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Introduction 

The existence of oxy-compounds of chlorine, bromine, and iodine has 
been known for a long time, arid chlorine oxides, in particular, were the 
object of numerous investigations. These were limited, however, to physico- 
chemical measurements, apart from work on hydrolysis or ammonolysis 
and on the respective oxidizing powers. Thus, especially in the 1920’s and 
1930’s, the mechanism of formation and decomposition of these oxides 
became largely understood. Photochemical decomposition processes were 
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also studied and a whole range of physical properties was determined. Sub- 
sequently, the structures of these compounds were determined by the use 
of electron diffraction and of infrared or Raman spectroscopy. 

Only isolated studies of chemical reactions capable of being applied 
for preparative purposes were made. The reason for this may be that large- 
scale manipulation of the chlorine oxides is dangerous because of their 
explosive properties. Apart from dichlorine heptoxide, appreciable progress 
in the study of the chemical reactions of these oxides has been made only 
in the last ten years. Our knowledge of the oxides of bromine and iodine is 
still quite slight, and their polymeric character makes it difficult to make 
statements about definite compounds. Only a little is so far known about 
the chemistry of these oxides. 

Directly related to the halogen oxides or anhydrides of the halogen 
oxyacids are the acid fluorides of the type XOzF and X03F (where X = 

chlorine, bromine, or iodine), some of which may be made directly by 
fluorinating the oxides. These compounds have been intensively studied 
in recent years and C1O3F, in particular, has excited considerable interest. 
Compounds of the type XOF are not yet known. Interhalogens with the 
formula XF, which may be considered as fluorides of the acids XOH, will 
not be discussed here. 

Finally, some reference may be made to the oxygen compounds of 
fluorine. They stand in a special relationship to the oxygen compounds of 
the remaining halogens since they should be considered rather as fluorides 
of oxygen. This stems from the fact that the electronegativity of fluorine 
is greater than that of oxygen and is implicit in the usual method of formula- 
tion as OFz, OzFz, etc. The special position of the oxy-compounds of fluorine 
is also apparent from their completely different stoichiometry compared 
with the halogen oxides. This leads to the conclusion that, except in the 
case of OFz, the structures and bonding are quite different. Nevertheless, 
a comprehensive description of these compounds seems desirable because 
of their contrast to the halogen oxides. It is also very topical because of the 
interest which the high oxidizing power of the oxygen compounds of fluorine 
has excited. 

In this review new results on the chemistry of the halogen oxides, 
oxygen-fluorine compounds and halogen acid fluorides are presented. The 
results of older work are also discussed insofar as this seems necessary to 
characterize a compound as fully as possible with regard to its typical physi- 
cal properties and, particularly, its chemical reactions. In those cases where 
several measurements or different results are available for certain physical 
properties, the more recent work is considered. 

I. Oxygen - FI uorine Corn pounds 

Only two oxygen compounds of fluorine, OF2 and OzFz, were known 
until lately. Very recently A. V. Grosse proved the existence of 03Fz and 
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thus confirmed the finding of Japanese workers which till then had been 
regarded with skepticism. Grosse succeeded finally in synthesizing the 
oxide 04Fz. Practically nothing is known, however, about the chemical 
reactions of this class of compound. 

A. OXYGEN DIFLUORIDE OF2 

Oxygen difluoride was first obtained by Lebeau and Damiens (106) 
by elec%rolyzing KHFz in presence of water. Shortly afterwards they dis- 
covered a further preparative method based on the action of fluorine on 
aqueous caustic soda solution (107). These methods have remained un- 
changed in principle up to the present time. Finally, Engelbrecht and 
Nachbaur (48) studied the preparation of OFz and proposed the electrolysis 
of 80% aqueous hydrofluoric acid: this gives an anode gas containing 58% 
of 0172, the remainder being oxygen. 

The most important physical properties are shown in Table I. Vapor 
pressures between - 195°C and - 145°C may be represented by the equa- 
tion log,, p, ,  = 7.2242 - 555.42/T (17'2). The density of liquid OF2 as 
a function of temperature is given by d = 2.1315 - 0.00469 T (150). Criti- 
cal data are (1): T, = -58.0 f 0.1"C; V ,  = 97.6 cma/mole; p ,  = 48.9 atm. 

Recent dipole moment measurements gave a value of 0.1759 f 0.0010 
D; this has been interpreted as indicating a contribution of 2.1y0 of an ionic 
structure 02+(F-)2 (28). [Note added in proof: Pierce et al. (147a) gave a 
value of 0.207 f 0.0050 for the dipole moment.] Both the photochemical 
and the thermal decomposition of oxygen fluoride were investigated by 
Schumacher ('?'a, 99). The thermal reaction occurs unimolecularly a t  
250°C to 280°C according to the equation 

OF2 + Fz + $ 0 2 .  

The theoretical prediction that a first order reaction should go over into 
one of second order a t  a certain pressure was first verified in the case of 
OF2 by Schumacher (177). 

Investigations on OFz reported so far are almost entirely physicochemi- 
cal in character, and there are only isolated publications on its reactions. 
Exploratory studies of the action of OFz on solid inorganic compounds 
have demonstrated that its reactivity as a fluorinating agent is less than 
that of elementary fluorine (150). In  aqueous solution i t  acts more as an 
oxidizing agent, in keeping with the strong affinity of fluorine for hydrogen 
(86, 106, 150, 195). Thus bromide and iodide are oxidized to bromine or 
iodine; prolonged reaction with aqueous alkalis yields oxygen : 

OF2 -t 20H- -+ 2F- + Hz0 + 02. 
B. DIOXYGEN DIFLUORIDE OzF2 

Ruff and Menzel (1 61,162) obtained 02F2 as an orange-red solid deposit 
on passing a stream of fluorine containing oxygen through a glow discharge, 



TABLE I 
PROPERTIES OF OXYQEN-FLUORINE COMPOUNDS 

5 
OF, OzFz 0 8 2  OZz u) 

2 
E 

B.p. ("C) -145.3 (179) -57.0 (152) > -183 (78) m 

K M.p. ("C) -223.8 (15.2) -163.5 (155) -189 (98) Solid at -196; 
liquid at -183 (78) 

- .  

Decomposition temperature 
("0 

> -57.0 >158 (98) 

21.2 (153) d 
Density 1.521 at -145.3 ( 1 )  1.736 at -157.0 (153) 1.756 at -163 (98) ff 

(kcal mole-') 
U 

IRrSpectrum (91) (19) (51 ) 
M 

Trouton's Constant 20.65 (150) 

(gm/ml at "C) td 

Heat of formation -7 .6  5 2 (53) +4.73 _+ 0.30 (97) +6.24 k 0.75 (97) g: 
r 

Microwave spectrum (87) 
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the discharge tube being cooled in liquid air. The compound melts a t  
-163.5"C to a cherry red liquid which decomposes rapidly to O2 and Fz 
in the neighborhood of its boiling point, - 57°C. Thermal decomposition, 
which was measured between -60" and -25"C, is homogeneous and 
unimolecular (69, 70).  

Vapor pressures measured below - 100°C are represented by the equa- 
tion loglop,, = 7.515 - 1000/T (163). Liquid densities are given by 
d = 2.074 - 0.00291 T (153). The dipole moment is 1.40 D (87). For 
other physical properties see Table I. 

Grosse succeeded recently in measuring directly the heat evolved in 
the decomposition of liquid 02F2 a t  -83°C into gaseous oxygen and 
fluorine, as well as that for the decomposition of liquid 03F2 at -152°C 
(97). From these values the heats of formation of gaseous 02F2 and 03F2 
at  25" (see Table I) and the corresponding bond energies were calculated. 

C. TRIOXYCEX DIPLUORIDE (OZONE FLUORIDE) 03F2 
A compound with the composition 03F2 was first reported by Aoyama 

and Sakuraba (2 ,s) .  Their discovery was not, however, generally accepted, 
possibly because an exact quantitative analysis was not given and because 
the possibility that oxygen was dissolved in O2Fz was not excluded. The 
existence of 03F2 as a definite compound was first confirmed by Kirshen- 
baum and Grosse in 1959 (98). An oxygen-fluorine mixture (3:2) was con- 
verted quantitatively into 03F2 in a glow discharge (2100-2400 volts; 
25-30 ma) a t  a total pressure of 12 f 1 mm and a t  liquid air temperature; 
the yield was 3 4  gm of 03F2 per hour. 

In the meantime a further method of forming 03Fz was found, based on 
the decomposition of NF3 with O2 in a glow discharge (3700 volts; 20 ma; 
0.6 torr) (134). A mixture of 03F2 and O2F2 condenses in the discharge tube, 
which is cooled with liquid nitrogen. Under these conditions NF3 is clearly 
broken down completely since no compound containing the N-F bond 
can be condensed. 

Properties (98). Ozone fluoride is a blood red viscous liquid, which re- 
mains liquid a t  - 186°C and is thus readily distinguished from OzF2. The 
endothermic compound decomposes quantitatively and exothermally a t  
about - 158°C according to the equation 

20rE'z -+ 0 2  + 202R. 

It may be boiled under reflux in the temperature range -177" to 
- 159°C a t  0.1 to 1.5 torr with only a little decomposition, and it may also 
be distilled. 

Vapor pressures, which were measured between - 194" and - 159"C, are 
represented by the equation: loglOpmm = 4.7277 - 520.7/T. The liquid 
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density is given by d = 2.357 - 0.00676 T. Ozone fluoride is one of the 
strongest oxidizing agents known; like OzF2, it is appreciably more reactive 
than OF,, Fz, or mixtures of 0 2  and F2, but by itself is not explosive. Or- 
ganic compounds or other oxidizable materials inflame instantly or even 
explode. 

At - 157"C, OaFz is readily soluble in CFCL or CFzClz over the whole 
concentration range. On the other hand it is insoluble a t  - 196°C in liquid 
fluorine, nitrogen or oxygen. Gaseous fluorine does not react with ozone 
fluoride a t  - 196"C, but if the fluorine is activated by a discharge (3000- 
4000 volts; 30-60 ma), quantitative decomposition to OzFz takes place: 

20aF2 + Fz* -+ 30zF~. 

D. TETRAOXYGEN DIFLUORIDE (OXAZONE FLUORIDE) 04Fz 

Grosse et al. (78) were able to isolate yet another oxygen fluoride, 
04Fz, which separated as a red-brown solid in a dischargeltube at - 196°C 
using an O2-Fz total pressure of 5-15 torr and with a discharge operated 
a t  840-1280 volts and 4 .54 .8  ma. The possibility of dissolved oxygen or 
ozone was excluded. At - 183°C O4Fa is a liquid with a vapor pressure less 
than 1 torr. Liquid 04Fz may be kept, a t  least for some hours, a t  - 183°C. 
Slow decomposition to oxygen and ozone fluoride occurs between - 183" and 
- 163". Thus the following sequence of decomposition reactions for the 
oxygen fluorides may be set out: 

> -183' 
OaFz -+ BOz + OsFz 
OsFz - -+ tOz + 02Fz 

0zFz -----+ 0 2  + Fz. 

-163' 

-57" 

E. THE STRUCTURE OF OXYGEN-FLUORINE COMPOUNDS 

The structure of the angular molecule of OF2 (symmetry C Z ~ )  was eluci- 
dated through its infrared spectrum (19, 91) and by the use of electron 
diffraction (8ti). The most probable values for the bond distance TO-F is 
1.418 A, that for the valency angle being 103.2". On the basis of the micro- 
wave spectrum Jackson (87) discussed a structure for OzFz which was of 
the peroxide type. The following spread of possible values was given for the 
various parameters: 

i"F-0 = 1.44 - 1.54 R ;  7-0-0 = 1.28 - 1.48 A; 
L O-0-F = 109" - 110"; dihedral angle = 75-85" 

Grosse concluded from a comparison of the estimated bond energy in 
02Fz with that in other compounds that there was considerable resonance 
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stabilization. Further discussions would be out of place in view of the very 
incomplete state of our knowledge of Fz02; this is even more true of 03Fz 
and 04Fz. 

II. Oxy-Compounds of Chlorine 

Four oxides of chlorine have so far been isolated : in orders of increasing 
oxidation number of the halogen they are CLO, C102, ClzOa, and ClZO7. 
Their physical properties are given in Table 11. 

In addition the occurrence of C10 has also been established. This radical 
occurs both in the course of the decomposition of the chlorine oxides and 
also in reactions leading to their synthesis. The radical C10 has also been 
detected in an oxyhydrogen flame to which chlorine has been added. The 
radicals BrO and I0 also occur in analogous conditions and indirect evi- 
dence for O F  has been obtained in electron bombardment experiments. 
It has not, however, been possible so far to isolate C10. 

The existence of Clod, which was postulated by Gomberg, has not been 
confirmed. There was no indication of this compound either when Gom- 
berg's experiments were repeated or in the course of the examination of a 
series of reactions of silver perchlorate with halogens in the most diverse 
organic solvents (80). It has, however, been discussed in relation to the 
decomposition of Cl2O7. According to Hudepohl (84), the Gomberg reaction 
(2AgC104 + Iz -2AgI + 2C104) should be formulated as follows: 

2AgCIO4 + 11 + AgI*AgClOa f ICIO4. 

A. DICHLORINE MONOXIDE ChO 
Dichlorine monoxide may, according to Eodenstein and Kistiakowski 

(24,181 , 194)) be obtained as a brown solid by passing a mixture of chlorine 
and dry air in a ratio between 1 :2  and 1 :3  over HgO, and condensing the 
product in a vessel cooled in liquid air. The compound is extraordinarily 
unstable and may be exploded by shock or impact. It is also decomposed 
by light. The photochemical decomposition to chlorine and oxygen (60, 
178) proceeds by a primary cleavage into C10 and C1. 

c1,o + hv + C1O + (71 

Cl,O + c14 C'IO + Cln 

c10 + c10 + Clt + 0% 

The chlorine-sensitized decomposition occurs similarly according to the 
following mechanism : 

Cl, + hv ---f c1 + c1 
2c120 + 2c1+ 2c10  + 2Ch 

c10 + CIO --t CI* + On. 



TABLE I1 
PHYSICAL PROPERTIES OF TEE OXIDES OF CHLORINE 

Oxide/Property ClZO c10* Cl*OS ClZo, 

Molecular weight 87 67.5 167 183 
M.p. ("C) -116 (75) -59 (96) - +3.5 (76) 91.5 (77, 209) 

F 
m 

B.p. ("C) 2 . 0  (75) 11.0 (96) 203 (calc.) (76) 80 (77) ! 
E 

+9.3 - 2690/T Solid between E 
-40°C and +20°C (76) + 

22.5 (75) 23.0 (96) 21 (76) 23.4 (77) u Trouton's constant 

3 Heat of vaporization 6.20 (75) 6.52 (96) 9 . 5  (76) 8.29 (77) 
(kcal mole-') 

-18.26 (207) 25.0 5 1.5 (53) !a Heat of formation 
(kcal mole-') 

Density (gm cm-1 at "C) 
Electron diffraction (43) (43) M 

IR spectrum (82) (82, 138, 188, 203) (14, 188) 
Raman spectrum (102) (61 1 
Microwave spectrum (88) (13) 

Vapor pressure at 0°C 699 (75) 490 (96) 0.31 (76) 23.7 (77) 
log P m  +7.87 - 1373/T (75) +7.1 - 2070/T Liquid +8.03 - 1818/T (77) m 

z 

m 

-18.1 & 0 . 3  (53) 3 
r 1.64 at 0" (33) 2.02 at 3.5' (54) 1.86 at 0" (125) 
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Dichlorine monoxide is shown to be angular by its infrared spectrum (82), 
from electron diffraction studies (32, 43, 142) and from the microwave 
spectrum (88). The most probable value for the bond distance ~ C I - o  is 
1.701 8, and for the valency angle L ClOCl is 110.8 zt 1.0'. The microwave 
spectrum shows that the molecule has substantial ionic character: a con- 
tribution of about 25% by the component ClfOCl- has been suggested. 

Reactions of C120: Dichloriiie monoxide is readily soluble in water and 
is partially decomposed to hypochlorous acid in an equilibrium reaction; 
hypochlorite is formed with aqueous alkali. The course of ammonolysis 
was formerly represented by the equation (181) 

2C120 + 10NHe + 6NHjCl + 3Hz0 + 2Nz, 

but new studies (101) have shown that monochloramine and nitrogen 
chloride may also be isolated and are therefore very probably intermediates. 
In order to obtain evidence bearing on the course of the reaction, and par- 
ticularly on the primary step in ammoiiolysis, the action of ClzO on alkyl 
amines was studied as a model reaction. Both mono- and di-alkylamines 
were converted into the corresponding chloramines (101). 

ClzO + 2(CzHs)2NH + %(C2Hs)zNCI + HzO 
ClzO + (C?Hs)NH2 + (CzH6)NCIz + HzO 

Further investigations are needed, however, to show how far this observa- 
tion is applicable to the ammonia reaction. 

The reaction of dichlorine monoxide with the oxides of nitrogen, and 
especially with NOz and Nz06, has been studied in detail (59, 126, 127, 
157). In  every case the product is chlorine nitrate, ClNO,, which was first 
discovered by Martin and Jacobsen (128) in studying the system C102-NOz. 
The following set of reactions leading to the formation of ClNO3 may be 
formulated on the basis of the kinetic studies of Martin and his co-workers 
(126), in which monofluorotrichloromethane, CFCl, and trifluorotrichloro 
ethane, CF2ClCFC12, were used as solvents : 

ClzO + 2NOo + ClNOs + NOzC1 (Gas, solution) 
(Melt) 
(Gas, solution) 
(Melt) 

2C120 + 2NOt + 2CIN03 + C1z 

2C120 + 2NzOs + SClNOs + 2NOzC1 + 02 
C120 + NzOs 4 2CINOa 

It was found that ClzO does not react directly with Nz06 either in the 
gas phase or in solution, but reacts instead with the NO2 produced in the 
decomposition of Nz06, and the latter process therefore controls the over-all 
reaction. The actual step leading to formation of chlorine nitrate in these 
reactions seems to be 
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C10 + NO2 -+ ClNOa 
in every case. 

Simultaneously and independently Schmeisser and Fink (59, 267) suc- 
ceeded in carrying out the reaction between dichlorine monoxide and nitro- 
gen pentoxide on a preparative scale. The larger quantities of chlorine 
nitrate which it was possible to make in this way allowed it to be used in the 
synthesis of inorganic acyl nitrates [e.g., CrOzClz + 2ClN03 -+ Cr0z(N03)2 
+ 2C12] and led to the first isolation of bromine nitrate and the iodine 
nitrates INO, and I(N03)3 (158, 259) : 

BrCl + ClNOa -+ BrNOa + C11 
IC1 + ClNOa + IN08 + Clz 

ICla + 3ClNOs -+ I(N0i)a + 3Cle 

The reaction of nitric oxide and dinitrogen trioxide with ClzO a t  - 78°C 
led mainly to Nz04 and chlorine (201). The occasional appearance of chlo- 
rine nitrate in the reaction makes i t  probable that it is also an intermediate 
in this case, since it can form dinitrogen tetroxide with nitric oxide (C1N03 + 
NO - NON03 + $Clz) (258). It is impossible, however, to draw any firm 
conclusions above the course of the reaction from these purely preparative 
studies. The same is true of the interaction of dichlorine monoxide and 
nitrosyl chloride a t  - 78"C, which yields chlorine, chlorine nitrate and 

The reaction of CIZO with SO3 was first investigated by Schiitzenberger 
(174-176). On passing ClzO over SO3 he obtained a deep red liquid, which 
crystallized to bright red needles of map. 55°C. He ascribed the composition 
c120-4s03 to this compound, which decomposed explosively if i t  was heated 
rapidly. A fresh study of this reaction (202), in which an so3 solution in 
CFC1, was added dropwise to a CI20-CFCl3 mixture at above -27", also 
gave red crystals which melted at 56°C and were therefore identical with 
Schutzenberger's product. This compound is not, however, a simple adduct 
but a chlorosyl-chloryl trisulfate, (C10) (C10~) (Sao~o), which is also pro- 
duced by the interaction of SO3 and ClOz. When 5 0 3  reacts with ClzO it 
seems that ClOz is formed as an intermediate; the following mechanism 
was proposed for the reaction (202) : 

Nz0.j (226). 

2c120 -+ 2c10 + 2c1 
2CLO + 2C10 -+ 2C10~ + 4C1 
2ClOz + 3SOa + (ClO)(ClOz)[S~O~o] 

4c1zo + 3SOs -+ (C10)(ClO~)[Sa01o] + 3C12. 

Recently Dehnicke discovered in the action of ClzO on metallic chlorides 
a method for the preparation of anhydrous oxychlorides (39-41). Dichlorine 



OXIDES AND OXYFLUORIDES O F  THE HALOGENS 51 

monoxide was passed as gas into the liquid chloride. These reactions take 
place very exothermally a t  room temperature without thermal decomposi- 
tion of any significant part of the Cl20. Oxychlorides corresponding with 
the highest oxidation state always result because of the strong oxidizing 
action of ClzO and Clz. 

Tin tetrachloride forms a white, amorphous and very hygroscopic 
oxychloride according to the equation 

SnC1, + c1,O SnOC1, + 2 C b  

The oxychloride is high molecular in substance; according to molecular 
weight determinations it is trimcric. A ring-structure is proposed. It dispro- 
portionates a t  155°C into tin dioxide and tin tetrachloride: 

2SnOCI2 -+ SnO, + SnCId. 

The pale yellow TiOClz produced from TIC14 is crystalline. With VOCI,, 
ClzO forms orange red crystalline VO&1, which decomposes a t  150°C 
into Vz06 and VOCI,. Amorphous PbOC12 is violet : 

Tic14 + CllO + TiOClz + 2C12 
VOCI, + ClZO --+ V0,CI + 2c12 

PI,Cla + ClZO ___ + PbOClz + 2c12. 

Tantalum pentachloride in carbon tetrachloride solution yields TaOCI3 
or Ta203C14, according to the quantity of CI2O used. The oxychlorides give 
addition compounds with pyridine or POCl,, except in the case of PbOClz. 

There are indications that the reactions take place through the inter- 
mediate formation of hypochlorites. In the case of titanium tetrachloride, 
for example, the following reactions are possible: 

- 100-0" 

The transformation of metal halides to oxyvhlorides can be applied 
directly to the corresponding bromides (liquid or molten). By the action of 
gaseous ClzO on tin or titanium tetrabromide the hitherto unknown oxy- 
bromides SnOBr? and TiOBr, are formed (42). These also give adducts 
with pyridine. 
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SnBrr + C1tO --$ SnOBrt + Br2 + Clt 
TiBr4 + CllO - TiOBrt + Brt + Clt. 

Similar experiments with the halides of boron and aluminium were made 
by Schmeisser and Aubke (169), though these were directed not so much 
to the preparation of oxychlorides as to the preparation of anhydrous oxides 
at  low temperatures. When boron trichloride or tribromide in solution in 
CFCla at  -30°C is decomposed with C120, flocculent B203 is precipitated 
and may be isolated by distilling off the solvent or filtration, and freed from 
halogen or excess of ClzO in vacuo at  70°C. The resulting hygroscopic B2O3 
is found to be amorphous to X-rays. The same B203 is formed from un- 
diluted BC19 and ClzO in the liquid state at  -78°C. An analogous reaction 
occurs with C120 and AIBra at temperatures up to -20°C, though so far 
no halogen-free oxide has been obtained. Aluminium trichloride does not 
react with ClzO. 

Attempts to fluorinate dichlorine monoxide have so far met with no 
success; elementary fluorine at  - 10°C and AgFz at room temperature 
failed to react (b9, 122) and no reaction was observed when OF2 was led 
through liquid Cl20 at - 100°C (170). 

B. CHLORINE DIOXIDE C102 

I .  Preparation, Structure, and Properties 

The best laboratory method for preparing this compound is the action 
of sulfuric acid on potassium chlorate in the presence of a reducing agent, 
the most suitable being oxalic acid, since the CIOz is then diluted with COz 
and manipulation becomes relatively free from danger. It is often advan- 
tageous to use solutions of chlorine dioxide in carbon tetrachloride; these 
are made by passing the mixture of ClOz and COz coming from the generator 
into CC14 at  0". Chlorine dioxide is yellow in the gaseous state, red brown 
as liquid and reddish yellow when solid. The most important physical 
properties are given in Table 11. 

Chlorine dioxide is paramagnetic because it has an odd number of elec- 
trons. The bond order calculated from the force constants is 1.5 (188); it 
has been deduced on theoretical grounds that the unpaired electron is not 
localized; ClOz therefore shows no tendency to dimerize. The electronic 
structure of CIOz may be described in valence-bond terminology by the 
following formulas, among others. 
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A very high dipole moment would be expected for a structure with 
three-electron bonds; it is estimated that it would be of the order of 3.4 D 
(43). It follows from the observed dipole moment of 0.78 D that structures 
(a) and (b) must be more important than (c) and (d) (208). 

The bond distance rc1-0 is calculated from the infrared spectrum as 
1.49 8, and the valency angle as 118.5" (82, 138, 203). The same distance 
has been found from new electron diffraction experiments, though the angle 
is given as 116.5" (43). From the microwave spectrum (13) the values 
rc1-0 = 1.47 8 and LOClO = 117.4" were obtained. The paramagnetic 
resonance spectrum has also been recorded (18). 

Chlorine dioxide decomposes a t  higher temperatures or under the action 
of light; this is assumed to involve a chain reaction with the initial step 

hu or 

A l l  
ClOZ -+ c10 + 0 

In  addition to chlorine and oxygen, which are the end products, Clz06 is 
also formed by the steps (25, 179) 

c102 + 0 + c103 

c10 + 0 2  + c103. 

2. Reactions of Chlorine Dioxide 

Hydrolysis with aqueous alkali yields chlorite and chlorate as the final 
products; CIOz is therefore usually considered as  a mixed anhydride of the 
two acids. The kinetics of hydrolysis have recently been studied spectro- 
photometrically, conductometrically and by pH measurements (20). A 
first or second order reaction predominates, depending on the initial con- 
centration; this is explained in terms of the equations below, 

2C102 + HzO -+ HC1206- + H i  

C102 + € 1 2 0  -+ I-IClOs- + H+ 

which show CIOz to react as a normal acid anhydride. However, secondary 
disproportionation occurs because of the instability of the acid formed. 
Chlorine dioxide does not react directly with water, though at low tempera- 
tures a solid hydrate is formed; this decomposes a t  +15"C (191). Reaction 
of C102 with aqueous hydrogen peroxide according to the equation shown 
yields appreciable quantities of chlorous acid : 

2C102 + HzOa --* 2HClOz + 0 2  

(Yields at 10°C between 26 and 39% HC102) (37). 

Chlorine dioxide reacts with acceptors to form adducts (160). Antimony 
pentafluoride at - 78°C in C&'12 yields the white nonsublimable compound 
C1O2.SbF6, which melts a t  +83"C. In CFClr as solvent at -lO°C, CIOz 
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and SbC& give C102.SbC16, which decomposes at about 80" with liberation 
of chlorine and formation of Sb206. With ASFK at - 78" in CFCL, the com- 
pound C102-AsF6 results; it melts at 80" with decomposition. All these 
compounds react very violently with water or organic substances. Nothing 
is known so far about the bonding in these adducts; they may be con- 
sidered as formally analogous to the nitrogen dioxide addition compounds 
NOZ.AsF6, N02.SbF6, and NOz.PF6. Elementary fluorine has no reaction 
on C102.AsFK a t  +20"C (69), though the compound is converted to chloryl 
hexafluoroarsenate by chloryl fluoride (1 99) : 

ClOz.AsF6 + CIOzF -+ C10z[AsF~,] + ClOz. 

The reaction of C102 with 803 was first examined by Lehmann (108). 
When CIOa was passed into liquid SO3, products were isolated which con- 
tained chlorine, oxygen, and sulfur. The oxidation number of chlorine varied 
between 4 and 5 according to the quantity of ClOz used. It seems that mix- 
tures of chlorosyl-chloryl-trisulfate, (C10) (cl0~)s3010, and dichloryl tri- 
sulfate, (C102)2S3010, must have been formed. Dichloryl trisulfate, m.p. 
75.5"C, is obtained when a solution of SO3 in CFC13 is added dropwise at 
- 60" to a solution of CIOz in CFC13, so that ClOz is always in excess (201). 
The same compound results when CIOz is condensed into chlorosyl-chloryl- 
trisulfate and the mixture is allowed to warm in the course of 15 hours from 
- 60" to 0°C (201). The reaction between SO3 and excess of Cl02 may thus 
be formulated in two stages: 

2c102 f- 3sos --t (C10) (cloz)[sso,,] 
(C10) (c1o,)lsaolol + ClOZ --t (cloz)z[sso,ol + 3c12 + 301 

Dichloryl trisulfate may also be obtained from the reaction of SO3 with 
KC103 or KC102 (108). 

Formulation of the products as chlorosyl and chloryl compounds is in 
line with other work by Lehmann (109). When the adduct N2O4.4So3 is 
heated a distillate of the composition N204.3SO3 results, which is considered 
to be (NO) (NOa)[SaOlo]. The chlorosyl or chloryl sulfates may be converted 
into the corresponding dinitrosyl or dinitryl compounds by the action of 
NO or NO2 (see below under Reactions of Chloryl Compounds, Section 

Chlorine nitrate was discovered by Martin and Jacobsen (128) in 
II,C,S). 

studying the system NOz/Nz04/C102 at 0". 
ClOi + 3NOz -+ NaOs + CINOa. 

Reaction takes place via steps (l), (- l), (5 ) ,  and (6) of the scheme given 
below. This reaction has also been investigated by Schmeisser and Fink 
(69, 167). The action of ClOz with Nz06 may be represented approximately 
by the over-all equation (128) : 
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4c1oz + 2N20s -+ 4ClNOa + 302. 

Chlorine dioxide does not, of course, react directly with Nz06 but, as in the 
case of ClzO, with its decomposition products. The reaction scheme pro- 
posed for the reaction of ClOz with NO2 or Nz06 is (128) : 

NzOs NOa + NO2 (1, -1) 
NO8 + NOz -+ N0z + NO + Oz 
NO1 + NO -+ 2NO2 

NO + ClOz + NOz + (210 
NO1 + ClOz + NO, + 
NOz + CIO + ClNOa 

A summary of the reactions leading to formation of CINOa from ClzO, 
C102 and the nitrogen oxides NO2 and Nz06 is given by Martin (126); 
further literature references are also given. 

Reaction between ClOz and nitrosyl chloride takes place in the gas 
phase according to the equation 

2NOC1 + C1Oz -+ NO2 + NOKl + Clz. 

Initially it is extraordinarily slow, but it may be induced by the addition 
of NO,. The reaction is of zero order with respect to chlorine dioxide; its 
course is believed to involve a chain mechanism initiated by the process 

Chlorine dioxide and chlorite, but not rhloratcs, are reduced to chloride 
NO2 + Cl02 -+ NO3 + C10 (129, 130). 

by potassium borohydride (21).  

8ClOZ + 5KRH4 -+ 5KC1 + 3HCl + 5HaBOa + HzO 

The oxidation of phosphorus halides by ClOz in carbon tetrachloride 
solution has also been studied (143). 

5PC& f 2c102 -+ PCla f 4P0c1a 

3PIa f 3ClOz + $12 + PzOs + POCla 

SPSCIs + 6ClOz -+ 5soz + 3PCla + 2POCIa. 

Chlorine dioxide may readily be converted into chloryl fluoride, C102F, 
by elementary fluorine or other fluorinating agents. These reactions are 
described in detail in the next section. 

C. CHLORYL FLUORIDE, C10,F 
Chloryl fluoride was first obtained in 1942 by Schmitz and Schumacher 

(171), by fluorinating chlorine dioxide with elementary fluorine. This 
method is, however, troublesome because of the extraordinary violence of 
the reaction and, as a result, no further investigation on CIOzF appeared 
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for 10 years. In recent years the formation of CIOzF has been studied by 
several workers. Three routes are available, namely fluorination of KC103, 
CIOz, or ClzOs with elementary fluorine or other fluorinating agents. 

1 .  Preparation and Formation of C102F 

a. Fluorination of KC103. The action of elementary fluorine on KCIOa 
represents a method for the formation of chloryl fluoride rather than one 
for its preparation since it is formed only in small amounts and the main 
product is perchloryl fluoride (22, 49, 60, 186). These reactions are carried 
out between -40" and +30°C. Formation of ClOzF is thought to arise 
from the combination of fluorine with ClOz produced by decomposition of 
the C10,- anion, and is thus directly related to the formation from C l 0 ~  
and fluorine. The course of the reaction when fluorine acts on potassium 
chlorate is discussed more fully when perchloryl fluoride is considered. 
Fluorination of KClOs may also be effected with other agents and the yields 
of ClOZF are then better. Thus interaction with ClF, or BrF3 leads almost 
exclusively to C102F because of the higher reaction temperature needed 

12KClOa + 20BrF8 -+ 12KBrFd + 4Brz + 602 + 12C102F. 

Fluorsulfonic acid may also be used. It may be thought of as HF.S03, the 
H F  being the actual fluorinating agent, while SO3 serves to combine with 
water liberated in the reaction. This method gives a 30% yield of C102F 
based on the KC1O3 used, in addition to chlorine, chlorine dioxide and 
oxygen (59). 

b. Fluorination of Cl02. Chlorine dioxide combines directly with fluorine 
to form C102F. As already mentioned, chloryl fluoride was first obtained 
in this way (171). When the reactants are brought together a t  room tem- 
perature onIy spontaneous decomposition of C102 into chlorine and oxygen 
is observed. Formation of CIOzF takes place only if the reactants are 
brought together at  suitable partial pressures which are exactly maintained, 
or if, after condensing them together, they are warmed slowly from -78°C 
to +20°C. Reaction is homogeneous and bimolecular; at  low Clot concen- 
trations and low pressures the rate controlling step is (7) 

(50, 204). 

ClOz + Fz -+ CIOzF + F. 

This is followed by the wall reaction 2F -+ Fz. This reaction was developed 
later by Schumacher (187) into a preparative method. Large quantities 
of C102F may be prepared by leading fluorine into liquid ClOz at  -50°C. 

Chloryl fluoride may also be prepared on a larger scale when fluorine is 
passed into solutions of Cl02 in indifferent solvents; this eliminates the 
necessity for working with large quantities of condensed C102. While in the 



OXIDES AND OXYFLUORIDES OF THE HALOGENS 57 

"C 
mmof Hg 

case of carbon tetrachloride the relatively high crystallization temperature 
of the solvent limits the working temperature to a minimum of -2O"C, at 
which only low concentrations are possible, i t  is feasible with CFC4 a t  
- 78°C to reach 3 millimole of C102F per ml of solution. Such solutions are 
excellent for use in studying further reactions of chloryl fluoride (46, 161). 
By cooling such solutions to - llO"C, CIOzF may be separated and obtained 
pure after distillation. 

The simplest method for preparing chloryl fluoride is certainly to use 
AgFz as the fluorinating agent. When a slow stream of ClOz is passed at 
room temperature through a tube filled with argentic fluoride, quantitative 
reaction occurs and quite colorless chloryl fluoride may be condensed out 
in a trap cooled to -78°C (160). 

AgFz + ClOz + AgF + ClOzF. 

Consumption of argentic fluoride may readily be followed by observing 
the movement of the boundary between AgFz (brown) and AgF (yellow), 
and in this way excess of CIOz can be avoided. Cobalt trifluoride acts in the 
same way as AgF2 (160). Chloryl fluoride is also produced when gaseous 
chlorine dioxide is passed through liquid BrF3 a t  +30"C (59, 160). 

6C102 + 2BrR -+ 6C102F + Bn. 

c. Preparation of CIOzF j rom Dichlorine Hexoxide. When dichlorine 
hexoxide is decomposed thermally in presence of fluorine between 22" 
and 48°C up to 75% of CIOzF results (4,5). From the fact that no formation 
of C103F can be detected, it may be concluded that neither ClzOa nor the 
c103 radical derived from it is capable of reacting with fluorine. It is chlorine 
dioxide occurring in the decomposition process which unites with fluorine 
to give C102F. A further product is Clz07, in amounts up to 25%. (For the 
formation of CIOzF in the thermal decomposition of dichlorine heptoxide in 
presence of fluorine, see under Dichlorine Heptoxide, Section 11,F). 

Chloryl fluoride results quantitatively, in addition to nitryl perchlorate, 
from the action of nitryl fluoride on dichlorine hexoxide a t  0°C (see under 
Dichlorine Hexoxide, Section 1IJD,2,a). It may also be made from dichlorine 
hexoxide using bromine trifluoride or  pentafluoride as the fluorinating agent 
(199). Nothing definite can be said about the mechanism of the reaction, 
which occurs at -40°, a t  which temperature decomposition of the ClzOe 
to ClOz is excluded. 

TABLE I11 
V A P O R  PRESSURE$ OF CHLORYL FLUORIDE (171) 

- i 8  -65.5 -55 -45.5 -38 -30.2 -23.8 -17.2 -9 .7  -6 .3  
8.8  25.2  55.9 103.8 161.4 244 338 459 645 740 
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2. Reactions of Chloryl Fluoride: Formatim of Chloryl Salts 

Chloryl fluoride is thermally reasonably stable : decomposition a t  a 
measurable rate is first observed in a quartz vessel above 300°C. Glass is 
only slowly attacked at  room temperature, though in presence of the least 
trace of water reaction is rapid; it is possible that dichlorine hexoxide is 
produced. 

Chloryl fluoride is a true fluoride of chloric acid. Its hydrolysis, which 
has been investigated by several workers (46, 187, 204, 606), follows essen- 
tially the course that would be expected. 

C102F + 20H- -+ ClOs- + F- + HzO. 

Even with careful work, however, the chlorate yields were a few per cent 
too low, and both chlorite and perchlorate were found to be present; this 
may be attributed to secondary decomposition of the chloric acid formed 
initially. Chlorine dioxide was detected as an intermediate product and, 
when the hydrolysis was effected with only a little water, dichlorine hexox- 
ide was also observed. Decomposition of ClOzF with ammonia occurs very 
vigorously, even at -78"C, but the only end products obtained were 
NH4C1 and NH4F (69). 

Fluorides capable of forming complexes are converted to an extent 
depending on their complex forming powers into chloryl salts by the action 
of chloryl fluoride (46, 161). The form of the vapor pressure curve of mix- 
tures of SiF4 and ClOzF below - 120°C suggests that an addition compound, 
probably SiF4-2C1O2F, is formed. A compound isolated by Emel6us (36) by 
allowing C102F to react with vanadium pentafluoride showed similar 
instability. While the product isolated at  - 78" had the composition 
VF&102F, the composition at  -46°C was VF6.0.63C1O2F. On the other 
hand a compound C102F.BFS or C10zBF4, which could be sublimed a t  O"C, 
was formed either by passing BFa into liquid chloryl fluoride or by its reac- 
tion with solutions of ClOzF in CFC1,. This compound also results directly 
by the union of chlorine dioxide and fluorine in the presence of BFI; in this 
case yields are naturally very small since appreciable decomposition of 
chloryl fluoroborate occurs at  room temperature. It is not possible to liber- 
ate chloryl fluoride from the compounds by means of NaF, as in the case 
of NOF from NO(BF4); the necessary reaction temperature cannot be at- 
tained because the chloryl compound is too volatile. The great volatility 
of this compound makes it unlikely that it is a true chloryl fluoroborate, and 
the formulation as an adduct is more likely. This is also in keeping with 
the observation that the compound attacks glass, just as C102F itself does. 
This is probably also true in the case of the reaction product from phos- 
phorus pentafluoride, PFBC102F or C102(PFa). 

Marked salt-like character is shown by the compounds C102(AsF6) 
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and ClOz(SbF6), formed by stronger complexing fluorides. The increasing 
stability of the complexes as we pass to the hexafluoroantimonate is seen 
in the following table. The two complexes C102(BF4) and C10z(SbF6) and 

TABLE I V  
COMPLEX COMPOUNDS OF CIOzF w r m  FLUORIDES 

Temperature 
Reaction of incipient Decomposition 

temperature volatility temperature 
Compound ("C) ("C) ("C) 

2CIOzF.SiF, - 160 > -120 
C102F.VFs - 78 > -78 
CIOZ[BFPI -110 - 78 +25 
ClOn[PFs] - 78 - 35 
C10~[AsF6] - 78 + 50 +150 
(ClOz)z[SnFd - 70 > +IS0 
CIO2[ SbFs] - 10 m.p. +78 > +230 

a compound of the composition TaF,-0.48C102F were also obtained by 

In the reaction of chloryl fluoride with AsF3, its fluorinating action is 
apparent: the AsFa is transformed into AsF6 or C10z(AsF6), and chlorine 
dioxide is also formed, according to the equation (199) 

-_ - ~~ 

Woolf (204). 

3C1OzF + &Fa -+ ClOz(hF8) + 2C102. 

The fluorinating action of CIOzF naturally shows itself in the reaction with 
chlorides. Metallic fluorides are first formed and, if these are capable of 
forming complexes, they then react with further C102F to form chloryl 
salts (59, 160). This method makes it possible to prepare chloryl salts from 
insoluble fluorides, such as SnF4 and TiF,. These are insoluble in liquid 
hydrogen fluoride and cannot therefore be induced to react with C102F. 
Thus antimony pentachloride reacts with a large excess of chloryl fluoride 
according to the equation 

6C102F + SbCls -+ ClOz(SbFe) + 5C1Oz + 24Clz 

Tin tetrachloride in CFCls solution a t  - 70°C gives dichloryl hexafluoro- 
stannate, which decomposes above 160" to SnO2, SnF4, ClOz, and Cl2. 

6C1O2F + SnC14 --+ (C1Oz)z(SnFa) + 4C102 + 2C12. 

Titanium tetrachloride reacts similarly, though reaction a t  - 100°C is so 
vigorous, in spite of considerable dilution with CFC13, that pure (ClO2)aTiFe 
is not obtained. It is probably contaminated with TiF,. Aluminium chloride 
is converted to AlF3, which does not react further with C102F. 
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Finally, chloryl fluoride is also able to fluorinate oxides. Corresponding 
experiments with Si02, SbzOa, and B203 a t  - 10°C showed the formation of 
SiF4, CIOz(SbFa) or C10z(BF4), in addition to C102 and ClzOe resulting 
from decomposition of unstable chlorine oxides formed initially (45). 
Reaction of C102F with iodine pentoxide follows a similar course; IF5 and 
chlorine oxides are formed at -20°C (199). 

Some investigations have been made on the reactions of chloryl fluoride 
with Lewis acids. Sulfur trioxide in CFC13 solution a t  -10" forms an 
orange colored chloryl salt of m.p. 27"C, which in the solid state must be 
C102%03F- (161, 204) 

ClOzF + SO8 -+ ClOzSOsF 

This substance may be considered as intermediate between the colorless 
chloryl salts, e.g., C102(SbFe), and the deep red dichloryl trisulfate, 
(C102)2[S30 101 (108). 

Fluorsulfonic acid reacts with chloryl fluoride even at  -78"C, and a red 
color is produced. The equilibrium 

ClOzF + HSOsF ClOzSOaF + H F  

is established (160). Chloryl chlorosulfonate, on the other hand, is not 
stable; interaction of C102F with chlorosulfonic acid at - 78°C gives only 
the decomposition products C102, chlorine, and SO3 (160). Hydrogen chlo- 
ride at  - 110°C yields HF, C102, and chlorine (160) : 

ClOZF + HCl + H F  + ClOz + +Clz. 

The reaction with anhydrous perchloric acid, in which hydrogen fluoride 
and dichlorine hexoxide are produced, may be an equilibrium process (45, 
122,162) (see under C~ZOS, Section II,D,W,a). Finally mention may be made 
of the reaction with anhydrous nitric acid, in which nitryl perchlorate is 
obtained (160). 

2C102F + 2HNOs --t NOzClOh + ClOz + NO2 + 2HF. 

Presumably the unstable compound C102N03 is formed initially and de- 
composes to NO2 and c103 or ClzOe. The latter then react to form No2C1O4. 
The last reaction may be shown to occur (163, 199). Secondary reactions 
between NO2 and Cl02 are discussed under chlorine dioxide. 

It has not proved possible so far to prepare C102(BrF4). There is no 
reaction between ClOzF and BrF3 either at -78°C or at +lO"C. If, how- 
ever, C102(SbFs) is allowed to interact with BrF3 the initial reaction occurs 
as follows (160) : 
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C1O2(SbFG) + BrFz(BrF4) + BrF2(SbF6) + C102(BrF4). 

The compound BrF2(SbF6) is known to be stable, whereas the chloryl 
compound decomposes a t  once as shown below. 

C102(BrF4) -+ C102F + BrFs. 

This is in accord with observations on the interaction of KC103 with Sb206 
and BrF3, which also yields only chloryl fluoride (205). 

12BrFa + 4KC10, + SbnOs -+ 2BrF2(SbF6) + 4KBrF4 + $ 0 2  + 3 B r ~  + 4ClOzF. 

The well known chloryl sulfates which are formed either in the reaction of 
SOa with C120 or C102 or when sulfur oxychlorides or sulfur trioxide reacts 
with ClzOG are discussed in the sections dealing with the corresponding 
chlorine oxides. 

3. Reactions of Chloryl Compounds 

The chloryl component may be displaced from compounds by means of 
nitrogen oxides; nitryl or nitrosyl compounds result and the chlorine oxide 
is set free. Thus nitrogen dioxide reacts with chloryl hexafluoroarsenate 
according to the equation (160) : 

ClOz(AsFa) + NO2 -+ NOz(AsF6) + ClOz. 

Chlorine nitrate is also formed by secondary reactions between NO2 and 
CIOz both in this case and in some of the reactions described subsequently. 
Decomposition with NO follows an analogous course (160) : 

CIOz(A8F.J + NO + NO(Ad’0) + C102. 

In  this case however a redox reaction between ClOz and NO gives NO2 as 
a secondary product. This also participates in the reaction so that NO(AsF6) 
may be isolated only as a mixture with NO~(ASFG). Decomposition of 
C102(AsFG) with nitryl chloride a t  -30°C also leads to NOz(AsF6) (69) 

ClOz(AsF6) + NOzCl+ NOz(AsF6) + C10, + 4Clz. 

The following reactions are also of the type discussed above: 
-160” 

+ 5 O  
(C10) (CWS301o + 2N02 --+ (N0z)zSaOio + [ClrOal (69). 

In  the case of the reaction with NO large quantities of Nz03 are also 
formed. 

The reactions of “chloryl perchlorate,” C1O2C1O4 (= ClzOe), are de- 
scribed under dichlorine hexoxide. 

(C10)(CIOa)Sa01o + 2 N 0  -3 (N0)zsaOlo + [ClzOs] (201) 
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D. DICHLORINE HEXOXIDE ClzOe 

1. Formation and Preparation 

The formation of ClzOe in the photochemical reaction of chlorine with 
ozone was studied by Bodenstein and his co-workers (25, 26). Red light, 
which is absorbed by 03, leads to the formation of ClzOa, whereas light 
which is absorbed by chlorine only produces decomposition of the ozone. 
In the thermal reaction of chlorine with ozone the intermediate formation 
of C10, CIOz, C103, and C104 has been postulated (5, 27).  The mechanism 
has been discussed recently by Szabo (193), who formulated the reaction 
leading to dichlorine hexoxide in terms of the equilibrium 

c10 + 02 + ClOS e tClzOs. 

The reaction C10 + 0, + C103 is thermoneutral (73). Since C10 is always 
produced as an intermediate in the decomposition reactions (193) 

C1 + ClzO -+ C10 + C12 + 14 kcal 

CIOz + 0 -+ C10 + 02 + 48 kcal 

it is evident that this species occupies a key position in reactions involving 
both the formation and decomposition of chlorine-oxygen compounds. 

Kinetic studies also led to a convenient preparation method from 
chlorine dioxide and ozone, since Schumacher and Stieger (180) came to the 
conclusion in discussing their results that the reaction 

2C10z + 20a --$ ClzOa + 202 

must take place with only a small activation energy. They succeeded in 
carrying out the reaction on a preparative scale and this method is still 
used exclusively in the laboratory. 

Whereas virtually only c103 is present in the gas phase (74) the liquid 
oxide consists mainly of the dimer, though the presence of monomer may 
be detected by magnetic measurements (54).  The dissociation energy for 
the reaction ClzOe -+ 2C103 is only 1.5 kcal. 

2. Reactions o j  ClzOa 

a. CLOe Considered as Chloryl Perchlorate. In an extensive experimental 
study by Schmeisser and his co-workers (162) it was found that ClzOa is 
able to react as if it were chloryl perchlorate, C1O2+c1O4-, as Lehmann 
(108) also supposed. The first proof of this came from the reaction ClOzF + 
HC104 = HF + c102c104 (see below in this subsection). 

Dichlorine hexoxide is not able to go over directly into this polarized 
from. It is necessary to assume cleavage, followed by rearrangement: 
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ClnOe 2C10, ~ OzC10C103 2 C1&+C1O4- ( = Chloryl perchlorate). 

This scheme for the reactive forms of ClzOe is completely analogous to 
those discussed for NzOd (186) 
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N-N - H-Ql + I N  - N-Q-N - [ IOENI]  In-N 

N& 2NOz S ONON02 ~ NO+NO,- ( = Nitrosyl nitrate). 

Both NO and NO2 react with ClzOe (in carbon tetrachloride solution) 
at 0°C with displacement of the "chloryl cation" and formation of the corre- 
sponding perchlorates, chlorine dioxide being set free. As would be expected 
Nz03 reacts as a mixture of NO and NOz (163, 199). 

NO + C1Oz+ClOa- + NO+CIOI- + ClOz 

NO? + c1Oz+c104- + N02+CIOa- + ClOz 

NzOs + 2C10zfC104- 4 NO'CIO4- + NOz+C104- + 2C102 

Possible secondary reactions of the nitrogen oxides with ClOz leading to 
C1N03 have already been described in connection with the reactions of 
chlorine dioxide. 

The reaction with Nz06 (= NO&C)3) is not quite so straightfor- 
ward. Nitryl perchlorate is probably formed initially but chloryl nitrate, 
(C102N03), which, at least formally, must be the other product, decom- 
poses a t  once. This gives rise to secondary reactions in which chlorine 
nitrate and oxygen are produced (1,99). 

2NOZ+NOa- + 2ClOZ+C104- -> 3N02+C104- + ClNOs + $ 0 2 .  

In addition there is a reaction between C1206 and chlorine nitrate, the course 
of which has been elucidated in separate experiments (199). 

ClNOi + ClOz+ClOA- -+ NOz+ClOa- + ClOz + $Clz + 4 0 2 .  

The over-all reaction between NzO6 and ClzOe may then be represented by 
the equation : 

2NOZ+NOa- + 3C102+C104- + 4N02+C104- + ClOz + $Clz + 0 2 .  

The interpretation of the course of the reaction is supported not only by the 
well-defined end products mentioned but also by the fact that small 
amounts of ClN03 could be isolated. The chlorides of the nitrogen oxyacids 
react similarly with ClzOa in CCI, as solvent a t  -20°C (123, 162). 
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N Q U -  + C102W104- + NO'CIO4- + Clop + 3CIt 

NO*+Cl- + C102+c104- + N0z+Cl01- + ClOa + @lz. 

When NOzF is passed into a solution of C120e in CFCL a t  0" a smooth for- 
mation of C102F and nitryl perchlorate is observed 

N02+F- + ClOz+ClOa- -+ NOafC10~- + C102F. 

The reaction products are unable to interact in the reverse direction (160). 
In the double decomposition of C120e with anhydrous hydrogen fluoride 

in a platinum apparatus at  6°C an equilibrium is set up in which chloryl 
fluoride and perchloric acid are produced (46, 122, 162). 

ClzOs + HF HC104 + ClOaF. 

The fact that ClzOa behaves as chloryl perchlorate is shown not only by 
the reactions described, but also by experiments in which perchlorates are 
actually prepared with the help of C1206. These have led to the discovery 
of a new type of inorganic acyl perchlorate. 

Acyl chlorides undergo a general reaction with dichlorine hexoxide in 
which they are transformed to acyl perchlorates (123, 162). Chromyl chlo- 
ride reacts with excess of ClzOs at  the melting point of the latter (+3.5"C) 
to form the red liquid chromyl perchlorate CrOz(C1O~)z, which can be 
distilled in high vacuum at 35°C. 

Cr02C12 + 2Cl206 -+ Cr02(C104)2 + 2ClOz + CL. 

Chromium trioxide is formed as a by-product and is, indeed, the only 
product containing chromium if Cr02C12 is used in excess. Chromyl per- 
chlorate reacts with CrOzClz to form Cr308 or Cr03, chlorine dioxide, chlo- 
rine, and oxygen. 

3Cr02(C10& + 3CrOzCIz -+ 2Cr&h1 + 6C101 + + 402. 

Both this reaction and the formation of Cr03 in the interaction of Cr02C12 
with C120a, make it likely that the latter reaction takes place via Cr03 as 
an intermediate: 

CrOaC12 + Cl2Os -+ CrOl + 2C1On + Cb + 4 0 2  

CrOa + 2C120~ -+ CrOz(ClO& + 2C102 + 3 0 2 .  

Chromyl perchlorate may also be made by the direct action of Cl,O, on 
Cr03. 

Vanadium oxytriperchlorate may be obtained by treating V206 with a 
large excess of ClzOe at 5°C. 

2V205 + 12ChOs -+ 4VO(ClOa)s + 12c102 301. 

The compound VO(C104),, which crystallizes at 21-22"C1 may be distilled 
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in high vacuum a t  33.5"C. It reacts extremely violently with VOC13. Even 
a t  temperatures only a little above -180°C sudden formation of CIOz, 
chlorine and oxygen occurs and vO&1o4 remains: 

2VO(ClOd)y + voclj --t 3V02(C104) + 3C102 + )Clr + 402. 

The same compound results from voc13 and C1206 a t  5°C in CCl, as diluent; 
undiluted voc13 reacts explosively with ClZOs. 

voclj + 2c120s + vozcloi  f 3C102 + $ 0 2 .  

Reaction of C120a with an excess of tin tetrachloride occurs a t  the melt- 
ing point of the latter (-33°C) to give a mixture of solids, melting a t  
40-50°C and becoming red. In high vacuum at 50" it is possible to distil red 
SnClz(C104)2 from the melt. It crystallizes slowly a t  room temperature and 
decomposes to tin oxychloride in CC14 solution. 

SnC12(C10& + SnOC12 + [Cly07]. 

With the reverse proportions of C1206 and SnC14 very hygroscopic red 
crystals of the composition Sn(C104)4.2C1206 are formed a t  - 30°C. 

SnCld + 6clzO8 + Sn(ClOd)4.2Cl~Oe + 4C102 + 2c12. 
These react with chlorine nitrate (69) and with NO2 (123) forming nitryl 
perchlorate and tin tetranitrate respectively. 

In the reaction of ClzOe with silicon tetrachloride a t  room temperature 
products are formed with a lower perchlorate content than that required 
for Si(C10J4. The latter may possibly be formed as the primary product, 
but it loses ClzO, and forms Si-0-Si bonds, i.e., tends to form SiOz as 
the end product. 

In carbon tetrachloride a t  - 25°C thionyl chloride reacts with ClzOs, 
via a primary oxidation of SOClz to 803, to give dichloryl trisulfate, which 
may also be made directly from so3 and ClzOa (108). 

3SOCls + 3CI208 + 3SOy + 6ClOz + 3C12 

3508 + 2ClzOe + (c102)~%010 + [Cho7] 

2sOc12 + 5CI2Os + ( C ~ O Z ) ~ S ~ O ~ ~  f 6C1Oz + 3c1z + [Cl@r] 

Reaction of SClz with ClzOe gives the same end products, but SOZC12 does 
not react with C1206. 

b. Other Reactions of C120e. The oxidizing action of dichlorine hexoxide 
is apparent in the reaction with iodine or the iodine chlorides IC1 and 
1Cl3: in each case mixtures of 1206 and ICl3 result (200). 

The C103 radical, which is present in liquid ClzOa, may be trapped with 
AsF6. At -10°C an adduct with the formula C103.AsF6 is obtained. It is 
impossible to avoid contamination with C102.AsFs (Clot being a decom- 
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position product of ClzOE), but the melting point of the product (118°C) 
differs significantly from that of C1O2.AsF6 (78°C). The product cannot be 
sublimed and reacts explosively with water (199). At -50" it reacts with 
chloryl fluoride according to the equation (199) : 

2C10gF + 2ClOs.ASF6 -+ 2C102(ABFs) + C1100. 

Unlike chlorine dioxide, dichlorine hexoxide is unable to react directly 
with fluorine. Between 20" and 40°C in the thermal decomposition of the 
hexoxide in presence of fluorine only ClOZF, and no C~OIF, is obtained. The 
fact that Clz07 is also formed makes it clear that fluorine reacts only with 
the decomposition products of ClzOe. Fluorination of ClzOa is, however, 
possible with bromine trifluoride; while chloryl fluoride is produced with 
this reagent (see under chloryl fluoride, Section II,C,l,b), BrF6 gives 
ClOzF and BrOzF (see below under bromyl fluoride, Section 111,DJ). 

E. PERCHLORYL FLUORIDE, C103F 

1. Formation, Preparation and Structure of ClO,F 

a. From Potassium Chlorate and Fluorine. Perchloryl fluoride was first 
detected in 1951 by Bode and Klesper as a product of the action of ele- 
mentary fluorine on potassium chlorate a t  -40°C (22, 23). These experi- 
ments were repeated by Engelbrecht (49, 60). Yields of C103F were about 
45%, based on the fluorine used. In this somewhat obscure decomposition 
C1O2F, ClF, Clz, ClzOe, and O2 are also formed. Engelbrecht discussed the 
following reaction scheme (50) 

+ KF 

A little later the reaction was reinvestigated by Schumacher (186). 
Working below -20°C he was able under certain conditions to obtain 
C103F in yields of 60%; the by-products were Clz, OFZ, and ClOzF and its 
decomposition products. 

b. Electrolysis of Sodium Perchlorate in Anhydrous Hydrogen Fluoride. 
Electrochemical fluorination of a 10% solution of NaC104 in anhydrous 
hydrogen fluoride a t  0°C and 4-7 volts, using nickel anodes, likewise leads 
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to formation of CIOaF (60,164). This electrolytic method has only a limited 
value since the yields are not particularly high and chlorine oxides and 
hydrogen are produced, in addition to OF2, Clz, or 0 2 ,  and this can lead to 
explosions (164). 

c. From Sodium Perchlorate and Fluorsuljonic Acid.  When sodium 
perchlorate is warmed to 60-70°C with excess of fluorsulfonic acid, ClOJ? 
is formed in yields up to 73%. After washing with alkali thiosulfate solution 
and drying with concentrated sulfuric acid it is completely pure. This 
process was discovered simultaneously arid independently by several 
workers (16, 103, 104) and is applicable on the kilogram scale. 

On the basis of Fredenhagen's investigations (6%64), which showed 
that perchloric acid acts as an ampholyte in liquid hydrogen fluoride and 
that in dilute solutions of KClO, in liquid hydrogen fluoride the equilibrium 

KC104 + 2HF I<+ + 2F- + (H&lOn)+. 

predominates, Lang (104) proposed the following reaction scheme. In it, 
fluorsulfonic acid act simultaneously as a fluorinating and a dehydrating 
agent : 

NaClOa + HSOaF i=! Nui + HClOd + so3 + F- 
HSOsF f II+ + SO8 + F- 

HClO4 + (H&104)+ 
(H&104)+ + SO1 + F- -+ Clod! + HtSOc 

HA304 + SOs --* Hz807 

NaClOa + 2HSOaF -+ CIGF + H&O7 + Nn+ + F-. 

Alternatively the course of the reaction has been discussed in terms 
of the perchloryl ion (16, 206) : 

2HSOsF + HClO4 C ClOa+ + 2S03F- + H*O+. 

In addition to sodium perchlorate it is possible to use alkali and alkaline 
earth perchlorates in general and also perchloric acid. Perchloryl fluoride 
may also be prepared from perchlorates and antimony pentafluoride in place 
of fluorsulfonic acid. It is advantageous to use a mixture of the two with 
60-70 wt% of SbF, and a reaction temperature between 70" and 130OC; 
yields up to 97% are attained (17, iil). 

d. From Dichlorine Heptoxide and Fluorine. Finally, Schumacher (58) 
described the formation of CIOIF in the thermal decomposition of C120, 
at 100" in the presence of fluorine. About 75% of the chlorine oxide is 
transformed into a mixture of C103F and (less) C102F. This is compatible 
with the thermal decomposition of C1206 in presence of fluorine a t  4OoC, 
when ClzO, but no CIOaF is formed. A temperature difference of about 
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60°C can cause very great changes in the separate rate constants and the 
mean life of excited molecules, so that the kinetics of the above reactions 
may be quite different. 

The structure was determined from the infrared spectrum (60,118, 261). 
The molecule possesses Cs. symmetry; the four peripheral atoms are bound 
to the central chlorine atom. It was concluded that the C1-F and C1-0 
distances in CIO,F are smaller than in CIOz or CIOZF, and that correspond- 
ingly the bond strength is greater. The same conclusion was reached from 
a study of the thermal decomposition, which is homogeneous and uni- 
molecular (71).  

The dipole moment is 0.023 f 0.0030 and is thus smaller than that of 
any other polar substance (131). In addition, CIOBF has the highest known 
resistance to electrical breakdown of any gas (about 40% higher than for 
SFB). It is also not affected by high energy radiation and is thus suitable 
as an insulator in high voltage systems. 

Most of the phgsical properties of C103F are collected in Table V. 

TABLE V 
PHYSICAL PROPERTIES OF ClOzF AND CIOIF 

CIOZF ClOsF 

Melting point ["C] -115 (171) 

Boiling point ["C] -6 (171) 
(Crystallization point) 

Vapor pressure (see text) (171) 
Trouton constant 23.2 (171) 
Heat of vaporization (kcal mole-') 

Heat of formation (kcal) 
Spectra 

6 . 2  (171) 

~~ 

-146 (60) 
- 147.75 (100) 
-46.7 (50, 89) 
(see text) (100) 

4.61 (28, 89) 
4.62 (100) 

Infrared (50, 118, 121) 
Raman (148) 
Microwave (119) 

-5.12 k 0.68 (137) 

Vapor pressures, densities and critical data have also been determined 
(62, 89). 

log p,,  = 18.90112 - 1443.467/T - 4.09566 log T 
D (gm cm-1) = 2.266 - 1.603 X 10-3T - 4.080 X lOF6T2 

Terit = 368.33 f O.l°K 
porit = 53.0 atm 

2. Reactions of C103F 

Perchloryl fluoride is an extraordinarily stable substance. Hydrolysis 
(60, l64) ,  which yields fluoride and perchlorate, can be effected only by 
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concentrated caustic soda in a sealed tube at 200-300°C; only slight reac- 
tion occurs with water under the same conditions. In a strongly acid 
medium C103F is able to oxidize iodide (50, 52) : 

ClOaF + 81- + 6H+ + C1- + F- + 412 + 3H10. 

The oxidizing action is also apparent in reactions with hydrogen-con- 
taining compounds. Thus the combustion of Hz, CH4, NH3, or H2S is 
supported by C103F (120) and its use in flame photometry has been sug- 
gested (156). 

Reaction with metallic sodium or potassium commences a t  300"C, but 
then proceeds vigorously (50). With ammonia CIOaF interacts in the gase- 
ous or liquid phase and also in aqueous solution. The product is the am- 
monium salt of the amide of perchloric acid (50, 124) : 

ClOaF + 3NHa + NH4F + ClOaNHrNHa ( = ClOs.NH.NH4). 

This may be isolated as the potassium salts C103.NHK and ClOINKz or 
as the barium or silver salt. Both the silver salt C103NHAg and the cesium 
salt are explosive (50, 124). Perchloryl fluoride and sodium amide do not 
react (124). 

Whereas CIOzF readily forms adducts or chloryl salts with various 
electrophilic fluorides, perchloryl fluoride is unable to do so. There is no 
evidence of compound formation with BF3 (at -12O"C), with AsF5 (at 
-78°C) or with PF6 (at -78" and +25"C). Conductivity measurements 
on mixtures of BF3 or PF6 with CIOIF also show no measurable change of 
conductivity compared with pure perchloryl fluoride (105). There is also 
no reaction between SO3 and C103F a t  -75°C (105). There is only a single 
instance of the formulation of a perchloryl salt. Sprysskow (190) interpreted 
a product of the composition 2S03-HC104 which was obtained by the action 
of SO3 on HC104 in chloroform, as (C103)+(HSzO,)-. 

The low reactivity of CIOsF stems from its structure and electronic 
configuration. Thus in the first place it is isosteric with the perchlorate 
anion; the octet of electrons is complete and the molecule is coordinatively 
saturated. Exchange of 0 for F in C10,- leads to no essential change in the 
molecular structure and the high symmetry is retained. Thus the infrared 
spectrum shows only slight deviations of the 0-C1-F angle from the value 
for a regular tetrahedral molecule. In keeping with this, the dipole moment 
is very small and the associated lack of a basic center explains the insolu- 
bility in liquid hydrogen fluoride and the lack of reaction with Lewis acids 
such as PF6, BF,, and SO3. 

The analogy to the perchlorate ion is still clearer in reduction reactions. 
Just as the c104- ion is reduced only in strongly acid solution, since the 
symmetry and high stability is lost by the addition of a proton (i.e., by 



70 M. SCHMEISSER AND K. B R ~ N D L E  

formation of HClO,), so reduction of ClOaF to chloride (e.g., by iodide) 
takes place only in strongly acid solution. 

F. DICHLORINE HEPTOXIDE Cl2O7 
Dichlorine heptoxide is the anhydride of perchloric acid, and may be 

obtained in a pure state by dehydrating the concentrated acid with phos- 
phorus pentoxide, followed by distillation between -38" and -34°C at 
1 mm (209). Just as in the case of CLO, the heptoxide appears to enter into 
an equilibrium with water. The equilibrium 

2HC101 C1207 + H20 (as HsOClOJ 

is indicated both by the fact that hydrated perchlorates of the transition 
metals result from interaction of anhydrous perchloric acid and transition 
metal chlorides (81) and also from studies of density for the system 
Ch07/HzO (149). 

Solid Cl2O7 is said to undergo a polymorphic transition a t  - 100 f 2°C 
(209). There is a simple eutectic with a melting point of -94°C in the 
system C1207/CC14; the compounds are completely miscible above - 23°C 

The structure of clz07 has been discussed by Siebert (188). An approxi- 
mate value of N = 1.76 for the outer C108 groups (where N is bond order 
or multiplicity) has been obtained on the basis of calculation of the force 
constants from infrared spectral data. This value is probably somewhat 
too high as a result of uncertainty in the force constant calculation. It 
accords well with the assumption of a 5/3 bond order in the C103 groups, 
so that the structure shown below is appropriate, 

(209). 

'f 101 
II 

II 
I01 

c j -  c1- a-Cl  - GI 
II 
101 

The bonds to the three outer oxygens are made equivalent by resonance, 
but the C1-0-C1 group plays no part in this. Chlorine in dichlorine heptoxide 
thus has a dodecet of electrons. The central L C1-0-C1 is 128" (14, 61). A 
dipole moment of 0.72 f 0.020 has been found (61). The thermal decom- 
position of Cl2O7 in the gaseous state has been studied (36) at temperatures 
between 100" and 120°C at partial pressures of 1-80 mm with addition of 
Clz, 0 2  and F2 up to 400 mm in vessels of Pyrex and quartz. 

111. Oxy-Compounds of Bromine 

A. DIBROMINE MONOXIDE Br20 
Dibromine monoxide was first isolated by Schwarz and Wiele (182,183) 

some time after it had been known in the form of its solution in carbon 
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tetrachloride (29, SO). Thermal decomposition of bromine dioxide in high 
vacuum yields, as Schwarz and Schmeisser also observed, (184), the com- 
ponents bromine and oxygen, a white oxide, and brown-black Br20, which 
may be obtained pure by subliming off bromine a t  - 50°C. The white oxide 
is richer in oxygen than BrOz and BrsO; it may be the white oxide Br03. 

When slowly warmed a t  normal pressure dibromine monoxide melts 
at -17.5 f 0.5"C with partial decomposition; it is completely stable a t  
-40°C. Hydrolysis gives hypobromite, and Br20 is thus the true anhydride 
of hypobromous acid (50). In  carbon tetrachloride solution dibromine 
monoxide oxidises iodine to Iz06 (183). 

B. BROMINE DIOXIDE BrOz 
Bromine dioxide was first prepared by Schwarz and Schmeisser (184) 

in the glow discharge from a mixture of bromine and oxygen; BrOz separates 
in the discharge tube, which is cooled with liquid air. No ozone is formed if 
there is not too great an excess of oxygen. The solid yellow Br02 decomposes 
into its elements without melting when rapidly warmed to 0°C; when slowly 
warmed in vacuum, however, it gives dibromine monoxide among other 
products (see above, Section 111,A). It is stable below -40°C, but decom- 
poses when dissolved in carbon tetrachloride. The method of preparation 
in the discharge tube was improved later to give yields of 80% of Br02, 
based on the bromine used (140). The heat of formation of Br02 is -12.5 
f 0.7 kcal (144). 

When nitrogen is added to the On-Br2 mixture streaming through the 
discharge tube, the compound Br02.3N02 separates in the discharge tube 
held at - 186' (145). This is stable up to -50°C and may be sublimed in 
vacuum without decomposition. In  its reaction with water and alkalis it 
behaves as a mixture of BrOz and NO,. The compound Br02.3N02 may 
also be obtained when excess of Nz04 is sublimed on to bromine dioxide 
held a t  -40°C and the temperature is then raised to -20°C. Excess of 
Nz04 may then be removed at -50°C (145). The structure shown below 
has been proposed*: 

0. . o  
0. .:Br,: ..O 

N .. N:O 
0 0  

0'' .. N,. 

Schmeisser and Jorger (165) recently found that bromine dioxide could 
be prepared very conveniently by the low-temperature ozonization of bro- 

. mine. Though reaction between bromine and ozone at room temperatures 
leads to higher oxides (see Section II1,C) it is also possible to obtain BrOz 

* Note added in proof: Latest results show the structure of this compound to be 
BrNOa. NZOs (M. Schmeisser and E. Schustcr, unpublished). 
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under suitably controlled conditions. When an 03-02 mixture, precooled 
to -78"C, is passed into a solution of bromine in a fluorochlorocarbon 
(e.g., CFCI3, CF2C12) at  - 50"C, bromine is oxidized quantitatively to 
BrOz, which may be obtained in a state of reasonable purity by distilling 
off the solvent 

Br2 + 408 -+ 2BrO2 + 402. 

This method of low temperature ozonization may also be applied with- 
out difficulty to bromine compounds in which bromine is contained either 
in the cation or the anion. Thus bromine (I) nitrate a t  -78°C may be 
smoothly converted to bromyl nitrate (169) : 

BrNO, + 208 + BrOeNOa + 202 

Bromine chloride at -60°C when treated with a stream of ozone gives 
bromine dioxide quantitatively (90). 

2BrC1 + 408 + 2Br02 + Ch + 402. 

The possibility that the bromine chloride breaks down, and that the reac- 
tion is simply the ozonization of elementary bromine cannot, however, be 
excluded. Bromine dioxide mixed with iodine oxides also results if iodine 
bromide is used (90) 

4IBr + 170, + 4Br02 + 1400 + 1702. 

A reaction of the same type occurs when ozone diluted with oxygen is 
passed into a solution of BrFs in liquid bromine at -5"C, when bromyl 
fluoride results (166). 

BrFs + 2Br2 f 1008 + 5BrOzF + 1002. 

Bromine is initially oxidized to Br02 and this is then fluorinated by BrF5 
to BrOzF (see below, Section 111,DJ). Up to the present, apart from the 
reaction with N204, the only reaction of bromine dioxide which has been 
studied is its fluorination. This is discussed in the Section on Br02F. 

C. HIGHER OXIDES 

The action of ozone on bromine at  room temperature leads to bromine 
oxides of various compositions. This thermal reaction was studied in detail 
as early as 1930 by Lewis, Schumacher and Feitnecht (111-117). The oxides 
formed had the composition (Br30e),. Later Pflugmacher, using a greater 
ozone excess in the same reaction, obtained a compound (Br03), (146, 
147). This led Schumacher to reinvestigate the reaction (6). In a compre- 
hensive investigation he examined the influence of the vessel material on 
the reaction and its products. Whereas the oxide obtained in quartz vessels 
,ha$ an oxygen-bromine ratio corresponding with the formulp (Br30&, 
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oxides with the formula (Br20s), were formed in Pyrex apparatus. It fol- 
lows from these results that bromine oxides with a variable bromine :oxygen 
ratio result from the action of ozone on bromine at room temperature; the 
ratio of bromine to oxygen is greater than 1 : 2 and does not exceed 1 :3. 
Which product is formed is determined by the material of the reaction 
vessel and possibly by the excess of ozone used. 

The solid white oxides are stable a t  room temperature only in presence 
of ozone or atomic oxygen. The oxide Brz06 dissolves in water to form 
bromic acid (6) and may therefore be the anhydride. Since, however, all 
these higher bromine oxides are polymeric it is not possible a t  present to 
decide to what extent they are mixtures or single compounds. 

An oxide with the approximate composition Br03 was obtained by the 
interaction of Br2 and O2 in a glow discharge, using a fifty-fold excess of 
oxygen and a reaction temperature of - 10” to +20”C (146). BrO, is also 
formed, at least superficially, when BrOz is treated with atomic oxygen 
(146); the oxide produced in addition to dibromine monoxide when BrOz 
decomposes may possibly also be BrO,. The “Br03)’ stable below -70°C 
dissolves in water to form a colorless solution: 

2(BrOa) + HZ0 4 2HBrOa + 4 0 2 ;  

but there is no evidence for the formation of perbromic acid, HBr04. 

D. BROMYL FLUORIDE Br02F (141, 161i, 167) 

1. Formation and Preparation 

There had been several unsuccessful attempts to prepare oxyfluorides 
of bromine. Emel6us and Woolf (47),  for example, on the basis of the 
analogy with the preparation of ClOzF from potassium chlorate and 
bromine trifluoride, studied the action of BrF, on potassium bromate; only 
KBrF4, bromine and oxygen were produced : 

3KBrOa + 4BrFa --t 3KBrF4 + 2Br2 + $ 0 9 .  

When bromate is fluorinated with elementary fluorine at room temperature 
it is again found that only oxygen and bromine result, together with 
bromine trifluoride formed by reaction of the latter with fluorine (122). 

Bromine dioxide is a suitable starting material for the preparation of 
Br02F: the reaction of fluorine with chlorine dioxide led to the first succem- 
ful preparation of chloryl fluoride (171). Direct reaction with fluorine is 
not, however, practicable because reaction is exceedingly vigorous even 
a t  - 78”C, possibly because of spontaneous decomposition of Br02. Explo- 
sions occurred on a number of occasions. Liquid chlorine or perfluoropen- 
tane, C6FL2, proved to be a suitable diluent; BrOz is not soluble and must 
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be suspended in the diluent, but i t  was found to be completely stable up 
to -40°C. When fluorine was passed slowly through a suspension of BrOz 
in C6Flz a t  -50°C in a quartz flask, light yellow bromyl fluoride was 
formed. 

BrOz + +Fz + BrOaF. 

It was only slightly soluble in perfluoropentane, and could be isolated by 
distilling off the diluent a t  -40°C in vacuum. It does not always deposit 
in a pure form. 

In  fluorinating BrOz, fluorine may be replaced with advantage by 
bromine pentafluoride, the lower melting point of which (- 61.4"C) gives 
better reaction conditions. At - 55°C bromine dioxide reacts smoothly 
with liquid BrF6 to form bromyl fluoride: 

BrF6 + 5BrOa + 5BrOzF + +Bra. 

After removal of bromine and unused BrF6, the BrOzF may be obtained 
pure by vacuum sublimation at - 25°C. 

Since the preparation of BrOzF on a larger scale was only possible if 
bromine dioxide, which was available only in relatively small amounts, 
could be replaced by some other starting material, the fluorination of potas- 
sium bromate was reexamined (at the time the convenient method of 
oxidizing bromine with ozone in CFCl, was unknown). At -20" there was 
no reaction. Fluorsulfonic acid was also not suitable as potassium bromate 
dissolved in it only with complete decomposition, even a t  low temperatures. 

As mentioned above, potassium bromate and bromine trifluoride a t  
room temperature give only KBrF4, bromine and oxygen; in bromine 
solution, on the other hand, reaction at the melting temperature of the 
BrF3-Br2 mixture proceeds primarily via bromyl fluoride : 

3KBrOo + 5BrFa -+ 3BrOzF + $0, + 3KBrF4 + Brz. 

A mixture of BrOzF and BrF3 was obtained from which it was difficult to 
obtain the former in a pure state by fractional distillation. 

For preparative purposes, on the other hand, bromine pentafluoride 
may be used. At the melting point of BrFb (-61.4"C) the reaction 

KBrOa + BrF6 + KBrFd + Br02F + +OZ 
takes place with oxygen evolution and formation of bromyl fluoride. The 
conversion of KBr0, is 70%. Finally, this process led to the use of ele- 
mentary bromine as the starting material. In  passing a stream of ozone 
diluted with oxygen through a solution of bromine in BrF6 a t  -5"C, 
BrOzF is produced smoothly in the reaction 

BrFs + 2Bra + 100s 4 5Br02F + 100a. 
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This is a very convenient method for preparing Br02F. Bromyl fluoride is 
also formed together with C10,F in the reaction between BrFs and dichlo- 
rine hexoxide (199) and also in the analogous reaction of BrF6 with dinitro- 
gen pentoxide (159) 

BrFr + 2ClzO0 + BrOzF + 4C102F + 0 2  

BrF6 + 2N206 + BrOzF + 4NOzF 

2. Properties and Reactions of Rr02F 

The compound forms colorless crystals, which may be sublimed in 
vacuum a t  -25°C. Above its melting point (-9°C) it forms a colorless 
liquid which gradually becomes yellow at room temperature as the result 
of incipient decomposition. Vigorous decomposition occurs a t  +56"C, 
perhaps according to the equation 

3BrOzF 4 BrFa + Br? + 302 

In  the liquid state bromyl fluoride attacks glass fairly strongly and 
becomes reddish brown in color. It is decomposed explosively by water and 
reacts with organic substances with inflammation. In  quartz ampoules 
BrOzF may be kept indefinitely a t  temperatures below the melting point. 
Hydrolysis by excess of caustic soda solution a t  as low a temperature as 
possible is complete and leads to fluoride and bromate: 

Br02F + 20H- --f BrOs- + F- + HzO. 

There is a vigorous reaction with boron tribromide above -46"C, the melt- 
ing point of the latter. However, only B203, BF3, and Brz could be isolated 
from the products. 

Resides BrOzF the only bromyl compound known a t  present is bromyl 
nitrate, which is made from bromine(1) nitrate by ozonization a t  -78°C 
in CFC1, solution (see also Section II1,R) (159). It is an orange colored 
powder which decomposes thermally according to the equation 

BrO2NOa --+ fBrz + NO, + $ 0 2  

and reacts a t  - 78' with nitryl fluoride to form bromyl fluoride and dinitro- 
gen pentoxide (159) : 

BrOzNOa + NOzF ---t NOzNOa + Br02F. 

No fluorocomplexes could be obtained from BrOzF and BF3, AsFb or SbFb. 

IV. Oxy-Compounds of Iodine 

It has so far been impossible to determine with certainty the number of 
oxides formed by iodine. Diiodine pentoxide, I&, is certainly well defined 
and behaves as the anhydride of iodic acid, but the other two oxides which 
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have been isolated, 1 2 0 4  and IrOe, have not yet been unequivocally charac- 
terized, as least as far as their polymeric structures are concerned. Very 
recently intensive investigations have been commenced to determine their 
structures by means of spectroscopic studies. Salts of positive univalent 
iodine, such as IzSO~, may be regarded as derived formally from 1 2 0 ,  

though there is no indication of the existence of such an oxide. The iodine(1) 
salts will not be dealt with here. 

A. DERIVATIVES OF DIIODINE TRIOXIDE 1 2 0 3  

Diiodine trioxide has not yet been isolated in the free state, but it is 
said to occur as an intermediate in the thermal decomposition of 1 2 0 ,  to 
iodine and oxygen. When Iz06 is heated with fuming sulfuric acid cationic 
tervalent iodine is stabilized as a salt which is stable a t  22OOC and one mole 
of oxygen is liberated (132, 133). One may assume an equilibrium of the 
type 

which is displaced to the right when an acid is added which is strong enough 
to form a salt with 1 2 0 3 .  In keeping with this iodosyl sulfate, (IO)ZSO~, is 
obtained by simply shaking iodine with iodine pentoxide in concentrated 
sulfuric acid (13.2, 133). This yellow hygroscopic compound, which is also 
obtained by heating iodic acid with concentrated H2S04, has been charac- 
terized by some other workers as a mono-hydrate (12) or a hemi-hydrate 
(34, 66). Hydrolysis occurs in water according to the equation (92) 

5(IO),SO4 + 8H20 + 212 + 6HIOa + 5HzS01. 
A reaction occurs in essentially the same way when SOs reacts with a mix- 
ture of iodine and iodine pentoxide. A polysulfate IzO3.3SO3 results which, 
by analogy with the monosulfate, may be considered as diiodosyl trisulfate 
(10)2S301~ (110). Direct reaction of SOs with IzOS gives IzOr-2S03 besides 

A yellow crystalline compound which is also formed in the reaction of 
concentrated sulfuric acid with HI03 has been formulated as iodine(II1) 
sulfate, 12(so4)3 (93). It is possible, however, to formulate this compound 
as an iodosyl trisulfate, a view which is supported by a method given in 
the literature (66, 133) for the preparation of the compound by reacting 
diiodosyl monosulfate with SO3. Iodosyl nitrate, ION03, prepared from 
concentrated or anhydrous nitric acid and iodine (92, 94), has not yet been 
unambiguously characterized. Iodosyl selenate (IO)2Se04, which is prepared 
from iodine, iodine pentoxide, and selenic acid, is very similar in its proper- 
ties to the analogous sulfate, with which it is isomorphous (38). 

The structures of iodosyl compounds have been investigated recently 

212 4- 31206 * 5 1 2 0 8  

I2Oy3SOa. 
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by Dasent and Waddington (58) from a study of infrared and visibIe spectra 
of iodosyl sulfate, selenate, and Iz04 (see Section IV,B). It was found that 
all four S-0 and Se-0 bonds are equivalent and that the tetrahedral sym- 
metry of the sulfate and selenate groups is practically unchanged. The low 
value of the 1-0 stretching frequency, on the other hand, suggests a single 
bond. I t  was concluded that the structure probably consists of polymeric 
1-0 chains, interspersed with sulfate and selenate groups, as shown in the 
Fig. 1. It is not possible to say if the SO4 or SeOl groups are ionically or co- 

valently bonded, though it is possible that the I---0-S bonds, shown in 
the figure by dotted lines, are bridging bonds. This interpretation accords 
with the fact that both iodosyl sulfate (192) and iodosyl selenate (38) are 
diamagnetic, though one would expect that the 10+ cation, which is iso- 
electronic with the oxygen molecule, would be paramagnetic in the ground 
state (192). A polymeric structure is also in keeping with the insolubility 
of iodosyl compounds. 

B. DIIODINE TETROXIDE 1 2 0 4  

Diiodine tetroxide is prepared by the action of concentrated sulfuric 
acid on HI03 or a solid iodate (12, 136) and is a yellow crystalline powder 
which is not hygroscopic. Thermal decomposition of ho4 occurs rapidly 
a t  135°C (12) according to the equation 

51204 -+ 4 1 2 0 5  + 12. 

While 1204 forms iodic acid and iodine when heated with water, the 
following reactions take place in alkaline or acid solution: 
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Magnetic measurements (202) show 1 2 0 4  to be diamagnetic, but this indi- 
cates only that it is a polymer (IOz),, where n must be an even number. 
The infrared investigations of Dasent and Waddington (38) have again 
given the first insight into the structure of this oxide, and shown it to be 
similar to that of iodosyl sulfate and selenate. The spectrum can be inter- 
preted without difficulty on the assumption of a network of 1 0 3  groups and 
polymeric 1-0 chains, the two being linked by bonds with some degree 
of covalent character. On this basis IZO4 may be considered as iodosyl 
iodate, though it must be noted that no discrete IOf cations are present 
and that bonding to iodate occurs which has considerable covalent char- 
acter. 

Chemical evidence for the formulation of 1 2 0 4  as iodosyl iodate is pro- 
vided by the hydrolysis of iodosyI sulfate. With excess of water, iodine, and 
iodic acid are formed (see Section IV,A), but, in moist air, 1 2 0 4  is formed in 
larger amounts. This can be interpreted in terms of a reaction between iodic 
acid formed in the hydrolysis with unchanged iodosyl sulfate, leading to 
1 2 0 4  (38, 92). 

(IO)-zSO4 + 2HI03 -+ 21010.9 + HzS04. 

A compound $~04.3SO3 described by Muir more than 50 years ago (136) 
has been confirmed by Lehmann (110). This compound, obtained by the 
action of sulfur trioxide a t  100°C according to the equation 

I 2 0 4  + 3SOa -+ I204~3SOS, 

may be regarded as iodosyl iodyl trisulfate, (10)(102) (S3OlO). The same 
compound is formed by the action of ozone on iodine monochloride in a 
solution of SO3 in HSOIF (199). Diiodine tetroxide reacts with iodine 
pentafluoride to give iodoxy trifluoride (8) (see Section IV,D). 

C. TETRAIODINE ENNEAOXIDE 140e 

The compound 1 4 0 8  may be made in two different ways. The first, the 
heating of concentrated phosphoric acid with HIO,, is very similar to the 
preparation of 1 2 0 4  from iodic acid and concentrated sulfuric acid (56, 93). 
The second method is by the reaction of ozone with iodine or compounds 
of univalent positive iodine. An oxygen-ozone mixture is either passed over 
heated iodine (12,57,95) or into a solution of iodine in chloroform or carbon 
tetrachloride a t  room temperature (57, 95, 199). 

Ozone will oxidize iodine to I400 even at -78°C; thus, when a solution 
of iodine in CFC13 is dropped into a solution of ozone in the same solvent 
at -78°C and a pre-cooled 02-Oa stream is then passed, I40s is produced 
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rapidly and quantitatively (90). The reaction of IBr with ozone to form 
1 4 0 9  and BrOz is described under bromine dioxide. 

Iodine monochloride also reacts with ozone a t  -78"C, though, in con- 
trast to IBr, the molecule is not cleaved and a compound Iz03C12 is formed 
(90). 

2ICI + 303 4 IzO3CIz + 302. 

This may be a periodyl compound. Fclf-dissociation of iodine monochloride, 
according to  the scheme 2IC1 e I+ + IClz- postulated by Gutmann (79) 
in which chloride ion transfer ocwrs, is also probable in fluorochlorohydro- 
carbons. Attack of the iodide cation would then lead to a salt-like compound 
[I03]+[IC12]-, though this formula has not been verified by structural 
studies. The compound forms an adduct IzO3ClZ~2CsHbN (m.p. 85°C) with 
pyridine and reacts with chlorine nitrate a t  - 78°C according to the equa- 
tion 

I20aC12 + 2ClN03 4 1203(N03)2 (or [IO,][I(NO&]) f 2Cb. 

The oxychloride Iz03Clz decomposes above -30°C to I 4 0 s  and IC13 (90). 

3IzOaClz + 1400 + 21Cls. 

In  keeping with this, ICI a t  0% may be ozonized directly to 1 4 0 9  (199) ; 
when IC13 is ozonized a t  50-60"C1 LO6 is produced in addition to LOg 
(199). The yellow 1 4 0 g  is hygroscopic and decomposes a t  75" (12) : 

41400 -+ 6 1 2 0 6  + 212 + 302. 

It is commonIy regarded as iodine(II1) iodate, a formulation which is in 
keeping with the course of its hydrolysis: 

51(108)8 + lSH20 -+ 51(OH)s + 15HIOa 

51(OH)a ---* 3HIOs + Iz + GHzO 
~ ~ 

5I(IO3)s + 9H30 + 18HIOs + Iz 
The reaction with anhydrous hydrogen fluoride is completely analogous : 

I(1Oa)a + 3HF + [IF31 + 3HIOs; 

75% of the iodine appears as iodic acid (199). It is very probable that the 
reaction with hydrogen chloride follows the same scheme. Iodine trichloride 
results a t  -78"C, as would be expected from the equation 

I(I0s)s + 3HC1+ ICls + 3HIOs. 

The quantity of ICl, is actually much larger than that corresponding with 
the equation since subsequent reaction of the iodic acid with HC1 also gives 
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iodine chlorides (199). These few reactions all indicate that 1 4 0 9  should be 
considered as 1(103)3, but this formulation must be regarded as hypothetical 
as long as the structure has not been investigated. 

D. DIIODINE PENTOXIDE LOa 

tion at 240-250°C. 
As the anhydride of iodic acid, Iz06 may be obtained from it by dehydra- 

2HIOa + 120s + HzO. 

Another method of making the pentoxide is the ozonization of Ic13 at  
50-60". As mentioned in the previous section much 1 4 0 9  is also produced 
(199). The oxide is also formed when iodine is passed through a glow dis- 
charge with oxygen and nitrogen (air) (146). 

LO6 is a white crystalline compound which decomposes at  300°C to 
iodine and oxygen. Structural information is given by the infrared spectrum, 
which shows 021-0-102 units with an 0 atom bridging two 1 0 2  groups 
(44). 

Diiodine pentoxide has oxidizing properties; NO is oxidized to N204 
(and some N206) (189); C2H4 and HzS are also oxidized (173). Sulfur tri- 
oxide forms an adduct at 100" (110, 136, 196): 

LOa + 2SOa -+ IzOs~2SOa [ =  (IO&(Sz07)1. 

This cannot be sublimed and decomposes at 130°C with loss of SO3. Reac- 
tion with hydrogen chloride a t  its boiling point gives ICl, (199). 1206 dis- 
solves in liquid hydrogen fluoride; the reactions which occur are discussed 
under iodyl fluoride (see Section IV,E,1). 

Fluorination of 1 2 0 6  leads as a rule to IF6 and the action of elementary 
fluorine was investigated by Ruff (164) : 

1206 + 5F2 + 2 2 5  + $0, 

Other fluorinating agents which have been used are BrF3 (47, 139), ClF3 
(47), SF, (136) and CIOzF (199): 

6Iz0s + 20BrFa ___ -+ l2IFs + lOBr2 + 1502 

6120s + 20ClF, __I + 1 2 1 ~ ~  + locil -I- 1502 
120' 

IzOs + 5SF4 - 2IFs + 5soFz 
-50" to -20" 

120s + lOClOzF ___ + 2IFs + 6C102 + CIzO6 + c1207. 
Iodine pentafluoride also reacts with 1 2 0 6 .  After the oxide has been dis- 
solved in boiling IFS, iodine oxytrifluoride separates as white needles on 
cooling to room temperature (8). 

IpOs + 3IF6 --t 5IOFs. 
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Contrary to the results of earlier workers (155), the reaction is not reversi- 
ble. On warming to llO"C, IOF, undergoes a reversible change into IF6 and 
iodyl fluoride 

2 1 0 ~ ~  e IF& + I O ~ F  

and the latter redissolves on boiling with IF5 to form IOF3 (8). 

E. IODYL FLUORIDE IOzF (105,168) 

1. Preparation of IOzF 

Iodyl fluoride was first obtained by Aynsley, Nichols and Robinson by 
heating iodine oxytrifluoride, as described above (8-10). A convenient 
synthesis is the action of fluorine on a solution of iodic acid or iodine 
pentoxide in liquid hydrogen fluoride. The mechanism is discussed below. 

Considerable evolution of heat occurs when HIOl or 120s is dissolved in 
hydrogen fluoride. If the pentoxide is considered as iodyl iodate, Ioz+I03-, 
then the large heat of solution may be considered as the sum of the heat of 
solution of iodic acid and the heat of the solvolysis reactions 

and 
IOzIOa + H F  ---+ IOzF + HI03 

HF 
IOzF --+ IOz+ + F-. 

This parallels the hydrolysis 
I O ~ I O ~  + H,O -, IO~OH + H I O ~  (=  2 ~ 1 0 ~ ) .  

It has been possible to verify experimentally the formation of an equimolar 
mixture of IOzF and HI03 on decomposing LO6 with hydrogen fluoride. 

Exploratory conductivity measurements have been made with solutions 
of iodic acid in hydrogen fluoride a t  different concentrations. Addition of 
HI03  to hydrogen fluoride causes a sudden increase in the electrical con- 
ductivity, indicating electrolytic dissociation of the iodic acid. This observa- 
tion is in keeping with work of K. arid H. Fredenhagen (6248) on the 
liquid hydrogen fluoride solvent system. These authors also carried out 
conductivity measurements on solutions of inorganic and organic com- 
pounds and showed that practically all inorganic acids with the exception 
of complex fluoro acids function as bases in this solvent. 

In  an earlier section it was shown that perchloric acid, the strongest 
acid in water, is only an ampholyte in hydrogen fluoride, and has apprecia- 
ble basic character. Iodic acid is likewise an acid of medium strength in 
water but functions as a base in hydrogen fluoride: 

HF 
HIQ + HF (HJ03)' + F-. 
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Abstraction of water can also occur: 
HF 

(HzIOa)+ C IOz+ + HzO. 

The fact that Bz03 is formed on passing boron trifluoride into a solution of 
HI03  in hydrogen fluoride indicates the correctness of the above scheme. 
At last IOz+ and F- can react: 

IOg+ + F- 2 IOzF. 

Fluorine may be successfully used to remove water in preparative reac- 
tions in hydrogen fluoride 

Fz + Hz0 -+ 2HF + to,. 
Thus after passing fluorine for several hours through a solution of HI03 
or IZO6 in hydrogen fluoride and distilling off the solvent, iodyl fluoride is 
obtained in a very pure form after drying in vacuum a t  50°C. The over-all 
reaction may be represented by the following equation: 

HF 
1 2 0 6  + J?Z --+ 2IOzF + $ 0 2 .  

The colorless crystalline iodyl fluoride is completely stable a t  room 
temperature and is not particularly hygroscopic, though in moist air it 
evolves H F  slowly. The decomposition temperature is not sharp; glass is 
attached a t  21O-23O0C, iodine being set free. 

2. Reactions o j  IOzF; Iodyl Salts 

Hydrolysis occurs, as would be expected, according to the equation (8) 

IOzF + 20H- -+ 10s- + F- + Hz0. 

Ammonia, on the other hand, forms, in absence of light, a yellow-white 
compound of the composition I02F.3NH3; on exposure to light a brownish- 
black inhomogeneous powder results, in which the ammonia and fluorine 
contents are lower. 

Iodyl fluoride dissolves as a “base” in hydrogen fluoride and iodyl salts 
may be prepared by neutralization with compounds which function as 
acids in this system. With fluoroboric acid, obtained by passing BF, into 
the solution, a white crystalline I02(BF4) may be isolated. It is very readily 
soluble in hydrogen fluoride and decomposes again at 45°C into BF, and 
I02F. The behavior of AaF6 or HAsFa is completely analogous: IOz(AsF6) 
is obtained as a white crystalline powder when the hydrogen fluoride is 
distilled off. It is not possible to get 102(AsF4) with AsF3 as reduction to 
iodine takes place. This redox reaction occurs very slowly, however, and 
the arsenic can be oxidized by passing in fluorine so that I02(AsFB) is again 
obtained. From these clear-cut reactions it is clear that we are dealing with 
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true iodyl compounds and Aynsley's assumption (11) that the arsenic 
compound is (AsF4)+(I02F2)- becomes less probable. If BF,, SiC14, AsF6, 
or SO3 are passed directly over solid I02F no reaction results (11). A com- 
pound IO2F.0.8SbF6 was also obtained by Aynsley (11). 

Iodyl fluoride functions in the hydrogen fluoride solvent system only as 
a weak base and no reaction could be detected with perchloric acid, which 
functions as an ampholyte. When I02F is heated under reflux with excess 
of sulfur trioxide the reaction is exactly like that of chloryl fluoride. 

I0zF + 808 + I02SOaF. 

Iodyl fluoride reacts with N206 or anhydrous nitric acid to form 1206, 
and behaves similarly with dichlorine hexoxide, though chloryl fluoride is 
also formed (199). 

2IOzF + 2C120s --t 2ClOzF + IzOa + 2C102 + iOz. 

Strong fluorinating agents convert iodyl fluoride into iodine penta- 
fluoride (11). 

310zF + 4BrF2 + 3IFs + 2Brz + 302 

IO2F + 28eF4 * IF6 + 2SeOF2 

With 100% hydrogen peroxide reduction to elementary iodine oc('urs. 
Iodyl sulfates are considered under iodine oxides. 

Conversely, IOzF is also able to take up a fluoride ion. As early as 1899 
Weinland, Lauenstein, and Kopperi (1 97, 198) obtained compounds of the 
type MI02F2 (M = Na, K, Rb, Cs, N1j4) by evaporating solutions of the 
alkali iodate in 40y0 hydrofluoric acid. Investigation of the structure of the 
potassium salt KIOzF2 showed the presence of IOZF,- groups (83). Further 
reactions in which IOzF reacts by taking up fluoride ions are not yet known. 

F. PERIODYL FLUORIDE 108 (105, 16'8) 

1. Preparation of IO,F 

The analogous method to that used in preparing iodyl fluoride may be 
used to make this compound, meta- or ortho-periodic acid being decomposed 
by fluorine in anhydrous hydrogen fluoride : 

HF 
HI04 + Fz --+ IOaP + IIF + 302. 

The mechanism discussed for the formation of IOZF may be applied directly 
to this reaction, which can then be formulated as follows: 

HF 
HI04 + HF 2 (Hz1O.i)' + F- 

HF 
(&IO4)+ IOa+ + HA) 
Ia+ + F- * IOgF. 
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The water produced in the equilibrium reaction is taken up by fluorine. 
The preparation, like that of IOzF is carried out in platinum apparatus. 
Since periodic acid is catalytically broken down to iodic acid and oxygen, 
the periodyl fluoride isolated is contaminated with IOzF. 

Periodyl fluoride is a white crystalline compound which is more stable 
to hydrolysis than I02F. It may be stored in glass vessels without decom- 
position. It decomposes at  about 100°C to IOzF and oxygen. Periodyl 
fluoride is soluble in hydrogen fluoride and in anhydrous hydrogen cyanide 
without decomposition. 

2. Reactions of I03F 

sodium periodate and sodium fluoride. 
Periodyl fluoride dissolves slowly in caustic soda solution to form 

IOsF + 20H- + 1 0 4 -  + F- + 820. 

Ammonia gives periodyl amide, which may be isolated as an ammoniate 
IOaF + 3NHa -i IOaN&NHa + NHiF 

The amide shows remarkable thermal stability; it starts to turn brown a t  
185°C and decomposes spontaneously at 210°C. It decomposes in water to 
periodate and ammonia. This parallels the reaction of ammonia with 
C103F (50), though in that case the ammonium salt ClOsNH.NH4 is 
formed because of the acid character of the amide of perchloric acid. This 
salt is stable in aqueous solution. 

The tendency to form complexes containing the periodyl cation, 103+, 
is appreciably less than that for I02F, just as it is for C103F compared with 
C102F. Nevertheless, neutralization reactions may be carried out in hydro- 
gen fluoride with I03F acting as a base. Thus, with HBF4, I03(BF4) may be 
obtained as a colorless crystalline powder; in moist air it deliquesces to a 
brown mass. Reaction with HAsF6 leads to a solvated product of composi- 
tion IOa(AsF~).10HAsF6. Thermal degradation leads first of all to a product 
with 4HAsF6, but above 90°C decomposition occurs with loss of oxygen. 
Reaction with SO3 a t  -10°C in CFC13 gives iodyl fluorosulfanate, with 
evolution of oxygen : 

IOaF + SO, -+ IOzSOoF + )Oz. 

Both AsF3 and 100% HzOz reduce IO3F to elementary iodine. 
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