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REVIEW OF ADVANCED INORGANIC OXIDIZERS

Edward W. Lawless and Robert J. Rowatt

Midwest Research Institute, Kansas City, Missouri

I. Introduction

In this paper the properties and chemistry of advanced inorganic oxidizers
will be reviewed with emphasis on recent developments. The classes of compounds
will be limited to the cxygen fluorides, the nitrogen fluorides; the nitrogen fluo-
ride oxides, the halogen fluorides and the halogen fluoride oxides. In general, all
©f the compounds described here are highly reactive, toxic materials, and very vola-
tile except for ionic derivatives. The growth of chemistry involving O-F, N-F and
C1-F comwounds has been remarkable: from about nil in 1946 to over 1000 today.

IT. Oxvgen Fluorides and Derivatives

The reported oxygen fluorides, their derivatives and some of their prop-
erties are sumarized in Table I. Oxygen difluoride is the only binary compound of
this type which is stable at room temperature, but OoF» is stable below about -80°C
and is well characterized. A reasonably good understanding has been gained recently
of the avpparent eguilibrium system O4Fp — 20oF.

The existence of OzFp as a separate entity is in doubt, and the natures of
the reported "OsFp" and "OgFo'" are quite uncertain. Oxygen difluoride is commer-
cially available, while the others are prepared by electrical discharge at low tem-
rveratures from appropriate Oo-Fo mixtures.

The structures of OF2 and OpFp have been determined and are compared in
Figure 1 with those of reiated compounds. The abnormally long O-F distance and the
greatly shortened 0-O bond in OpFp have led Linett to formulate its structure as
raving an essentially four-electron 0-O bond (as in Op itself, 1.21 X bona length)
and a one-electron O-F bond (resonating between the two positions). Dioxygen di-
fltoride can, therefore, readily dissociate at the O-F bond to give F atoms and the
" stable OgF radical: ‘

0oFp ——> OF- + F-

and 1s an extremely energetic fluorihating agent. At low temperatures it is more
reactive than fluorine itself and far more reactive than OF;. The latter compound
begins to decompose near 200°C and many of its reactions require activation by heat
or light. The OpF. radical can be generated by ultraviolet radiation of liquid OFp,
of OFy-0p, F2-02 or Fyp-N,0 mixtures in a matrix, at 4°K, by the decomposition of
O4F2_or FSOEOOF, and in the reactiqn of CF4 with 02. The OF radical has never been
detected in the gas or liquid phase despite an intensive search.

The reactions of the oxygen fluorides are usually simple fluorinations,
but oxygen addition by OF, can'occur especially in aqueous solution or in reactions
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Compound

oF-
OF2

OcFo

”05F2 "

oo,
OgFo

CE30F

Eo(ar);

CF5C(0)OF

SF50F
11020F
C1050F
FS020F
CF300F

CoFgO00F

FSO,00F

TABLE I

Properties
Decomp.
MP, °C BB, °C Temp.

OXYGEN FLUORIDES AND DERIVATIVES

19 mra/

Observed in No or Ar matrix at 4°R --

-223.8
-163.5
-191
-189 to 190
“<-196

<-213
<-215

~-144.8 ~ 200

-57 dec. -78

-80 ext -183

-60 dec. <-158

-62.5 -

21 --
-21.5

-35 -
-45.9 --

-15.9 --

-31.3 Co--
-50 (est) --
-15 (est) -

0 -

-249 1lig.
-248 g

-159 tr, +84.2 tr

-189

~226
-244.9, -36.2

+69.2 db, -29L.5 qt

+84.1 db of tr

- (CF3)

+97.4 db of qt
(CFy)

-291.6 tr of qt

Infraredg/
1028
1740, 929, 909, 880,
826, 461
1024, 628, 463

1519, 588 (O4Fo)
1494, 484 (OoF-.)

1282, 1259, 1223,
1217, 945, 880, 679
1300, 1270, 1150,
950 qt

935, 888, 614, 585
1760, 1300, 920, 810, 708
1298, 1049, 666

1290, 1175, 955, 755, 725
1380, 1285, 1235, 1175,
740 '

2/ 1SF chemical shift (ppm vs. CFClz=0) for fluorine of -OF group.
t/ Positions (cm™1) for O-F stretching fundamental.
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Figure 1 - Comparison of Structures of OF,, OoFp and Related Compounds

P ——— NFo*| —> F- + NF
< 260 m 2]
AsFz  RpC= CRQ 502
. N2F4
TipFz ' FgC—CRp  SFgNFp = HNFj FSOoNFp NoFp
NFp 1Fp

Figure 2 - Examples of Reaction Types for NoFy
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with some nitrogen, chlorine, or sulfur-containing materials. Dioxygen difluoride
(or the OpF radical) undergoes the fluoride. abstraction reaction with strong Lewis
acids at low temperatures to give stable dioxygenyl salts. Oxygen difluoride under-
goes a similar reaction at elevated temperatures.

-140°
OpFp + BFy —————> OpBFy + 1/2Fp

20Fp + SbFs —20% , 0pSbFg + Fp

Although considerable doubt now exists about the existence of trioxygen trifluoride,
the trifluoromethyl derivative CFz000CFz is known as well as the peroxide CFzO00CFz.
The authors are not aware of reports of the simple ether (CFz)s0, although the sul-

[fide (CFz)sS is stable at 400°C.

ITII.  Nitrogen Fluorides and Derivatives

The reported nitrogen fluorides, their derivatives and some of their
propertics =2re summarized in Table II.

‘The NF molecule is known only as a reactive intermediate which dimerizes
readily to NoFg. It has been observed by flash photolysis of the NFo radical in an
argon metrix at 4°K and by pyrolysis of NpF4 -at high dilution in argon at 2550°K.

The NFo radical 1s well established to exist in equilibrium with NoF4 in
anzlogy to the Np04-1105 equilibrium

NoFy  ——> ©2lFp

The structure of NFo (N-F = 1.36 Z; LFNF = 103°) is closely related to that of NFz.
The IFo radical has fundamental stretching frequencles at 1074 and 935 em™1l in the
infrered. In the ultraviolet, NFp absorbs at 260 mp to give an excited radical,
IFp*, wahich decomposes to NF and F-, but may undergo unique reactions. The reac-
tions of liFo are discussed in the section on NoFy. -

Nitrogen trifluoride is commercially available and its properties are
+¢11 Yrown. It has an ammonia-like structure with N-F = 1.37 R anda ¢(FWF = 103°
Only 57 kcal/mol are required’to dissociate a F- atom from NFz, but an average of
71 keal/mol are required for- each of the remaining two N-F bonds of the stable NFp
rodiezl. I©'F3 is relatively unreactive at mild temperatures, but functlons as a
fluorirating azgent at elqv"ated temperature. The most interesting reaction of NF3z
tc be reported recently is that with fluorine and Lewis acids to give stable salts

of the HF4+ ion.

elect. disc. + -
HFS + FE + ASF5 _800 NF4 ASFG
R 300° + -
IFz + Fy + SbFGv 3000 psi NF4 SbFg

Difluorodiazine is now well established to exist in the cis and trans
icomeric formc and the pronerties and structures of each are known.
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TABLE II

HITROGEN FLUORIDES AND DERIVATIVES

Comnound MP, °C BP, °C 9% 1R IR
IFp -- -- -- 1070, 931
iFs -208.5 -129 -142 _ 1031, 1010, 907, 642
ioFz (cis) -195 -105.7 -129 1524db, 952tr, 896db, 737tr

(trans) -172 -111.4 -88 989 (1996m, 1581m, 1434m)
TpF -18% .8 -73 -58 1010, 998, 959, 946
IsF -154 -82 -- --
IFO -132.5 .. -59.9 -479 1844, 766, 521
POz -166 -72.5 -393 1793, 1312, 822, 742, 570
IF0 -160 -85 . -363 1687, 887, 743, 528
IFLI0 -- dec. -65 --
HFz -116 t 3 <23.6 6 3193w, 1428db, 1280db, 978db
CLFz -1853 -67 -141 920tr, 853db, 694tr
CliF -19 to O -- --
(ezt.)
iRt -103 ' 1050
iePnt : . =142 (db.) 1521, 1304, 1128, 924, 518,
-192 - 497

iFLT -214.7 (tr.) 1163, 611
iF-07 -331 1857, 1162, 905

Otrer derivatives include compounds of the types: MUFo (M = SF5-, SFg0-, CF3SFy-,
F30g-, F3020-, CFzS-); R(NFp)y (R = Ry, alkyl, anthracene, etec.; X = 1-4);
R-C(=1F)-R'; and R-N(O)=IF.
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"The M-F bond is lengthened over that in NF3 and the N=N bond is shortened compared

to that (1.24 R) in N5(CHz ). The N-F and N=N bond energies of the trans form is
68 and 108 kcal/mol, respectively. The trans NoFp 1s conveniently prepared by re-
action of NpFy at low pressure with AlClz at -80°. The trans form is converted to

" the cis form in over 90% yield at 75° in a well-passivated stainless steel cylinder.

The NoFs is.obtzined nearly quantitatively by the decomposition at 20° of the com-
nlex KF~HWF2 formed at -80°C. Difluorodiazine has also been offered commercially.

“The cis NoFp is more reactive chemically than trans NoFp, but both can act as fluo-

rirating agents. 'The so-called N=N double bond is unusually inert‘and does not
undcergo addition reactions. Detonations, especially with the cis isomer, have oc-
curred uvon apvlication of high pressure. The fluorination of NoFp to NpF4 has

anparertly not been reported. cis-NoFp undergoes the fluoride abstraction with

Lewis nelds to give a stable salt of-the N2F+ ion
NpFp + AsFg ——> NoF AsFg~
The trans isomerxalso'gives this reactidn with SbFg.

Tetrafluorohydrazine has the struéture in‘the gas phase on the left below

’ (g and'l isomers) but the symmetrical isomer on the right has also been observed in
t .

he liguid .2t low -temperature.

u-F 1.39 & F . - F F

E-M 1.53 R '

L FNF  104° P F F F .
v A

L MNP 102°
dihedral angle 69°
19r MR -65.2, -53.2, 0.4 ¢ B

-44.0, -31.9 ¢
(in NF5 at -155°)

" The zbnormally long N-N bond (compared to 1.45 K_in N2H4) has a low dissociation

ercrey (20 kcal/mol) and NoF4 exists in equilibrium with stable NF; radicals.
Tetraflucrohydrazine has been available commercially since 1960 and its reactions
nave been studied intensively. It énters into at least five types of reactions: ‘
(1) normel iFF, radical reactions including addition to olefins or a second radical,

“ard abstraction reactions; -(2) excited NFp reactions resulting from photolysis at

an

about 260 my; (3) fluorination (oxidation) reactions; (4) reduction reactions;

- (5)- fluoride abstraction reaction. Examples of each are illustrated in Figure 2.

. Trifluoramine oxide, NFz0, was reported in 1965. It can be prepared by
clectric discharge at.71969 in mixtures df,NF3 and Op or OFp, by the flame fluori-
vation of li0 with fast quench, or more conveniently at 25° by the fluorination of
1i0-with Fo photochemically or with certain metal hexafluorides such as IrFg. The
KFz0 has 2 tetrahedral structure in which the N-F and N-— O bonds are slightly
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weaker than those in NFOp. The NF30 has good thermal and hydrolytic stability, but
undergoes the fluoride abstraction reaction with strong Lewis acids, to give salts
such as NF20+A5F6', and adds to perfluorcolefins (under EFs catalysis) to give stable
RyONFo compounds. It apparently reacts slowly with NO to give NOF.

Difluoramine has an ammonia-like structure with the following parameters:
N-H, 1.03-1.08; N-F, 1.38; FNF, 103°, HNF, 102°; dipole moment, 1.93 D. It is
best prepared from difluorourea (which is obtained by aqueous fluorination of urea)
by treatment with HpSOs at 90° or by the reaction of NoF4 with CgHsSH at 50°. The
HNFo> is stable and can be stored, but the usual procedure is to generate it as
needed and pass it-directly into a reaction vessel, since it has a tendency to ex-
plode when frozen. The reactions of HNFp are usually complex, but it undergoes
three general types of reactions as follows: oxidation, for example with agueous
Fe*3 solution to give NoF4 (perhaps the NFE ion is involved); reduction, as in the
reaction with aqueous HI to give NH4F and HF; complex formation with ethers, Lewis
acids, and metal fluorides.

' Chlorodiflucramine C1NFp is well known, CloNF and BrNFp are known as un-
stable compounds, and the other halogen fluoramines appear to be very unstable.
The C1NFp (or Brl¥fp) can be prepared by the reaction of agueous NaOCl (or NaOBr)
with N,N-difluoroureas or N,N-difluorosulfuryl amide. The CLoNF is prepared by the
reaction of CLF with ClNz at 25°C or with NaNz at 0°. The C1NFo is stable but dis-
sociates readily to give Cl atoms and NFs radicals (which defines the reaction
chemistry) while CloNF is explosively unstable in the liquid state.

) A few remaining N-F compounds such as NFoNO and NzF are of limited inter-
est, but a number of inorganic compounds and a host of organic compounds have been
prepared in recent years in which NF2 groups may be regarded as substituents, e.g.,
SFgNFp, C(NFp)s, C(NF)(NFp),, CFzONFp and CFzN(0)=NF.

A summary of the interconversions of the nitrogen fluorides is found in
Figure 3.

Chlorine Fluorides and Related Compounds

. The halogen fluorides of prime interest as propellant oxidizers have been
C1Fz, C1Fg, ClOzF and BrFg, but a number of other halogen fluorides have been studied.
Properties of halogen fluorides are summarized in Table III.

Chlorine monofluoride appears to have considerable ionic character as re- .

flected in the 1%F NMR chemical shift of ¢ +441 ppm (vs. CFClB) The Cl-F bond 7
distance is 1.63 K the dipole moment, 0.88 D, the tond dissociation energy, 60.4 ;
kcal/mol, and the heat of formation, -13.5 kcal/mol. The C1F is an energetic fluo-
rinating agent. ‘It reacts with fluorides such as CsF or NOF to give Cs Cle and !
NO+ClF2 , respectively, and has been reported to react with the Lewis acld AsFg to
give Cl AsFG but substantiating evidence is lacking. The high volatility of ClF
(b.p. -100°c) suggests that 1ittle or no association or self-ionization (to Cit and g
ClF>~ ions or to ClgF_}and ClF,~ ions) exists, but the electrical conductivity is
" higher than that of ClFSJ Chlorine monofluoride is prepared by reaction of ClFz and

Clo. : '
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Figure 3 - Interconversion of Nitrogen Fluorides
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TABLE IIT

PROPERTIES OF HALOGEN FLUORIDES AND DERIVATIVES

Compound MP, °C BP, °C MR IR
C1F -154 t 5 -100.8 440 793, 785
ClFz -76.3 : 11.75 -14(a), -123(e) - 761, 746, 713, 694
Cl1Fsg -103 t 4 -14 -412(a), -247(e) 786, 732, 541, 486
BrFz 8.8 127 39 674, 613, 384, 300
BrFg . -60.5 40.8 -132(e) 683, 644, 587, 369
IFg 8.5 97.0 -53(a), -4(e) 710, 640, 318 ¢
IF, 4.82 © 4 (1 atm.) -177 (-168) 670, 547, 426, 368,
‘ 250
C10oF above -115 -6 -329 (330) 1270, 1259, 1104 (par)
632, 548 '

ClosF  ~  -148 -46.8 -287 1315-1300, 725, 717,

: 714, 590
IF50 4.5 -- -- --

a Triple point 6.4.

Chlorine trifluoride is usually described as having a T-shape, but is bet-
ter regarded as a trigonal bipyramid derivative. The two apical Cl-F bonds are
elongated (1.70 &) compared to the equatorial C1-F bond (1.60 &). The bond angles
are 87.5° and 175°. The 19F NMR of gaseous .ClF3 shows the apical fluorines to be
further downfield (-145.6 $) than the equatorial fluorine -19.7 §. In liquid ClF3
(with HF carefully removed) the resonances are -159.0 and -21.8 $. The high dipole
moment determined with the liquid (1.00-1.03 D) compared to that in the gas (~ 0.6 D)
suggests. comsidersble interaction and the relatively low volatility (b.p. 12°) con-
firms this, but the electrical conductivity shows that this interaction is essen-
tially not in the form of self-ionization to ClF2+ and C1F,  ions. Evidence for
some dimerization in the gas has been suggested. However stable salts of both of
these ions are known, e.g., ClF2+SbF6' and Cs+ClF4'. Chlorine trifluoride is com-
mercially available in quantity, being prepared by fluorination of chlorine. It is
.an extremely vigorous fluorinating agent, but can in turn be fluorinated to ClFg
under pressure. Moisture converts ClFz to C1OoF and ClOp. s

Chlorine pentafluoride is the newest member of the halogen fluoride family
‘and has very recently become available commercially in laboratory quantities. It is
prepared by the high pressure fluorination of ClFz or a salt such as CsClF, at 150°
or above. It has also been prepared by the fluorination of ClFs under ultraviolet
radiation or electric discharge at low temperatures and by platinum hexafluoride.
The structure of ClFg5, a square pyramid, is an octahedral derivative with the apical
C1-F bond length of 1.62 R and the equatorial bonds 1.72 R. The 19F chemical shifts
are -412 ¢ (apical fluorine) and -247 @ (basal fluorines). The former is one of the
most unshielded fluorine atoms known, being exceeded only by those in Fp, OgF2, and
NOF. The dipole moment is probably 0.2-0.4 D. The boiling point indicates very
“little interaction exists in the liquid and self-ionization is not expected. The
ClF4+ ion is an intense peak in the mass spectrum and the possibility of obtaining
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stapble salvs such as ClF4+SbF6' appears reasonably good. The addition of fluoride
ion to ClFg to give ClFg~ does not eppear likely {although BrFg~ salts have been re-
ported) zince the chlorine atom would be pseudo-heptacoordinate and this type of
coordinaiion is without precedence in elements of the. second row of the Pericodic
Tatle.

The structureu of ClF3, ClFS, and ClO3F ‘have been determlned and are
shown telov.

F o F F
. I/ F"-S'L]"/?..F : cr|‘~\;-o
F—Cle. . ACV L X
. ‘ N S : o i '.0
F N ..' . .

The commercially available higher halogen flﬁorides-ére BrFz, BrFg and IFg,
with IF; availeble on special order. Bromine trifluoride is structurally and chemi-
v2lly very similar to ClFz except that self-ionization is extensive in liquid BrFz:

2BrFy ———= BrF," + BrF,”

Bromine trifluoride hos therefore an exceptionally high boiling point (126°) and
clceetriczl conductivity. It is an excellent solvent for many ionic materials.
Stable szlis of both the BrFp and BrF4- ions are known, but in some instances with
Bng+ the complexes may be fluorine bridged rather than truly ionic. Bromine penta-
fluoride and iodine pentafluoride are also structurally similar to ClFg. Self-
ionizatior. occurs to an appreciable extent in IF5, but far less in BrFs.

oTFy = 1" + IFg
) ' ' - +
Stable salts have been reported for BrF4+ and BrFg as well as for IFg .

nrd IFB_, but structural studies are incomplete. Unlike BrFg or ClFg, IF5 undergoes
fluorine exchange with HF. - The BrFz and BrFs are quite energetic fluorinating

. ererts. While IFg is a considerably milder fluorinating agent, it inflames or forms

cimlozive mirtures with many organics. It can be dissolved in excess of such sol-
ulfolane, but forms. crystalline complexes with certain oxygenated solvents

O
-~
el
b
Q

. Iodire heptefluoride is formed by the reaction of IFs with Fo at about
73°, The dissociztion of IF; to IFs and Fo sets in at higher temperatures, ~300°,
ard A{iw~soc iz 28.5 Pcul/mol. The structure of IF; in the gas phase is the pentag-
g ~ramid, but the structure in the solid is still uncertain. The 19F NMR of
1¢ o singlet (Z = -336 pom) suggestiong intramolecular exchange. (The spec-
trunm of tre liaquid is a doublet at lower temperatures, a singlet at higher tempera-
turcs because of juadrapole effects.) The symmetrical structure of IF; gives it an
cxtremely stort (~2°) lijuid range (sublimes, 4.77°; triple point, 6.45°)., The
rcacticr, of IF7 as e Tluorine ting agent are much more vigorous than those of IFg.

With ctrorng fluoride acceptors IF,; forms salts such as IF6 AsFg™ . No reaction to




118.

form such salts as Cs+IF8' have been repor%ed, but the fluorine exchange which occurs
between HF -and IF; in-the gas phase may involve a HIFg or a IFgHF, intermediate.

The halogen fluoride oxides of major. interest dre C10oF and Cl0zF, but
BrOeF; ICoF and IFs0 have been characterized. Only perchloryl fluoride, CIOgF,~i§
commercially available. Chloryl fluoride, ClOpF, is readily prepared by allowing
C1Fs or ClF5 to stand with excess of a chlorate or chlorite salt in a Monel cylinder:

25° ‘ '
2C1Fs + 3NaClOz ___§__9 3C10oF + 3NaF + Clp + 1.502

C1F5 + 30aCl0p —22—> 2C10oF + 3NaF + Clp + O

(The Op and Clo are removed at -80°.) The ClOpF is also formed by the reaction of
ClFz or ClF; with traces of moisture, but’ is in turn readily hydrolyzed with addi-
tional water. The ClOpF is isoelectronic with PFz and SF,0 and should have approxi-
mately the same structure, i.e., a tetrahedral arrangement with an -electron pair at
one apex. The 197 NMR shows the fluorine atom far downfield, ¢ = -332 ppm. This
structure makes Cl0oF an extremely reactive oxidizer. It is in turn fluorinated

nly with difficulty to ClF5. The ClOQF undergoes the fluoride abstraction reactlon
to vlfe statle salts such as ClOg AsFg~, but efforts to form such salts as Cs ClF202
have not beer successful. Pyrolysis of ClO0oF at 300° .and 0.5 atm. pressure gives
ClF and Oo apparently via an intermediate C1FO species.

Perchloryl fluoride has a closed tetrahedral structure with the approxi-
mate varemeters: C1-F, 1.55-1.60 K; Cl—0, 1.40 K dipole moment 0.023 D. The
19F MR shows the fluorine at ¢ = -287 ppm. The structure of ClOzF gives it con-
siderable. hlnetlcallJ derived stability and it is relatively unreactive at mild tem-
peratures, e.g., it does no:t hydrolyze, or react with sodium. Above 150° ClOzF is a
potent oxidizer for most organics and.attacks many metals in the presende of mois-
ture. Attempts to react C1lOzF with fluoride acceptors such as AsFg have not led to
stable salts, but the AlClz-catalyzed reaction of C1l0zF with aromatics (to give
ArCl105 compounds) likely involves an intermediate C10z' ion. No reaction between
CsF and C10zF has been effected and 0103F is’ quite resistant to fluorination. With
Iifl;, ClOzF 1s converted to NH4 NHC10z , from which metal salts such as KNHC1Oz ahd
¥pHCl03 can be prepared. All of these salts are shock sensitive. Perchloryl fluo-
ride is generally quite soluble without reaction with other oxidizers and has a
small (0.5-5 g/liter) solubility in organic solvents and water.

Bromyl fluoride BrOQF (formed by the reaction KBrOz or BrOp and BrFg at
-50°) is thermodynamically unstable and has been studied very little. Of the re-
ported iodine fluoride oxides, only IF5O appears to be unequivocally established as
a molecular entity. It is readily formed by reaction of IF; with traces of moisture
or with glass and has a relatively low reactivity becausé of the nearly octahedral
structure. The remaining iodine fluoride oxides, IFz0, IOQF'and IOzF are all white
crystalline solids and may not be molecular entities. The "IFz0" and "IOpF" can be
vrepared by reactirg IoOg respectively with IFs and Fp. The pyrolysis of IFz0 gives
IOoF and IFg and the observed reversibility of this reaction suggested the ionic
structure IO, IFG- for IF30 The IOoF- may exist in & bridged form or possibly in
the ionic form, IOQ IF202 , since stable salts of both of these ions are formed.
" The I0zF (formed by fluorlnatlon of periodic acid in HF) is reported to undergo
hydrolysis slowly and thus may in-fact be structurally analogous to ClOszF.

N
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