) were purified by fractional condensation prior to use.
The BrF (Matheson) was treated with F2 at 200°C and then purified by fractional
condensation. The HF was dried as previously described9 The SnF, (0zark
Mahoning) was used as received. The preparation of CsZSnF6 has previous1y been
described.7
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The infrared spectra were recorded on a Perkin-Elmer Model 283

spectrophotometer as dry powders pressed between AgBr or AgCl disks in a
Wilks minipellet press. Raman spectra were recorded on a Cary Model 83

spectrometer using the 4880-A exciting line and a Claassen fi]terlo for the
elimination of plasma 1ines. Polarization measurements for HF solutions in
10

thin-walled KelF capillaries were carried out by method VIII, as described
by Claassen et al, The IQF NMR spectra were recorded on a Varian Model EM 390
spectrometer at 84.6 MHz using Teflon-FEP sample tubes (Wilmad Glass Co.) and
CFC]3 as an external standard. Debye-Scherrer powder patterns were taken using
a GE Model XRD-6 diffractometer with nickel-filtered copper K(: radiation,

Synthesis of N2F3SbF6. A Teflon ampule, containing a Teflon coated
magnetic stirring bar and equipped with a stainless steel valve, was loaded
with 14.4 mmol of SbF5 in a glovebox. After attachment to the vacuum line,

2 ml of anhydrous HF was condensed into the ampule at -78°C while stirring
and warming to ambient temperature, the system was pressurized with N2F4
(~1 atm). A gradual decrease in the pressure was noted due to uptake of N2F4.

Periodic cycling to below 0°C seemed to increase the rate of N2F4 uptake.
After several hours the unreacted N2F4 and HF solvent were pumped off at 40°C
until constant weight was achieved. The observed weight gain corresponded
to the reaction of 12.1 mmol of N2F4. When the reaction was repeated on a
larger scale with 8 ml HF for 3 days, it was found that 74.0 mmol of SbF5
reacted with 73.5 mmol of N2F4 to give 23.66 g of N2F3SbF6 $geight calcd for
74.0 mmol of N2F3SbF6 23.74 g), which was characterized by “F NMR and
vibrational spectroscopy.

‘ Synthesis of N2F3AsF6. A 30 m1 stainless steel cylinder was loaded at
-]96°E—WT?F_§?T?T3557—3?_I§Fs and 26.8 mmol of N,F,. In a prechilled but
empty dewar, the cylinder was allowed to warm slowly from -196°C to room
temperature. Unreacted N2F4 (4.0 mmo1) was recovered by pumping at ambient
tenperature, The weight (6.25 g) of the resulting white 501id was in excellent
agreement with that (6.25 g) calculated for 22.8 mmol of N2F3AsF6. The
compound, when prepared in this manner, always was slightly tacky, but hard.

was characterized by ]gF NMR and vibrational spectroscopy.

It
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The N2F4 - BF3 Systems. Equimolar amounts of N2F4 and BF3, vhen combined
at -78°C in a Teflon FEP ampule, did not form a solid. The liquid could be
distilled at -78° to a colder trap without leaving any solid residue behind.

The N2F4 - SnF4 System. A suspension of SnF4 (4,68 mmol) in 4 ml of liquid
HF in a Teflon-FEP ampule was pressurized with N

2F4 (12.7 mmol) to a pressure
of 900 mm. The mixture was stirred for 5 days at room temperature. Based

on its vibrational spectra and chemical analysis, the white solid residue
obtained upon removal of all material volatile at 25°C did not contain any
NoF3e

Synthesis of N2F3SnF5. Solid N2F35bF6 (6,48 mmol) and CsSnF6 (3.24 mmo1)

were placed 1n a previously described Teflon-FEP apparatus, and approximately
2 m1 of anhydrous HF was added. After stirring and shaking vigorously for 30

min at room temperature,some of the HF was removed under vacuum, and the
mixture was cooled to -78°C., The solid and liquid phases were separated by
pressure filtration, and the volatile products were removed by pumping at 25°C
for 15 hours. The volatile material was separated by fractional condensation
and consisted of the HF solvent and N2F4 (3.2 mmol). The filtrate residue
(0.3 g) was shown by vibrational spectroscopy to contain the NZF; and (SnF's')n

1-5,7

ions as the main components, in addition to a small amount of Sng. The

filter cake consisted mainly of CsSbF6 with lesser amounts of N2F3SnF5.
Attempts were unsuccessful to suppress N2F4 evolution in the above
reaction by carrying out the entire metathesis at -78°C. Again N2F4 evolution

and N2F3SnF5 formation were observed.

Results and Discussion

Szgthesis. For the metathetical synthesis of NZF; salts using the CsSbF6

RI/RD78-125
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process”, N,F,3bF. was needed as a starting material. Although Rufy had studied' *2

the interaction of N2F4 with SbF5 in a solvent, such as AsF3. he had obtained
only the polyantimonates N2F3Sb2F]] and N2F3$b3F16. We found that, if this
reaction is carried out in HF solution using excess NZF4 at a pressure of about

one atmosphere, N2F3SbF6 can be obtained in quantitative yield and excellent




purity according to:

N,Fy + SHF, _MHF _solution _ NF 3SbF ¢
room temperature

Similarly, no difficulty was encountered in preparing a well defined 1:1
adduct between N2F4 and Ast. In this case, no solvent was required and the
yield was quantitative::

25°C :
N2F4 + Ast - > N2F3AsF6 !

According to a previous report3 by Young and Moy on the same system, the
averaged composition of their adduct was N2F4-1.33AsF5 and, in the presence
of HF as a solvent, the yield was only about 65%.

Boron trifluoride, which is a weaker Lewis acid than SbF5 and AsFS, does not
form a stable adduct with N2F4 at temperatures as low as -78°C. Our attempts
also failed to directly synthesize an NZFg salt derived from SnF4 by treatment
of a SnF4-HF suspension with N2F4. No N2F4 uptake occurred. This lack of
reactivity cannot be due to insufficient acid strength of SnF4 since metathesis
in HF yields stable N,F SnFs (see below). A more plausible explanation is that

2'3
N2F4 is not a strong enough Lewis base to depolymerize SnF4.

Since the direct synthesis of an adduct between N2F4 and SnF4 was not
possible, a metathetical reaction between N2F3SbF6 end CSZS"FG was carried
out in HF solution, The following reaction occurred:

HF solution
2NF.SbF, + Cs,SnF, -ME_SOlution _ oeoshr 1+ N F.SnFo + NF
223776 276 "_ggo¢ filtration SRR

The N2F3SnF5 salt is a white solid, stable at room temperature. It is considerably
more soluble in HF than CsSbFG, thus making the metathesis possible, Attempts

were unsuccessful to prepare (N2F3)ZSnF6 by modification of the above reaction
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conditions. This was somewhat unexpected in view of the fact that previously

no difficulty was encountered in the j “eparation of the analogous (NF4)25nF6
salt from NF4SbF6 and CSZS"FG under sinilar reaction conditions,” It should
be remembered, however, that the favorad reaction product from the displacement
reaction between NF4BF4 and SnF4 in HF was NF4SnF5 and not (NF4)ZSnF62 These
results indicate that the reaction chemistry of SnF4 and its anions in HF is
rather complex and hard to predict without exact knowledge of the corresponding
solvation and lattice energies of the possible products.

Vibrational Spectra. Figures 1-3 show the vibrational spectra of

N2F3SbF6, N2F3A5F6, and N2F3SnF5, respectively. The observed frequencies are

listed in Tables I and II, The vibrational spectra of SbF;, 5,6,11,12
AsF6T 5,11,13,14 and (San)z are well known and can be assigned without difficulty

(see Tables I and II), with the remaining bands being due to the NZF; cation.

The NZF; cation could possess either a planar structure of symmetry CS(I)
or a nonplanar structure of symmetry C] caused by

Fo F C +LF
N =N P

/ \

Foo. 7N
1) 11(C4)

significant contributions from resonance structure 1I. The assignments previously
made5 by Qureshi and Aubke for N2F3+ were based on symmetry C]’ although structure
Il is energetically considerably less favorable than I (one nitrogen possesses

only six valence electrons) and is in poor agreement with the published NMR data]‘2
which show hindered rotation around the N-N bond up to at least 120°C. Symmetry C]
had previously been chosen4 because the highest Raman frequency observed for either
solid N2F3AsF6 or N2F3Sb2F1] occurre?sagsabout 1310 cm'1. Since this frequency

is considerably Tower than expected ~*'~ for an N=N double bond, significant
contributions from II were assumed.5

As can be seen from Figures 1-3, the highest Raman band observed for all
three N2F3+ salts occurs at about 1520 cm'1, thus confirming the original assign-
ment' =3 of the strong 1520 em”! infrared ban¢ to the N=N double bond stretching

mode and eliminating the basis for Qureshi and Aubke's reassignment.5 The
RI/RD78-125
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previous failure to observe the 1520 cm'] Raman band can be explained by its
relatively Tow intensity and the low signal to noise ratio in the reported
spectrum.5

Having established the identity of the N=N stretching mode, we can now
proceed to test if the rest of the N2F3 spectrum is consistent with symme' ry
Cs' For N2F3 of C symmetry a total of 9 fundamenta] vibrations is expected
of which 6 belong to species A and 3 belong to A An approximate description
of these 9 modes is given in Table III. A1l 9 modes should be infrared and
Raman active, with a possible exception being the torsional mode Vg which 1is
expected to be of very low Raman intensity. The three A" modes should result

in depolarized Raman bands.

As can be seen from Table IIl, three NF stretching modes are expected,
all belonging to species A' and occurring in the frequency range 900-1300 cm'].
There are three very intense intrared bands in this region (see Figures 1 and
2), all of which have Raman counterparts. Of the three predicted NF stretching
modes, the symmetric NF2 stretch (va) is expected to have the highest Raman
intensity and the lowest depolarization ratio and, therefore, is assigned to
the band at about 925 cm']. The reverse should hold true for the antisymmetric
NFg1stretching mode Dé which, therefore, is assigned to the bar? at about 1310
cm , This leaves the assignment of the band at about 1127 cm = to the unique
NF stretching mode V3 the frequency of which is similar to that of the NF
stretch in N2F+ 17

For the assignment of the five deformation modes, the following five
frequencies are available; 671, 516, 497, 344, and 310 cm']. 0f these, the
516 and 310 cm'.I bands are clearly polarized in the Raman spectra and therefore
must represent the twe remaining A' modes. By comparison with the known
frequencies of the NFz]8 and CF219 radicals, the 516 cm'1 band is assigned to
the NF2 scissoring mode VS' leaving the 310 cm'] band for the unique FNN in plane

deformation mode V6'

Of the remaining three fundamental frequencies, the 671 and 497 cm" ones
exhibit reasonably intense depolarized Raman bands, whereas the 344 cm'.I one
has been observed only in one Raman spectrum (Figure 1, Trace B) as an extremely
weak band. In the infrared spectra, the 344 cm'1 fundamental is of medium
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intensity. These intensity relations identify the 344 cm-] band as the N=N

torsional mode, Of the two remaining frequencies, the 67) cm'] fundamental
is assigned to the antisymmetric and the 497 cm'] fundamental to the symmetric
FNNF2 out of plane deformation. This assignment is based on that20 of the

related C2F4 molecule,

Numerous combination bands were observed in the infrared spectra. Their
assignment is given in Table I and lends further support to the above assign-
ments for the fundamental frequencies.

In summary, the vibrational spectra of the NZF; ion are entirely consistent
with our predictions for a planar model of symmetry CS. A1l nine fundamentals
were observed, with 6 of them being polarized and 2 of them being depolarized
in the Raman spectra, As expected, the torsional mode is of very low Raman
intensity. The double bond character of the NN bond in NZF; is confirmed by
the high frequencies of the NN stretching and the torsional mode.

NMR Spectra. The ]gF NMR spectra of N2F3AsF6 and N2F3SbF6 were recorded
at 84.6 MHz in 502, BrF5, SbFs, and HF solution., The HF solvent was acidified
with either Ast or SbF5 to suppress exchange between the solvent and the
ca'c1'on.20’22 In HF, BrF5 and Sng solutions, exchange between the anions and
the solvent was observed, however in SO2 solution, separate signals were observed
for AsF6' at P 57 and SbF6' at @ 111 with the appropriate area ratios.

For N2F3+, a typical ABX pattern with an area ratio of 1:1:1 was observed
at about § - 127, -154, and -187, respectively. The chemical shifts of these
signals exhibited only 1ittle solvent and temperature dependence. Even at 150°C
(SbF5 solution), no averaging of the NF resonances was noticeable, indicating
strongly hindered rotation about the N-N axis, as expected for a N=N double
bond. These findings are in excellent agreement with the previous report by

Ruff for N2F3Sb2F1] in 502 solution and the melt.

Our low-temperature spectra (-70 to -90°C) in either BrF5 (see Figure 4)
or acidified HF solutions were much better resolved than those obtainable for
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the SO2 solution and thus permitted a more accurate determination of the three
coupling constants. The A signal consisted of a sharp doublet of doublets with
JAB = 317 Hz, JAX = 78 Hz, and a line width of about 8 Hz.. The B signal was

again a doublet of doublets with JAB = 317 Hz and JBx‘~78 Hz, but with
significantly broader lines (line width of about 60 Hz). The X signal was a sharp
1:2:1 (J=78 Hz)triplet indicating very similar values of JAx and JBX' Our
observed coupling constants significantly differ from those ( JAB = 379 Hz,

J Ax = 81 Hz, JBX = 45 Hz) previously reportedzfor a poorly resolved spectrum,

Assignment of ABX to the three fluorines in NZFg can be made based on the
following arguments. The two nitrogen atoms in Nng are not equivalent. The
one possessing only one fluorine ligand is centered in an electrically less
symmetric field thus making ]4N quadrupole relaxation more effective and causing
line broadening. Consequently, the broadened B signal is assigned to the
unique fluorine. Since for the related FN=NF, CF2=NF, and substituted
fluoroethylenes the cis coupling constants were found to be always significantly
smaller than the ;rgg§_ones,23 A (Jpg = 317 Hz) should be trans and X
(J BY 78 Hz) should be cis with respect to B. The resulting structure is shown
in Figure 4, The observed coupling constants are similar to those observed
for cis FN=NF (J = 99 Hz) and trans FN=NF (J = 322 Hz).23

X-Ray Powder Data. The x-ray powder patterns of N2F3A5F5 and N2F3SbF6 are
given as supplementary material. Young and Moy have reported3 the three
strongest lines for N2F3ASF6 and stated that the pattern can be indexed for a
cubic unit cell with a = 10.8 8. Although our data confirm the three previously
reported 11nes,3 our observed pattern cannot be indexed based on the previously
given unit cell dimensions. In view of the nonspherical geometry of NZF;, a

relatively small cubic unit cell would be very surprising for N2F3AsF6.

Acknowledgement, We are indebted to Drs. L. R. Grant and W. W. Wilson
for helpful discussions and to Mr. R. D. Wilson for experimental help. This
work was supported in part by the Office of Naval Research and the U. S. Army
Research Office.

Supplementary Material Available: Table IV, listing the observed x-ray
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powder diffraction patterns of N2F3AsF6 and N2F3SbF6 (1 page). Ordering
information is given on any current masthead page.
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Ass ignments for szi
in point group C¢

vity, (A') = 2829
vyt (A') = 2649
v, (A') = 2614
vyt (A') = 2447
vat2 vs(k') = 2339
vty (A') = 2232
vyt (A') = 2052
LPRAH (A"} = 1978
v, (A') = 1850
v3tw {A*) = 1798
vy twg (A') o 1643
vg *vg (A") = 1617
\TRAS (A") = 1596
v &)

vj + vg (A') = 1437

2v; (A') = 1342

vy (M)

vg * 2\;9 (A') = 1204
vg +vy (A%) = M8
vy (A')

2vg (A') = 1032

2vg (A') = 994

v, ()

vy (A*)

vg (A°)
vy (A7)
vg (A%)
ve (A°)

{a) Uncorrected Raman intensities

Table 1, Vibrational Spectra of IZFJASFS and NzFJSMG

Obsd freq, cu". and rel intens®

NzFastG llzfals '6
Solid WF Solution Solid
IR Raman Raman IR Raman
2825vw 2820vw
2647w 2643vw
2608vww 2605vvw
2443w 2440vw
2343vw 2340vw
222w 2223w
2050sh
1976w 1970w
1850vw 1846vw
1796vw 1795vw
1642vw 1639ww
1619sh 1617vvw
1599vvw 1596vvw
1522s 1522(0.1) 1522(0.1)p 1519¢ 1520(0.2)
1436m 1424(0+) 1435(0+) 1432m 1430(0+)
1390w
1343m 1340m
1310vs 1307(0.1) 1306(0.1)p 1307vs 1305(0.2)
1210w 1206w
1189w 1186w
N27vs 1124(0.4) 1127(0.6)p 1128w 1127(0.6)
1033vvw 1032vvw
998m 997(0,2) 1000(0.25)p 996m 997(0.3)
925s 924(3,2) 927(6.1)p 923s 925(4.7)
755mw 826mw
670vs 699vs
670(0.9) 671(0.8)dp 671(0.9)
656(10) 655(10)p 690(10)
620sh
582(0.4) §75(0.4)dp 581(1.3)
566(1.1) .
§15ms 514(0.8) 518(1.0)p 515ms 516(1.2)
497ms 496(0.5) 499(0.6)dp 496ms 497(1.1)
345n 348(0+) M3
310(0.5) 310(0.6)p 310(0.9)
290vs 392s
280(2.4) 280(2,3)dp 374(3.6)
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Assignments for MF_ in

Solution point group Oh
Raman
1524(0.2)p
vyt vy ()
1300(0.2)p
v vy (Fy* Fpy)
128(0.7)p
1001(0.3)p
929(5.9)p
by "'s (FN’ FZu)
w (Fiu)
671(0.8)dp
689(10)p )
vty (A0
575(0.4)dp v, (Eg)
516(0.9)p
498(0.5)dp *
10(1.0)p
A1 “Iu)
371(2.0)dp v (Fyg)
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Table II. Vibrational Spectra of Solid N2F3SnF5

1

Obsd freq. cm ', and rel intens Assignment
+
Ir Raman NoFq (CS) (SnF;)
n

1518s 1519(0.1) v](A')

1428m vy + ve (A*)

1341m 2v7(A')

1304vs 1304(0.1) vz(A')

1126vs 1127(0.5) v3(A')

986m 988(0.4) 2v8(A')

921vs 921(3.9) v4(A')
670(1.1) v7(A')

635 S,br f Stretching modes

610 604(10)
572(0.3)
512(2) vs(A')

450-450m,br 492(1) vS(A") Bridge stretching
310(0.8) vg(A')
228(1.3) . i
179(1.1) Deformation modes i
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Table III. Fundamental Frequencies (cm']) of NZF; and Their

Assignment in Point Group Cg
i
Frequency Assignment Approximate Description of Mode

1522 A 2 N=N stretch
‘ 1307 v, antisym, NF2 stretch
E 1127 V3 NF' stretch

925 Vq sym, NF2 stretch

516 Vg 6 sym NF2 in plane

310 Vg 8 FNNF2 in plane

671 A" vy & asym FNNF2 out of plane
: 497 Vg § -ym FNNF2 out of plane

344 Vg N=N torsion

RI/RD78-125
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Table IV. X-Ray Powder Data for N2F3ASF6 and N2F3SbF6

N2F3ASF6
d obsd Int
5.42 Vs
4,95 VW
4,70 W
4,47
4,05 w
3.75 W
3.40 Vs
2.99 W
2.868 VW
2.715 m
2.586 W
2.519 W
2.310 m
2.199 w
2.062 m
1.868 w
1.831 W
1.798 mw
1.727 w
1.696 w
1.668 W
1,606 w
1,587 w

(a) Cu K, radiation and Ni filter

RI/RD78-125
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N2F3SbF

d obsd

5.66
5.08
4,36
3.72
3.59
3.43
2,83
2.69
2,505
2.380
2,176
2.058
2.031
1.886
1.860
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Figure 1.

Figure 2,

Figure 3.

Diagram Captions

Vibrational spectra of N2F3SbF6. Trace A, infrared spectrum
of the solid as an AgBr disk. The broken line is due to
absorption by the window material. Traces B and C, Raman
spectrum of the solid recorded at two different recorder
voltages with spectral slitwidths of 3 and 8 cm'],
respectively. Traces D-H, Raman spectra of an HF solution
recorded at different recorder voltages and spectral slit-
widths (5 and 8 cm']) with incidident polarization parallel

and perpendicular (p and dp stand for polarized and depolarized

bands, respectively).

Vibrational spectra of N2F3ASF6. For explanation, see caption
of Figure 1.

Raman spectrum of solid N2F3SnFs recorded at two different
recorder voltages.

; 19 ! _7R°
Figure 4. F NMR spectrum of N2F3AsF6 in BrFs solution, recorded at ~78°C

and 84,6 MHz using CFC13 as external standard. The very broad
background signal is due to rapidly exchanging BrF5 and Ang.
The inserts show the A, B, and X signals, all recorded with
tenfold scale expansion, but with different recorder gain
settings.
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I. INTRODUCTION

This review 1s concerned wiﬁh the reactions of simple chlorine
containing compounds of the general composition XCl in which the chlorine
atom has electropositive character. The Xé- - C16+ polarization of the
XCl bonds arises from the combination of chlorine with a group of higher
electronegativity, The compounds included for review are ClF, Rf0Cl, SFSOCI;
CF300C1, SF500C1, ClOSOzF, ClOClOB, and C10N02. Except for chlorine mono-
fluoride and chlorine nitrate, these compounds have all been discovered
within the last fifteen years. Nevertheless during this relatively short
period an extensive reaction chemistry has developed involving both
inorganic and organic compounds. In particular, the incorporation of
positive chlorine species in fluorocarbons and their reactions with fluoro-
carbons are often unique. This review was written because this area of
investigation is most inteirasting and fruitful and since it has not

previously been reviewed.

By virtue of tha combination of chlorine with a highly electronegative
substituent, all of these materials are medium to strong oxidizing agents.
As a consequence of this, care in their handling and use is mandatory. On
the other hand, it is this enhanced reactivity which promotes and makes

interesting thelr reactions with the "inert" fluorocarbons.
II, CHLORINE MONOFLUORIDE

A. SYNTHESIS AND PROPERTIES

1
Chlorine monofluoride was first prepared in 1928 by Ruff and Ascher
by a thermal reaction of the elements. Because this reaction can be difficult
to control, the alternate method of Schmitz and Schumacher2 is commonly used

to obtain C1F,

. 4
Cl2 + Clr3 3C1F
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Recent detailled descriptions of this method are available for either
3
flow™ or static4 conditions as well as flow conditions for the reaction
5
of the elements.” The low m.p. (~156°C) and b.p. (~100°C) of C1F facilitate

its manipulation in vacuum systems and permit contact and mixing under

moderating effect of low temperature. Extensive reviews6-8 have been
published on the physical properties and general chemistry of ClF and i
other interhalogen fluorides.

Musgrave9 has described early reactions of halogen fluorides with
10-13

organic materials. Others have touched on the subject but have been

E more concerned with systems leading to the addition of the elements of XF

(X=Cl1, Br, I) to organic substrates. The reagents used in the latter reactions
Q are generally not the interhalogen fluorides themselves but rather mixtures

of X and F sources .such as N-halosuccinimide and HF, The reactions of Cl1F
surveyed in these monographs attest to its oxidizing character and vigorous

nature.

Based on the observed reaction chemistry and the common acceptance of

f fluorine as the most electronegative element, it was a consensus that the

| direction of the polarization in chlorine monofluoride is Cl6+ - F5”"
Recently, however, this concept was disputed by Ewing et all4 who, based
on Zeeman effect measurements, concluded that the sign of the electric
dipole in the molecule should be Clé_ - F6+. Shortly after this report,
Hartree-Fock calculation by Greene15 and ESCA results of Carroll and
Thomas16 were published which supported the classical electropositive chlorine
concept for CLF, At about the same time, some of the original authors of
the Zeeman investigation reexamined17 their results. While no error in
the experimental data was found it was concluded that the marginal nature
of the Zeeman dipole measurements was insufficient to prove the direction
of the dipole, and that the measurement should be repeated under higher
resolution conditions. The ESCA experiments fulfill this need #nd it is
safe to say that the polarity in CLF is as expected. The reactions of
CLF with fluorocarbons, which reflect this polarity, are divided by type and

summarized in the following paragraphs.
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B. CHLORINATION

Reactions of C1F which have most often been used to attain chlorination
of a substrate are those involving alkali metal salts, ~OH, and -CH
functions. In the case of salts the formation of the alkali metal fluoride

provides an effective driving force for the reaction. This method

provided the first synthesis of the perfluoroalkyl hypochlorites CF3OCl]'8
19
and (CF3)3C0C1 .
Q
KOCF, + CIF 218 C_ kF 4 CF40C1

Assurance that only the salt and not its decomposition products COF2 and
KF reacted, was achieved by conducting the above reaction at a temperature

of -78°C at which no decomposition of the KOCF, starting material is

3
possible. The class of Rf001 compounds, which are themselves positive

chlorine species, will be discussed in detail later.

Cesium salts obtained as by=-products in fluorocarbon ester reactions

were identified bv treatment with C1F20.

CF,C1 8
CF3CH6CS + C1F » CF3C F2Cl + HC1 + CsF

9
(CF3)3cocs + C1F ~» CF3CCF3 + CF,Cl + CsF

Here one would have expected an alkyl hypochlorite to form. That it was

not observed miqht be due to lack of controlled reaction conditions

causing decomposition of the hypochlorites to the products shown. A !

simple chlorination was noted20 for the trifluoromethyvl sulfinate salt.

3 CF,s0

3 2Cs + CI1F - CF3502C1 + CsF

Another effective driving force resulting in chlorination is the formation

of HF. Several -OH compounds have thereby been converted to the

2
corresponding hypochlorites O.
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[+]
ROH + C1F 22_S Rrocl + KF

R = (CF3)3C-, (CF,) ,CH-, (CF3)2CCH3-, CF,CH,~

However, perfluoropinacol gave only degradation products while t-butyl
alcohol reacted explosively. From the successful cases it was concluded
that one CF3 group in the o position is all that is necessary to allow
preparation of the hypochlorite from the alcohol. Peroxy hydrogens can

also be substituted by chlorine using ClF21.

(]
CF,00H + CIF ._lllll.CF3ooc1 + HF
No 0-0 bond cleavage was observed and thus no CF30C1 formed. The reported
stability of the compound at 25° has not been experienced by others
although it is sufficiently stable to be synthetically useful as will be
shown later. Quite recently DesMarteau23 has utilized this reaction path

to prepare and isolate for the first time, perfluoroacyl hypochlorites.

low T .
RfCOZH + CI1F RfCOZCl + HF

Rf = CF3,C3F7
As expected the compounds have low thermal stability. In addition they

are explosive, Displacement of hydrogen from carbon need not occur 1if a
more reactive site is available in the substrate as in the case of the
alcohols described above. Lacking the presence of a more reactive group,

however, stepwise substitution of H by Cl can occur ..

CF3SCH2CHZSCF3 + C1F -~ CF3SCHClCHZSCF3+CF3SCCIZCHZSCF3 + HF
In this relatively uncontrolled experiment, one and two chlorines were
substituted onto the same carbon indicating a preferential reactivity.
This specificity is further demonstrated by the fact that the sulfur is
not affected even though sulfur is often attacked and oxidized by C1F in

similar compoundsza. Aromatic hydrocarbons have been studied by Gambaretto
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and Napolis. Using stoichiometric quantities. monochloro substitution
products were obtained in all cases with yields ranging from 60-80%.

Benzene gave chlorobenzene, and toluene produced 2-and 4-chlorotoluene

in a 2:1 ratio. Styrene reacted primarily via C1F addition to the olefin
side chain, but this was succeeded by limited substitution in the para
position only, These aromatic chlorinations are indicative of a directed
electrophilic attack. In these instances as in others, carefully

selected reaction conditions, such as solvents, diluents, and low
temperature, resulted in controlled specific chlorine substitution reactions,
Furthermore, in all the preceding examples C1lF reacted exclusively as a

positive chlorine material.

C. FLUORINATION

1. Non-oxidative Fluorination
Relatively few cases have been reported in which C1lF acts simply as a
fluorine substituting agent. One process involving fluorination as a

25
significant pathway is the conversion of cyanuric chloride to the fluoride™ ",

F
2
/Cl\ N//F\N Clr\/\'N('ll

T | | + K F
F F 2

C1

I 11

Pure C1F produced 43% I and 177 I1I1,while pure ClF3 gave only I but in the
same yield, Presumably the nitrogen line pairs increase the negative
character of the ring chlorine thus facilitating its combination with
Cl‘S+ and replacement with fluorine. Perhaps a more plausible explanation
for the above reaction is the stepwise addition of ClF across a C=N
double bond, followed by Cl2 elimination. Product II could then be
obtained from I by a repeated C1F addition. The analogous reactions were

observed for the addition of C1F to nitriles (see Sec. 11,D0,1.).
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Although not exclusively a fluorination process, the action of C1lF on

tetrachlorobutadiene has been shown26 to be partially of that nature,

F
ClCH=CClOC1?CHCl-—El*-CICFZCFCICFCICFZCl 15% I

ClZCFCFCICFCICFCl2 25% II

C4F5C15 50% III
Most probably C1lF addition to the double bonds occurred, followed by HF
or HCl elimination, followed by further ClF addition. As a net result,
fluorination, chlorination, and chlorofluorination all occurred, but
the former was dominant., For comparison, ClF3 gave similar products but
the amounts of II and II] were reversed as would be anticipated in view of
its higher fluorine values. The displacement of chlorine from fluoroalkyl

chlorosulfites to furnish the fluorosulfite has been reported27.

RfOECI + ClF——*-REOgF + Cl2

Rf = CF3CH2-, (CF3)2CH-, (CF3)2CCH3-
This halogen exchange could not be effected by NaF or KF even at 120°c,
Side reactions were not encountered and the fluoroalkyl fluorosulfites
were found to have very good thermal stability. All of the foregoing

reactions are examples for the replacement of chlorine by fluorine.

2, Oxidative Fluorination

During studies on lower valent sulfur and nitrogen containing
fluorocarbons, Shreeve and coworkers have made very skillful use of C1F
reactions. Some of their early work has been summarizedzs. Basically,
it has been shown that C1F is capable of effecting stepwise oxidation of
S(I1) to S(IV) and S(VI) without large amounts of C-S bond cleavage. Generally,
this is achieved through careful reaction temperature control, but

sometimes the nature of substituents on sulfur is the dominant factor in
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determining the final oxidation state of sulfur in the product. Although
these are multistep fluorination reactions and probably involve intermediate
S~Cl moieties, these have not been observed until the S (VI) stage is attained

as in RfSF4C1.

The first report29 of this kind of fluorination used a -78°C reaction

temperature which resulted in exclusive conversion of S(II) to S(IV).

1 '
RfSRt + 2C1F - RfSFzRf

= - ' = -— - -
Rf = CF3 Rf CF3 » CFSCF2 s CF3CF20F2

Yields were greater than 90% and no C~S bond breakage was noted. In
contrast, when conventional fluorinating agents (Ang, CoF3, F2) were
employed, only C-S scission and degradation products were obtained. The
use of C1F at higher temperatures resulted in additional oxidation30’31
furnishing S(VI).derivatives, However, these reactions were now accompanied

by significant amounts of C-S bond cleavage.

CF3SCF3 + C1F ~» CF3SF6CF3 (48%) + CF

3SF4C1 (25%)

CF_SCF,CF, + CI1F » CF_SF,CF CF3 (13%) + CF

3SCF,CF, 35F ,CF, SFaCI (13%)

3

CF3CFZSF(‘C1 (31%)

Interestingly, these S(VI) compounds with pseudooctahedral geometry were

found by nmr to be mixtures of cis and trans isomers. These reactions

yielded the first examples of the cis isomers since previously published
electrochemical methods32 provide only the trans isomer. Also, if the

substrate for the C1F reaction does not belong to the RfSRf type but has
one Rf replaced by -Cl, =-SCF i or R33’34

isomer is formed.

3 then again only the trans
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RfSCI + C1F - RfSF4C1 (55%)

Rg = CFy=, C,Fy=, u-C,F,~, n=C Fo-

RfSSRf + C1F ~» RfSF4C1 (25-75%)

Rf = CFj; CZFS—

CF3SR + C1F ~» CF3SF4R (70%)

CF3SCHZSCF3 + C1F ~» CF3SFqCHZSF4CF3 (30%) + CF3SFACH2F (15%)

For the Rfscl and RfSSRf cases there were observed varying amounts of RfSF5

products formed by the displacement of Cl by F in RfSF4C1. While in the

RfSRf—-ClF reaction the intermediate S(IV) products could be isolated, RfSR and
C1F were found to give hexavalent sulfur only, even at low temperature and

with less than stoichiometric amounts of C1F., Thus the presence of the

alkyl group promotes considerably the case of oxidation of the sulfur

central atom by this electrophilic reagent., Somewhat at variance with these
24

results are the findings of Haran and Sharp™ that are shown by the equation.
CF ,CF F_CF3
¥y 3 25°C Ty
CF3SCF?_CFCFCF250F3 + C1F -———._-.CF3SF?_CF2CFCFCFZSF2CF3

Both sulfur atoms were oxidized but only to S(IV) despite excess quantities
of Cl1F being present. In addition, the reluctance of the sulfur to
participate in this reaction is reflected by the fact that 75% of the
starting material remained unreacted. Apparently there is an increasing
tendency to resist oxidation as the bulkiness of the fluoroalkyl part of
the molecule increases. More examples are needed to verify this trend.

Cyclic perfluoroalkyl sulfides are alsc capable of stepwise oxidative

fluorination with chlorine monofluoride35.
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(63%) (74%)

Again only temperature control is required to produce either a S(IV) fluoride

or a S(VI) fluoride in good yield. Similar results were obtained for the room

temperatur; reaction of perfluoro -1,3 - dithietane and perfluoro -1,4 -
5

dithietane™ ", |
S K
F.C /\CF + C1lF -— e F c//SFb\ CF (40%)
2 \S// 2 2~ 2
SF,, :
1
SF
\ 4
cm/ CF, cm/ \CF2
' , + CIF —- | | (32%)
F.C CF
F.C CF. 2 2
2 2
\S/ \sr‘a/

Unfortunately no low temperature experiments were carried out with the
dithietanes, but it is to be expected that at lower temperature the

sulfur IV fluoride analogous of these compounds could be prepared. Once
more,it should be noted that in all the fluorination reactions examined

" involving cyclic or acyclic disulfides, the only products 1solated were
those in which both sulfur atoms are in the same oxidation state, S(IV) or
S(VI).This is characteristic for C1F since other oxidizing agents are
capable of forming molecules containing sulfur in two different oxidation
states. In particular, m~chloroperbenzoic acid has exhibited selectivity
in its oxidizing action34.
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25°C |

CF,SCH,SCF, + 2 CIC(H,COH ~=2.° _ CF,SCH,S(0)CF,(997)
I
CF.SCH.SCF. + excess I —25C_ CF.SCH.S(0)CF.(80%) + CF.SCH.SO.CF.(20%)
3SCH,SCFy +, 35CH, 3 35CH,50,CF

Of the available sulfur atoms only one reacts giving a sulfoxide or a
sulfone, This reagent does not oxidize bis-perfluoroalkyl sulfides.
Sulfoxides are susceptible to oxidative fluroination and several examples

have been reported35’36.

2
rc” \\\CF + ciF _~18%¢ _ F.C— ~CF (94%)
2j | 2 2] [ 2
: F,C —CF, F,C CF,
R gR' + cir 18 _ & gf R (75-82%)
e8¢ £95 o ¢
3
= - -— ! = - -
R, = CF,=, C,F, Ry = CF,=, C,F,

Obviously, the fluorination of the sulfoxides is a very facile process as

i . reflected by the low temperature conditions employed and the high yields

; realized. In fact, higher temperatures lead to C-S bond breaking. It

% appears that doubly bonded oxygen on sulfur compared to two fluorines emhances
: appreciably the oxidation from S(IV) to S(VI) by providing increased electron
% density at the sulfur. This parallels the results for electron donating

i alkyl substituents on Sulfur34.

The identification and characterization of the various sulfur I1I, IV, and

VI fluorides and oxyfluorides 1is generally quite precise.

This is due to the 19F nmr chemical shifts characteristic for the various
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species containing sulfur in different oxidation states. The application

of this important tool to these systems has been summarized by Shreeve28.
A final instance of oxidative fluorination of fluorocarbons via ClF has

been described for chloro(hexafluoroisopropylidenimine)sulfur(II) and
) 37

(CF3)ZC=NSC1 + C1F '
\_780(: 4
- (CFB)ZCFN=SF2 ]
— //////;;°C
M=
[(CF3)2, NS.

bis(hexafluoroisopropylidenimino)disulfide

+ CIF

In each case sulfur II is oxidized to sulfur IV fluoride by what is
effectively a 1, 3 addition of fluorine accompanied by a double bond
shift and the cleavage of either an S-Cl or S-S linkage. Many other

fluorinating agents (e.g. NF_ 0, AgF,_, CsF, but not KF) also gave the

3
same fluorination product from the corresponding sulfenyl chloride. Once
more, electron donating groups bonded to sulfur are seen to promote

oxidative fluorination,

D. CHLOROFLUORINATION

1. Addition

Saturation of multiple bonds by the addition of C1lF represents
the most common usage of ClF. Usable multiple bond systems
include: ¢=C, C=0, C=S, S=N, C=N, and C=N. Some of these reactions
require catalysis but most do not. Normally a directed polar addition

occurs in high yield but exceptions to this rule are also known. In

_ this section we will be concerned only with simple additions, Systems

that also undergo fluorination or extensive bond cleavage will be
discussed separately. The use of solvents and cooling permits good
conversion of ethylene derivatives to the corresponding ClF adducts without

attack o» hydrogens.
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C1F

C1CH=CH, — T~ CIFCHCH,CL (72%)
C1CH=CHCL, ~——————  CIFCHCHCL, ' (75%)
¢CH=CH2 ¢FCHCH2C1 (80%)

Markovnikov addition was observed in each case. With butadiene a variety
of chlorine fluoride additions ensued5 attributed to a 1,2 Markovnikov
addition as a first step followed by an only partially directed second
addition,

C1F

CH2=CHCH-CH2 —_— ClCHZCHFCH=CH2

CIF ClCHZCHFCHCICHZF (69%)

+

ClCHZCHFCHFCHZCl (31%)

The intermediate is an allylic type olefin and reactions of other allyl

substrates were shown also to give mixed Markovnikov and anti-Markovnikov
C1F addition products. Calculated electronegativity values for R in the
RCH=CH,, compounds were used by Gambaretto and Napoli to explain the

2

various observed proportions of the different adducts. Boguslovskaya, et a138

also carried out a study of ClF additions to R-allyl type compounds, correlating

the nature of R- with the direction of addition. 1In all cases mixed adducts

P were found but in varying amounts. Moldavskii et a139, as part of a study on
perfluoropropene reactivity, showed that ClF forms exclusively i-C3F701,

F the Markovnikov predicted product in greater than 907 yield. Thus with

the exception of allylic precursors, the reported C1F additions are overwhelningly

directed electrophilic additions.

Carbonyl groups are not affected by C1F alone, However, in the

presence of Lewis bases, such as CsF, they are attacked readily to

generate fluorocarbon hypochlorites.
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CsF

|
F~COC1

Ne=
2C=0 + CIF — :
<-20°C
This mode of addition was discovered at nearly the same time by three
group518’4o_42: The French workers' efforts42 were limited to CF_0OCl

3
which was first found by them as a secondary product in the reaction
of COF_, and C1F., on alumina. Compounds prepared by the base catalysisle’l'o’41

2 3
were: CF,0Cl, C,F.OC1, i-C4F,0CL, CICF,CF(CF,)0C1, and Cl0(CF,),0Cl.

3 2F50CL, 1-C5F,
The intermediacy of Rfo species is established in these systems and is
wholly analogous to the preceding discovery43 of base catalyzed fluorination

of carbonyls to give R_OF products. The induced polarity of the C=0

bond together with theffixed dipole of C1F allows only a directed addition
to give Fé—OCZA In fact, the same net addition was also reported by Fox
and coworkers  when strong Lewis acids, such as HF,BFB, or Ast, were
present. It was postulated that acid catalysis promoted hypochlorite
formation through interaction of the acid with C1lF thereby increasing the
ClF polarity and reactivity toward carbonyl groups. However, polarization
of the carbony] bond according to 6+c-ﬁ%;AsF5 cannot be ruled out as an
alternative explanation. The interesting chemistry of these hypochlorites

will be discussed later.

Thiocarbonyl groups would appear to be ideal candidates for additions
of Cl1F. However, only one report of such interaction has appearedas,

the reported reactions being:

3

FCN=C=S + C1F —— ClSCF2N=C=S

! + C1F C1SCF ,SCF

FCSCF3 2 3
y

CF3SCSCF3 + ClF'—-————-C1CF(SCF3)2

Catalysts were not required to convert the thiocarbonyl to a sulfenyl

chloride. Also, sulfide links and other unsaturation in the starting
I

materials were unaffected by the ClF, Polar additions of ClF to ¥=N

46
bonds have been studied by Yu and Shreeve .
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CF3SF3=NCF3 + ClF——*-CF3SF4N01CF3
Cesium fluoride may be used to promote this addition, but is not
essential. When the double bond involves tetravalent sulfur and nitrogen,
C1F causes cleavage (see below). Numerous compounds containing C=N
linkages have been investigated with respect to ClF additions. Without |
exception, these additions are polar and result in saturation of the C=N

bond without its rupture. For example, fluorinated isocyanates react ;

as shown47: 1

RfN=C=O + ClF-——'-RfNClCFO (60-90%)

R =CF 4=, CF;C0-, FCO0-,C1-

These products are generated at room temperature or below and have

typical chloramine reactivity, i.e. with HCl, chlorine is eliminated

and the amine formed. Other positive chlorine species,such as C120 and

CF30C1, are unreactive toward the isocyanates.

Fluorocarbon imines have been extensively studied by Shreeve and
20,51 .11 add

coworkers, Acyliminesas, haloiminesag, and alkylimines

C1F without C-N bond cleavage.

~789°
+ CIF 78°¢

Rf2N=C(CF ngNClCF(CFB)2 (75-99%)

3)2

R =CF,~,C,F -

[+]
xv=cR R + C1F=20C_xNCICFR'R  (60-80%)

[
R=CF,=,CL,F R’=CF3—,01,F X=C1,F,-N=CRR
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The directed polar additions found do not usually require the presence
of a catalyst, such as CsF, to take place unless the imino carbon is
peralkylated. Then a catalyst may be necessary. If the product
chloroamine also has a chlorine bound to the adjacent carbon it can be
dechlorinated readil& to give a new imine.

-C1

CIF _ 2 CLF
CICF=NF—2" o N — % e CF.=NF —CL¥ _ -
C1CF NFC1 CF,=NF CF3NFc1;fC, c1,

Typical alkylimine systems are shown in the equation.

RN=CR'R* + CIF RNC1CFRR" (70-95%)

R=CF3-,(CF3)2CF— R =CF_-,F- R =CF_-

46 . . .
An example of an imine which even under stringent conditions does not
react without a catalyst with C1F is illustrated.

70°\.10 hr. CsF

CF_SF N=CFCF + ClF ——— .« CF_SF,NC1CF,,CF

(100%)

It is also noteworthy that the SFQ—N bond is retaingi under these
conditions while certain SFa—C or SFa—Cl substrates are subject to
significant fluorinative cleavage under milder conditions. Previously,
the simultaneous fluorination and chlorofluorination of cyanuric chloride
with ClF25 had been described. More recently, it has been demonstrated52

that cyanuric fluoride is an excellent precursor to the same chlorofluor-

ination product.

(FCN)3 + 3C1F ——— (F CNCl)3 (90%)

2
Quite unexpectedly this triazacyclohexane was found to serve as a mild
fluorinating agent in several cases, being reduced to (FCN)3 and C12.

It is very rare that C-F bonds function as active fluorine sources.
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In addition to the many C=N additions cited ahove it is also well

established that nitriies can add ClFSB.

+ N < ~76%
RfCN 2CLE RfLFZNCl2 (65-76%)

R =CF,=, C,F-, CICF

£ -CF .-

27 2

These additions were carried out in the temperature range of 0 to -78°C

and no mono C1lF adduct could be detected,even when less than a stoichiometric
amount of C1lF was used. This is caused by the fact that this intermediate
imine, -CF=NCl, is more reactive toward ClF than the nitrile itself.

Cyanogen chloride behaves similarly, but the chloroamine spontaneocusly

dechlorinatessa.
CLF 25°C, slow
CICN —— = ClCFzNCl2 m—’ C12 + CF2=NC1

In contrast to this is the thermolysis53 of the RfNCI2 compounds which
require a higher temperature, 200°C, and results in the formation of the
azo compounds RfN-NRf.

2. Addition and Fluorination

In the addition reactions of C1F occasionally fluorination was
also observed and could not be precluded. These limited cases generally

51
involve imino type unsaturation .,

no\_Csk . CsF F(CF
R N CF3CC12N—C(CF3)2 + CIF —~— CF3CF2NC1C ( 3)2

Th'  product is the result of a series of CIF additions and Cl2 eliminations
promoted by CsF. One of the corresponding intermediates has been isolated

t..r the related imine,
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ClF .
no CsF 3

CF CC1=NCF(CF3)2

3 —« CF_CF=NCF(CF

3)2

C1F CF,CF_NC1CF(CF

CF CCl=NCF(CF3)2 CaF 4CFy

3 3)2

Thus the ability to lose Cl2 from >CCl—NCl— groups plays a dominant role

in these cases. Less easily explained is the following azine-Cl1F reactionag.

N ___CIF ~
(CF3)2C N N—C(CF3)2 0 CoF (CF3)ZCFN—NCC1(CF3)2

3

=NeN= CIF__ ¢ - i

(CF3)2C N=-N C(CF3)2 OoF ,CFB)ZCFN NCCl(CF3)2 i

+

(CF3)2CFN=NCF(CF3)2

Without CsF, a l,4-chlorine fluoride addition occurs whereas with CsF

a displacement of Cl by F is also encountered. The yield of the

latter reaction varied but could not be completely suppressed, Furthermore,
CsF and C1F could not be made to give the fluorinated products using the

1,4~ CIF adduct as a starting material.

3. Cleavage of Bonds
While the preceding C1F addition schemes involved little or no bond
breaking, there are numerous systems in which bond cleavage is the main

result of the action of ClF, For example, treatment of KSCN at -30°C

5
glves a variety of products, but none of these retains an S-C bond 5.

CF_N=NCF

KSCN + C1F ——SF_C1, CF 6’ 3 3

5 NClz, SF

3

56,57
In like manner, sulfinyl amines do not generate any N-S derivatives™ *7 ',
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RN=S=0 + ClF-—-—RNCl2 + SOF2

R=CF3, FSO5

When CINSO is subjected to ClF, nitrogen trichloride is a likely intermediate,

although it was not isolatedsa.

cinso —XF w1, + sor —=1.5CL, + 0.5N

3 2 2

It was always observed that S(IV)-N bonds did not survive the action of

ClF, This also appears to hold true for iminosulfur difluoridesss.

R.N=SF_ + C1F - RfNCI2 + SF

£ 2 4

3F7—, FZSNCFZCFZ—

Rf=FCO—, CF3C0-, CF3-, i-C
Efforts failed to isolate a mono adduct retaining the N-S linkage.

In the discussion of sulfide-ClF reactions, the important bond

cleavage reactions of R_SSR_ and R_SR_ have been mentioned. Sulfinyl

f f f7f
esters show at least two different bond breaking pathsqu
g 0
N
(CF3)2CHOSCF3 + C1F-—(CF3)ZCHOSF + CF301
and 0 0
- 1"
—_— + SF
(CFB)ZC(CH3)OSCF3 + CI1F (CF3)ZC(CH3)OCl CF3

Because this particular process was not studied in much detail, it is not
possible to define the conditions favoring either an S-0 bond breakage to
furnish an hypochlorite or an S~C bond fission to produce a sulfinyl fluoride.
A synthetically useful C-~0 cleavage reaction brought about by C1F was

2
reported for fluorocarbonyl trifluormethyl peroxide““,
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CF.00CF + CIF QFB—F COF, + CF,00C1  (88%)

3 -7 3

This procedure simplifies the synthesis of CF_00Cl by elimination of
3OOCFO to

CF,00H. [

3
the previously required intermediate step of hydrolyzing CF

3

4, Summary

It is evident from the above discussion that C1F has recently been
successfully exploited in a variety of flyorocarbon reactions. The

high reactivity of C1F under a wide range of conditions generally results

in good to excellent yields of specific products. Quite often these are
unattainable by other means. It is likely that similar judicious
applications of C1F to other yet unexplored cases will provide interesting

and useful results,

!
III.RfOC1/SF50C1

The close relationship between the fluorocarbon hypochlorites and

pentafluorosulfur hypochlorite permits a joint discussion of their chemistry.

A, SYNTHESES AND PROPERTIES

The earliest reported syntheses of R

f
additions to carbonyl functionslB’Al. Although not widely tested,

0Cl were base catalyzed C1F

0120 was also used as a positive chlorine source to prepare the tri-

fluoromethyl derivativeAI.

coF, + ¢1,0 —3F _ cr_oc1 + [ csoc1] |
2 2 ° 3
-20°C
The base catalyzed chlorofluorination process was also applied to thionyl ?
tetrafluoride.41’59 ]
SOF, + CLF - CsF _ SF0C1 |
~-20°C ;

.y 60
This 1s directly related to Ruff and Lustig's fluorination procedure

for the synthesis of SF_.OF, Soon after the original reports, acid

> 44
catalysis was shown to be effective in this hypochlorite formation .
Subsequently, the reaction of Cl1F and certain alcohols opened yet

19
another route to fluorocarbon hypochlorites™ . All of these Rf0C1
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syntheses have been described in the precediny C1F reactions sections.
Fluorocarbon hypochlorites and SFSOCI are colorless liquids and gases.
Volatility is related to molecular weight and is consistent with

3OCl has a b,.p. of

-46°C and SF5OCI has a b.p. of 9°C. The thermal stability of the
simpler compounds decreases rapidly from that of CF30C1 in the following
order: CF30C1>>CZFSOCI>i—C3F7OCl"’SF50C1. When an a fluorine is not
present as in the ROH derived hypochloriteslg, (CF3)3C001,CH3C(CF3)20C1,

(CF3)2CHOC1, etc.; then they are reported to be stable to at least

typical covalent fluorocarbons. For example, CF

Q
80 C. The hypochlorites are all susceptible to hydrolysis which is one
of the major problems in utilizing them.

B. REACTIONS

1. General
The RfOC1 and SF5001 chemistry encompasses both radical and polar
reactions, As part of the characterization of these compounds, the

influence of UV photolysis was examined.

hv
2 CF30C1 —_— CF3OOCF3 + C12

hv
2 SF50C1-—————— SFSOOSF5 + Cl2

The high yields (90%)18’61

them useful for preparing these compounds. For CF30C1 the photolysis

has been studied under matrix conditionséz. Longer chain RfOCI with

of these peroxide forming processes render

o fluorines give only degradation products attributed to rapid
decomposition of the RfCF20 radicals. When the alkoxy radicals are
stabilized by some special structural feature, then again peroxides

can be obtained via photolysis63.
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hv

CH3C(CF3)2001 ——;;;;E;“__’ CH3C(CF3)200C(CF3)2CH3 (90%)
(CF..) .cocl -78°C (CF.).CO0C(CF.).  (30%)
3’3 hv, quartz 373 33 :

Other radical combinations are also known,ls’59 e.g. with NF_ to produce

2
CF30NF2 and SFSONF2° A reaction directly associated with the positive
chlorine nature of the hypochlorites is the increased tendency to

combine with negative chlorine, Seppelt has exploited this property as

illustrated64’65.
~120°C
CF30C1 + HC1 —aolv. CF30H + C12
-95°C
SF5001 + HCl @ . SFSOH + Cl2

Trifluoromethyl alcohol is the first example of an isolated primary perfluoro-
alcohol which have always been considered as nonexistent owing to their

ready loss of HF, The thermal stability of CF30H is greater than that of
SFSOH (dec. at -20° vs. -60°C) even though the former's decomposition is
thermodynamically more favored. This has been explained in terms of the

longer intramolecular H.-- F distances in CF3OH compared to that in SFSOH.

2, Oxidation
Spontaneous insertion of carbon monoxide into the OCl bond of these

hypochlorites occurs in a near quantitative manner66. This is formally

an oxidation of the carbon.

~-20° "
RLOCL + €O —— 20°C R 0CCL

Rf-CF3—,CZFS—,i—C3F7—,SF5—,(CF3)3C-,(CF3)ZCH-,etc.
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Hypofluorites undergo this reaction only with activation, while the best
known alkyl hypochlorite, (CH3)3COCI, does not react with CO to 80°C
Fluorocarbon hypochlorites add directly to SO2 at room temperature or
below19’66. Excellent yields of the corresponding chlorosulfate are

obtained by inserting the sulfur of the SO2 molecule into the 0C1l bond.

Rf0C1 + SO

2 RfOSOZCI

) CF_CH

Rf=CF3—,i—C3F7-,(CF3)3C—,(CF3)ZCH—,CH3C(CF g™ sCF4CH,=

3

This represents a formal oxidation of S(IV) to S(VI). Under the influence of

UV light CF30C1 has been found to oxidize bis(trifluoromethyl)sulfide
and tetrafluoro-—l,3-—dithietane67.

uv
CF38CF3 + CF40C1 30 he. (CF3)25(0CF3)2

F,.C CF + CF_0Cl F
2 2 3 2
\\\s///

S(OCF3)2

S S(OCF )
VRN SN
——————»cm C

However, the duration of the described experiment seems incompatible with
CF30C1 being the active agent in this oxidation of S(II) to S(IV). Thus,
CF30C1 under UV irradiation decomposes rapidly to CFBOOCF3 and Clz.
Therefore, unless the oxidation of S(II) to S(IV) occurs quickly it would
appear that CF300CF3 alone, or assisted by C12, must be the oxidizing

agent.

3. Addition
The addition of RfOCl to olefins has been investigated by several

groups39’68’69. Rapid reaction was generally noted.
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R OC—?Cl |

/
R_OCL + ;C=C\ £

f

PRUR P TRy SIS

Rg=CF = Olefin = CF,=CF,, CH,=CH,, CF,=CFCl, CH,=CHC1, CF,=CH,,CF,CF=CF,,

CF,0CH=CH,, CFCl=CFCl ﬁ
Rg=i~C,F,~  Olefin = CF,=CF, |
R.=(CF,),C- Olefin = CF,=CF,, CH,=CH, ]
R =SF~ Olefin = CF,=CF,, CH,=CH,

Except for CF,=CFCl, CF3CF-CF2, and CF_OCH=CH,_, one product only was formed

2 3 2
in these directed additions. That product was the one predicted on the

basis of the chlorine from RfOCl adding to the most electronegative
carbon of the C=C bond. Where total direction was not possible the ratio H

of isomers obtained (if reported) was:

6 CF3OCFCICF201 5 CF30CF2CFC12

and i

7 CF3OCF2CFCICF3 + 3 ClCFZCF(OCF3)CF3

If the addition was allowed to proceed without moderation, some evidence for

fOCl is capable of
inducing radical chain processes. The high yields (90%) and facile,yet

dimers and oils was noted68, thus indicating that R

controllable reactions experienced with these systems are contrary to

those found for similar CF30F70 and SFSOF71 additions which are extremely
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difficult to control. As would be expected the fluorocarbon ether products,

especially the perhalofluorinated ones have outstanding thermal stability69.

Additional 1:1 adducts of olefins and both CF 0C1 and SF 0C1 have been made
and a comparison of their properties is being conducted . Because of
their desirable properties, these adducts should be a fertile area for
CF=CFCF, failed to

3 3

react along with the butyne, CF3c=CCF3. One additional report on the

addition of CF3OCI to a double bond has appeared73.

investigation. Of all the olefins examined69,on1y CF

F R ———
C,FN=CE, + CF,0C1 [c FNCICF,0CF, ] C,F NCICF, + COF,

Decomposition of the adduct is surprising, By way of comparison, CF30F
participates in this reaction only at 250°C and then only to form the

fluorinated product, CZFSNFCF3

Iv, CF300C1/SF500C1

A, SYNTHESES AND PROPERTIES

Chloroperoxytrifluoromethane has been prepared by two methods.

- o
CF,00H + CIF L e s CF,00C1  (95%)
0 -78°C
CF300CF + C1F “E;?T*“ C0F2 + CF300C1 (88%)

The former method21 was used for the original synthesis of the compound
and gives a purer product, The second route22 presumably proceeds via
formation of CF OOCF20C1 which decomposes eliminating COF2 to furnish

3
CF300C1. Some dispute as to the stability of this pale yellow liquid
(b.p. -20°) has arisen. While Ratcliffe, et al., claimed that the compound was
stable for prolonged periods at 25°C, Walker and DesMarteau reported only

a few hours half life at that temperature. Recently, the molecular
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structures of CF300C1 and the related CFjOOH and CF300F have been

determined using gas phase electron diffraction’ . For the chloro
compound, steric CFj-——— Cl interactions occur giving rise to two distinct
conformers. The synthesis of SFSOOCl was accomplished75 by reactions

analogous to those cited above for CF_00Cl, The starting materials have
76 7
and SFSOOCFO « Pentafluorosulfur peroxyhypochlorite

was obtained in 70% yield from the hydroperoxide and 90% yield from the

been reported; SFSOOH

fluoroacylperoxide., It is a straw yellow liquid with an extrapolated
boiling point of 26.4°C but is decomposes rapidly at 22°C.

B. REACTIONS

The primary reaction mode of these RfOOCI compounds is the rupture of

the terminal hypochlorite bond. Both CF300C122 and SFSOOCl78 add readily
to olefins below 0°C to form peroxides.
\ , L
REOOCl +  ,C=C\ Rf00$—?Cl
R _=CF_- - 4 n=
¢=CF 3=, SF, Olefin=C,H,, C,F,, C,F.Cl, CF,CH,, CF,CCL,,

CFHCHC1, cis-CFHCFH

Yields vary and are usually higher for the CF,~ compound. Normally,where

isomers are possible, only one product is foried in agreement with a
directed, electrophilic addition. Smaller quantities of RfO ethers are
also obtained. The RfO ether products are believed78 to arise from
reaction of RfOCl, a decomposition product of RfOOCl, with the olefins.

The fluorocarbon peroxides that are formed are colorless liquids, stable
at 22°C. Perfluoro-2-butyne did not react with CF3OOCl and neither
CF3OOC12;or SF500C1 reacted with perfluoropropene or perfluorocyclopeitene.
Earlier ™, it was shown that, unlike RfOCI type materials, the RfOOCl
moieties do not insert CO or SO, into the 0-Cl bond. Peroxyesters can

2

be prepared from SFSOOCl (and SF_00H) via acyl halide reactions77as shown

5
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by the following example:

0 o
0 -78 C .
SFSOOCl + CHyCCl  —— e 012 + SFSOOCCH3 (90%)

This peroxyester is an ambient temperature stable compound, as are others
prepared from SFSOOH. Clearly, these chloroperoxides behave as positive
chlorine species and are useful for the synthesis of many new peroxy

derivatives.

V. CHLORINE FLUOROSULFATE

A, SYNTHESIS AND PROPERTIES

Chlorine fluorosulfate was first prepared79 by Gilbreath and Cady
according to:
125°¢C

Cl2 + 5206F2 — . 2 ClOSOzF (100%)

81

More recently, a more convenient procedure was developedso’ using the

readily available SO, as a starting material.

3

C1F + SO3‘-—“————-CIOSOZF (98%)
Chlorine fluorosulfate is a pal. yellow liquid (b.p. 43°C) which on standing
or handling becomes red presumably due to the formation of some ClOZSO3F.
It is stable at room temperature and has been stored in stainless steel for
more than a year without significant decomposition. Nonetheless,it is an

extremely reactive material with a host of substrates.

B. REACTIONS

1. Addition
At the time of its discovery, C1l0SU

ZF (or ClSOBF) was shown to add
to olefinic double bonds, i.e. CF.=CF ’

2=CF2 . Since then,these and similar
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reactions of C1S0.,F have been studied by Moldnvsk1139 and mainly by Fokin

and coworker582’8

. N ’ )
ClSO.F + =c! — = c18-cos0_F
150, ~c=c{ c1? €050,

. - ~ F ~ ~ . S bl .
Olefins= C,F,, CFCICFCL, C,F,Cl, CiF¢, (CF,),C=CF,, C,Cl,

Except for C2F301 where two isomers were noted, only one product was

obtained following Markovnikov's rule. The order of reactivity with
. = =C = < =

ClSO3F was: C2F4 < CFC1=CFC1 A’CFZ CFC1 < CF3CF CF2 (CF3)2C CF

Although this order of reactivity is similar to that observed for

nucleophilic reagents, it was sperulated82

2°

that the high electrophilicity

of C1SO_F and the formation of isomers with C,F_Cl are in keeping with an

3 23
electrophilic mechanism. Numerous other double bonds are also attacked
by ClSO3F. For example imines react at low temperature73’84.
C.F.N=CF. + C150.F ——78°C__ ¢ F_NCICF,0S0,F
2°5 2 3 25 2 2
FN=C (NF.), + C1SO0,F -787C FNCLC(NF,),0S0_F
272 3 2°2 2

In contrast HSO.F must be heated to react with CZF N=CF2 and S,0 F_ does not
73 3 5 276 2

react at all ~. These N-chloro compounds are stable at ambient temperature

and are the only products, as expected for a directed polar addition.

Fluorinated isocyanates add C1SO,F according to:

3
0
80°C i
<o R NC1CF

R_N=C=0 + C1S0 F——-..RENC1COSOZF
3

£ 3
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Chlorine monofluoride adducts were similarly prepared47 but other positive
chlorine containing molecules, such as C120, CF30C1, C1NCO, and ClNSFz, did not

react. For CINSO, the ClSOJF additions58 were also analogous to those of C1F,

2 CIN=S=0 + 4 C1SO,F ——= 3 Cl2 + N

3 + 2 SO(OSOZF)2

2

Only 2:1 addition was possible, and the intermediate NCl, decomposed

3
to the elements., Most unusual is the ease with which ClSO3F adds to
hexafluorobenzene below 20 C to give 1:1, 2:1, and 3:1 adducts depending

on the stoichiometry employedss,

C6F6 + ClSO3F-—————.»C6F6Cl(OSOZF) + C6F6C12(OSOZF)2 + C6F6Cl3(OSOZF)3

Peroxydisulfuryl difluoride behaves similarly. Both compounds give a para
adduct in the 1:1 addition, as demonstrated by hydrolysis to 4-chloropenta-
fluoro-2,5-cyclohexadiene-one and fluoranil, respectiQely. These benzene
adducts have good thermal stability and are high boiling liquids. Further
details on their properties are lacking. The triple bond of nitrile

groups also adds ClSO3F in a 1:1 manneres.

FC(NOZ)ZCN + C1SO,F ——-FC(NOZ)ZC(OSOZF)=NC1

3

If a cyano salt 1s involved,both chlorination and addition occur.

MC(NOZ)ZCN + 2 C1SO,F ———*-MSO3F + C1C(NO C(OSOZF)=NC1

3 2)2

It should be remembered that -C=N and ClF reacted only in a 1:2

stoichiometry53.

2. Substitution

Fokin and coworkers investigated the replacement of chlorine and iodine

87
by fluorosulfate in selected fluorocarbon halides using ClSOBF .
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40°C
CFCl _CFCl, + —
,CFCL, 01503F CFC1,CFC10S0,F
CF_CICFCl, + C1SO.F ._3929__. CF,.C1CFC10S0 . F (84%)
2 2 3 2 2 °
2 CF.Cl + 3 C1SO.F 8009“_. CF,C1(0SO.F) (37%) + CF,(0SO.F)., (29%)
2772 - 3 2 2 ¢ 2 2772 :
20°C
CF.1 + Fo_ 57 50T y
3 c1so3 ~ CF,080,F  (83%)

Catalysis by HSO3F was found to be necessary for these reactions to proceed,
In general, facile stepwise substitution of chlorine in -CFCl, groups was

2
observed. However, the method seemed restricted inasmuch as CF CFClCF2C1

3
was reported to be unreactive up to 100°C. Nevertheless in our experience

the C1 in —CF2C1 groups can be replaced as shown by:

130°c
FC + —_— cg
ClCFZC 2 1 ClSO3F ClCFZCFZOSOZF (90%)
The terminal Cl in CT3CFC1CF2C1 has also been replaced by -SO3F using ClSO3F
and a small amount of Br2 as a catalystss. Bromo compounds, as expected,

react more readily and some typical examples are:

CFBr +ClSOF —2C _ ¢ ¥osor (96%)

2"s 3 2"5%5% g
BrCE,CF,CF_Br + C1S0,F —22.C__ CF_(CF,0S0,F),  (50%)
2°F26F; 3 2(CF,080,505 :

In none of these cases was the presence of HSO3F necessary to attain the
desired reaction. Acid salts and acids interact with ClSO3F in an expected

. ) . 88
manner, but the 1solation of the unusual CFBCOZCl intermediate was surprising

CF,CO.H + C1SO.F —~——.-CF3C02CL———~——-__CF

3€0, 3 Cl + CO2

3
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As already mentioned above, the same compound has only recently been

reported by Desuarteau23 using ClF as the source of positive chlorine.

‘VI. CHLORINE PERCHLORATE

A, SYNTHESIS AND PROPERTIES

Chlorine perchlorate is easily prepared by the action of ClSO3F on

certain perchlorate saltsa9.

[-]
MC10,+ C1S0,F _20°C _ yso.F 4 €10€10, (90%)

3 3

M=Cs®, NO,, +

Chlorine monofluoride has been used in place of ClSO3F but yields were very

low and unreliable. Chlorine perchlorate (ClOClO3 or c1204) is a pale

yellow liquid (extrapolated b.p. 44,5°C) with only limited stability at

room temperature. It and nearly all of its covalent derivatives are shock

sensitive , Consequently, they should always be treated with the respect

appropriate for potential explosives. As a member of the class of compounds

known as chlorine oxides, it is unusual because it is the only one containing

chlorine in two different oxidation states i.e. +I and +VII.

B. REACTIONS

When examined with fluorocarbon olefins, reaction occurred rapidly at
91
]

low temperature in a 1:1 wole ratio providing colorless liquid products
\ondl - ¢ _doc1o (90%
€1,0, +  p=C( —— C1¢~£0C10, )

c Fd’ c, F.Cl, CFClCFCl,C3F6, CFz-CFCF-CF2

2 23
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The terminal C1~0 bond of ClOClO3 was always cleaved during these reactions.

The mono-~adduct of perfluorobutadiene decomposed explosively and
spontaneously at ambient temperature. All the other compounds exhibit good
to excellent (100°C)thermal stability. One isomer only was noted in all
cases. For C3F6’ this was the Markovnikov predicted product, CF3CFClCF20010

while for CZFBCl it was the anti~Markovnikov compound, C1CF CFCl(OClO3).
This is unexplained and different from ClSO3F81 and SFSOOCI 3 which gave a
mixture of isomers, and from CF300C122 which gave only the expected
CIZCFCFZOOCFB. Aggmatic fluorocarbons add ClZO4 at low temperaturegz, much
as they do ClSOaF s confirming the close relationship of these two

3’

hypochlorites. Some minor differences, however, appear to occur since a
1:2,but not a 1l:3,addition product is formed.

CF_+2Cl.0 ~—— C_F, C1

6¥6 2% eF6C12(0C104),

CeFsC1 + 2 C1,0, —-———-C6F5013(00103)2

Both products are cyclohexenes and, based on nmr, only one isomer is

obtained in each case. They are colorless, viscous liquids. With

CGFSBr a more complex reaction was observed entailing addition and ring
opening. The exact nature of the product has not been determined. Various

% fluorocarbon halides have been found to react with 01204 resulting in a

' displacement of the halide by a perchlorate group 1. In saturated

fluorocarbon chlorides, primary and secondary chlorines in either mono or

dichloro groups did not react. Trichlorofluoromethane did react, but gave

COFC1 and 01207
susceptible to attack,as shown.

as primary products. Bromine compounds were more

-25°C

BrCF (11%)

BrCF,.CF, Br + C120

CF,0C10
272 2

4 2 3

0°c
CF . CFBrCF,Br + c1204 —_— - CFBCFBrCF200103 (45%)

3 2
[+
- C

(CFBECF,Br)2 + C1,0, Z23C _ (CFBICF,0C10,), (90%)
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Geminal bromines, when substituted, led to decomposition products. If
the bromine is on a carbon adjacent to a perfluorogroup, no substitution
ensued, Fluorocarbon lodides reacted vigorously with 01204 as shown,

2RI + 4CL,0, ‘e (R

+.
£ 4 I 1(0104)

- . 2R.0CIO, + 2 [xcma]

£2 4 £0C10,

Rf = CF3-, C2F5-, i—CaFi; ICFZCFZ_’ C6F54

With C7F151, ;IC3F7I, gnd C6FSI the intermediate salt was isolated and
characterized””, Thermal decomposition of the heptane salt afforded
C7F150C103, but the isopropyl and the aromatic compounds exploded

before they could give the simple covalent perchlorate. These conversions
of RfI to Rf0C103 were high yield processes. The only other known route
to fluorocarbon perchlorates, which does not involve the halogen
perchlorates, is the reaction of alcohols and alkoxides with 01207,

wherein the products normally were not isolated93.

VI, CHLORINE NITRATE
A. SYNTHESIS AND PROPERTIES

Originally chlorine nitrate was prepared from either C120 or ClO2
with NO2 or N20594. To avoild the use of the hazardous chlorine oxides,

the following alternate synthesis was developedgs.

- (-]
CIF + HNO 78°C _ HF + CINO (90%)

3 3

Commercial anhydrous nitric acid may be used. The formed ClNO3 (ClONOz)
is a pale yellow liquid (b.p. 23°C) which undergoes slow decomposition
at ambient temberatures, but which may be stored indefinitely at -40°C

or lower.
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B. REACTIONS

Only one report on the addition of ClNO3 to unsaturated fluorocarbonsg

96

has appeared” .

0
~70°C P
o0N0, ] -—jgec— C1CCX + XNo,

. \ !
CINO; +  GacX, —=[c1C-cx J

3 2

X=F, Cl

The vigorous reaction of CINO3 with these olefins necessitated dilution
with solvents, When two halogens were on the nitrate carbon, the
illustrated low temperature decomposition occurred. This Instabiltity
has discouraged further work on fluorocarbon nitrates.

97

As part of a study on halogen nitrates”’’, the system CF I-CINO3 was

3

examined with the following results,

~Leo : o
CF.I + 2CIND, —235°C _ C1, + CF,I(0NO,) z_ﬂ.. COF

3 3 CF,I,N

05,etc.

2? 2

Thus,as with C1204, an Intermediate oxidized iodo derivative is generated
first, Unlike the perchlorate case however, this does not decompose

to a stable R£N03, but degrades as shown. Naumann and coworkers have
studied these processes more carefullygs, isolating the CF3I(0N02)2
intermediate and obtaining still another intermediate which they did not

isolate.

© <=20°C

CF_.I + C1INO, —= CF IC1(0N02)

3 3 3 CF4I(ONO,),

A thorough, controlled decomposition scheme was worked out for the
dinitrato moiety above =20°C involving intermediates, such as CF3IO and

CF3102. The overall decomposition equation is:

10 CF3I(N03)2-————-5 CF3I +5 COF2 + 10 N205 + I2 + IFS + 1205
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Raman spectroscopic characterization of CF3I(N03)2, C6FSI(NO3)2, and

related compounds has been reportedgg. Even though ClNO3 has been
available for a number of years,it has not been extensively investigated
with respect to fluorocarbons. This might be explained by the apparent

instability of the products.,

VIII. SUMMARY

Most of the known reaction chemistry of electropositive chlorine
compounds can be rationalized in terms of either addition of Cl-X
across multiple bonds or oxidative addition to atoms, such as iodine
or sulfur in their lower oxidation states. The observed variety of the
final reaction products can be explained by a multitude of secondary
reactions which can involve either eliminations, further additions, or
degradations. The observed reactions are easily moderated and controlled,

6= polarity

and only rarely no reaction was encountered. The 015+-x
of the C1-X bond in these compounds was demonstrated by the "directed"
nature of many of the reactions. The strong electyophilic character of
these compounds was also evident. Because of the great reactivity of
these compounds and the limited amount of work done so far in this area,

there are many opportunities for future fruitful research.
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Abstract

Improved syntheses are described for BrF40' and IF40' salts, and their

vibrational spectra are reported. The spectra of CsBrF40 are simpler

than those previousiy reported for KBrF40 and thus allow more reliable
assignments. For comparison, the low-temperature Raman spectrum of

CsC1F40 has also been recorded. Normal coordinate analyses have been
é carried out for the C1F40', BrF40', and IF40' anions and are compared
to those of the structurally related HalF; anions and Ha1F5 molecules

and those of XeF4, XeF40 and XeF+.

Introduction

The existence of KBrF40, a salt containing a novel bromine

oxyfluoride anion, has recently been repofted both by Bougon and coworkers]

2

and Gillespie and Spekkens.” It was obtained either by the reaction] of
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KBrO3 with a large excess of BrF5 at 80°C in the presence of F2 or by

the reaction2 of KBrF6 with KBrO3 in CH3CN solution. Both methods have
drawbacks. Although Bougon's method] can yield a pure product, the
course of the reac..on is difficult to control and frequently

KBrF4 is obtained as the only product (see below). Gillespie's method2
produces a mixture of KBrF202 and KBrF40 which must be geparated by
numerou§ extractions with CH3CN. In view of these difficulties, an

improved synthetic method for the synthesis of BrF40' was desiéab]e.

Although the crystal structure of CsIF4O has been reported3,
only a small amount of the material had been obtained accidentally during
unsuccessful attempts to crystallize CsIF6 from CH3CN solution. Further-
more, products containing mixtures of MIF40 and MIFZO2 salts have been
prepared4 by the interaction of MIO3 or M102F2 with IF5 or by the
controlled hydrolysis of MIF6 in CH3CN. However, no suitable method

for the preparation of pure MIF40 has previously been reported.

The vibrational spectra of these Ha1F40' anions were also of
interest. For IF40' only spectra of mixtures of IF40' and IFZOE salts
were known4, and for KBrF40 the previously reported]’2 Raman spectra
exhibited more bands than permitted for an isolated six atomic species.
Interionic dynamic coupling was suggested1 to account for the large number
of bands observed for KBrF40. However, in view of their similar relative

1

intensities, the bands occurring in the 530 - 390 cm ' region could not

be reliably assigned.

In this paper we report improved syntheses for BrF40' and IF40'
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salts and their vibrational spectra which allow more reliable
assignments for these ions. These assignments are supported by normal

coordinate analyses of 12 structurally closely related species.

Experimental Section

Materials. Bromine pentafluoride (Matheson Co.) was treated with

- 35 atm of F, at 200°C for 24 hours prior to its use. Fluorine (Rocketdyne)
was passed through a NaF scrubber for removal of HF. The akali metal
perbromates5 and CsC]F406 were nrepared as previously described. Potassium
bromate (A. R. Baker) was used as received. Iodine pentafluoride was
purified by distillation and 1205 was prepared from I, and HNO3. The KF

was dried by fusion in a platinum crucible.

Apparatus. Volatile materials were manipulated 'n a weli-passivated
(with C]F3 and BrFS) 304 stainless steel vacuum line ejuipped with Teflon
FEP U traps and bellows-seal valves. Pressures were measured with a Heise
Bourdon tube-}ype gauge (0-1500 mm + 0.1%). Nonvolatile materials were
handled outside of the vaéuum system in the dry nitrogen atmosphere of a

glove box.

Infrared spectra were recorded on Perkin-Elmer Model 283 and 577
spectrophotometers. For gases a Monel cell with AgCl windows was used. The
spectrum of CsBrF40 was recorded as a dry powder between AgBr windows in
fhe form of a pressed disk. The pressing operation was carried out using
a Wilks minipellet press. The spectrum of KIF40 was recorded as a N. @1
mull between CsI windows. Raman spectra were recorded on Cary Model 82
and 83 spectrometers using the 4880 g exciting line, a Claassen filter7
for the elimination of plasma lines, and melting point capillaries or

Kel F tubes as sample containers. For the low-temperature spectra a
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previously described8 device was used.

Synthesis of KIF40. A mixture of KF and 1205 in a mol ratio of

5:1 was treated with a large excess of IF5 for one hour at 25°. Volatile
products were pumped off, first at 25°, then at 100°. The white crystalline
residue was identified by elemental and spectroscopic analyses as KIF40.

Anal. Calcd for KIF4O: K, 15.2; I, 49.2. Found: K, 15.1; I, 49.0.

Syntheses of BrF40' Salts. In a typical experiment, CsBrQ4 (2.044 mmol)

was placed into a sapphire reaction tube (1/2" o.d., 12" long, Tyco)

which contained a Teflon coated magnetic stirring bar and was attached to

a valve through a Swagelok compression fitting using a Teflon front and a
Steel back ferrule. Bromine pentafluoride (14.1 mmol) and F2 (2.4 mmol)

were added at -78°C. The mixture was stirred at 25° for 30 hours and then
cooled to -196°C. The products volatile at 196°C were pumped off and

those volatile at 25°C were separated by fractional condensation through

a series of traps kept at -64, -95, and -196°C, respectively. Based on

their infrared and Raman spectra, they consisted of FBrOz, BrFs, and FBr03,
respectively. Based on its infrared and Raman spectrum, the white solid
residue (623 mg) consisted of CsBrF40 (weight calcd for 2.044 mmol of

CsBrF40 is 623 mg). Similar results were obtained when the reaction was
carried out at 70°C. However, if the reaction was carried in the absence

?f F2, the conversion of CsBrO4 to CsBrF40 was very low, even after prolonged
heating to 80°. The influence of HF on this reaction was also studied.

The addition of 5 mol percent (based on MBr04) HF did not produce significant
amounts of BrF40' in the reaction of CsBrO4 with BrF5 in the absence of

F2 at 25 to 50°,
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For the KBr04-BrF5-F2 reaction system, when studied in the same
manner as described above for CsBrOa. higher reaction temperature were
required. For example, at 45°C for 19 hours, essentially all of the
KBrO4 starting material was recovered unchanged. Heating of the
starting materials to 80°C for 95 hours resulted in a conversion of
KBrO4 to KBrF40 of about 70 percent.

A sample of KBrF40 was also prepared from KBrO3 and BrF5 gy

closely following the procedure published]

by Bougon. However, when

the reaction conditions or the scale of the reaction were slightly
modified, several experiments produced KBrF4 in almost quantitative yield,
even when the BrF5 was prefluorinated with 35 atm of F2 at 200°. No
evidence was found for the formation of significant amounts of FBrO3

in these reactions.

The CsC1F4O-C1F3 System. A weighed sample of CsC1F40 in a ten

fold excess of ClF3 was stirred for 24 hours at 25°C. The volatile
products were pumped off and consisted of unreacted C]F3 and C1F30.
Based on its weight and vibrational spectra,9 the white solid residue

consisted exclusively of CsC]F4.

Results and Discussion

Synthesis of XF40' Salts, The reaction of 1205 vith a large excess

of IF5 in the presence of a stoichiometric amount of KF affords essentially

pure KIF40 in a one step reaction according to:

1205 + 3IF5 + 5KF ——» 5K1F40
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This synthesis is based on the previous report = of Aynsley et al. that

the reaction of 1205 with IF5 produces IF30.
The KIF40 prepared in this manner is a white, crystalline solid.
It is stable up to about 200°C and hydrolyzes according to:

KIF4O + 2H20 e KIO3 + 4HF

Attempts were unsuccessful to synthesize KZIFSO by changing the KF-1205
ratio in the above synthesis. Based on its vibrational spectra, the

resuiting product was shown to be KIF40-KF.

For the synthesis of BrF40' salts, the reactions of MBrO4 with F2
in BrF5 solution were found to be most reproducible. Whereas CsBrO4 is
fluorinated even at ambient temperature, the reaction of KBrO4 requires
heating to about 80°. Although the formation of BrF40' salts in these
reactions was shown to be reproducible and quantitative, the amount of
‘ the volatile by-products FBrO2 and FBr03 varied and was never sufficient
i to account for all the missing oxygen. The remaining oxygen was probably
in the form of 02 which was pumped off at -196° together with the unreacted
; FZ' Furthermore, it 1is remarkable that under the given conditions the i
reactions did not proceed in the absence of F2. This implies that F2 |
participates in these reactions and does not merely serve the purpose of

suppressing a possible reduction of BrF5 to BrF3,as was previously suggested3

for the bromate - BrF5 system. It was also shown that contrary to a
previous report on the KBrO3 - BrF5 system, the addition of smsll amounts
of HF did not significantly catalyze the CsBr0. - BrF5 reaction between

|
20-50°. ‘
1
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Although the reaction of KBr0, with Brf. to KBrF40 which was

3 5

previously reported] by Bougon and coworkers was successfully duplicated

in our laboratory, it was difficult to accomplish. Frequently, quantitative
conversion to KBrF4 was obtained. Since the BrF5 used in our experiments
had been thoroughly prefluorinated with F2 at 200°C, it could not have
contained sufficient BrF3 for a quantitative disp]acemeﬁt reaction, such

as

KBrF40 + BrF3 —_ KBrF4 + BrF30.

That such a displacement reaction of Ha1F40' by HalF3 can indeed proceed

quantitatively,was demonstrated in this study for the following system:

CSC1F40 + C]Fa—-—b CsCl F4 + C1F30

In view of the possibility of such a displacement reaction and the

known]]

thermal instability of BrF3O, the presence of a small amount of
BrF, might be sufficient to catalyze the decomposition of BrF40' to BrF;

according to:

BrF40 + BY‘F3 —_— Br‘F4 + BrF3O

AT
BrF3 +1/2 0,

Our finding that BrF; can be readily formed in this system confirms the

12

original report'® by Schmeisser and Pammer, but is inconsistent with the

recent report2 of Gillespie and Spekkens.

From a mechanistic point of view, the reactions of BrF5 with Brog

or Broa are very interesting since they involve an oxygen-fluorine exchange.
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Based on the observed quantitative yields of BrF4O', a free radical
mechanism involving the addition of oxygen atoms to bromine fluorides
is extremely unlikely. Furthermore, the increased reactivity of the
thermally more stable CsBrO4 relative to that of KBrO4 suggests an

alkali-metal salt catalyzed reaction. A mechanism involving the

addition of BrF5 or BrF; across a Br=0 double bond of Bro; or Bros

followed by FBrO3 or FBrO2 elimination with BrF40’ formation appears

plausible, but requires additional experimental support. !

k Vibrational Spectra. Vibrational spectra.were recorded for

KIF40, CsBrF40, KBrF40, and CsC1F40. The spectra of KIF40 (see Figure 1

4

and Table 1) are in fair agreement with those previously assigned to

the MIF40 part of M102F2 - MIF4O mixtures, except for the relative

otk b Ak i s oot < e om o n s Sl

intensities of the 280 and 365 cm'~| infrared bands. This discrepancy
is caused by the fact4 that IOZFE possess a strong infrared band at

360 cm™ ),

The vibrational spectra of CsBrF40 are shown in Figure 2. The

1,2 !

spectra of KBrF40 were in excellent agreement with those previously

reported and, hence, are not reiterated. Surpirsingly, the vibrational
spectra of CsBrF40 significantly differed from those of KBrF40. Since
in the HalF4 stretching frequency region the room temperature Raman

13 1,2

spectrum of CsBrF40 was more similar to that = of CsClF40 than to that *

of KBrF40, we have also reexamined the Raman spectrum of CsC1F40 (see

| Figure 3).

By analogy with the previous report2 on KBrF40, it was found that

cooling of the samples resulted in much better resolved Raman spectra.
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The observed frequencies of CsBrF40 and CsC1F40 are summarized in
Table I. Attempts to obtain the Raman spectrum of CsBrF40 in anhydrous

HF solution failed owing to the following displacement reaction:

CsBrF40 + HF ——» CsHF2 + BrF30

The observed spectrum was in excellent agreement with that recently

reported1‘ for BrF3O.

The previously reported]’2

Raman spectra of KBrF40 are veéy complex
and contain more bands than expected for an isolated six atomic species.
Furthermore, the relative intensities of many bands are too similar to
allow conclusive assignments. In view of these complications and in

the absence of additional structural data on BrF40', the pr‘oposed]’2

C4v structure for BrF40' had to be considered tentative, although very
likely. Consequently, a detailed analysis of the simpler CsBrF40 spectrum
and its comparison with those of C1F40' and IF40' were expected to provide
additional support for the proposed C4V model.

Assignments for BrF40 For an isolated BrF40' anion of symmetry

C4v nine fundamental vibrations should be observed. These are classified
as 3A] + ZB] + BZ + 3E, A1l nine modes should be Raman active, whereas
only the A; and E modes should be infrared active. For a solid salt, such
as CsBrF40, the actual site symmetry of the anions is expected to
be lower than C4v' This symmetry lowering can cause a splitting of the E
modes into their degenerate components and violations of the above given
selection rules. Furthermore, if the unit cell contains more than one
anion, the number of internal modes can increase by a factor Z,

where Z is the number of anions per unit cell, Based
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on the tentative unit cell dimensions r‘epor'ted.I by Bougon for
KBrF40, Z is estimated to be about 32. Assuming that CsBrF40 has a
similar crystal structure, each mode could be split into many components.
However, only a much lower number of bands are usually observed since
these correlation splittings are relatively small and usually do not
exceed 1 to 2% of the mode frequency.

Assignments for BrF40' can be made by comparison with the known

vibrational spectra of the structurally related species C1F4O' 33,

XeF40 ]4, and XeF; 2]. A1l these species are pseudo octahedral with

an approximately square planar XF, group. A summary of the frequencies
4

of their fundamental vibrations is given in Table 2.

Based on its high frequency and relative intensity, the Br=0

stretching mode v, (A]) must be assigned to the band at 930 en™l. OF the

remaining bands the symmetric in phase BrF, stretching mode v, (A1) should be
the most intense Raman band and by comparison with the known assignments for
CIF,, C1F40', BrFZ, IF;, and IF4O' should have a frequency in the vicinity of
about 500 cn™!. It therefore must be assigned to the Raman band at 500 emt.

The symmetric out of phase BrF4 stretching mode Va (81) should be the second
most intense Raman band and, by comparison with the known frequencies of

the closely related BrFi anion (see Table 2), is predicted to occur about

]

80 cm ' below v, (A1). Consequently, this mode must be assigned to the

band at about 417 cm". The last stretching mode, the antisymmetric
BrF4 stretch, vq (E), is expected to result in a very strong and broad
infrared band in the 450 to 550 cm'1 frequency region. Such an infrared

band has been observed (see Figure 2) and is consequently assigned to v ,.
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In the Raman spectrum, there are three bands at 482, 471 and 444 cm'],

respectively, which are assigned to the degenerate Vs (E) mode for the
following reasons. Their frequencies are too high for a deformation
mode and differ by too much from those of the nondegenerate Vo and vVa
modes in order to be accounted for by correlation splittings of the
latter. " The splitting of vy into three components can be explained by

’

Fermi resonance (see below).
The assignments for the BrF;O' deformation modes can be made by

comparison with those of BrF5 and BrF;. In this type of molecule, the

umbrella deformation mode Vs (A]) always results in a very intense

band at 301 cm™'. Then the 236 and 178 cm”!

infrared band and, consequently, is assigned to the strong infrared
h bands must be due to the

symmetric and the antisymmetric in plane XF4 deformation modes, Vg (Bz)
and vg (E), respectively, with Vg (see Table 2) always having the higher
frequency. The OBrF4 deformation mode, vg (E) is assigned to the remaining

1

Raman bands at 421, 401, and 390 cm ' which show the expected counter-

parts of medium intensity in the infrared spectrum. The last yet unassigned

deformation mode is the antisymmetric out of plane XF4 deformation

Vg (B]). This mode is expected to be of very low intensity and usually

is not observed for similar species., Of the compounds listed in

Table 2, it has only been observed for XeF; at 261 cm']. Since the

related v3 (A]) mode of Xng exhibits a frequency higher by 53 cm']

than that of V3 of BrF40', the frequency of vg of BrF40' might be
1

expected to occur around 210 cm '. A careful inspection of the Raman
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1

spectrum of CsBrF4O shows indeed a very weak band at 205 cm ' which is

1

therefore assigned to Vg (B]) of BrF40'. The two bands at 80 and 62 cm”
respectively, observed in the Raman spectrum of CsBrF40 occur at too low
a frequency for internal BrF4O' vibrations and must be assigned to

lattice modes.

The splittings,best observed in the low temperature Raman'spectrum
of CsBrF40, can be readily accounted for by assuming a splitting into two
components for each of the three doubly degenerate E modes. The additional
splittings observed for vy and vg can be readily explained by Fermi resonance
of vy and vg With the E mode combination bands (v3 + vg) and (v5 + vg),
respectively., Similarly the splitting observed for V3 might be explained
by Fermi resonance with a combination band of a lower frequency mode and
a lattice vibration. Since bromine contains two naturally occurring

(79 8]Br) in almost equal abundance, we have computed the

isotopes Br and
approximate isotopic splittings to be expected for BrF40'. In all cases
the computed isotopic splittings were considerably smaller than those
observed and the relative intensities did not exhibit the correct 1:1
ratio. Consequently, the observed splittings cannot be attributed to

the bromine isotopes.

The assignments proposed for CsBrF40 are summarized in Tables 1 and
2 . When compared to the related compounds of Table 2, these assignments
for BrFQO' result in very satisfactory frequency trends. Additional
support for the assignments comes from the results of a normal coordinate

analysis (see below).
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‘modes Vo and vgs whereas for BrF4O' the frequency of Ve falls in between

Based on the above assignments for CsBrF40, the previously
reported [ 1,2] vibrational spectrum of KBrF40 can be reassigned in
the following manner: 930 (v]); 529 (vz); 506, 486, 481, 459 (v7);
434 (v4); 421, 409, 399 (v8); 314 (v3); 248, 239 (v6); 196, 184, 161 (vg).

Assignments for C1F40' and IF40'. The assignments previously

proposed]3 for C1F40' have been confirmed by this study. In view of the
low-temperature splittings observed for BrF40‘, we have examined the
low-temperature Raman spectrum of CsC1F40 for similar effects. In general,
the assignments for chlorine fluorides are more difficult than those of
the corresponding bromine and iodine compounds. This is caused by a well

22

documented™™ overlap of the frequency ranges of the stretching and the

deformation modes. This frequently results in coincidences of fundamental

vibrations and, if they belong to the same symmetry species, in their mixing,

Although the room temperature Raman spectra of CsBrF40 (see Figure 2)
and CsClF40 (see Figure 3) in the HalF4 stretching frequencies region appear
at first glance to be quite analogous, this first impression is somewhat
misleading. For C1F40', the antisymmetric C1F4 stretching mode vy has a

frequency considerably higher than those of the two symmetric stretching

those of Vo and vge Therefore, for C1F40' the bands belonging to vy are
well isolated and can be assigned with confidence. The remaining assign-
ment of the C1F40' spectrum has previously been discussed in detai]13 and,

therefore, is not reiterated,
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For IF40', the assignments4 proposed by Milne and Moffett have been
adopted, except for Vg (E). This mode results in a very weak and broad
Raman band. Based on frequency correlations with related molecules and
force constant arguments, a frequency of about 140 cm'] appears more

plausible than the value of 124 cm_] previously proposed.4 ‘

Table 2 Tists the frequencies of 12 species containing an
approximately square planar XF4 group. The given assignments are all
consistent with each other, thus rendering any gross misassignments
for any of these species highly unlikely. The trends observed within
this group of 12 species will be discussed in terms of their force constants
(see below) rather than in terms of their frequencies since the frequencies

of some of the modes are strongly influenced by the mass of the central atom.

Force Constants. The plausibility of the above assignments for the

XF40' anions was examined by computations of modified valence force fields
and by their comparison with those of the structurally related XF4 and XF5

species. The required potential and kinetic energy metrics were computed

' 23

by a machine method®” using the geometries listed in Table 3. For BrF40'

and CIF,0° the exact geometries are unknown and therefore idealized bond

4
angels of 90° were assumed. The bondlengths of BrF4O' were estimated by
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comparison with those known for the related species BrF;, 24

and Broi . 26 For C1F40' the previous estimates13 were adopted. For

IF40' the exact geometry is known3. Since the observed OIF bond angle of
89° is very close to the 90° estimates used for C1F40' and BrF40' and
since the 0XeF bond angle in XeOF4 was found to be larger than 90°
(91.8°),27 we have also used a 90° bond angle for IF4O'; This simplifies
the computations and makes the resulting force fields more comparable. The

14

force constant definitions used are those' ' of Begun et al. Literature

values, for which the deformation coordinates had been weighted by unit
(1 X ) distance, were converted back to unweighted values to allow a better
comparison, The force constants were adjusted by trial and error, assuming
the simplest possible modified valence force field, to give an exact fit

between the observed and computed frequencies. The potential energy

distribution showed that for the XF4O’ anions all the vibrations were highly
characteristic (99-100 per cent), except for the E block. However,
introduction of small F78 terms resulted in the E block vibrations also
becoming highly characteristic (91 per cent or higher). The resulting

force fields are summarized in Table 4.

As can be seen from Table 4 the force constants are all very reasonable.
A few very minor deviations can be readily explained. For example frr of
BrF; appears somewhat high. This is caused by using for the antisymmetric

stretching mode the relatively low frequency value of 478 cm’] observed for

19 For the solid, the band due to this vibration is

with its band center being closer to 500 cm'].

the solution spectrum.

18

extremely broad If this

higher frequency value is chosen, frr of BrF4 becomes more similar to

those of BrF4O' and BrFs. Similarly for the lighter central atoms, the
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off-diagonal symmetry force constants in the E block become more

important, thus increasing the uncertainties in these numbers which

were obtained from underdetermined force fields.

General Trends, Inspection of Table 4 reveals the following 1
trends. Whereas the values of the XF stretching force constants are either
simi]ar.(within the XF; series) or increase in the direction C1<Br< I
(for XF40' and XF5): the X0 stretching force constant in C1F407 is much
higher than those in both BrF40- and IF,0". Since the values of the X0

4

force constants within the C]OZ , Bro,, 10;
0 28 4* 4
A) exhibit the same trend, this seems to reflect a general characteristic

series (8.24, 6.05, 5.90 mdyn/
of X0 bonds. In the XOE series the central X atom does not possess any
free valence electron pair or fluorine ligands, and therefore no special

i resonance or bonding effects should be jnvoked. The bond weakening effect
of a formal negative charge in the anions and the bond strengthening

effect of a positive charge in the cations are as expected. The negative
charge increases the Xét——-Fﬁ' polarity of the XF4 bonds, thus weakening
them. The reverse is true for a positive charge. This effect can also
account for most of the observed increase in the force constants when

going from an iodine species to the corresponding isoelectronic xenon

species which differ by one formal charge.

5 ' A comparison of the XF; - XF40' pairs for each halogen shows that ;
for X being chlorine, an oxygen substituent releases electron density to
the more electronegative C]F4 group, thus increasing the polarity of the

C1F, bonds and decreasing the C1-F stretching force constant. For X being

4
bromine, there is little change in the X-F stretching force constant

indicating comparable electronegativities for oxygen and the BrF4 group.

t
|
}
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For X being iodine, oxygen becomes more electronegative than the IF4
group, thus withdrawing electron density from IF4 and increasing the

covalency of the IF4 bonds.

The XF4 deformation constants fa show the expected trend. With
decreasing size of the central atom, the mutual repulsion among the ligands
increases and the bonds become more difficult to deform. The FXO angle
deformation constant, fB, does not appear to change significangly when going
from chlorine to iodine. However, for a given halogen atom, fB appears to
follow the same trends exhibited by the corresponding XF4 stretching force

constants, fr.
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Diagrams Captions

Figure 1. Vibrational Spectra of KIF4O. Upper trace, infrared spectrum
of a Nujol mull between CsI windows; lower trace, Raman spectrum,
The band marked by an asterisk is due to fiujol. The numbers

1-9 designate the assignments to the corresponding fundamentals.

Figure 2; Vibrational Spectra of CsBrF40. Upper trace, infrared spectrum
of the dry powder in an AgBr disk. The broken line indicates
absorption due to the window material. Lower traces, Raman
spectra recorded at different temperatures and gain settings

with a spectral slit width of 2 ent,

Figure 3. Raman spectra of CsC1F40 recorded at different temperatures

and gain settings with a spectral slit width of 2 en ',
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TABLE 1. VIBRATIONAL SPECTRA OF KIF40, CsBrF40 and CsC'IF40 and Assignments for CsBrF4O
obsd Frequencies, cm", and Relative Intensitiesa

f KIF40 \
IR RA
885s 887(10)
540 sh 540(5.8)
480 vs |

478(2.3)
383 m 381(1.3)
366 mw  368(1)
279 ms 283(0.3)

224(0.5)

140(0+)

- CsBrF40
IR RA

25°

934 vs 931 (4.8)
500(10)

570-460 vs 472(4.4)
444 (3)
413(6.8)

399 400 sh

m

389

301 vs 299(1.5)

240 sh 236(1.7)
218 sh
202(0+}
178(0.5)

(a) uncorrected Raman Intensities (peak heights)

-120°

929(5.

S)v]

499(10) vy

482(2.
471 (4.
444 (3.
421 (5.
417(7.
401(2.
390(1.
303(1.
291 (0.
234 (2.

9)v7
2)\;7
2)v

9)v;
9)v4
g
S)v8
6)v3
2)\;3
Dve

225 sh Ve

205(0.
179 (0.
164 (0.
80
62

RI/RD78-125
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Z)vs
5)\)9
Z)vg

CsClF4O———————ﬂ
RA
25° -120°
1223(0.3) 1228(0.4)
1213 sh 1215 sh
1200(0.6) 1202(6.7)
1189(0.2) 1191 (0.4)
1182 sh
605(0.2)
585(0.6) 588(0.9)
556(0.3) 559(0.5)
465 sh 470(S)
455(10) 459(9)
452(10)
435(0.3)
419 .h
412(2.4}) 414(3.5)
395 sh 395(1.2)
370 sh
353(5.5) 358(6.6)
345(5)
335 sh 334(3.7)
320 sh
290 sh
276 (0.5) 278(0.6)
258(0.2)
215 sh
200 sh
196(1.0) 194 (1)
185 sh
82 89
70 73

-
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0
R, A (axial)
0
ry, A (equatorial)

8, deg & OXF
a, deg XFXF

BrF40 » AND IF40

C'IF40

1.42
1.75
90
90

BrF,0”

4

1.56
1.88
90
90
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TABLE 3. ASSUMED MOLECULAR PARAMETERS FOR C'|F40-,

IF,0°

1.72

1.965
90
90
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Contribution from Rocketdyne, A Divislon of Rockwell International,
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Saclay, 91190

Bromine Trifluoride Oxide. Vibrational Spectrum, Force

Constants, and Thermodynamic Properties

Karl o. Christe,* E. C. Curtis, and Roland Bougon
Recelved september 14, 1977

Abstract

The infrared spectra of gaseous, solid, and matrix isolated
BrF30 and the Raman spectra of solid and liquid BrF30 and of its HF and

FC10. solutions are reported. Nine fundamental vibrations were observed,

3
and some 798r - 81

Br isotopic shifts were measured in Ne, Ar, and N2
matrices. These data support a pseudo trigonal bipyramidal structure of
symmetry CS with two fluorine atoms at the apexes and one fluorine, one
oxygen, and one localized free electron pair at the remaining corners.

A modified valence force field was computed using the isotopic data.

The results show that the equatorial BrF bond (fR = 3,51 mdyn/K) .
slgnificantly stronger than the two axial BrF bonds (f = 2.93 mdyn/A),

and that the bond order of the BrO bond is close to two (f = 7.68 mdyn/ﬁ).
The vibrational and 9anr spectra show that in the liquid and solid

state BrF_0 is associated through the axial fluorine atoms., Thermodynamic

3
properties were computed for BrF30 in the range 0-2000°K.

Introduction

The synthesis of the novel bromine oxyfluoride BrF30 has recently
been reported 'by Bougon and Bui Huy. Based on incomplete vibrational spectra,
a structure of symmetry C was proposedI for BrF30 In this paper, the results
of a detalled investlgation and analysis of the vibrational and 9anr spectra
of this interesting compound are given which confirm the previously proposed

structure,

RI/RD78-125
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Experimental Section f

Bromine trifluoride oxide was prepared, as previously described,, ]

from KBrF“O and 02AsF6 by a displacement reaction in BrF The starting

Sl
materials KBtho and OZASFG were obtained by literature methods.z'3 The
vacuum lines, spectrometers, instruments, and sampling techniques, used :
4,5

at C.E.N, have previously been described.

At Rocketdyne, the BrF,0 was prepared in a passivated sapphire reactor

3
which was connected through a small volume Teflon FEP U trap to a stainless -4
steel Teflon FEP vacuum system., The crude BrF30 was collected in this U trap
by fractional condensation at -20°and was further purified by briefly pumping #

of f the more volatile components at 0°, The U trap was incorporated into the

matrix isolation apparatus so that the diluent gas could be swept through the
trap into the matrix isolation inlet system. The length and diameter of the
matrix inlet tube were kept at a minimum to avoid decomposition of the BrFéO.
The mole ratio of diluent to sample was controlled by the temperature and
hereby the vapor pressure of BrF30 in the U trap. In order to avoid
extensive decomposition of BrF30, rapid deposition rates were required.

The matrix |solat|on experiments were carried out at 3.6°K using Cs! windows
and an apparatus previously described, 6,7 A Perkin Elmer Model 283 spectro-
meter was used which was calibrated by comparison with standard gas calibra-
tion points.a'9 The reported frequencies and isotopic shifts are believed

to be accurate to + 1 and + 0.1 cm-‘, respectively,

The recording of infrared spectra of gaseous BrF30 was found difficult
due to rapid attack of the AgCl or AgBr windows. Since the attack of the
AgBr windows was very rapid, they were protected by a 1| mm thick polyethylene
sheet. To assure that the observed bands were indeed belonging to BrF30, the
cell was periodically evacuated and refilled with fresh BrFBO. One of the

decomposition products found in the infrared cell was BrF,.

3

The concentrated solution of BrF30 in HF was obtained by dissolving a
sample of CsBrF“O in a thin walled 6 nmm o.d. Kel F caplllary in anhydrous HF.

RI/RD78-125
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When the HF was added the followling displacement reaction occurred in

quantitative yleld:lo

CsBrF,0 + HF——CsHF,_, + BrfF_0

4 2 3
The Raman spectra of this solution were recorded on a Cary Model 83
o
spectrophotometer using the 4880 A exciting line. A Claassen filter was
used to eliminate plasma lines.l' Polarization measurements were carried

out by Method VIIl as described by Claassen et al.“

Results and Discussions

As previously discussed12 in detail for CIF30, a monomeric halogen
trifluoride oxide molecule theoretically could possess one of the following

three structures:

F 0
. — x©0 --3/" %
. S~ . ~
|
:_ F 1E F/F/\F
I (cs) 1 (cg) 1l (c3v)

It has previously been shown12 that CIF30 has structure |, and the same

arguments also hold for BrF_0. Thus, the observed number of fundamental

3

] ' vibrations, the Br isotopic shifts, the infrared gas band contou:s, and

relative band intensities and frequencies all rule out structures il and
111, The followina paragraphs can therefore be limited to a discussion

; of the experimental data in terms of structure |I.

Infrared Spectrun -t the Gas. Figure | shows the infrared spectrum

f of gaseous BrF30. Due .0 the low vapor pressure and low thermal stability
of BrFBO, only the five most Intense infrared bands were observed in the

gas phase, Flgure 2 shows the band contours of four of these bands with

RI/RD78-125
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scale expansion under higher resolution conditions. From the estimated i
(see below) geometry of BrfF_0, the three rotational constants were

computed to be A=0,189, B=0.119, and C=0.086 cm-l. Based on these

values, the infrared band contours of BrF30 should be intermediate '3

between those of sets 25 and 24 in the tables of Ueda and Shimanouchi.

The band at 601 c.:m-I shows a PR branch separation of about 17 cm-‘ (see

! estimateI3 for an A-

Figure 2), In excellent agreement with the 17 cm
type band., This confirms the assignment of this band to the antisymmetric
axlal FBrF stretching mode, Vg (A"}, For this mode, the change of dipole
moment occurs along the axis with the smallest moment of inertia. The
second band for which a well defined band contour was observed is the

Br0 stretching mode, vy (A'), at 995 cm-l.‘BThis band does not exhibit
well defined P and R branches, as expected ~ for a blend of the B and C

type.

Infrared Spectra of Matrix Ilsolated Bero. Due to the limited

availability of gas phase data and the tendency of BrF30 to associate in
the liquid and solid state (see below), it was important to obtain matrix
Isolation spectra, Furthermore, these spectra were expected to yield
Iinformation about the nature of the association of BrF30. Since for the
3‘h and FBrOzlS molecules pronounced and unpredictable
matrix effects and splittings were observed, the spectra of BrF30 were

2° A

recorded in three different matrix materials, i.e. Ne, Ar, and N
survey scan of BrF3O in N2 is shown in Figure 3, trace A. Spectra of

closely retated BrF

BrF30 in Ne, Ar, and N2, recorded with scale expansion and under high
resolution conditions, are given in Figures L-7, together with the observed
frequencies. As can be seen, the matrix data confirm the presence of

the five bands observed in the gas phas~ spectra. Two additional funda-

mental vibrations were observed at about 400 and 250 cm-‘, in agreement

with the Raman data (see below). By analogy with previous reports””]6

0 spectra exhibited pronounced matrix

on matrix Isolated BrF3, the BrF
15

3

frequency shifts and splittings. As for BrFB'h and FBrO2

was found to give for most bands the simplest spectrum and the froquency

, @ Ne matrix

values closest to those observed for the gas phase.

The matrix spectra exhibit, in addition to site and bromine isotopic

RI/RD78-125
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splittings (see below), bands due to associated BrF30. Most of these are
marked by a P in Figure 4-7. Thelr assignment to associated BrF30 was

confirmed by variation of the matrix ratio, controlled diffusion experiments
and the recording of the spectrum of neat solid BrF30 at 3.6°K (see trace B

of Figure 3). Their interpretation will be discussed later.

Reliable determination of the bromine isotopic shifts (bromine has
two natural isotopes, 798r and 8'Br, of about equal abundance) was important
for the assignments and force field computations. Whereas matrix splittings
depend on the matrix material, the isotopic splittings should be matrix
independent and be observable in all three matrix materials.

In a Ne matrix, monomeric BrF, 0 appears to occupy only one matrix

site, as evidenced by the observat?on of a single isotopic doublet for Vs
Voo and Vg (see Figures 4-7). The splittings observed for V3s Vg and Vg
In Ne are too large for bromine isotopes and also were not observed for
the Ar and N2 matrices which contained much less associated BrF30.
Consequently, one of the two bands in each of these pairs is attributed

to associated BrF30.

tn Ar or N2 matrices, monomeric BrF30 occupies at least two different
matrix sites. When the site symmetry splittings are of the same magnitude
as the bromine isotopic splittings, the two central lines will coincide and
the bands can have the appearance of a triplet with a more Intense central
component. Typical examples for such apparent triplets are the bands at
about 580 cm™' in Ar and at about 998 and 618 cm” ' in N,. The observed
and computed 79Br - 8]Br isotopic shifts will be given and discussed in
the force field section. The doublet at 985.6 and 982.9 cm-], observed for
the N2 matrix (see Figure 4, lower trace), exhibits a splitting (2.7 cm-])
too large for either v, (2.25 cm-]) or an N, site splitting, but has about
the right frequency separation (2.9 cm") for the bromine isotopes in the

combination band (v7 + v8) and, therefore, is assigned in this manner.
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Raman Spectra. Raman spectra of BrfF_0 were recorded for the solid

3
at =180 and -30°C (Figure 3, traces C and D), for the liquid at 20°C, and HF

solutions at high and low concentrations (Figure 8, traces A, B, and C}. The

spectra of the solid, liquid, and HF solution agree well with each other,
except for the symmetric axial FBrf stretching mode, v, (A'), which, due to
association effects (see below),shows varying degrees of splitting and
frequency shifts to lower frequencies, The infrared spectra (see above)
had shown seven of the nine fundamental vibrations, expected‘2 for BrF30
of symmetry CS' The remaining two fundamental vibrations are readily
identified from the Raman spectra and have frequencies of about 200 and
330 cm-‘. Polarization measurements were carried out for the concentrated
HF solution (traces B, Figure 8) and show the number of polarized and

depolarized bands expected for model | (6A' + 3A"),

Asslgnments. Assignment of the 9 fundamental vibrations observed for

BrF30 are straight forward. By analogy with C1F3012, model | of symmetry Cs
should possess HA' and 3A" modes, all being infrared and Raman active. In
the Raman spectrum, only the A’ modes should be polarized. The experimental

observations are in agreement with these predictions.

0f the six fundamental vibrations in species A', three should be
stretching modes involving the Br=0, the equatorial BrF, and the axial FBrF
band , respectively. The Br=0 stretching mode should have a significantly
higher frequency than the Brf modes and, therefore, is assigned to the band
at about 1000 cm-]. The equatorial Brf stretching mode should have a higher
frequency and infrared intensity and a significantly larger 3 8lBr
lsotopic splitting than the symmetric axial FBrf stretch. Consequently,

these two modes are assigned to the bands at 625 and 531 cm-‘, respectively.

For the assignment of the three A' deformation modes, three polarized

Raman bands at about 350, 240, and 200 cm-‘ are available, The three deformation

modes can be approximately described as an equatorial FBr0 scissoring motion
and as two axial FBrF bendirg motions. Since only one of these three Involves
the doubly bonded oxygen ligand, it should have the highest frequency and
Is assigned to the 350 cm-‘ fundamental, The two remaining fundamentals

belong to the two axial FBrf bending modes. Since they are highly mlxed

RI/RD78-125
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(see below), their identity will be discussed in the force constant

sectlon.

There are three fundamental vibrations in species A" with frequencies
of about 600, 390, and 330 cm-] available for assignment to the antisymmetric
axial FBrf stretch and the equatorial FBr0 wagging and torsion motions, Based

79Br - 8‘Br isotopic splitting, and high infrared

on Its high frequency, large
and low Raman intensity, the 600 cm-] fundamental must be assigned to the
antisymmetric axial FBrF stretching mode. Assignments for the two remaining
deformation modes are made on the basis of their relative infrared intensities.
The torsional mode should be of much lower intensity than the wagging mode

and is therefore assigned to the 330 cm"I fundamental. This leaves the 390
cm-‘ fundamental for assignment to the wagging mode. The bands observed

below 130 cm-' in the Raman spectrum of solid BrF30 have frequencies too

low for internal modes and also were not observed for either the liquid or

HF solutions. Consequently, they are assigned to lattice vibrations.

The above assignments are summarized in Table 1 and compared to those

previously reported for (:lF:‘;OI2 and BrFB.lh’ 16, 17

agreement is excellent, thus lending additional support to our assignments.

As can be seen, the

The decrease in the frequencies of the HalF stretching vibrations on oxygen
addition is caused by the following effect. These halogen fluorides are more
electronegative than oxygen. Consequently, an added oxygen ligand releases

- &+
electron density to the rest of the molecule. This increases the §_H2]

polarity of these bonds and hereby weakens them,

Force Constants. A normal coordinate analysis was carried out for

BrF30 to support the above assignments. T?g potential and kinetic energy
metrics were computed by a machine method. The geometry assumed for this
computation was D(Br0)=1.56A, R(BrF')=1.72R, r (BrF)=1.81A, a(0BrF')=120°,
B(0OBrF)=y (F'Brf)=90°, based on the observed'9 geometry for BrF3 and an
extrapolation between BrO bond length and stretching frequency, similar

to that 20 used for C10 bonds, using the data published for BrO; 21,22
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and FBr03.23'2k

an ldeallized geometry with 90 and 120°bond angles. However, based on the !

In the absence of structural data for BrF30, we assumed

known increase in mutual repulsion within the serles F<0< free electron

palr, the true geometry of BrF 0 is expected to show a F'Br0 bond angle

3
of less than 120° and a slightly bent axial FBrf group. The latter prediction

Is also supported by the observation of the symmetric axial BrF, stretching

2
mode as a weak band in the infrared spectrum of gaseous BrF.0. The symmetry

3

coordinates used for BrF30 were identical to those previously given 12 for

CIF3O. except for interchanging S, and Sh' The bending coordinates were

3
weighted by unit (IR) distance.

The force constants were adjusted by trial and error with the aid of a
computer to give an exact fit between the observed and computed frequencies.
The observed 798r - 8]Br isotopic shifts were used as additional constraints,
and the most simple force field was chosen which exactly duplicated these
shifts, The computed force constants are listed in Table 11, Uncertainty
estimates are difficult to make. However, numerical experiments indicate
that the uncertainties in the valence force constants should not exceed 0.1
mdyn/i.

As can be seen from Table 11, the observed frequencies and isotopic
shifts can be accurately duplicated by a force field which, except for F56
and F78' Is diagonal, |In the A' block, a small value was required for F78
7° The

introduction of a nonzero value for F 8 also resulted in the PED becoming

7

significantly more characteristic. in the A' block, a relatively large

in order to be able to fit the isotopic shift observed for v

value was required for F56 in order to be able to fit vs and Vg However,
the remaining fundamentals were little influenced by the value of F56'
The potential energy distribution (see Table I1) shows that all
fundamentals are highly characteristic, except for vs and Vg which correspond
to approximately equal mixtures of F55 and F66' More information on the
nature of vs and vg can be obtained from the eigenvector matrix L. |Its
Important elements for Vg and Vg are: Vs -0.006 S“. 0.133 SS' -0.119 56’
and v, -0.034 S, 0.057 Sg, 0.081 S,. By analogy with c1r3o'2, vg and v,
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correspond to a symmetric and an antisymmetric combination, respectively,

of the symmetry coordinates 56 and SS' As shown by the following stick

diagram,
~—r ¢/
-~ l F
i— B :——/ar:’
W . 1,0
—F F/
Ve Vg

Vg can be visualized as a symmetric bending motion of the two axial
flusrine atoms in a plane containing the linear FBrf group and the free
The vs fundamental can be considered
As

val:nce electron pair of bromine,
as the corresponding bending motion perpendicular to this plane.
shown by the stick diagram, 3 also contains a significant contribution

from the equatorial scissoring coordinate Sb'

The fqrce constants of greatest interest are the stretching force
constants ;ince they are a direct measure for the strength and covalent
character of the various bonds. A comparison of the stretching force
constants of BrF,0 with those of similar molecules and ions is given in

3

Table Jll. As can be seen, the value of the BrO stretching force constant
Is In good agreement with our expectations for a Br0O double bond. The
general trend of the Br0 stretching force constants listed in Table 111

Is similar to that observed for chlorine oxyfluorides.25 The force
constant increases with increasing fluorine substitution, oxidation state,
and formal charge of the central atom., Consequently, it is not surprising
that BrF30 exhibits the highest fD value of the listed compounds. The
only presently known bromine oxyfluoride, expected to have a higher fD

value, is the BrFZO+ cation which has a Br0 stretching frequency of about

1050 cm”!, 26728
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The BrF stretching force constants of BrF.0 are similar to those

3

of BrF3, although somewhat lower due to the electron density releasing effect

of the oxygen substituent (see above). The difference between the equatorial

and the axial BrF stretching force constant of Brf_0 is significantly larger

3

than thelr estimated uncertainties (see above). This indicates that the
equatorial BrfF bond is significantly stronger than the two axial ones. The

same effect has previously been observed for C1F_0 and was explained 12 by

3
significant contributions from semiionic three-center four-electron p ¢

bonds 23-31

to the axial bonds.
1 .
Nmr Data. 9F nmr spectra were recorded for the neat liquid at 10°

and for FCIO3 solutions of two different concentrations in the temperature

0,25:32,33
34

range 10 to -40° (see Table V). By analogy with CIF only a

3

single line signal was observed. However, it has been shown by relaxation

time measurements that CIF_0 contains two different kinds of fluorines with

3

a chemical shift separation of 50 ppm. The observation of a single line
signal was attributed to rapid exchange. Consequently, the observation

of a single line signal for BrfF,0 might be explained in a similar manner

3

and should not be used as an argument against the above proposed mode! of

symmetry CS'

The signal observed for Brf,0 was shifted to higher field with both

3

decreasing temperature and increasing concentration, Both trends indicate

that the resonance for associated BrF_0 (see below) occurs upfield from

3

that of monomeric BrF._ 0.

3

Association in the Liquid and Solid Phase. The physical properties

of BrF30, i.e. its relatively high melting and boiling point and low vapor
pressure, indicate association in the liquid and solid phase. This was
experimentally confirmed by vibrational and nmr spectroscopy. By analogy
with the findings for the similar pseudo-trigonal bipyramidal molecules
BrF3, SFh’ CIF3, 14,35 and CIF:,‘O,]2 it car be shown that condensed BrF30
Is associated through fluorine bridges. The bromine atom achieves pseudo-
hexacoordination by accepting an axial fluorine atom of another BrF30

molecule as a fourth equatorial ligand.
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As expected 12 for this type of association, the axlal FBrF

stretching frequencles are shifted to significantly lower frequencies,
whereas the Br0 and the equatorial BrF stretch are only little affected,
Thus, the Raman spectra of the neat liquid and of HF solutions of BrF30
(see Figure 8) show that the band due to the symmetric axial FBrF
stretching mode has decreased in frequency by 30-80 cm-] and has become
very broad. The Raman spectrum of a 2 x IO"2 molar solution of BrF30 in
FCIO3 at -10° has also been recorded. However, in this relatively unpolar
solvent, the monomer concentration is high, as evidenced by vsym FBrF
having a frequency of 527 cm-]. For the Br0 and the equational BrF
stretching mode, frequencies of 996 and 619 cm-‘, respectively, were
observed which are also close to those of the corresponding gas phase

values.

For neat solid BrF30 (see Figure 3, traces B-D) association predominates,
as expected, 12 For the symmetric FBrF stretching mode, only a weak Raman
band occurred in the monomer region at 526 cm-', but a series of bands was
observed at 511, 480, 457, and 447 cm"l with increasing relative intensities
which show infrared counterparts of medium intensities, Furthermore, the
infrared frequency of the antisymmetric FBrF stretching mode has decreased

by about 60 cm-l, relative to the gas phase value.

The above conclusions were further corroborated by the results from
the matrix isolation study. In addition to the bands due to monomeric
BrF30. new bands were observed, particularly in the Ne spectra. These new
bands had frequencies similar to those of neat solid BrF30 and, therefore,

12

are assigned to associated BrF,0. In agreement with previous findings

3
for CIF30, the bands due to associated BrF30 were observed on the high
frequency sides of U{(Br=0) and U(BrF') and the low frequency side of v
(FBrfF) (see Figures 4 and 5, bands marked by P). For vsym (FBrfF), the

bands due to associated BrF3O at 490 and 470 cm-l (trace A, Figure 3)

as

exhibited a large shift to lower frequencies and were more Intense than

that of the corresponding monomer band at 524 cm-l. The higher intensities

of the 490 and 470 cm-] bands do not imply the presence of more associated
than monomeric Brf_0, but are mainly due to a larger change of dipole moment

3
Involved in these modes. The ratio of monomer to ollgomer can better be

RI/RD78-125
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Judged from the relative intensities of bands, such as v(Br0), which do not
participate In the bridge formation. |In Figure 3, trace A, the appropriate
bands are 998 cm-] (monomer) and the shoulder on its high frequency side

(oligomer).

It should be noted that the spectra of neat liquid or solld BrF;0 did
796~ -
26-28 or BrFuO 2,10,3 + This

not show any evidence for bands due to BrF20+
+ -
0 BrF,0 .

rules out extensive self-lonization according t¢ 2BrF

05—BrF

2 4

3

Additional support for the proposed association stems from the 19F nmr

26,34 ¢ CIF,0 show an upfield shift

with increasing concentration and decreasing temperature, conditions which favor

spectra of BrF30 which by analogy with those

; association., For CIF30, the axial fluorine signal is observed 34 at higher field
than that due to the equatorial fluorine, Since the axial fluorine bond is
weaker than the equatorial one, an upfield shift is indicative of bond weakening,

i.e. association,

Thermodynamic Properties. The thermodynamic properties of Brf_0 were

3

computed with the molecular geometry given above and the vibrational frequencies

of Table |l, assuming an ideal gas at | atm pressure and using the harmonic-
oscillator rigid-rotor approximation.37 These properties are given for the
range 0-2000°K in Table V.

Conclusion. Except for the ‘9F nmr data, which in the absence of relaxation

34

time measurements are inconclusive, all the data observed for BrF30 are in
excellent agreement with the predictions made for Model 1 of symmetry Cs.

. Whereas gaseous, matrix isolated, and FCIO3 dissolved BrF30 Is mainly monomeric,
liquid, solid, and HF dissolved BrF30 shows pronounced association involving

- brldging through the axial fluorine atoms.
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Flgure 1.

Figure 2.

Figure 3.

Figure 4,

Flgure S.

Figure 6.

Diagram Captions

Infrared spectrum of gaseous BrF30 at 5 mm pressure. The
window material used above 450 cm-' was AgCl and below
450 cm-l was AgBr protected by a | mm thick polyethylene
sheet. The broken lines indicate absorption due to the
window material,

Infrared band contours recorded for gaseous BrF30 with

10 fold scale expansion under higher resolution conditions.

Vibrational spectra of solid BrF30. Trace A, infrared
spectrum of BrF30 in a N, matrix (MR~1000:1), recorded

at 3.6°K using Cst windows. Trace B, infrared spectrum

of neat BrF30, recorded at 3.6°K using Cs!l windows. Traces
C and D, Raman spectra of neat BrF30 recorded at =180 and
-30°, respectively. The parts of the -30°spectrum, not

shown in this figure, closely resembled those of Trace C.

Infrared spectra of matrix isolated BrF30 (v' region),

recorded at 3.6°K with 20 fold scale expansion uqﬁ:g.higher,
resolution conditions. Tha upper, middle and lowerywere recorded for
Ne, Ar, and N, matrices, respectively. (MR~1000:1). Bands

due to monomeric and to associated BrF30 are marked by

M and P, respectively.

region).

Infrared spectra of matrix isolated BrF_0 (Vh and v

3 5
The v2 band in N2 matrix was recorded for a thicker sample.

Infrared spectra of matrix isolated BrF30 (v7 and Vg region),
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1 Figure 7. Infrared spectra of matrix Isolated BrF30 (vk and VS region),

The v,‘and \)Sbands in N2 and the vsband in Ar were recorded

for a thicker sample.

F Ak i et R

Flgure 8. Raman spectra of liquid BrFéo. Trace A, neat liquid.
Traces B, concentrated HF solution with the incident

] polarization parallel and perpendicular; P and DP indicate
polarized and depolarized bands, respectively. Trace C,

dilute HF solution.
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Table V., Thermodynamic Properties for BrF30

T.°k ¢ H®- HO ~(F = HO)/T s°
0 0. 0. 0. 0.
100 10.871 0.872 30.788 59.512
200 16,448 2,255 37.595 68.868
298.15 19.830 4,050 62.543 76.127
300 19.878 4,087 62.627 76.250
400 21.852 6.182 66.809 B2.264
500 23.032 8.431 70.416 87.278
600 23.775 10,774 73.591 91.548
700 24,265 13.178 76. 427 95.252
800 24,603 15.622 78.988 98.516
900 24,845 18.095 81.322 101.428
1000 25,023 20,589 83.466 104.055
1100 25,157 23,098 85. 448 106. 447
1200 25.261 25.619 87.291 108.641
1300 25.343 28.150 89.012 110.666
1400 25,409 30.688 90.627 112.547
1500 25,462 33.23) 92.147 114.301
1600 25,506 35.780 93.584 115.946
1700 25.543 38,332 94,945 117.494
1800 25.574 40,888 96.239 118.955
1900 25.600 43.447 97.471 120.338
2000 25.623 46.008 98,648 121.652
F
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Bromyl Fluoride., Vibrational Spectra, Force Field, and

Thermodynamic Properties

Karl 0. Christe*x, €. C. Curtis, and Eberhard Jacob

Abstract

Infrared spectra are reported for FBr]802 in the gas phase and for FBer2

in Ne, N,, and Ar matrices at 3.6°K. |Isotopic shifts were measured for

795,81 16,.18

Br and 0 and were used for the computation of a valence force

field. Thermodynamic properties were computed for FBrO2 and FC]O2 in the

range 0-2000°K.
Introduction

Bromyl fluoride was first synthesized by Schmeisser and Parnmer"2 in 1955,
Because of its low thermal stability and high reactlvity, this compound

had been only poorly characterized and was not further studfed untjl 1975,

3

In 1975, Gillespie and Spekkens published” the Raman spectra of solid and

liquid FBrO2 and proposed a monomeric pyramidal structure, similar to thath

3

of FCIOZ. Using the Raman frequencies reported” for liquid FBr0,, Baran

2|
calculated5 a modified valence force field and mean amplitudes of vibration
for FBrOz, assuming all bond angles to be 108°, Very recently, Jacob suc-

ceeded6 in obtaining good gas phase infrared spectra for FBrOz. In spite
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of the fact that gaseous FBrO2 possesses a half life of only 30 minutes at

15°C. He also prepared a sample of FBr‘BO2 and reported preliminary infra-
red data for the gas and for the neat and the argon matrix Isolated solid.
Although the oxygen Isotopic shifts were measured, no 798r-8‘8r isotopic

shifts were given.

In this paper, we report higher resolution spectra and oxygen and bromine

isotopic shifts for gaseous and for Ne, Nz, and Ar matrix isolated FBrOz.

3,5

In view of the interest in the nature of bonding in FBrOZ, a new force

field computation appeared warranted, particularly since the previously

used5 frequencies significantly differ from those of gaseous FBrO2 and since the

previously as:umedS geometry of FBrO2 was only a crude estimate. Furthermore,
the availability of both oxygen and bromine isotopic shifts offered a unique
opportunity to test the value of such additional data for the refinement of

force fields for compounds, such as bromine oxyfluorides.

Experimental Section

The samples of FBrO2 used for recording the gas phase spectra were prepared,
as previously described,6 by low-temperature co-condensation of BrF_ and

5

HZO' The infrared spectra of gaseous FBrO2 were recorded at 15°C on a
Perkin Elmer Model 325 spectrophotometer in the range k000-290cm-] using
a nickel cell with AgBr windows attached to an external mirror system (optical

path length 110cm).

The samples of FBr0, used for the matrix Isolation study were obtained as a
by-product during a spectroscopic study7 of BrF30. The spectrometer and hand-
Cllng have been previously descrlbed.7 .
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Results and Discussion

Iinfrared Spectra of Gaseous FBrOZ. A survey infrared spectrum of gaseous

FBr‘ao2 is shown in Figure 1. The.corresponding spectrum of FBr‘602 has

previously been reported.6 Figures 2 and 3 show the band contours of each
band recorded under higher resolution conditions and scale expansion.

The observed gas phase frequencies of FBrO_, are compared in Table 1 to

3,6

2

those previously reported for the liquid and the solid. As can be seen

from Table 1, the gas phase frequencies significantly deviate from those
of liquid and solid F8r02, indicating some degree of association in the

condensed phases. The BrF stretching mode, v (A'),exhibits the most

2

pronounced frequency change (-62cm_l) on going from the gas to the solid,

whereas the mean frequency change of the two Br0, stretching nndes,v‘ (A")

2

and Vg (A"), is only -l7cm-l. This indicates that association takes place

mainly through the fluorine ligands. Preferential association through fluorine

7

ligands has previously also been demonstrated’ for BrF30.

Infrared Spectra of Matrix Isolated FBrOZ. In order to obtain unambiguous

bromine isotopic shifts (bromine contains two naturally occuring isotopes,

81B

798r and r, of almost equal abundance) for FBrOz, the infrared spectra

of matrix isolated FBr|602 were recorded at 3.6°K. Since for the related
BrF3O7 and BrF38 molecules, pronounced and unpredictable matrix effects
and splittings were observed, the spectra of FBrO2 were recorded in three
different matrix materials, i.e. Ne, N2’ and Ar. The observed spectra,

recorded under higher resolution conditions with 20 fold scale expansion

are shown in Figure 4. The observed frequencies are listed In Table I.
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By analogy with previous reports on matri» isolated BrFsa'9 and BrF307, the

FBrO2 spectra exhibited pronounced matrix frequency shifts. As for BrF38
and BrF307,a Ne matrix was found to give the best results and frequency

values very close to those found for the gas phase (see Table 1). Associa-

tion effects were most pronounced in the Ar matrix.

Assignments and Determination of Isotopic Shifts. The assignments for

FBrO2 in point group CS are straightforward and are well supported by
3

Raman polarization data”, 'Boxygen isotopic shiftse, and by comparison

10 .nd SeozF'3

They are listed in Table | and require no further comment.

with the spectra of the closely related FC!O2 species.,

16, 18

For the determination of the 0- 0 isotopic shifts in FBrOz, the gas

phase anharmonic infrared frequencies listed in Table | were used. How-
ever for compounds exhibiting such large isotopic shifts, anharmonicity
corrections of these shifts are important for force field calculations.
Unfortunately, no experimental data are available for FBrO2 to permit
reliable anharmonicity corrections. However for Ruob, which possesses a

16

central atom of a mass similar to that of Br and exhibits comparable ~0-

|
]80 isotopic shifts, anharmonicity corrections were estimated N to be

| 16,.18

about 1.4 and 0.5 cm ' for the 0 isotopic shifts of the V3 stretching
and the v, deformation modes, respectively. Assuming similar correction
values for FBrOz, the magnitude of the expected anharmonicity corrections
obviously is significantly ‘arger than the 0.) rm-l uncer.ainty In the
values of the observed anharmonic frequencies. Therefore, we have treated
the observed anharmonic oxygen Isotopic shifts in the following normal

coordinate analysis as the lower 1imit and have used 1.6 and 1.0 c:m.l

larger shifts as the upper limits for the stretching modes v and vs and
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the deformation mode v3, respectively. As will be shown below, the force

field analyslis supports this cholice.

For the bromine isotoplic shifts, anharmonicity corrections are much less
of a problem due to the smallness (0-3cm_|) of these shifts. Therefore,
possible anharmonicity corrections for these shifts should not exceed the
measured uncertainties (* O.Icm-l) of these shifts. The best values for
the isotopic shifts are listed in the last two columns of Table 1. The
agreement between the bromine isotopic shifts observed for gaseous FBrO2
and those observed for the matrix Isolated species is generally good if

one takes into consideration that the Q branch bandcontours of v, and vy

are distorted on the P branch side by hot bands and that for vs a double

Q branch is observed for each bromine isotope.

Force Field Computations. A normal coordinate analysis was carried out for

FBrO2 to obtain more reliable force constants for this interesting molecule

and to examine the usefulness of isotopic shifts for such an analysis. The

potential and kinetic energy matrices were computed by a machine method.lz

The following geometry was

r=} .577A /Br

N R=1.76A
F

0%,
0102°

b———1

115°

13,
3

, and FCIOzh and an extrapolatinn between Br0O bond length and
15

assumed for this computation, based on the known geometries of FBrQ

14
FCIO3

stretching frequency, similar to that

161 F8r0313']8. This geometry appears more likely

5

used for C10 bonds, using the data
published for FBrOh

[-]
than that (0= B = 108°, r = 1.63A) chosen” by Baran for his computation.
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The symmetry coordinates used for FBrO2 were identical to those previously

10 for FClOz, except for the correction of the obvious typographical

given
error in the factor of Sy- The bending coordinates were weighted by unit

(1A) distance.

The force constants were adjusted by trial and error with the aid of a com-
puter to give an exact (0.1 cm-]) fit between all observed and computed

8.'Br and l60-'8

frequencies. The observed 798r- 0 isotopic shifts were used
as additional constraints. We will first discuss our choice of a force
field for the A" block since it contains only one stretching and one de-

formation mode.

The force constants of FSS and F66 were computed as a function of F56' The
resulting curves are shown in Figure 5. We have also computed the bromine

and oxygen isotopic shifts over the same range of F56 and have plotted their

1

values in Figure 5. The observed isotopic shifts, ABrv_+0.1 cm ' and

5t
AOvS + 1.6 cm-I (see above discussion of anharmonicity corrections), were
used to define the probable range of the force-constants. The values thus
obtained are given in Figure 5§ and Table {i. Figure 5 demonstrates the im-
portance of the anharmonicity corrections for AOvs, {.e. a better cverlap
with the ABrv5 force fleld constraint, as previously demonstrated19 by
McDowell and Goldblatt for oso“. Furthermore, it shows that the preferred
force field closely corresponds to F66 being a minimum, a condition pre-

19,20

viously shown to be a good approximation to the General Valence Force

Field values for similar weakly coupled systems.

For the A' block of FBrO2 the problem of defining a preferred forc: fleld
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Is more difficult since this block contains two stretching and two de-
formation modes. Numerical experiments showed that only three of the six
off-diagonal symmetry force constants were essential for fitting the
Isotopic data. These three off-diagonal constants were F|3. th, and FBA’
with F]3 and F3“ being more important than th. This result is in good

agreement with the previous flndings‘o

for the related FCIO2 molecule and
is not surprising in view of the fact that 6‘3, sz, and G3h are the major
off-diagonal G matrix terms in the A' block. It was also shown that the
variation of Fl3' th, and F3y strongly influenced only the corresponding
diagonal terms. This relative independence of the interaction constants
permitted us to examine each of them separately. The results of these com-
putations were again summarized in graphical form and are presented in
Figures 6-8. In this manner, the values of F‘3, th, and F3h,required to
duplicate all the observed isotopic data, were determined. These three
interaction constants were then combined in a single force field, and a
satisfactory fit of the isotopic data could be achieved with only minor
adjustments. The resulting force field is given in Table Il. The computed

oxygen shifts were intentionally kept slightly larger than the observed

ones to leave some room for any future anharmonicity corrections.

Figures 6 and 7, dealing with the stretch-bend interaction constants F'3

and th, respectively, are analogous to Figure 5, which has been discussed
above in detail for the A' block, and therefore do not require any further
comment. Figure 8 shows the dependence of the two diagonal tending constants
F33 and Fkh on the bend-bend interaction constant FBQ' In order to be able

to fit the observed oxygen shift of V3 either a rather large positive or a

small negative value is required for F3h' 0f these two possibilities, the
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former s preferred, since it results in more plausible force constants.
For F3h = 0.2, the potential energy distribution (PED) Is essentially 100
percent characteristic (F““ = minimum), whereas for the extremal values of

F3“, v3 and vy become about even mixtures of F_.. and th' The moderate

33
amount of mixing obtained for vy and vy in our preferred force fleld (see
Table 11) Is not surprising in view of their similar frequencies and
motions involved. The remainder of the PED (see Table I1) is highly

characteristic and supports the approximate description ot the modes

given in Table 11,

A comparison of the internal force constants of FBrO2 with those previously

5

reported” by Baran Is given in Table i1l. As can be seen, the two force

fields significantly differ, particularly for fR and fGB' Our results

show that the Brf bond in FBrO2 is significantly stronger than previously
5

assumed”.

Comparison with Similar Compounds and Bonding in FBrOz. A comparison of

the FBrO2 stretching force constants with those of other bromine oxides,
fluorides, and oxyfluorides is given in Table V. The Brf stretching force
constants are separated into two groups. In the fR group, the BrF bonds
contain significant contributions from semi-ionic 3 center -4 electron bond-
ing, whereas in the fR' group, the BrF bonds are largely covalent. The
spread within each group Is caused by secondary effects, such as formal
charge (anion, reutral molecule, cation), degree of fluorine substitutiun,
and oxidation state of the central atom. These effects have previously been

21,22

discussed in length for the corresponding chlorine compounds and appear

to be also applicable to the bromine compounds of Table IV, although for the
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latter they are somewhat less pronounced. This is caused by the fact that
the larger bromine central atoms are more polarizable than chlorine, hereby

causing the two types of bonds to become less distinct.

As far as FBrO2 is concerned, it can be seen from Table IV that its stretch-
ing force constants do not fit too well the general trends of Table IV. A
similar anomaly has previously been noted for FCIO2 and was explained by a
weak highly polar (p-n*) o bond.22 The same explanation, i.e. bonding
between a 2p electron of F and an antibonding ﬂ* orbital of the BrO2

radical can be invoked for FBrOZ.

798rl6

Thermodynamic Properties. The thermodynamic properties of F O2 were

computed with the molecular geometry given above and the vibrational fre-
quencies of Table Il, assuming an ideal gas at | atm pressure and using
the harmonic-osciilator rigid-rotor approximationZB. These properties are
given for the range 0-2000°K in Table V. Since no thermodynamic data had
previously been reported for FCIOZ, we have also computed these properties

16

for F35CI 02 (see Table Vi) using the previously published frequencieslo

and geometry.h

Conclusion. A force field has been computed for FBrO2 using gas phase fre-
qﬁency values and bromine and oxygen isotopic shifts. It was shown that the
most important force constants,-fBro and fBrF’ can be determined with an accu-
racy of about 0.08 and 0.04 mdyn/;. respectively. The importance of anhar-
monicity corrections for the oxygen shifts was demonstrated. In the absence
of such anharmonicity corrections, the bromine isotopic shifts are more use-
ful for defining the force field due to the smaller anharmonicity corrections
required. The BrF bond iIn FBrO2 (2.75 mdyn/;) is considerably stronger than

RI/RD78-125
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®
previously assumed (2.25 mdyn/A)S. but Is sti!l somewhat weaker than pre-
dicted by comparison with related bromine compounds. This weakening
effect might be explained by assuming a polar sigma bond between a 2p

electron of F and an antibonding H* orbital of the Bro2 radical.
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Flgure i.

Figure 2.

Flgure 3.

Figure 4.

~ Figure 5.

Diagrams Captions

Survey Infrared spectrum of gaseous F8r|80 recorded at 15°C in

2
a nickel cell equipped with AgBr windows with an optical path

length of 110 cm-'. The band marked by an asterisk is due to HF.

The band contours of Vis Vo, and V3 of gaseous FBr|80 recorded

2
under higher resolution conditions with scale expansfon. For vy
and vy the frequencies of the 798r and 8IBr Q branch centers are

marked. Ffor v3, only the unresolved Q branch is shown at the same
scale as that used for vy and v,- The complete band envelope is
shown at a 2.5 times compressed scale.

18

The band contour of Vg of gaseous FBr 0, showing the double Q

branches for both bromine isotopes.
Infrared spectra of Ne, NZ' and Ar matrix isolated FBr‘602, re-
corded at 3.6°K with 20 fold scale expansion under higher resolution

conditions using Cs! windows and a MR of ~1000:1.

Force constant display of the A" block of FBrOz using the observed

bromine (2.7 % O.lcm-l) and oxygen (42.4 + l.6cm-‘) Isotopic shifts
° °

as constraints. FSS' F66' and F56 have units of mdyn/A, mdyn A/

radlanz, and mdyn/radian, respectively. The rectangle of AOvS

marked by broken lines represents the observed anharmonic oxygen

shift of Vg t O.kcm-l. whereas the solid rectangle assumes the
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Figure 6.

Figure 7.

Figure 8.

observed anharmonic oxygen shift as the lower limit and a l.6s‘.m-l
higher, for anharmoniclity corrected, value as the upper limit,

The broken and the solid vertical lines Indicate the plausible

force constant ranges and the preferred force field, respectively,

Force constant display of the A!' block, All off-dlagonal constants
were set zero, except for FIB. Only those dlagonal constants are
shown which were significantly influenced by changes in the inter-
action constant F‘3. For additional explanation see caption of

Figure 5.

Force constant dispiay of the A' block showing the dependence of
F22 and th on th. For additional explanation see captions of

Figures 5 and 6.

Force constant display of the A' black showing the dependence of

F33 and th on FBM'
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100
200
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300
400
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600
700
800
900
1000
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2000

15

TABLE V. THERAUWYNAMIC PROPERT'ES FOR F79ar‘602
0 0 o 0 0
c (H-H) =(F -H /T
P T 0 T O
0 0 0
9.493 0.831 48.749
12.831 1.957 54,945
15.033 3.332 59,119
15.066 3.360 59.188
16.527 4, 945 62.576
17.467 6.648 65.438
18.082 8.427 67.931
18.498 10.258 70. 144
18.789 12,123 72,134
18.998 14,013 73.944
19.154 15.921 75,603
19.272 17.842 77,134
'7.363 19.774 78.557
19.43¢ 21,714 79.885
19,494 23,66) 81.130
19.541 25,613 82,303
19.580 27.569 83.410
19.613 29.529 84.458
19.640 31,491 85,455
19.664 33,456 86,404
19.684 35.424 87.310
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64,732
70.295
70,388
74,938
78,734
81.977
84.797
87.288
89.513
91.523
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95.036
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98.031
99.378
100.640
101,828
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TABLE VI. THERMODYNAMIC PROPERTIES OF F 0,
0 0 o0 0 0
c (H-H) -(F =B )/T
P T O T O
0. 0. 0.
8.507 0.805 46,851
11.267 1.790 52.666
13.509 3.012 56.456
13.545 3.037 56.519
15.167 4.478 59.581
16.318 6.055 62.180
17.134 7.730 64.459
17.718 9.474 66.495
18.143 11.268 68.339
18.459 13,099 70.026
18.699 14,958 71,581
18.884 16,837 73.023
19.030 18.733 74.368
19.147 20,642 75,629
19.241 22.562 76.814
19.318 24,490 77.934
19,382 26,425 78.993
19.436 28,366 80.000
19.481 30.312 80,958
19.520 32.262 81.872
19.554 34,216 82,747
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54.898
61.618
66,559
66.643
70.775
74.291
77.342
80.030
82,425
84,581
86.539
88.330
89.979
91.507
92,930
94.260
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97.798
98.852
99.854




FIGURE |

TRIREL

YT

|-WO ‘AON3IND3IY4

9°099

P >
€1

v'0LE

Sq

1'GEG

la
G'GLS

!

-—— JONVILINSNVHL

~-20

RI/RD78-125
I




|-W3 'ADN3INOD3IYA

L -
09> 08g %% 0gg0%0650%0z5 9980,8988068 z
vOLE 516G cors |2
| 2
=i:
. =i
L 955 g8 \ o °
Z >
1 P\n >
€, m
| 09 00 i
, 08¢




WD ‘AONINDIY
0L6 026 0£6 OY6 056

L'€E6, G9E6

RI/RD78-125
1-22

-~— JONVLLINSNVHL




1-WO ‘AGN3IND3Yd

08t 06t GES SvS GL6 GZ6 596 GL6
—-«-a~.—«q~_-_—— 4-.—-.«.-_H_~_.-—-_<-_< ..._—--_—--4?- __-q_-—-.uq-_-u-‘dﬂd-—
0'v8¢ 9'GeG ,0°LES ZL96
9'G96
£'696
8'vi6
6] v
2916
9896, Z'LL6 y 2
p 1] b o
2 E
z m = .
zL6e 8026 , €226 N 3
2
O
9'EL6 m !
;N.@hﬁ «
€ ‘a S ;
8'98¢ L'0¢6 ,9°126 _

oN v

TN SUE TS FUSTE FEUUE NS FIN N SNEVE FNE TS NI U ST NN S SUTTE ST U FUUT

doaa b e il




™1 1 ! T 111 ' Tea’ |
0 0 N
B < o N
" o o
- H © H
i S ©3
[ ~ < O
- —t AT {o
- o 3
c @ 7 .
= - [V ~ ™~
" m..r
2 — Ho =
3 - (SR NN NN (5 O AU VU SNy A L =
= N
i 19
- <
'O T | A T B | T T T T 0.
o (o ] (o] o 0 N o o0 O
= B B 2 23 & & R R
o o (-] o o Q _.m
B 5 6 -
0 0 © b
4N w uw |




L S B B

1 vt

Jlllllll\llllllLl

|
i
5
|
|
' 6.92 *0.095 "
|
|
l
i

O
o)
OL__

.6-0.4-0.2 0 0204

Fi3 -0.4210.19

RI/RD78-125
1-25




ﬂ
|

Y

|

2.74 £+ 0.04
1.42 + 0.01
0.13+0.09

———— - ————— —— ——— — > Tl e

] f‘lﬁ
I
)
i
i
|
1
-
i
I
I
|
i
|
I
I
I
|
[]
}
|
i
|
{
!
|
I
|
i
I
|
i
i
I
|
!
!
|
|
|
1
|
|

" 5 .
04 0.2 0 02 04 06
Faq4

®
i 29
mvl.
ﬁ — o
r~
g | y
3 ~ —
w s .
| T SO T L 1 4 U T U T U |
N o0 << o o o Q o
N e = e < R R
- - - -
, 0 ~ N <t
A <
w d A ™
|
_




T it

FIGURE 8

m!!!EEEE!!EE!!!E!E!T!I!.I-!‘!

Faq 1.46+0.04

| ] 1 ] 44] [ T ] 1 ] I ‘] |

b{\ —
— l - =
u . _

|

| -

I

I —

I -

I

| —]

|

| -

+

|

I

I

|

|

IT]ITIIjIT[r

F33 1.415+0.

lllLJlLlLJL{lI

|
|
|
|
|
|
|
I
—
|
I
|
|
I
!
|
I
]
|
!

|
015

[ N T e

0 0.1 0203
F3q 0.43+0

R1/RD78-125
[-27/1-28

04 05
.04




APPENDIX J

STABLE CHLORINE TRIFLUORIDE DIOXIDE

United States Patent (1

) 4,038,374

Christe (45) July 26, 1977
[54] STABLE CHLORINE TRIFLUORIDE [56] References Cited
DIOXIDE U.S. PATENT DOCUMENTS
(75] Inventor: Karl O. Christe, Calabasas, Calif. 3,285,842 11/1966 Grosscetal ... 423/466 UX
3,320,031  5/1967 Gro_ssc et al. 423/466
[73) Assignee: Rockwell International Corporation, 3,873,676 3/1975 Christe ......... S 4237466
E! Segundo, Calif. OTHER PUBLICATIONS
. Inorg. Nucl. Chem. Letters, vol. 8 (May 1972), No. 5,
(211 Appl. No.: 714,458 pp. 453, 454, 455, Pergamon Press, Printed in Gt. Brit.
(22] Filed: Aug. 16, 1976 an.
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[60] Continuation-in-part of Ser. No. 529,773, Dec. 5, 1974, ABSTRA
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Sept. 18, 1972, Pat. No. 3,873,676. Chlorine trifluoride dioxide is disclosed for use as an
oxidizer in formulating energetic compositions, such as
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[52) US.CL oo 423/466; 423/462; 8 CIO,F,+ salt with a strong Lewis base at —78° C.
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STABLE CHLORINE TRIFLUORIDE DIOXIDE

The invention herein described was made in the
course of or under a contract with the Department of
Navy.

CROSS-REFERENCE TO RELATED
APPLICATIONS

The application is a continuation-in-part of Ser. No.
529,773 filed, Dec. 5, 1974, now abandoned, and which
was a division of Ser. No. 290,031, filed Sept. 18, 1972,
and issued Mar. 25, 1975, as U.S. Pat. No. 3,873,676.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates 10 compositions of matter and is
particularly directed to chlorine trifluoride dioxide and
a method of producing the same.

2. Prior Art

Energetic compositions of matter are useful in provid-
ing energy sources for rocket engines, guided missiles,
auxiliary power units for aircraft, ordnance, demolition
and the like. Such compositions conventionally are
produced by mixing a fuel with an oxidizer. Obviously,
the energy of such compositions results primarily from
the oxidation of the fuel. Hence, it is desirable to pro-
vide a highly energetic oxidizing agnet. On the other
hand, it is equally desirable that the oxidizing agent be a
stable material, 50 as to prevent accidental or uninten-
tional ignition or explosive decomposition of the com-
position. Numerous organic and inorganic compounds
have been proposed heretofore for use as such oxidizing
agents. However, it has been found that, as a general
rule, stable compounds are low energy oxidizers and
high energy oxidizers are unstable. Thus, although
some useful oxidizing agents have been disclosed by the
prior art, the search for a stable, high-energy, oxidizing
material has continued. In recent years, studies have
indicated that halogen oxyfluoride materials might pro-
vide a satisfactory oxidizing material. However, al-
though empirical formulas may be stated for such mate-
rials and some of the properties of such materials may
be predicted, the synthesis of these materials has proven
to be extremely difficult and it is sometimes found that
several materials, each having distinct structures and
properties, are defined by a single empirical formula.
Thus, U.S. Pat. No. 3,285,842 discloses a process for
producing a material which was believed to have the
empirical formula chlorine trifluride dioxide, CIF;0;,
which the patent states to be a violet liquid which is
unstable at tempertures above —71° C. It was subse-
quently shown, however, that this composition does not
contain the chemical compound CIF;0,, but consists of
a mixture of chlorine fluorides and oxygen fluorides (K.
O. Christe, R. D. Wilson, and I. B. Goldberg, J. Fluor-
Chem., 7,543 (1976). This fact readily explains the great
difference in physical and chemical properties between
the composition and the novel composition disclosed in
this invention. While it would be expected that the
previously claimed composition would also be a highly
energetic oxidizing agent, the lack of stability renders it
unsafe for use in the production of propellants and the
fike.

Brief Summary and Objects of Invention

These disadvantages of the prior art are overcome
with the present invention and a composition of matter
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is disclosed which based on its chemical structure truly
is chlorine trifluride dioxide. It is sufficiently stable at
+25° C and, hence, can be safely employed for manu-
facturing propellants and the like. In addition, a method
is disclosed for producing chlorine trifluoride dioxide
by reacting CIF,0,+ PtFs~ with a strong lewis base at
a temprature of about —78° C and separating the prod-
ucts of the reaction by distillation.

Accordingly, it is an object of the present invention to
provide a new composition of matter having the chemi-
cal composition CIF;0,.

An additional object of the present invention is to
provide a method of producing chlorine trifluoride
dioxide.

A specific object of the present invention is to pro-
vide chlorine trifluoride dioxide by reacting CIF,0;+
salts with nitryl fluoride at a temperature of about —78°
C and separating the products of the reaction by distilla-
tion.

These and other objects and features of the present
invention will be apparent from the following detailed
description.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

In that form of the present invention chosen for pur-
poses of illustration, chlorine trifluoride dioxide has
been produced by reacting a CIF,0,+ salt, such as
CIF,0,+PtF,-, with a strong Lewis base at —78° C.

EXAMPLE 1|

A sample of ClO;+PtFy¢- containing about 10% of
CIF,0 ,+PtF- was treated at —78° C in a sapphire
reactor with a Jarge excess of FNO for several days. No
material noncondensible at —~196° C (i.e., F,) was ob-
served. The products, volatile at 25° C were removed
and separated by fractional condensation through a
series of traps kept at —126° C, —142° C, and ~196° C.
The —142° C fraction contained a novel compound
which was identified by its infrared spectrum as CIF-
30,. The observed frequencies are listed in Table 1 and
are in excellent agreement with those expected for a
trigonal bypyramidal structure of symmetry C,,.

F(B)

l 0
b

' \o

F(B)

This structure was confirmed by !F nuclear resonance
spectroscopy. The observed signal consisted of a typical
AB; pattern centered at —413 ppm relative to the exter-
nal standard CFCl;. The F-F coupling constant was
measured to be 443 Hz. The B, part of the AB, pattern
occurs downfield from the A part, proving that the B,
fluorine atoms occupy the two axial positions. Addi-
tional structural proof was obtained from the Raman
spectrum of the gas and the liquid showing strong ab-
sorptions at 1096, 684, 548, 527, 493, 290, and 229 cm- .
The molecular weight of the compound was confirmed
by vapor density measurements (measured, 122; calcu-
lated, 124). These data establish beyond doubt (see K.O.
Christe and R.D. Wilson, Inorg, Chem, 12, 1356 (1973)
and K.O. Christe and E.C. Curtis, Inorg, Chem. 12,
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3
2245 (1973) that contrary to the previous claim (U.S.P.
3,285,842) our novel composition has indeed the chemi-
cal composition CIF;0,.
Table I
Infrared Spectrum of CIF,0, and its Tentative Assignment

5

Frequency Assignment for Point

{(cm-Y) Intensity Group C,,

1334 s v10(B)), vn(f)()ﬁ

1096 s v (A,), vaymC!
699 vs v1(B,), vasCIF,Ax
687 vs v, (A)), vCIF 10
598 ms vy (By), 8rock ClO,
543)
532) mw vy (A}) and vy (B,)

The solid residue obtained from the FNO displacement , o
reaction showed the correct weight change expected
for conversion into NO-+PtF¢-. Its identity as
NO+PtF- was confirmed by infrared spectroscopy.

The chlorine trifluoride dioxide is white as a solid
having a melting point of about —81.2° C and colorless ,,
as a liquid having a boiling point of about —21° C. It is
marginally stable at 25° C. The observed stability and
lack of color furthermore demonstrate that our product
cannot be identical with the previously reported deeply
violet and unstable CIF.O,F; and CIF;. O, addition
compounds supposedly having the empirical composi-
tion CIF]O;

25

EXAMPLE II

A sample CIO,+PtF¢- containing about 10% of CI- ,,
O,F,+PtFs- was treated with a sufficient quantity of
FNO; to maintain a liquid phase at —78° C in a stainless
steel reactor up to 12 hours. This reaction yielded solid
NO,+PtF;- and gaseous CIF,0, plus FCIO,. If desired,
the chlorine trifluoride dioxide may then be separated
by conventional distillation techniques, as in a multi-
plate distillation tower. -

Small amouats of material were purified by combin-
ing the CIF;0; and FCIO; at —196° C with a small
excess of BF;. These materials were allowed to mix and
warm to ambient temperature. This results in CIF-
;0,+BF, -, which is stable, plus CIO,+BF,-, which has
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a dissociation pressure of 180 millimeters at 22° C and
which can be removed by pumping. The CIF,0,+BF,-
is then reacted with sufficient FNO, to maintain a liquid
phase at —78° C for up to 12 hours. This reaction pro-
duced solid NO, + BF (- plus gaseous CIF;0,and FNO,.
The two gases may be pumped off and separated by
passing the gases through a pair of traps maintained at
—126° C and —196° C, respectively. The chiorine tri-
fluoride dioxide will be caught in the — 126" C trap.

Obviously, numerous variations and modifications
may be made without departing from the present inven-
tion. Accordingly, it should be clearly understood that
the forms of the present invention described above are
illustrative only and are not intended to limit the scope
of the present invention.

What is claimed is:

1. A new composition of matter comprising of chlo-
rine trifuloride dioxide, CIF;0,, having structure

having the infrared spectrum set forth in the following
Table,

Table I
Infrared Spectrum of CIF;0, and its Tentative Assignment

Frequency Assignment for Point
(cm~") Intensity Group C,,

1334 ] vio (By), vasCl0,

1096 s vi(A}), vaymCl0,
699 vs vy (B)), vasCIF,Ax
687 vs v, (A)), vCIF
598 ms vy (By), rock ClO,
$43)

§32) mw vi(A}) and v (B))

and being a white solid which melts at about —81° C to

a colorless liquid and boils at about —21 C and is

stable up to about +25° C.
L]
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APPENDIX K

SYNTHESTS OF ANHYDROUS METAL PERCHLORATES

United States Patent |,

Schack et al,

o 4,012,492
(4]  Mar. 15, 1977

154]

175)

(73]

SYNTHESIS OF ANHYDROUS METAL

PERCHLORATES

Inventors: Carl J. Schack, Chatsworth; Donald
Pilipovich, Agoura, both of Culif.

Assignee.  The United States of America as
represented by the Secretary of the
Navy, Washington, D.C.

[22] Filed: June 10, 1978
121] Appl. No.: 585,549
{21 US. Cl ... 423/472; 423/476,
423/500
{$1) Int. CL2 .. ... CO1B 7/02; COIB 11/00;
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[57] ABSTRACT

Preparation of ttanium tetraperchiorate, vanadium
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mictal chlorides at a iemperature from about -45°C o
about 20° C. These perchlorates are usctul i com-
pounding gas generating compostlions
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SYNTHESIS OF ANHYDROUS METAL
PERCHLORATES

BACKGROUND OF THE INVENTION

1. Ficld of the Invention

The invention pertains to the preparation of inor-
ganic oxidizing salts and in particular o the prepara-
tion of anhydrous metal perchlorates.

2. Prior At

Syntheses of anhydrous metal perchlorates have been
restricted mainly to metals from Groups [ and 11, A few
preparations have becn reported for transition metal
perchlorates as well as NO,* and NH,* complex per-
chlorates.

Onc method is known for the preparation of anhy-
drous titanium tetraperchlorate. This method proceeds
by the reaction of unhydrous perchlornic acid with anhy-
drous titanium tetrachloride. However the product is
not pure as is evidenced by the data presented pertain-
ing to the melting point, analysis, stability, yield, and
polycerystalline form. A major disadvantage of the im-
puritics in the product is the necessity of refrigeration.
Other disadvantages of this synthesis are the scarcity,
expense, and danger of anhydrous perchloric acid.

The known method for the preparation of chromyl
perchlorate is through the reaction of chromyl chloride
and dichlorine hexoxide. Although the reaction prod-
uct is pure, the synthesis has the disudvantages which
result from the scarcity, expense, and danger of anhy-
drous dichlorinc hexoxide.

SUMMARY OF THE INVENTION

It is, thercfore, an object of this invention to form
anhydrous mctal perchlorates safely, quickly, and incex-
pensively.

Another object of this invention is to form anhydrous
metal perchlorates in a high degree of purity.

These and other objects are achicved by a method
which proceeds by the following reactions:

CrO,Cly + 2CHO, — 2Ch + CrOKCI0,),
TiCl, + 4CLO, — 4Cly + THCQI0,1,
vOCQl, + (K0, — VOICI0,), + 3C1,

and which occur at a temperature from —45° C to 20°
C.

DETAILED DESCRIPTION OF THE INVENTION

Due to the strong oxidizing strength of the perchlo-
rate group the method of the invention must proceed in
vessels constructed from stainless steel, platinum, tef-
lon. monel or similar non-oxidizable materials or
coated therewith, The reaction is carmcd out at ambi-
ent pressure and at a temperature from about —45°C to
about 20° C but preferably from —25° C to 0° C. Stir-
ring is optional because the bubbling of the by-product
chlorine through the reaction solution provides suffi-
cient agitation. Complction of the reaction is deter-
mined preferably by monitoring the chlorine gas by-
product. Generally the reaction is complete within 4 to
6 hours and the perchlorate product may then be col-
lected.

Preferably, chlorine perchlorate is prepared by the
method disclosed in U.S. Pat. No. 3,694,172 by Schack
et al.
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The reactants are added in stoichiometric amqunts.
Thus for the synthess of chiromyl perchlorate the reac-
ints ire added in a CrO,Cl;-10-ClO, mole ratio of 1:2.
For the synthesis of vanadium perchlorate, the reac-
tants are added in a VOCly-10-C1,0, molc ratio of 1:3.
It is preferred that an extra S 1o 10 mole percent of
Cl,0, is added in order to decrease the reaction time.
Since water produces impurities in the perchlorate
product, the reactants and the system should be anhy-
drous.

The reactants may be added in any order or in any
rate. However the reactions are exothermic, so, meas-
ures must be taken to ensure that reaction temperature
docs not eacecd about 20° C. According to a preferred
embodiment of this invention the reactants are added
to the reaction vessel in the sohd state, thereby mini-
mizing the vapors of the reactants.

"This embodiment is utiized in Example | given here-
inafter. It is understoud that the exampfes are given by
way of illustration and arc not intended to limit the
disclosure or the claims to follow in any way.

EXAMPLE |

Titanium tctrachloride (1.22 mmol) and CIOCIO,
(6.01 mmoi) were combined at —196° in 4 75 ml stain-
less steel cylinder and then gradually warmed to —25°,
After several days, recooling to —196° showed no non-
condensable gases wese preseat. The contents of the
reactor were scpirated by fractional condensation in a
series of U-traps cooled to —78°% ~112°% and —196°,
Nothing was trapped at —78° while the —112° fraction
consisted solely of unrcacted CHLO, (1.17 mmol), and
the —196° fraction was Cl; (4.88 mmol). The pale yel-
low salid residue left in the reactor weighed 0.525 g.
‘The weight calculated for 1.22 mmol of TCIO,), was
0.544 g and thercfore the yicld of Tiy(ClO,) was 97
percent. Vacuum sublimation of the Ti(ClO,), was
carried out in i Pyrex apparatus at 50°-60° using a ~78°
cold tinger. The sublimed material was nearly colorless
and had a m.p. with dec. of 101°-2° Almost no residue
remained unsublimed. Anal. Caled. for Ti(Cl0O,),: Ti,
10.75; ClO,, 89.25. Found: Ti, 10.8; CI0,, 879 A
sumple of Ti(ClO), (1,242 mmol) was heated in a
stainless steel cylinder for 4 hours at 115° followed by
1.5 hr. at 190° This produced O; (1.705 mmaol), Cl,
(0.481 mmol). and i1 white solid residuc of 110, 10.241
mmol). All temperatures are in degrees Centigrade.

EXAMPLE Il

Chromyl chloride (1.41 mmol) and ClIOCIO, (3.16
mmol) were reacted at —45° for several Javs in a stain-
less steel cylinder. After separation and identification,
the volatile products found were CrQ,F, (0.18 mmol).
Cl; (2.59 mmol). and ClL,O, (0.66 mmol). The CrO,
(ClO,), (1.23 mmol) remained i the cylinder. The
CrO,F; probably arose through reaction of CrO.Cl,
with the CIF, passivated metal surfaces in the reactor
and/or viccuum line during transters. Anal., Caled. for
CrO, (C1O,),: 0, 70.3. Found: ClQ,, 69.6. A sample
of CrO; (ClOy), (11.65 mmol) was pyrolyzed for |5 hrs
at 110° producing Cl; (0.66 mmol), O; (2.21 mmol)
and CrO; (0.65 mmol), mp. 195°-7° lit. 196° All
temperaturces are in degrees Centigrade.

As can be seen from the examples, the method of this
invention produces a highly pure anhydrous metal per-
chlorate without the use of the scarce and dangerous
anhydrous perchloric acid or dichlorine hexoxide. The
anhydrous titanium perchlorate has been stored at
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3
room temperature for over three months without deg-
ranlation.

Ohbviously many modifications and variations of the
present invention are possible in light of the above
teachings. 1t is therefore to be understood that within
the scope of the appended claims the invention may be
practiced othcrwise than as specifically described.

What is claimed and desired to be secured by Letters
Patent of the United States is:

1. A method of preparing an anhydrous metal per-
chlorate which compriscs admixing for at lcast 4 hours
at a temperature from —45° C to 20° C an anhydrous
metal chloride sclected from the class consisting of
titanium tctrachloride, chromyl chloride, and vana-
dium oxytrichloride with chlorine perchlorate in a
metal chloride-to-chlorinc perchlorate mole ratio
which is 1:4 if titanium tetrachloridc is selected, or is
1:2 if chromyl chloride is selected, or is 1:3 if vanadium
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oxytrichloride is sciccted, and recovering said anhy-
drous metal perchlorate.

2. A method of preparing an anhydrous metal per-
chlorate which comprises admixing for at least 4 hours
at a temperature from —45° C to 20° C an anhydrous
metal chloride sclected from the class consisting of
titanium tetrachloride, chromyl chloride, and vana-
dium oxytrichloride with chlorine perchlorate in a
metal chioride-to-chlorine perchiorate molc ratio
which is from 1:4.2 to 1:4.4 if titanium tetrachloride is
selected, or is from 1:2.1 to 1:2.2 if chromyl chloride is
selected, or is from 1:3.15 to 1:3.3 if vanadium oxytri-
chloride is selected, and recovering said anhydrous
metal perchlorate.

3. The method of claim 2 wherein said anhydrous
metal chloride is titanium chloride.

4. The method of claim 2 wherein said anhydrous
metal chloride is chsomyl chloride.

S. The method of claim 2 wherein said anhydrous
metal chloride is vanadium oxytrichloride.
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1
SYNTHESIS OF NITRYL PERCHLORATE

The invention herein described was made in the
course of or under a contact or subcontract thereun-
der, (or grant) with the Department of the U.S. Navy.

BACKGROUND

1. Field of the Invention

This invention relates to solid oxidizers and is partic-
ularly directed to methods of producing nitryl perchlo-
rate.

2. Prior Art

Nitryl perchlorate, No,*ClO,~, has been known for
many years as a powerful oxidizer. Heretofore, the
conventional method of producing nitryl perchlorate
has required the reaction of chiorine dioxide, ClO,,
with nitrogen dioxide, NO,, and ozone, O,. Unfortu-
nately, chlorine dioxide, in either the gaseous or liquid
state, tends to explode for no apparent reason. Conse-
quently, any operation which involves chlorine dioxide
is hazardous to people, buildings and equipment.

SUMMARY OF THE INVENTION

These disadvantages of the prior art are overcome
with the present invention and an improved method of
producing nitryl perchlorate is provided which elimi-
nates the use of chlorine dioxide, with its attendant
hazards, yet provides good yields and easy purification.

The advantages of the present invention are prefer-
ably attained by providing a method of producing nitryl
perchlorate by reacting chlorine nitrate, CINO,, with
ozone.

Accordingly, it is an object of the present invention
to provide improved methods of producing oxidizers.

Another object of the present invention is to provide
an improved method of producing nitryl perchlorate.

An additional object of the present invention is to
provide a safer method of producing nitryl perchlorate.

A further object of the present invention is to provide
a method of producing nitryl perchlorate without the
use of chlorine dioxide.

A specific object of the present invention is to pro-
vide a method of producing nitryl perchlorate by react-
ing chk rine nitrate with ozone.

These and other objects and features of the present
invention will be apparent from the following detailed
description.

DETAILED DESCRIPTION OF INVENTION

In that form of the present invention chosen for illus-
tration, a method of producing nitry) perchlorate is
proposed which calls for reacting chlorine nitrate with
ozone. It should be understood that, as used herein, the
terms “‘nitryl perchlorate™ and “nitronium perchlo-
rate’ are synonymous.

Chilorine nitrate is a liquid which boils at 22°C and is
casily prepared, following the teachings of U.S. Pat.
No. 3,472,635, assigned to the present assignee. Chlo-
rine nitrate is not hazardous and is relatively insensitive
to physical shock.

Although chlorine nitrate is well-known, the reaction
of the present invention is unexpected. Conventionally,
ClO—X compounds react with ozone to give chloryl
species; such as

CI0CI0, + 20, - OLIOCIO, + 20, o)
CISO,F + 20, -+ OCIOSOF + 20, 2)

20

25

3o

45

50

55

2

or it does not react at all, as in
CF,0C1 +O; — No reaction (¢}

The reaction of the present invention is
CIONO, +; ~ NO,*CLO, + 30,

This reaction has been observed to occur readily. at
temperatures as low as -78° C, in the presence of an
inert fluorocarbon solvent, CF4Cl, and at temperatures
ranging from -45° C to ambient without a solvent. Con-
versions, using this method, have been as high as 89%
and yields have been 100%. Moreover, the reactants,
chlorine nitrate and ozone, and the by-product, oxy-
gen, are gases; whereas the nitryl perchlorate is a solid.
Consequently, purification is simple and the gases may
be recovered and recycled.

EXAMPLE 1

Chlorine nitrate (24.2 cm?®, 1.08 mmol) and CF,Cl
solvent (approximately 250 cm?), were condensed into
a 30 ml. stainless steel cylinder cooled to -196° C in a
liquid nitrogen bath. Following that, ozone (72.6 cm?,
3.24 mmol) was also condensed in at -196° C and the
closed cylinder was warmed to and maintained at -45°
C. After 42 hrs. the reaction cylinder was recooled to
-196° C and the oxygen that had formed was measured
(53.4 cm?, 2.38 mmol) and pumped away. On warming
the reaction to room temperature, the remaining prod-
ucts were separated by fractional condensation in U-
traps cooled to -78° , -112°, and -196° C. Unreacted
chlorine nitrate (7.6 cm?, 0.34 mmol) was retained at
-112° C. Unreacted ozone and the CF,Cl solvent were
trapped at -196° C. There remained in the cylinder, the
white solid, nitryl perchlorate (107 mg, 0.74 mmol)
which was readily dentified by its infrared spectrum
and comparison to an authentic sample. The conver-
sion of CINO, to NO,*ClO,~ was 68.6% and the yield
of NO,*Cl0,~ based on the material reacted was essen-
tially quantitative.

EXAMPLE 1l

A 30-ml. stainless steel cylinder was loaded succes-
sively with CINO,(23.2 cm?, 1.03 mmol), CF;Cl (ap-
proximately 480 cm?), and Oy (90.5 cm?, 4.04 mmol)
by condensing them in at -196° C. The reaction was
allowed to proceed at -45° C for 72 hrs. At that time the
oxygen now present was measured (106 cm?, 4.73
mmol) and pumped away followed by all the other
volatile materials. There remained in the cylinder the
white solid No,*ClO,~ (133 mg, 0.92 mmo!). The yield
of nitryl perchiorate was 89%.

EXAMPLE M1

Chlorine nitrate (16.4 cm?®, 0.73 mmol) and ozone
(61.6 cm?, 2.75 mmol) were separately condensed into
a 30 ml. stainless steel cylinder cooled to -196°C in a
liquid nitrogen bath. The cylinder was then kept at -45°

60 C for 66 hrs. The products were separated by fractional

65

condensation in a series of U-traps cooled to -78° C,
-112° and -196° C after removal of the by-product O,
(49.2 cm?, 2.20 mmol). Unreacted chlorine nitrate (7.8
cm?, 0.35 mmol) and ozone (20.2 cm?, 0.90 mmol)
were the only other volatile species found. The solid
product nitryl perchlorate (57 mg, 0.39 mmol) re-
mained in the cylinder and was identified by its infrared
spectrum. The conversion of CINO; to NO,*Cl0,~ was

RI/RD78-125
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53% and the yield based on the converted material was  tion. Unreacted CINO, (17.5 cm?®, 0.78 mmol) was

3

nearly quantitative.
EXAMPLE IV

Chlorine nitrate (20.4 cm?, 0.91 mmol), CF,Cl (ap-
proximately 300 cm?®) and ozone (72.0 cm®, 3.21
mmol) were condensed successively into a 30 ml. stain-
less steel cylinder cooled to -196° C. The clesed cylin-
der was allowed to warm to ambient temperature, ap-
proximately 20° C, for 4 hours. The volatile materials
were then pumped out of the cylinder leaving behind
the white solid, nitryl perchlorate (11! mg, 0.76
mmol). The yield of NO;*ClO,~ was 84%.

EXAMPLE V

A 30 ml stainless steel cylinder was charged with
CINO, (24.6 cm?®, 1.10 mmol), CF,Cl (approximately
250 cm?), and Oy (85.2 cm?, 3.80 mmol) by condensing
them in at -196° C. The reaction was allowed to pro-
ceed at -78° C for 45 hours. By-product , (23.8 cm?,
1.06 mmol) was then measured and removed. Other
volatile species were separated by fractional condensa-

]

10

15

4

recovered and the solid nitryl perchlorate formed was
45 mg, 0.31 mmol. The conversion of CINO, to NO,*
ClO,~ was 28% and the yield based on the converted
material was nearly quantitative.

Obviously, numerous variations and modifications
may be made without departing from the present inven-
tion. Accordingly, it should be clearly understood that
the forms of the present invention described sbove are
illustrative only and are not intended to limit the scope
of the present invention.

What is claimed is:

1. The method of synthesizing nitryl perchlorate
comprising the step of:

combining chlorine nitrate and ozone in the presence

of an inert fluorocarbon solveni at a temperature in
the range from about —78° C to about ambient.

2. The method of claim 1 wherein:

20 said conbining step is performed in the presence of

25

30

k1]

45

55

(1]

CF,Cl
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