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This report was prepared as an account of Government sponsored work. Neither the
United States, nor the Commission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to
the accuracy, completeness, or usefulness of the information contained in this report, or
that the use of any information, apparatus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of. or for damages resulting
from the use of any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any
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that such employee or contractor of the Commission, or employee of such contractor
prepares, disseminates, or provides access to, any information pursuant to his employment
or contract with the Commission, or his employment with such contractor.
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A B S T R A C T

A discussion of the potential hazards of chlorine trifluoride is presented
and a series of safe handling procedures is recommended. Particular
emphasis is placed on the hazardous chlorine oxides and oxyfluorides which
are produced by reaction of chlorine trifluoride with moisture and many
oxides. Modification of the procedures for use with bromine trifluoride
is included. The report contains a comprehensive literature survey on the
preparation, chemical and physical properties, and stability of the
individual chlorine oxides and oxyfluorides.
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SAFE HANDLING OF CHLORINE TRIFLUORIDE AND THE CHEMISTRY
OF THE CHLORINE OXIDES AND OXYFLUORIDES

Chlorine trifluoride is an extremely useful chemical in many operations
requiring a high energy fluorinating agent. However, those factors which
make it useful also contribute to a handling hazard with the compound.
One of these hazards, which has received relatively little attention in
the past, is the ease of formation of chlorine oxides when moisture or
certain oxides come into contact with the compound. It is for this reason
that this report is prepared. A literature survey on the preparation and
stability of the chlorine oxides and oxyfluorides is included so that one
can see the interrelation of these compounds and know something of their
hazardous nature. Since it is not known with which of these compounds one
is dealing, it was necessary to include information on all the chlorine
oxides and oxyfluorides which are known to exist. It is hoped that this
report will provide for safer handling of the compound through a better
understanding of the chemistry involved.

POTENTIAL HAZARDS OF CHLORINE TRIFLUORIDE

The potential hazards associated with the use of chlorine trifluoride are
twofold. 1) It is an extremely vigorous fluorinating agent and is there-
fore unstable in the presence of easily fluorinated material. 2) It reacts
with limited amounts of water and with many chemical trapping agents to
produce chlorine oxides which are themselves very unstable materials.

Table I lists calculated values for the heats of reaction of several
materials to illustrate the magnitude of the heats of fluorination. The
largest value is for the reaction with a typical hydrocarbon, n-hexane.
For comparison, the heat of combustion of n-hexane is -921 kcal./mole; thus,
it is apparent that a large amount of heat is liberated rapidly in a reaction
of this type. When uncontrolled amounts of chlorine trifluoride are inadvert-
ently mixed with compounds containing carbon and hydrogen, an explosion almost
always results, initiated by the very large heat of reaction. Common
materials of this type are ordinary pump oils, cork, paper, rubber, etc.

TABLE I

CALCULATED HEATS OF REACTION AT 250 C.

With nickel

ClF3(g) + Ni(s) > NiF2 (s) + ClF(g) - 134 kcal./mole Ni

With n-hexane

19 ClF5(g) + C6Hl()-> 19 ClF(g) + l1 HF(g) + 6 CF.(g) -1730 kcal./mole n-hex*

With trichloroethylene

4 ClF(g) + C2HC1() -> 2 CF Cl(g) + HF(g) + 5 F(g) - 325 kcal./mole TCE*

*n-hex, normal hexane; TCE, trichloroethylene.
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Table I also indicates that the heat of reaction with nickel is a rather
large value though not as high as with organic compounds. Nickel is
generally conceded to be a very good material of construction for use with
chlorine trifluoride even though the two materials are potentially capable
of vigorous reaction. Nickel fluoride, the product of this reaction,
adheres well to the surface of the nickel metal, and even very thin films
of this reaction product are an effective barrier to reaction between the
two materials. This barrier limits the availability of one or both of the
reactants so that the reaction is slowed to a velocity which is governed
by the diffusion rate of one of the materials through this barrier film.
Also the thin film has good thermal contact with the bulk nickel so that
the heat of reaction is quickly dissipated to the metal, preventing a
large temperature rise.

One can obtain conditions, however, as with finely divided metals, when
this heat is not readily dissipated; and under such conditions, the tempera-
ture of the thin film of product fluoride increases. As the temperature
increases, the reaction rate or the diffusion rate of reactant material
increases, thus liberating heat at an ever increasing rate. If the quantity
of chlorine trifluoride available to this reacting surface is not limited,
an explosion can result.

The reactions with organic compounds or finely divided metals might occur
in new or modified equipment or on surfaces which have not been previously
exposed to fluorine or chlorine trifluoride. The other source of hazard
with chlorine trifluoride handling is the production of chlorine oxides -
very unstable materials - which result from reaction with water, soda-lime,
or oxides. The hazard is greatest when water and chlorine trifluoride are
in approximately equal mole ratio. Chlorine oxides are known to be formed
by reaction of chlorine trifluoride and water, although it is impossible to
write an exact equation for the process at this time. It appears quite
likely that the products, the particular chlorine oxides, vary depending on
the degree of excess of either of the two reagents. All possible chlorine
oxides may be encountered from this reaction; at least none can be ruled out
at this writing.

It should be remembered that water is always present in equipment which
has been opened to the atmosphere, especially if sufficient time has
been allowed for adsorption equilibrium with atmospheric moisture. The
total amount of moisture adsorbed on a piece of equipment will depend upon
the absolute or real surface area of the equipment. This real surface
area is usually much larger than the geometric surface area because of
microscopic roughness. One monolayer of water contains about 0.3 mg. of
water per square meter of real surface. At relative humidities of 40O% or
more, one can expect adsorption in excess of monolayer adsorption. Much
larger quantities of water will be present if there are compounds which
take up water of hydration, such as copper fluorides, iron fluorides, or
uranyl fluoride, to name a few. In these reactions, where chlorine oxides
are formed, the chlorine trifluoride is in slight excess or approximately
equal mole ratio.
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In a situation involving adsorbed water or water of hydration, the
greatest hazard is not necessarily the contact of the chlorine trifluo-
ride with the wet surface, because the chlorine oxides when formed are
usually in low concentration. The hazard comes in some later operation
involving cold trapping where the undesirable compound is condensed, and
the concentration may reach the hazardous level.

Chlorine oxides are known products of the reaction of chlorine trifluoride
and soda lime, a common chemical trapping agent. It is not known whether
the origin of the compound is the reaction with the soda lime (a mixture of
sodium and calcium oxides and hydroxides) or with the water which is nearly
always present in such a system. Again any cold trapping operation
downstream from the soda lime trap may concentrate all the chlorine oxides.
Preliminary observations have indicated that a chemical trap operated at
elevated temperatures (100 C. or higher) will generate less chlorine oxides
than one operated at a lower temperature.

Any uncontrolled, large release of chlorine trifluoride, whether liquid or
vapor, will probably result in fires, burning any material nearby. While
water and chlorine trifluoride are a potentially hazardous mixture, one
should recognize that, in the event of a major release of the chemical,
water in very great excess constitutes the most satisfactory method of
combatting the emergency. When life or extensive property are endangered,
use of copious amounts of water serves to extinguish the resulting fires,
destroy any unreacted chlorine trifluoride, and dilute any chlorine oxides
to harmless concentrations.

RECOMMENDED SAFE HANDLING PROCEDURE

The potential hazards of chlorine trifluoride have just been discussed in
the preceding section, and the recommended safe handling procedures are
designed to minimize these two hazards accompanying use of the compound.
The procedures are largely designed for use of chlorine trifluoride in the
vapor phase, but many are applicable for use also in the liquid phase.
These procedures have been drawn up through operating experience, by
application of the best knowledge available on the chemistry of the system,
and last but not least, by the application of common sense to a hazardous
situation.

General

1. In any reaction, use the minimum amount of chlorine trifluoride which
will adequately and satisfactorily accomplish the job.

2. The source of chlorine trifluoride should have both "cut-off" and
"throttling" valves so that in the event of an unexpectedly rapid or
violent reaction, the source can be valved off and thus prevent uncon-
trolled propagation. One should never throttle a flow of chlorine
trifluoride with the cylinder or container valve.

3. Before chlorine trifluoride enters a system, especially a new or
recently altered system, one should ascertain that no hydrocarbons,



K-1416

7

oils, greases, or other foreign materials are present in the equipment,
especially in dead-end sections of the equipment. It is well to pretreat
a new or altered system with fluorine if available or dilute chlorine
trifluoride before introducing pure chlorine trifluoride. When the
first introduction of chlorine trifluoride is made, this introduction
should be made slowly so that if the unexpected does occur, one can
quickly stop the input of reactant gas.

4. Contact or reaction of chlorine trifluoride with water, moist surfaces,
or reactive oxides will almost always be accompanied by production of
chlorine oxides; therefore, one should ascertain beforehand that adequate
provisions have been taken to prevent uncontrolled and explosive
reactions. (See top of page 17.)

5. If production of chlorine oxides cannot be prevented, be sure that
their concentration or pressure is maintained low. Avoid condensation
or concentration of even small amounts of these compounds. Adequate
precautions involve use of suitable shields or barriers to isolate the
equipment where these compounds might be encountered. (See item 2,
page 8.)

6. Avoid contact of chlorine trifluoride with any material not previously
known to be satisfactory; or if contact is necessary, use extreme care.

7. Recognize that in the event of a leak or uncontrolled release of
chlorine trifluoride, this chemical can react with materials in the
immediate vicinity. If the release is of sufficient magnitude, fires
will almost certainly ensue. Observe good housekeeping in general so
that personnel can be evacuated quickly in an emergency.

8. Use of liquid chlorine trifluoride is usually more hazardous than
vapor phase reactions since more moles of fluorinating agent are
present per unit area of reactant surfaces. There are cases, how-
ever, where the vapor phase is more hazardous because heat transfer
and heat removal are poorer from the reactant surface allowing, under
extreme conditions, an uncontrolled heat rise. Use of the first three
rules above should minimize this hazard.

Personal Precautions

1. Avoid contact of chlorine trifluoride with the skin and especially
the eyes. Wear clean gloves of neoprene or polyvinyl chloride
material and a Fluorothene face shield when this type of contact is
a possibility. Safety glasses should be worn at all times when
handling chlorine trifluoride.

2. Avoid inhaling the vapor; provide sufficient ventilation.

3. The U. S. Army combat gas mask equipped with the Mll cannister may
be relied on in areas of low concentration. For emergency use,
impermeable polyvinyl chloride suits which completely enclose the wearer
with a self-contained or piped air supply are recommended. However, no
personnel protective devices are available for use in areas of high
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concentration of the vapor.

4. First aid in the event of personal contact requires a) removal from
contaminated atmosphere, b) flooding immediately with a large quantity
of water such as from a safety shower until medical attention arrives.

Disposal of Chlorine Trifluoride

1. Venting to the atmosphere is probably the safest disposal technique
where adequate facilities are available. The facilities involve use
of a stack and strong purge streams to dilute the gas and expel it into
a region where no personnel exposure can be made and where corrosion

is not too severe a problem.

2. For small scale disposal operations, e.g., laboratory scale operations,
a satisfactory technique involves the use of a vacuum pump preceded by
a tower containing soda lime, activated alumina, or both. It is
important that no cold trap be placed between the tower and the pump,
since chlorine oxides will be evolved from the tower and condensed
or concentrated by a cold trap. One should recognize that no readily
available indicator is known for informing the operator that the
absorbing capacity of the tower has been expended. The tower should
be recharged at frequent intervals. Many operators prefer that the
pump be filled with a fluorocarbon lubricating oil which will allow
trace amounts of chlorine trifluoride to pass through the pump as the
end of the trap life is approached. As the chemical trap capacity
nears exhaustion, trace amounts of chlorine trifluoride appear in the
pump discharge. Detection of the noxious odor of this material
indicates the need for recharging the trap.

Another school of thought advocates use of a hydrocarbon lubricating
oil in the pump. Again the tower should be recharged at frequent
intervals. If, however, small amounts of chlorine trifluoride do pass

the trap, they are in low concentration and slowly build up a sludge
in the pump oil. Only a small amount of sludge is required to freeze-
up the pump thus stopping the flow of low concentration chlorine
trifluoride. In this manner it is readily apparent that the tower is
expended. A good washing of the pump with a degreasing agent, such as
trichloroethylene, followed by fresh oil will usually restore the
vacuum pump to satisfactory operation.

Emergency Situations

1. Defective containers of chlorine trifluoride (defective valves,
cracked cylinders, etc.) should be frozen down with dry ice and

transported immediately out of the work area. Disposal is best made
into a holding pond or protected body of water where the container can
be punctured and the contents safely reacted with a large excess of
water. Small containers (less than 1/2 lb.) can be taken in the frozen

condition to an isolated, rocky or barren area of 1 acre or more where

they may be allowed to warm up, expelling the vapor to the atmosphere.
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2. At normal pressures and temperatures, large uncontrolled releases of
gaseous fluorinating agents may be safely controlled by use of water
fog applied by hose streams. Personnel assigned should be provided
with complete body and respiratory protection as provided by polyvinyl
chloride, air-supplied suits. See section on personal protection.

3. Releases of large amounts of liquid chlorine trifluoride will produce
violent reactions resulting in fire. Small amounts of water may tend
to cause the fire to spread. However, the use of copious quantities
of water may be warranted, as a lesser risk, if life or extensive
property is endangered.

Modification of the Above Procedure when Bromine Trifluoride is Employed

Bromine trifluoride is essentially as reactive, from the safety standpoint,
as chlorine trifluoride. It does not, however, produce a series of
explosive oxides comparable to the chlorine oxides. From this viewpoint,
it is less hazardous than chlorine trifluoride. On the other hand, it also
is a powerful fluorinating agent with a much lower volatility than chlorine
trifluoride. Its greatest hazard arises, therefore, from its being
inadvertently condensed, thus being retained where some later operation
may introduce an easily oxidized material. The following rules are
applicable for bromine trifluoride.

General and Personal

1. All the general and personal rules which have been stated for chlorine
trifluoride are equally applicable for bromine trifluoride with the
exception of those dealing with the explosive chlorine oxides.

2. All lines through which bromine trifluoride vapor is passed should be
adequately heated to prevent condensation of liquid bromine trifluoride.

Disposal of Bromine Trifluoride

1. Disposal of bromine trifluoride from small-scale operations may be
accomplished by use of a soda lime or activated alumina tower which
is heated to prevent contact by liquid bromine trifluoride. A cold
trap is recommended between the tower and the pump if a fluorocarbon
oil is employed in the pump. Otherwise, small amounts of bromine tri-
fluoride would dissolve in the oil as the tower approached the end of
its useful life. The hazard comes in not knowing that bromine tri-
fluoride exists in the pump and later using the equipment under
conditions where an easily oxidizable material is brought into contact
with the bromine trifluoride in the pump oil.

2. Disposal of large quantities of bromine trifluoride should be handled
in the same manner as for chlorine trifluoride.



K-1416
10

Miscellaneous

1. Commercial shipment of these very reactive fluorinating agents is
permitted only in cylinders prescribed by the Interstate Commerce

Commission.

2. Cylinders containing these materials should be identified both by
label and color code as to their contents.

3. During storage, cylinders containing these chemicals should be chained
or adequately supported and, insofar as practicable, isolated from
combustible material.

THE CHEMISTRY OF THE CHLORINE OXIDES AND OXYFLUORIDES

While chlorine gas will not combine with oxygen directly, four binary
compounds of these elements are known. In the order of increasing oxida-
tion state of the chlorine atom these compounds are: chlorine monoxide,
C120; chlorine dioxide, C102 ; chlorine trioxide or hexoxide, a monomeric-
dimeric pair, 2C103 4~*C1206 ; and chlorine heptoxide, C1 207. In addition
to these compounds, others have been mentioned from time to time. The
compound ClO has never been isolated, but kinetic studies on the thermal
and photochemical decomposition of the monoxide and dioxide appear to
require its existence. It is apparently extremely unstable and decomposes
to chlorine and oxygen or combines with other chlorine oxides. The com-
pound Cl20, while mentioned in the early literature (24), is now known
not to exit as such, except perhaps as a short lived intermediate in
thermal decomposition of higher oxides. The last binary compound is
chlorine tetroxide, C104 , first reported in 1923 (15) and later postulated
as an intermediate in the fluorination of perchloric acid (14). The
evidence for the existence of this compound is not conclusive, and several
authors have explained the earlier results without resort to the hypothetical
tetroxide. It does appear to be a short lived intermediate at certain
temperatures.

In the detailed discussion of the chemistry of the four known chlorine
oxides, use has been made of several excellent reviews of these compounds;

namely, Sidgwick, Chemical Elements and Their Compounds (36) and Supple-
ment II to Mellor's Comprehensive Treatise on Inorganic and Theoretical

Chemistry (22). The oxyfluorides of chlorine are compounds whose properties
have been studied much more recently. At the present time there are three
known compounds, chloryl fluoride, C102 F; perchloryl fluoride, C1O 3 F; and

fluorine perchlorate, FC104. Upon hydrolysis of chlorine trifluoride, a red
liquid thought to be ClOF was reported by Ruff (30), but nothing further
is known about this compound.

The physical and chemical properties of the chlorine oxides and oxyfluorides
are presented in table II along with those of chlorine and fluorine included
for comparison. A detailed discussion of the chemistry of these compounds

is presented in the following pages. In the case of all the chlorine
oxides, they cannot be prepared by direct union of the elements.
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TABLE II

PROPERTIES OF THE CHLORINE OXIDES AND OXYFLUORIDES

Chlorine Chlorine Monoxide Chlorine Dioxide Chlorine Trioxide Chlorine Heptoxide Chloryl Fluoride Perchloryl Fluoride Fluorine Perchlorate Fluorine

Formula

Melting Point, C.
Boiling Point, C.

Critical Temperature, C.

Density at 0*C., g./cc.

Molecular Weight

Vapor Density

Trouton Constant, e.u.

D yapat b. p., kcal./mole
yap.

Vapor Pressure at 0 C., mm. Hg

Cl2

- 102

- 33.7

+ 144.o

70.91

Normal

c120
- 116

+ 2

+ 139*

86.91

Normal

22.5

6.20

699

C10
2

- 59

+ 11

+ 153*

1.64

67. 46

Normal

23.0

6.52

490

C105 , C1206

+ 3.5

+ 203 (calc.)

2.02 at 3.5

83.146, 166.92

+

+

Normal
(dimer in liquid phase)

21.0

9. 5

0.31

Cl20c207
91.5

80

256*

1.86

182.91

C102F

- 115

ca. - 6

+ 128*

86.46

C10?F

- 146 2

- 46.8

+ 95.17 0.10

1.434 at 20

102. 46

Normal

23. 4
8. 3

23. 7

23. 2

6.2

20. 4

4.6

(g) kcal./mole

(g) kcal./mole

(g) cal./deg./mole

0.00

53.286

8.11

+ 25.1* + 24.7

59.6

+ 37.0 - 5.12 0.68 (26)

66.513 (27)

15.52 (27)

Color and Appearance of Gas

Color and Appearance of Liquid

Color and Appearance of Solid

yellow-green brown

dark brown

orange-yellow

orange-red red-brown

red, as K2Cr207

colorless, oily

colorless (3)

colorless (3)

white

yes, either gas or
liquid on slightest
provocation

C1
0 0

yes, reacts violently
with water and
organics

no direct evidence
but compound contains
3 C1-0 bonds, no
peroxy links

yes, shock or sudden
heating, but most
stable chlorine oxide

o 0 0

0-Cl Cl-0

0 0

F

Cl

0 0

no yes no, but reacts
violently with easily
oxidized material

F

0-C1-0

0

Cl-0 Distance, A.

Cl-Cl Distance, A.

Cl-F Distance, A.

Bond Angles, *

1.71

2. 8

1.40 (27)

F-F distance 1.42

1.57
111 20 137 150 Cl

o 128
Cl'
nonplanar

tetrahedrally
about Cl

*By use of the 3/2 rule.
**From heat of decomposition.

298, form,

s298, form,

CP298'

ClOF

- 167

- 16

+ 113*

118.46

Explosive

F2

- 217.9

- 188

- 129

38. 00

Normal

no

Structure

Normal

yes

/0O

Cl Cl

0.00

48.6

7.52

colorless

+ 63.4**

1. 53
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Heats of formation of all these binary compounds are endothermic and all
are explosive materials when present in any appreciable concentrations.

Chlorine Monoxide

A summary of the physical properties of this compound is presented in table
II. The vapor pressure of chlorine monoxide has been measured from -100
to +15 C. by Goodeve (16) and found to obey the equation

log P m= 7.87-1

which has been plotted in figure 1. The temperature, T, is expressed in
degrees Kelvin.

Preparation. Chlorine monoxide is the true anhydride of hypochlorous acid;
thus it reacts with water according to the equation

Cl20 + H2 2HOC1.

The monoxide has been prepared by dehydrating a hypochlorous acid solution
using phosphorous pentoxide or calcium nitrate, or by passing an air
stream through a hypochlorous acid solution thus vaporizing a portion of
the monoxide. Since a common method of preparation of hypochlorous acid
is the reaction

Cl2 + H20=HCl + HOCl,

it is necessary to destroy the hydrogen chloride before vaporizing the
chlorine monoxide.

Chlorine will react with a solid alkali metal carbonate, bicarbonate
silicate, hydroxide, or phosphate to produce chlorine monoxide. This
reaction has been adapted to industrial scale operation (8) at 1500 to
200 C. where circulation of a charge of chlorine gas over a bed of the
alkali metal compound can produce the monoxide free of chlorine contamina-
tion. This same reaction could occur in a soda lime trap used for
chemically trapping chlorine trifluoride. Chlorine trifluoride reacts
with soda lime, a mixture of sodium and calcium hydroxides, producing
chlorine and water; the chlorine can then react with the unreacted soda
lime to produce chlorine monoxide.

Other preparative reactions for the monoxide are the reaction of chlorine
with mercuric oxide

2C1 2 + HgO (mixed with sand to moderate) -> Cl20 + HgCl2

and reaction of chlorine with a potassium hypochlorite solution

Cl2 + KC10 (aq. soln.) -> KCl + C1 2 0 .
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Explosion Danger. Chlorine monoxide is an explosive compound as mentioned
previously. At one atmosphere total pressure and 23 C., the minimum explo-
sive concentration (14,37) has been found to be 23 mole per cent when
diluted with air or other inert gas. Up to concentrations of 30 per cent,
the explosions are weak and must be initiated by sparking; but above this
value, they may be violent and unpredictable. Contact of the gas with
organic materials - cork, rubber stoppers, or tubing, etc. - can result in
violent explosions at much lower concentrations.

At higher temperatures the explosions are more violent and the minimum
explosive concentration probably is lower. The liquid frequently explodes
on pouring from one vessel to another or upon boiling. The compound,
therefore, is extremely hazardous.

Photochemical Decomposition. The photochemical and thermal decomposition
of chlorine monoxide has been studied and reviewed by Schumacher (33). For
this reaction, the effective light is of the same wave length as that
absorbed by chlorine; namely, 4050, 4360, and 4600 A. It is also found
that two molecules of the monoxide are decomposed for each quantum of light,
h,-, absorbed. The following mechanism has therefore been proposed by
Schumacher:

1. Cl2 + h/---> 2C1

2. Cl + C120-->Cl2 + [Clo]

3. 2[C10J -> Cl2 + 02

for a net reaction

2C120 + h/-> 2C12 + 02

Thermal Decomposition. The thermal decomposition of the monoxide proceeds
at a measurable rate between 600 and 1400 C. At the lower temperature,
about 12 to 24 hours are required for complete decomposition, whereas only
a few minutes are required at the higher temperature. The temperature
coefficient of the reaction rate is a factor of 2.03 for each 10 C. tempera-
ture increase. Pressure changes have most commonly been used to follow
the course of the decomposition reactions. An induction period is observed;
then the reaction rate accelerates. After reaching a maximum, it falls
to about the value obtained initially. An explosion almost invariably
occurs at the end of the reaction. (See curve I of figure 2 for a plot of
pressure change vs. per cent decomposition.) The reaction is a homogeneous
gas reaction, being uninfluenced by the surface which is available to the
gases. The velocity of the reaction in carbon tetrachloride solution is
almost identical to that in the gas phase.

The time involved in the induction period is approximately inversely
proportional to the initial pressure, and during this time about half of
the initial chlorine monoxide is consumed. The time of the induction period
can be reduced by irradiation with light and can be eliminated completely
by adding a small amount of chlorine dioxide. This suggests that the
dioxide or a dioxide-reaction product is involved in this induction period.
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I 382.2 mm. C/2 0 At /20 C., Beaver 8 Stieger (2)
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The pressure increase to the maximum is accompanied by an increase in
chlorine dioxide concentration as revealed by the absorption spectrum of
this compound. Additions of chlorine or oxygen to the mixture do not have
an effect on the reaction rate. Beyond the maximum, as the pressure
decreases, the concentration of both the dioxide and the monoxide decreases,
but the latter decreases more rapidly than the former. It has been assumed,
therefore, that the explosion at the end of the reaction is due to chlorine
dioxide, or a reaction product of this compound, and that chlorine monoxide
hinders the explosive decomposition of the dioxide.

Chlorine Dioxide

The physical properties are outlined in table II.

Preparation. The usual large-scale preparation of chlorine dioxide is to
bring chlorine and sodium chlorite into contact, which leads to the follow-
ing reaction

Cl2 + 2NaCl02 -> 2NaC1 + 2C102

This reaction may be carried out in solution or by circulating chlorine
over solid sodium chlorite. Chlorine-free dioxide can be made by recycling
the product stream until all the chlorine has been converted. The dioxide,
as with all chlorine oxides, is extremely explosive, and explosion control
of this reaction is achieved by incorporating an explosion chamber in the
system and carefully regulating the pressure of the circulating gases. A
small scale adaptation of this procedure has been described (20).

Another preparation is recorded, but the danger of explosion is much greater
by this technique. The reaction involves a solid chlorate and sulfuric
acid. Chloric acid, the intermediate which is produced, decomposes as is
shown by the equation

H2SO4
3HC10 H2 >2C102 + HClO + H20

This system will detonate if rapidly heated to 100 C.

A laboratory scale procedure has been published (11) wherein 0.1 M solu-
tions of sodium chlorite (NaClO2) and sodium hypochlorite (NaClO) are mixed
in a 2:1 ratio. To 10 to 25 ml. of this mixture is added an excess of 0.5 N
sulfuric acid (about 50 ml.); and by aeration of the solution, chlorine
dioxide containing 0.1% chlorine is obtained. Increasing the hypochlorite
concentration serves to increase the chlorine impurity concentration.

Explosion Danager. Chlorine dioxide can decompose explosively on the
slightest provocation either in the gaseous or liquid state. Initiation of
these explosions can occur by heating, sparking, exposure to sunlight, and
other processes. The following recommendations have been made for minimizing
the explosion hazard of this compound in the laboratory and in industrial
applications:
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1. Keep reaction temperatures involving chlorine dioxide as low
as possible.

2. Avoid contact with or contamination by organic compounds.

3. Dilute gas and/or solid reactants with inert materials.
Explosion hazard is substantially reduced if concentration of
the gas is maintained at less than 10 per cent (37).

4. Avoid storage and/or accumulations of the compound. Use as
soon as possible after preparation, and do not prepare more
than can reasonably be expected to be used.

Photochemical Decomposition. Chlorine dioxide absorbs light of 3650 A.
wave length, and two molecules of the compound are photochemically decom-
posed for each quantum of energy absorbed. Action of light produces an
initial decrease in pressure, and a red liquid (C1206) forms on the walls
of the container. For a dry, gaseous system the mechanism of photochemical
decomposition is represented by the following equations:

1. Cl02 + h -- > [a10] + 0 , the primary step

then, 2. C102 + 0-->C103 ,

and 3. 2[C10]--> Cl2 + 02

The C10 which has been produced can then undergo either of the two
reactions:

4. 2C10 -> Cl26 , forming the red liquid,

and/or 5. 2C10 -> C 2 + 302, a thermal decomposition reaction.

Reaction 5 above has a high activation energy, therefore, a high tempera-
ture coefficient. As the temperature is lowered, this reaction becomes
less important allowing more of the hexoxide (the red liquid) to be formed
as is observed experimentally.

With moist gas, no chlorine gas appears in the products; but a complicated
mixture of acids - hypochlorous (H10), chlorous (HClo 2 ), caloric (HC103),
and perchloric (H104) - is found in the reaction "mist". Again light
of 3650 A. is absorbed, and the primary step in the decomposition is the
same as with the dry gas. This mechanism for decomposition with moist gas
is described by the following series of reactions:

1. C102 + h/ -> [C10] + 0 , the primary step,

and C10 and the hexoxide are formed as before

2. Cla2 + 0 -> alC1

3. 2C103 -- > C12 06 -
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These materials can then interact with water;

4. C20 + H20--* HCl0 + HClO4

5. [Cio]+ C102 - C[l203 '

6. [Cl23+ H20 --- 2HClO2 -- HClO + HClO.

If the photochemical decomposition is carried out in a solution of an
inert solvent, i.e., carbon tetrachloride, a still different mechanism is
followed and has been discussed by Schumacher (33). Bowen (6) and Nagai
and Goodeve (25) reported that none of the unstable intermediates react
with solvent molecules, the quantum yield for light absorption up to
4200 A. wavelength is 2.0 decreasing quickly to unity at 436 mp,and also
that no chlorine hexoxide is formed under these conditions. While the
mechanism is not well understood in solution, Schumacher believes the
primary step to be

1. C102 + hY - Cl + 02

followed by 2. Cl + C102 - C12 + 02

In the case of the gaseous reaction, the products of the primary step
immediately following the decomposition of the activated C102 molecule
were C10 and 0, both with excess energy. Since these products possessed

excess energy it is reasonable that they fly apart, not remaining together
long enough to form a chlorine atom and an oxygen molecule. When the
decomposition is carried out in solution, however, where molecules can

much more easily give up excess energy to solvent molecules and also
where the mean free path is much shorter, there is a much greater proba-

bility for the C10 and 0 which were produced in the previously discussed
primary step to produce Cl and 02 as indicated. The lack of oxygen atoms
precluded the existence of the hexoxide since in all previous discussions

this compound was only produced by the two reactions

C102 + 0 -- > C103
followed by 2C103 -- C1 2 06

Spinks and Taube (38) have examined the bromine-sensitized decomposition
of chlorine dioxide in carbon tetrachloride solution and found that in
this case substantial amounts of chlorine hexoxide were obtained.

Thermal Decomposition. The thermal decomposition of chlorine dioxide has
been rather extensively studied by Steiger and Schumacher (33,34) and
reviewed by Semenoff (35). This reaction has a number of differences from
the similar reaction of chlorine monoxide. The dioxide decomposes by a
heterogeneous mechanism, the nature of the surface and the surface to
volume ratio having a strong and not completely understood influence on the

reaction velocity. Increasing the total pressure also increases the reac-

tion rate. The reaction proceeds at a measurable rate at 30 C., increasing

to explosive proportions at 50* to 60*C. The temperature coefficient of the
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reaction rate varies from vessel to vessel, but at 40 C. the rate increases
by a factor of about 5 per 10*C. temperature increase.

The course of the reaction is revealed by pressure changes. The rate

increases through an initial induction period, passes through a maximum,
after which the rate falls, remaining almost constant as shown by curve II
of figure 2. Under some conditions an explosive reaction is obtained as
in curve III.

Schumacher uses a chain reaction mechanism to explain the decomposition
with the chain initiation step,

1. C102 wal lo10+ 0 ,

occurring on the wall of the reaction vessel. While this reaction is
endothermic by 60 kcal./mole, it is believed that it does occur to some
extent on the walls. As shown before, C10 decomposes to chlorine and
oxygen

2. 2J-10] C1 2 + 02,

but the oxygen atoms, which are being slowly produced on the wall, react
by the process

3. 0 + C102 -- C103

The C103 which is produced then reacts with dioxide according to two
processes, one a chain propagating reaction

4. C103 + C102 --*C12 + 202 + 0

and a chain breaking reaction

wall
5. C10 + C102 w~Cl120 + 202

Additions of such gases as oxygen, chlorine (see curve IV, figure 2), carbon
dioxide, etc. increase the reaction velocity simply by increasing the total
pressure. Addition of either C120 or CO has an inhibiting influence
on the decomposition. Carbon monoxide breaks chains by consuming oxygen
atoms, but the mechanism by which C120 retards the reaction is not well
understood. This observation is in agreement with the explanation for
the explosion at the end of the decomposition reaction of chlorine
monoxide.

The thermal decomposition reaction involves a mechanism whereby the chains
are initiated and terminated on the vessel walls. Since two wall reactions

are involved each with different temperature coefficients and with dif-
ferent number and types of reaction sites, it is not surprising that the
nature of the surface and its geometry have a marked influence on the
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course of the reaction. The different behavior of the reaction in quartz
and glass reactors is shown by curves II and III of figure 2. Schumacher
and Steiger (34) describe an experiment in a particular quartz vessel in

which decomposition was complete in 2 or 3 hours at 45 C. After this
vessel had been washed with potassium iodide solution, thoroughly rinsed
in distilled water, and vacuum dried, no reaction occurred during 12 hours
at 45 C. Slight decomposition was detectable after 2 hours at 50C.; and
only 1/2 hour after reaching 56*C., a violent explosion occurred which
destroyed the vessel.

Other Chemical Properties. Chlorine dioxide is quite soluble in water and
forms a hydrate, C10 2 -8H 2 0,which is stable up to 18*C. The aqueous solutions
are stable at low temperatures, if kept in the dark, and the dioxide can be
expelled from the solution even after a long storage time. Decomposition
occurs in the light by the reaction

2C102 + H20 -d-HCl + HClO3 + 02

In alkaline solution, reaction produces a chlorite and a chlorate, thus,

2C102 + 2NaOH -- NaClO2 + NaClO3 + H20 .

In the presence of a reducing agent the above reaction produces only a

chlorite.

Reaction of chlorine dioxide with fluorine can be explosive producing
chlorine and oxygen or, under suitable conditions, chloryl fluoride. This
reaction will be discussed later.

Chlorine Hexoxide

Chlorine hexoxide, a red liquid, exists as a dimer, C1206, in the liquid
phase and as a monomer, C103, in the vapor phase. The physical properties
are summarized in table II. The vapor pressure was measured over the

range -40 to +20 C. by Goodeve and Richardson (19). The equation
expressing the vapor pressure of the liquid is

logP = 7.1 - 2070
mm T

and of the solid is

logP = 9.3 - 269
mm T

The equilibrium constant for the reaction,

C12 6 2C103 ,

has been measured by making use of the magnetic properties of the trioxide.
Since C103 contains an odd number of electrons, it has an unpaired electron
and is therefore paramagnetic; whereas C1206 has an even number and is
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diamagnetic. From consideration of magnetic measurements, the equilibrium
constant, Kc, has been found to obey the equation

log K = - 0.974 - ---

The heat of this dissociation reaction is only 1730 cal./mole indicating
very weak bonds between the C10 monomers. Since the bond is so weak, no
break in the log Kc vs. l/T plot is observed at the melting point, and
the Trouton constant has its normal value in spite of the association
reaction.

Preparation. Chlorine hexoxide is known to be a long-lived intermediate
in the thermal and photochemical decomposition of chlorine dioxide. This
red liquid was observed as early as 1843, but the composition of the
material was not identified until 1925 (4) when the chlorine to oxygen
ratio was found to be three.

Chlorine hexoxide is also a product of the action of ozone on chlorine and
chlorine dioxide. This reaction with the dioxide,

2C102 + 20 -> Cl206 + 202

is the best method of preparation. The kinetics of the photochemical
reaction of chlorine and ozone have been studied (5) at 35 and 500C.
with the following mechanism formulated to explain these kinetic results.
The primary step is activation of the ozone molecule by absorption of
blue light of wave length about 4700 A. An energy rich molecule, 05*, is
formed

1. 0 +h-/J->03*

followed by the reaction

2. 03* + Cl2 -> [C10 + 0102

As noted earlier, C10 is unstable and decomposes rapidly by the reaction

3. 2[ClOJ -> C12 + 02 .

The dioxide can also react with ozone even in the absence of light,

4. Clot + 0 -- >ClO + 02 ,

producing C10 which condenses as a red liquid,

5. 2 C10 --> C1206 '

The major complication in this reaction scheme is that chlorine trioxide
undergoes other reactions with ozone resulting in decomposition (29).
Reaction 4 above may result in an energy rich molecule, C105*, which can
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lose its excess energy in a number of ways. The energy loss may occur
simply as conversion to kinetic energy by collisions which do not yield
chemical reactions, or it may be lost to a wall. If the energy rich
molecule collides with ozone, the following reactions may occur:

6. C10 * + 0 -- >C102 + 202

7. C10 * + 0 - >[C107 + 02.

The C104 leads to formation of C1207 and will be discussed later. Dilu-
tion of the gases with nitrogen, chlorine, oxygen, etc., or increase of
the surface area of the reaction vessel decreases the probability of
collisions between C10* and ozone, thus inhibiting reactions 6 and 7.
The activation energy for reaction 6 was found to be 10.9 kcal./mole,
which is equivalent to a temperature coefficient of about 2 for a 10 C.
temperature rise.

Thermal Decomposition. Thermal decomposition of the trioxide (or hexoxide)
is measurable in the temperature range 00 to 30 C. and constitutes a
further complication to the ozone reaction discussed above. Thermal decom-
position was studied by Burns and Rollefson (27), and two reactions were
noted; namely,

1. 2C10 -> Cl2 + 302

and 2. 2C10 ->2C10 + 0
5 2 2~

By observation of pressure change in the temperature range 0 to 30 C., it
was found that below 10 C. decomposition follows reaction 2, but 1 has
a higher activation energy. At 30 C. they both proceed at about equal
rates. For preparative purposes, the best yields were obtained by main-
taining the temperature at 0 C. or below. It should be recognized that
the hexoxide can decompose explosively, and there is no really safe method
of handling the compound.

Other Reactions. Chlorine hexoxide reacts violently, sometimes explosively,
with water producing chloric and perchloric acids according to the reaction

Cl206 + H2O-> HClO + HCl0 .

In alkaline solution, chlorates and perchlorates are obtained. As expected,
explosive reactions can be obtained with organic materials.

The reaction of chlorine hexoxide and fluorine has recently been studied
by Davila (12) and found to be highly exothermic. The products obtained
were 70 to 75% chloryl fluoride (C10 2F), 20 to 25% chlorine heptoxide
(C1207), 1 to 3% chlorine, and a trace of fluorine perchlorate (FClO4).
The proposed mechanism may be written

1. C12 06 - > 2C103,
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2. 2C310 3 -- ClO2 +[ClOJ,

followed by fluorination or recombination reactions; thus,

3. C10 2 + F2 -- Cl102 F + F,

4. [clo0 + CIO 3 -- Cl2O7 ,

5. F +Cl0J---pFCl10.

While the temperature was not stated, the reaction was probably carried
out below 0 C.

Chlorine Heptoxide

The physical properties of chlorine heptoxide are outlined in table II.
One observes a regular increase in melting point (figure 3) as the oxygen
to chlorine ratio increases from chlorine monoxide to dioxide to hexoxide.
The chlorine heptoxide melting point is much lower than one would
anticipate from the correlation. Maxted (21) attributes this deviation to
the molecular structure of the heptoxide (table II) which is nonplanar and
contains a peroxide linkage between C10 groups. This nonplanar structure
prevents a tight, closely arranged crystal structure, as is obtained with
the hexoxide, allowing the crystal lattice to decompose or the compound to
melt at a much lower temperature.

Preparation. Dehydration of perchloric acid yields chlorine heptoxide.
This dehydration may be carried out with phosphorous pentoxide and the
reaction is complete in about 1 day at -10*C. (23). Goodeve and Powney (18)
have carried out the reaction at higher temperatures and obtained good
yields.

Chlorine heptoxide is also a product of the photochemical reaction of ozone
with chlorine dioxide. Lower temperatures favor the formation of chlorine
hexoxide, but higher temperatures (30 C.) favor the formation of the
heptoxide. It was shown in the chlorine hexoxide discussion that this
compound may undergo reaction with ozone - even in the dark - to produce
an energy rich chlorine trioxide. The energy rich molecule may lose its
excess energy by any of the following reactions (7):

1. ClO3* + wall -- ,-.ClO3 + wall ,

2. C103*+ M -* C103 + M+ kinetic energy ,

3. CI3 * + 0 3-- C10 2 + 202 '
and/or 4. C10 3* + 03 - [C10j+ 02*

In reaction 2, M may be any molecule, even ozone, but a portion of the
ozone collisions proceeds by equations 3 and 4. Reaction 4 takes place at
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the higher temperature, producing the unstable intermediate, C104 , which
then produces chlorine heptoxide by the reaction

5. [Clo C103 - -C1207.

This constitutes a chain terminating reaction since chlorine heptoxide is
relatively stable - in comparison to the life of the many intermediates -
and slowly builds up in concentration until condensation to the liquid
takes place.

Other Reactions. Chlorine heptoxide is the most stable of the chlorine
oxides, yet it can explode violently on shock or sudden heating. The
liquid slowly decomposes at room temperature producing chlorine and oxygen,
but the detailed mechanism and kinetics have not been worked out.

The slow reaction of chlorine heptoxide with water was studied by Goodeve
and Marsh (17) during their determination of the heat of formation of
perchloric acid. While the heptoxide vapor fumes in contact with ordinary
air, it is surprising that when liquid heptoxide is added to water, it
sinks to the bottom of the vessel and only slowly goes into solution. It
has been suggested that there is a limited solubility of perchloric acid
in the heptoxide and that a film of perchloric acid builds up on the liquid
droplet allowing further reaction to proceed only by diffusion through the
film. This situation is quite different from the violent reaction obtained
when chlorine hexoxide reacts with water.

Chloryl Fluoride

The physical properties of chloryl fluoride are outlined in table II.

Preparation. This compound was first prepared by Schmitz and Schumacher (32)
by direct fluorination of chlorine dioxide. While fluorine and chlorine
dioxide normally explode when brought together, under controlled conditions
one obtains chloryl fluoride. In a reactor at -36*C., containing 50 mm.
Hg pressure of C102 , Schmitz and Schumacher found that careful addition of
80 mm. partial pressure of fluorine produced some chloryl fluoride in 30
minutes. If the fluorine concentration were increased to 130 mm., an
explosion resulted. In order to decrease the reaction time, the temperature
was raised to 0 C.; but using 50 mm. chlorine dioxide and 50 mm. fluorine
partial pressure, an explosion was produced even when these gases were

diluted with air. By reducing the chlorine dioxide pressure to 25 mm.,
keeping the fluorine at 50 mm., and again diluting with air, it was possible
to obtain chloryl fluoride with a reaction time of 2 or 3 minutes.

More recently (1) the kinetics of the gas phase reaction of fluorine and
chlorine dioxide have been studied in the temperature range -46* to -26*C.
and the pressure range 50 to 500 mm. Hg. The rate of formation of chloryl
fluoride obeyed the equation
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dfC 102FJ

dt k1 [F2j'c 102

where k had the following values:

0.23 liter (mole sec.)~ at -46 C.

0.52 liter (mole sec.)~ at -36*C.

1.05 liter (mole sec.)~ at -26*C.

The following mechanism was proposed:

1. F2 +Cl2 -- C102F+F

2. F + CIO2 --- FC102 '

3. F+F+M-- F2 +M,

and 4. 2F wall F2

Reactions 1 and 4 were the most important with 2 and 3 only contributing
significantly when the chlorine oxide pressure or the total pressure was

high. The relative contribution of reaction 2 was increased by increasing
the temperature, and reaction 1 was found to be an entirely homogeneous
gas phase process.

A solution of chlorine dioxide in an inert solvent such as Freon-ll (CCl3F)
will yield chloryl fluoride when fluorine is bubbled through the liquid.
Other preparative methods are as follows: a stream of chlorine dioxide
diluted with nitrogen and passed over AgF2 at room temperature, bubbling
chlorine dioxide through bromine trifluoride at 300C.,and passing NO2F
through a Freon solution of chlorine hexoxide at 0*C. (31).

Chemical Properties. The chemical reactions of chloryl fluoride have not
been studied extensively. Its behavior toward moisture indicates a reactive

fluorine atom since dense white fumes of hydrogen fluoride are obtained

upon exposure to moist air. If the gas is admitted to wet silica apparatus

one obtains upon hydrolysis reddish brown vapors (probably chlorine monoxide
and dioxide). Some workers (32) have observed that chloryl fluoride reacts

with glass, but have been successful in handling the compound in silica

equipment. The thermal stability of the compound has not been studied, but

it appears to be much more stable than chlorine dioxide.

Chloryl fluoride undergoes an addition-type reaction as illustrated by the
following equations (10,31):

ClO2 F + SbF5 - .ClO2 SbF (melting point +78*C.)

or 6C102 F + SbCl5 --- 5C102 + 5/2C12 + ClO 2 SbF 6 ,

and with silicon tetrafluoride one obtains (C10 2 ) 2 SiF6 . It has been
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reported that a similar addition product forms with vanadium pentafluoride
below -46'C., but the compound decomposes at room temperature. With
fluorosulphonic acid the reaction is

C102F + HSO F -'780C. > HF + C102SO F

It appears that this addition type reaction is a general one for chloryl
fluoride and that it might react with many other compounds as yet un-
identified.

The reactions with hydrogen chloride and anhydrous nitric acid are different
from the straight-forward addition type reaction. These reactions are:

C10F + HCl (anhyd.) -110*C. > HF + C102+ 1/2 Cl

and 2C102F + 21NO (anhyd.-) 30*C. > 2HF + NO2ClO + NO + Cl0
2 3 5 hy. 2 4~I 2 2

Because of the nature of the products, one should expect explosions when
chloryl fluoride contacts either of these acids.

Perchloryl Fluoride

Perchloryl fluoride was first reported in 1951, and even though it is the
newest of the compounds discussed in this report, its physical properties
are the most thoroughly studied of the chlorine oxyfluorides. Because of
the strong oxidizing power coupled with its great stability, perchloryl
fluoride is a potentially useful chemical intermediate. A very large
amount of the information available on this compound has been obtained
and/or compiled by the technical organization of the Pennsalt Chemicals
Corporation (27) which company produces the compound on an industrial
scale. In addition to the physical properties outlined in table II, other
properties are listed in table III.
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TABLE III

ADDITIONAL PHYSICAL PROPERTIES OF PERCHLORYL FLUORIDE

Property

Critical Temperature
Critical Pressure
Critical Density

Value

95.17 0.10*C.
53.00 atm.
0.637 g./ml.

0.03 Debye unitsDipole Moment

Viscosity of Liquid 0.620 centipoise
0.219 centipoise
0.139 centipoise

23.5 cal./mole at
25.0 cal./mole at
29.7 cal./mole at

Specific Heat of Liquid

Surface Tension

at

at

at

-80*C.
0 C.
60C.

-40 C.
-10 0c.

50 C.

24.05 dynes/cm. at -75.2 C.
22.31 dynes/cm. at -65.9*C.
21.25 dynes/cm. at -55.7 C.

Vapor Pressure,

-120 to -40*C.

Vapor Pressure,

-40* to 95.17 C.

Density of Saturated
Liquid,
-142* to 540C.

log (mm. Hg)

log (atm.)

1443. 467
= 18.90112 - T. - 4.09566 log T

9 Tg

1010.814
4.46862 - T

T

(g./ml.) = 1.088 - 7.280 x 10%4T + 6.455 x 102 (T -T)l/2
c

Preparation. Quantity preparations of perchloryl fluoride appear to involve
fluorination of a chlorate or a perchlorate. Engelbrecht and Atzwanger (13)
outline the mechanism of fluorination of potassium chlorate at various
temperatures in the following manner.
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KC1O + 1/2 F2 -> (C10 ) + KF

0 00

C10 F C1206

C102 + 1/2 02

9 21000C.

02 + 1/2 C2 + 1/2 F > ClF

C102F

At 100C., 45% of the fluorine is consumed to produce C103F. As the
temperature is increased, less perchloryl fluoride is obtained and greater
quantities of chloryl fluoride and chlorine appear.

Barth-Wehrenalp (2) has prepared perchloryl fluoride by the action of
fluorosulfonic acid on potassium perchlorate in 67% yield. This reaction
has the advantage that elemental fluorine is not required (fluorosulfonic
acid is made with hydrogen fluoride and sulfuric acid or sulfur trioxide)
and that a complex, (C102)2S301 0 , is formed with chlorine dioxide which
allows the slow, controlled decomposition of chlorine dioxide.

Chemical Properties. Perchloryl fluoride is thermally stable up to 5000C.,
and it is much more resistant to hydrolytic attack than other chlorine
oxyfluorides, hydrolysis at 2500 to 300 C. being a slow reaction. In an
alkaline environment, however, the reactivity increases markedly; and
alcoholic potassium hydroxide causes rapid hydrolysis even at 250C. It is
not corrosive to most metals - aluminum, copper, nickel or steel - in the
anhydrous state; but the moist gas is severely corrosive to aluminum and
steel. The compound reacts with organic compounds in three ways: 1) as
an oxidixing agent, 2) as an acid fluoride requiring alkaline reagents to
initiate reaction, and 3) as a "Lewis base" in Friedel-Crafts type reactions.
At 2500 to 3500C., most organic compounds will react by one of the above
mechanisms, in some cases with explosive velocities. At room temperature,
however, reactivity is sufficiently slow so that solubility values, given
in table IV, could be measured.
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TABLE IV

SOLUBILITY OF PERCHLORYL FLUORIDE VAPOR IN VARIOUS SOLVENTS

Approximate Solubility (g. /1.)
Solvent at 25 C. and 760 mm. Hg pressure

Water 0.6
Carbon Tetrachloride 1.6
Ether 2.3
Ethanol or Acetone 2.5
Methanol or Ethyl Acetate 2.6
Benzene or Acetic Acid 2.7
Trichloroethylene 3.9
Chloroform 4.3
Dioxane 5.0

In the gas phase, perchloryl fluoride will oxidize hydrogen chloride at
200 C. according to the reaction

C10F + 7 HCl -> HF + 4 Cl2 + 3 H20

and it undergoes a strongly exothermic reaction with anhydrous aluminum
chloride. With ammonia gas the following reaction takes place:

C10F + 3 NH --- > NH F + C10 NH-NH4,

producing perchlorylamide, again indicating its reactivity toward alkaline
reagents. Metallic salts of this compound may be formed and may detonate
when dry. It is reported that the gas will support combustion as rapidly
as oxygen.

Fluorine Perchlorate

Fluorine perchlorate is by far the most explosive of the chlorine oxy-
fluorides; and for this reason, relatively little is known about the com-
pound. It was first prepared by Rohrback and Cady (28); and the complete
knowledge of the compound is contained in their paper. The physical
properties are presented in table II.

The preparation of the compound was achieved by the action of fluorine on
72% perchloric acid at 210C. in a platinum boat. The initial stages of the
reaction involved elimination of water by the reactions,

2 H20+ 2F2 >02 + 4 HF

H2a +2F2 -> OF2 + 2 HF ,and
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but continued fluorination produced fluorine perchlorate in 90% yield.

Some information on the chemical properties is revealed by the analytical
procedure used by Rohrback and Cady. On careful addition of fluorine
perchlorate gas to 1% potassium iodide solution, one mole of iodine was
liberated for each mole of gas used,

C 1  F +2I- ->I 2 + Cl0 - + F.

The reaction with sodium hydroxide solution proceeded by the equation

2 CIO F + 4 OH- --* 02 + 2 C10 ~ + 2 F- + 2 H2O

The compound is reported to be very easily exploded; either a small
flame or spark would cause a detonation which would shatter an open-ended
glass test tube containing the gas. Contact with organic matter, and even
the process of solidification of the compound at the freezing point,
frequently resulted in explosions.

ACKNOWLEDGEMENTS

The author wishes to express his appreciation to Mr. A. F. Becher of the
Safety and Health Physics Department of the Industrial Relations Division
for review of the manuscript and for many valuable comments on the handling
and disposal of chlorine trifluoride. Mr. W. P. Ellis (Safety and Health
Physics Department) is also acknowledged for collecting background material
on several accidents which have occurred as a result of handling chlorine
trifluoride. Dr. H. A. Bernhardt of the Technical Division and Dr. H. A. Smith,
consultant from the University of Tennessee, each carefully reviewed the
manuscript; and their comments and suggestions were greatly appreciated.
Access to the notes of Mr. A. V. Faloon on certain aspects of the chemistry
of the chlorine oxides is gratefully acknowledged.



K-1416
32

BIBLIOGRAPHY

1. Aymonino, P. J., Sicre, J. E., and Schumacher, H. J., J. Chem. Phys.,
22, 756 (1954).

2. Barth-Wehrenalp, G., J. Inorg. Nucl. Chem., 2, 266 (1956).

3. Beaver, J. J., and Steiger, G., Z. physik. Chem., B12, 93 (1931).

4. Bodenstein, M., Harteck, P., and Padelt, E., Z. Anorg. Chem., 147,
233-44 (1925).

5. Bodenstein, M., and Schumacher, H. J., Z. physik. Chem., B5, 233-6
(1929).

6. Bowen, E. J., Trans. Faraday Soc., 27, 513 (1931).

7. Byrns, A. C., and Rollefson, G. K., J. Am. Chem. Soc., 56, 2245-50
(1934).

8. Cady, G. H., U. S. Patent 2,157,524, September 5, 1939.

9. Cady, G. H., and Brown, R. E., J. Am. Chem. Soc., 67, 1614-15
(1945).

10. Clark, H. C., and Emeleus, H. J., J. Chem. Soc., 1958, 190-5.

11. Daniels, D. G. H., and Whitehead, J. K., Chem. and Ind. (London),
1957, 1214.

12. Davila, W. H. B., Rev. fac. cienc. quim. Univ. nacl. La Plata, 29,
27-32 (1955-56); C.A., 52, 13505 (1958).

13. Engelbrecht, A., and Atzwanger, H., J. Inorg. Nucl. Chem., 2, 348
(1956).

14. Fichter, F., and Brunner, E., Helv. Chim. Acta, 12, 305-13 (1929).

15. Gomberg, M., J. Am. Chem. Soc., 45, 398-421 (1923).

16. Goodeve, C. F., J. Chem. Soc., 1930, 2733.

17. Goodeve, C. F., and Marsh, A. E. L., J. Chem. Soc., 1937, 1816.

18. Goodeve, C. F., and Powney, J., J. Chem. Soc., 1932, 2078.

19. Goodeve, C. F., and Richardson, F. D., J. Chem. Soc., 1937, 294-300.

20. Hutchinson, W. S., and Derby, R. I., Ind. and Eng. Chem., 37,
813 (1945).



K-1416

33

21. Maxted, E. B., Modern Advances in Inorganic Chemistry, Oxford,
Clarendon Press, 1947.

22. Mellor's Comprehensive Treatise on Inorganic and Physical Chemistry,
London, Longmans, Green and Co., 1956, Suppl. II, Part I.

23. Michael, A., and Conn, W. T., Amer. Chem. J., 23, 445 (1900).

24. Millon, N. A. E., Ann. chim. phys. (3), 7, 298 (1843).

25. Nagai, Y., and Goodeve, C. F., Trans. Faraday Soc., 27, 508 (1931).

26. Neugebauer, C. A., and Margrave, J. L., J. Am. Chem. Soc., 72, 1338
(1957).

27. Perchloryl Fluoride, Pennsalt Chemicals Corp., Booklet DC-1819.

28. Rohrback, G. H., and Cady, G. H., J. Am. Chem. Soc., 69, 677-8 (1947).

29. Rollefson, G. K., and Byrns, A. C., J. Am. Chem. Soc., 56, 364-7 (1934).

30. Ruff, 0., and Krug, H., Z. anorg. Chem., 190, 270-6 (1930).

31. Schmeisser, M., and Fink, W., Angew. Chem., 69, 780 (1957).

32. Schmitz, H., and Schumacher, H. J., Z. anorg. allgem. Chem., 249,
238-44 (1942); translation GAT-P-ll.

33. Schumacher, H. J., Z. Electrochem., 39, 7-13 (1933).

34. Schumacher, H. J., and Steiger, G., Z. phys. Chem., B7, 363 (1930).

35. Semenoff, N., Chemical Kinetics and Chain Reactions, Oxford,

Clarendon Press, 1935, p. 385.

36. Sidgwick, N. V., The Chemical Elements and Their Compounds, Oxford,
Clarendon Press, 1950.

37. Sneed, M. C., Maynard, J. L., and Brasted, R. C., Comprehensive
Inorganic Chemistry, New York, Van Nostrand, 1954, Vol. III,
The Halogens.

38. Spinks, J. W. T., and Taube, H., J. Am. Chem. Soc., 59, 1155 (1937).





L UNCLASSIFIED

LUNCLASSIFIED


