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From the Preface to the First Edition

For many years, the inorganic section of the “Handbook of
Preparative Chemistry” by L. Vanino was a laboratory standard.
By 1940, however, the third (and last) edition of the handbook was
no longer in print. Rather than simply reissue the Vanino manual,
the Ferdinand Enke Press projected a completely new book: in
contrast to the old, the new work would be written by a number of
inorganic chemists, each a specialist in the given field.

As editor, the publishers were able to obtain the services of
Prof. Robert Schwartz, It was Prof. Schwartz who laid down what
was to be the fundamental guideline for all subsequent work: that
only those procedures were to be included which had been tested
and confirmed in laboratory practice. Concerning the choice of sub-
stances, while not pretending to be exhaustive, the book would
cover most of the compounds of inherent scientific interest or of
importance for purposes of instruction. At the same time, it
was clearly apparent that the common commercial chemicals,
as well as those whose preparations require only the simplest
chemical operations, need not be included.

The organization of the work took account of the broad scope
and varied nature of contemporary preparative inorganic chemistry.
The increasingly rigorous purity requirements, the use of unstable
substances and those sensitive to air and moisture, the employ-
ment of ultralow and ultrahigh temperatures and pressures, etc.,
have increasingly complicated the experimental apparatus and
techniques. Thus, in the introductory part (Preparative Methods)
the authors have endeavored to assemble a number of experimental
techniques and special apparatusthat canbe extended to applications
much more general than the original purposes for which they were
designed. This is complemented by an Index of Techniques at
the end of the work, This index links the contents of Part I with
the various experimental procedures distributed throughout the
work. Space considerations have forced abridgments in several
places. Thus, a literature reference must often take the place
of a more detailed description. Occasionally, different researchers
have solved a given problem by different experimental techniques,
Here again a reference to the literature is in order. Naturally,
the choice of preferred method is always a subjective decision of
the individual experimenter. Thus, our own selection may not
always seem correct or adequate to every inorganic chemist,
As is customary, please forward any pertinent criticism to either
the editor or publisher. It will be gratefully received.
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vi PREFACE TO THE SECOND EDITION

What has been said above also holds true for Part II (Elements
and Compounds) and even more so for Part III (Special Groups of
Substances). In every case the decision as to inclusion or omission
was dictated by considerations of available space. Here, again, the
editor would be grateful for any suggestions or criticisms.

Preface to the Second Edition

The first edition of the Handbook of Preparative Inorganic
Chemistry was intended to fill a gap in the existing literature,
Because it accomplished its mission so well, it has won wide
respect and readership. Thus, the authors have been persuaded to
issue asecond, revised and enlarged edition, eventhough a relatively
brief period has elapsed since the appearance of the first.

The present edition is much more thana revision of the previous
work,

Several sections had to be completely rewritten; in a number of
cases, the choice of compounds to be included has been changed;
above all, recently developed processes, methods and apparatus
could not be neglected. The reader will note also that several new
authors have cooperated in this venture.

Thus, we are presenting what is in many respects a com-
pletely new work, Most of the preparative methods presented here
have either been verified by repetition inthe author’s own laboratory
or checked and rechecked in those of our collaborators. We trust
that the reader will benefit from the improved reliability and
reproducibility that this affords.

The editorial work could not have been completed without the
invaluable help of Dr. H. Bdrninghausen, Miss G. Boos, and my
wife, Doris Brauer. Credit for the careful layout of the more than
eighty new or revised drawings found in the book goes to Mrs, U,
Sporkert. To all of my co-workers, advisers, colleagues and
friends who have given their assistance, I wish to extend my
heartfelt thanks,

Freiburg, April 1960 G. Brauer



Translation Editor’s Preface

The Handbook of Preparative Inorganic Chemistry by G. Brauer
has been a valuable addition to the detailed preparative literature
for some years largely because of the number and diversity of me-
thods which are contained in its pages. The translation of this
work, therefore, will simplify the task of synthesis for chemists
whose German is less than proficient.

Because laboratory practice, as outlined in Part I of the Hand-
book, is in some ways different from laboratory practice in the
United States a number of additions and omissions have been made
in the translated text. These include: (1) the removal of the names
of German suppliers and trade names and the substitution of Amer-
ican trade names and suppliers, the latter only occasionally, (2)
conversion of German glass and ground-glass joint sizes to their
American equivalents, (3) substitution throughout the text of "liquid
nitrogen" for "liquid air'", (4) improvement in the nomenclature
where it was judged unclear. In addition, certain brief sections
have been omitted or rewritten when the practice or equipment de-
scribed was outmoded or so different as to be inapplicable in the
United States.

It is hoped that these changes have been congistent and wise de-
spite the diffusion of responsibility for the production of a book of
this size.

Reed F. Riley

Brooklyn, New York
August, 1963



Conversion of Concentration Units

Dgt = density of solvent

D¢y, = density of solution

Dge = density of solute

Mgt = molecular weight of solvent
Mge = molecular weight of solute

Unit a b c d
g./100m1. R 100.c-Dst 100°doDst
2 solvent : ®*Dst | oo Dg=c |—To0=a
b g./100 g. 2 b 100 ¢ 100+ d
solvent Dyt (100 « Dgp)—c 100—d
c g./lOO'ml. 100 * a *» D¢, 100+ b - Dy, c d+Dgy
solution (100 - D) +a 100+b s
d g2./100 g. solution 100 -3 100. b bt d
(wt. %) (100 « Dgi) +a 100 +b Dgn
d e f
d g./100 g. solution d e+ Dge 100 ”
wt, % —_—
(wt. %) Dy 1+ 7 -~
100 + Dgy/Dge
ml, /100 ml, solution d * Dgn —————
100—-f
e (vol. %) ~Dee e . +< 0—)Mst
f Mse
100 100
moles/100 moles —— ‘00 « D
f | solution (mole %) (100“ Mse 1 +( 100 - Dgy, _D Mse £
1 Mgt Ne. Dge Mgt
mole fraction = moles of solute/total moles =1—56
molality = moles of solute/1000 g. of solvent = 1&' b
se
molarity = moles of solute/1000 ml. of solution =10°¢€

se

Example: The concentration of a solution of sulfur in carbon
disulfide (15°C, given Dgp = 1.35, Dgt =1.26, Dge =2.07) is 24.0 g.
$/100 ml. CS, or 19.05 g. S/100 g. CSpor 21.6 g. S /100 ml.
solution or 16.0 g. S /100 g. solution or 16.0 wt. % or 10.4 vol. %
or 31.2 mole %.
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Preparative Methods






Preparative Methods

P. W. SCHENK AND G. BRAUER

This part of the book describes special methods and devices for
inorganic preparations. We do not intend to present a compre-
hensive, thorough compilation of all the known methods of prepara-
tive inorganic chemistry, such as given inhandbooks. An enterprise
of that kind would require too much space, and the appropriate
books are already available. Even through the several-volume
treatise by Stock, Staehler, Tiede and Richter is by now partly
outdated, many references, methods and descriptions of apparatus,
useful for solving experimental problems, can be found in special-
ized books, such as those by Von Angerer, Dodd and Robinson,
Grubitsch, Klemenc, Kohlrausch, Lux and Ostwald-Luther [1],
to name but a few. These texts canthus be consulted when the need
arises.

In Part I, only a more or less subjective selection of methods
and devices is presented. This selection was governed by certain
principles. Increased emphasis on greater purity of preparations
and the advent of extreme experimental conditions have imposed
more rigorous demands on the experimental equipment. Porcelain
dishes and beakers must increasingly be complementedor replaced
by more complicated apparatus for the preparation of unstable or
oxidizable substances. Such special demands placed on individual
preparatory steps have often led to the development of general
procedures which can be applied to alarger number of preparations
than was originally contemplated. An effort has been made to ex~
tract such standard methods and techniques fromlater sections and
to summarize them in this first part. Whenever a too detailed de-
scription had to be omitted because of space limitations, at least
the original literature reference is given. In addition to brief
descriptions of the more commonly used and well-known special
equipment, an attempt has also been made to describe some of
the experimental “art,” namely, those little tricks and short-cuts
which with the passage of time have become traditional in almost
every laboratory, but which somehow never seem to find their
way into the literature.
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Assembly of Apparatus

The classic Bunsen support with its clamps and brackets is
still the most frequently used framework for assembling apparatus.
There are various newer variations of it which eliminate the
movement of the clamps when the brackets are tightened.

It is best to assemble a permanent support so that the entire
structure can be easily carried about without having to dismantle it
each time and so that it can be set aside when not in use. Such an
arrangement is especially useful with the most commonly used
pieces of apparatus, e.g., pump assemblies consisting of forepump,
mercury traps and vacuum measuring instruments, or apparatus
used for the preparation, purification and drying of inert or other
frequently used gases. To construct more extensive assemblies,
it is best to interconnect individual uprights with round steel rods
13 mm, in diameter, and to increase the stability of the whole, the
uprights are fastened to similar rods, cemented into the wall,
It is also very helpful to attach strong wooden strips, about 10 cm.
wide, horizontally along the wall above the working benches (one
strip about 30 cm,, the other about 80 cm. above the bench surface).
The rods holding the uprights in place can then be screwed into
wall receptacles (1/4” size, available in hardware supply stores)
which are fastened to the wooden strips. These round wall re-
ceptacles can also be fastened with screws to the work bench to
hold the vertical rods, thus replacing the base plate of the support.
The cross braces fastened to the wall, or else suitable clamps,
allow the work bench supports to be eliminated, and the entire
apparatus can then be mounted directly on the wall. This has the
considerable advantage of leaving the table space free, so that it
can be kept clean more easily, and so that spilled mercury can be
readily wiped up. If the apparatus is very tall, a “gallows” frame
(Fig. 1) canbe used, mounted on a table about 60 cm, above the floor.
This frame is free standing and, as a result, the experimental
apparatus can easily be reached from all sides. Similar structures
can be built on the free-standing center benches of the laboratory
by attaching four vertical rods to the two short sides of a bench
and connecting them horizontally with matching round rods. Suitable
perforated structural steel angles with corresponding bolts and nuts
are available for the various setups, even those built up from the
floor. These perforated angles can be assembled into very stable
structures resembling those whichchildren build from Erector sets.
Additional suggestions and details about frame materials can be
found in G. C. Monch [2]. Inassembling the apparatus, special care
is required in selecting the rightlocation and the proper apparatus-
supporting clamps. Too many clamps, causing stresses which
are liable to break the apparatus, are just as bad as too few
clamps,
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Fig. 1. Frame for setting up a
free-standing experimental appa-
ratus (measurements in cm.),

Glass

The important types of glass used in chemical work are shown in
Table 1,

The chemical composition of the more frequently used types of
glass is shown in Table 2.

The ordinary starting material for the manufacture of laboratory
glassware and connectors consists of glass tubes of circular
cross section. The tubing is designated as hand-drawn or machine-
drawn; the size reproducibility of the machine-drawn tubingis con-
siderably superior.

Glassware is identified by a special brand number and by the
trademark of the firm manufacturing it. A helpful characteristic

Table 1
Linear coefficient of
Type of glass expansion
Flint glass (Kimble) 93 - 1077 (25°C)
Pyrex glass 33 . 10-7 (0—300°)
Vycor glass 8 . 107 (0—300°)
Quartz glass 5. 10-7 (0—300°)
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is the color of the glass, the “hue,” which can clearly be seen
by transmitted light on a freshly broken end piece. The most
common colors vary from yellow to green.

Table 2

Chemical Composition of Some Types of Glass

SiOz |B203|NazO|Kz20{Ca0|{BaOMgO|Alz0s| Fez0s

Flint 67.7] 1.5 | 15.6| 0.6| 5.612.0, 4.0 2.8
glass
(R-6)
(Kimble
Glass
Co.,
Toledo,
Ohio)

Soft

KG-33 |80 | 13 | 4 [<0.1(<0.1 2 | <0.1
(Kimble)

Pyrex 80 | 13 4 1<0.1|<0.1 2 <0.1
(Corning
Glass
Co.,
Corning,
N. Y.)

Hard

Vycor 96 3
(Corning)

In terms of its chemical resistance to attack by aqueous solu-
tions, laboratory glasses are generally classified according to
(a) hydrolytic resistance, (b) resistance to acids and (c) resistance
to alkali, as shown in Tables 3 and 4.

Many more details about the types of glass can be found in
the descriptive literature of the manufacturers,

The various parts of a glass apparatus are assembled into a
unit by using ground glass joints, rubber tubing, stoppers, ad-
hesives and especially by sealing glass tubing together with hand
torches. The handiing of these torches can be easily learned even
by one having no previous knowledge of glassblowing. A glass seal
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Table 3

Hydrolytic Resistance

mifc?ilo 0 2N wetgnt
Glass Conditions Time g- loss,
of powdered mg. /cm.?
glass g )
Flint glass steam at .
(Kimble) 121°c | 30 min. 7.8
Pyrex glass Wats%l;cat 48 hr. 0. 002
KG - 33 steam at .
(Kimble) 121°C 30 min. 0.26
Vycor waté%I;Ca t 48 hr. negligible

at the ends of two glass tubes often can be formed in a shorter time
than is required for careful connection of the tubes with rubber
tubing. The technique of glass blowing is best learned under the
tutorship of an experienced individual; a description of manipulations
can thus be omitted here. However, a few hints will be offered:

1. Use glass tubing and other necessary glass from the same
manufacturer.

2. Protect glass from dust and store it horizontally; if it is
necessary to store it vertically due to lack of space, cover the
openings,

3. Before using, clean the glass tubing by pushing or blowing
through a moist piece of cotton; clean tubes of larger diameters
with a moist rag pulled through on a string; never clean the in-
terior surfaces of glass tubing with anironor steel wire or another
piece of glass tubing. Ignoring this rule is a common cause of
cracked tubing during heating.

4. Only freshly cut surfaces, not touched by fingers, should be
sealed, When it is impossible to trim an end piece in order to
obtain a freshly cut surface, heat the area with a torch and pull off
some glass with the aid of a glass rod, or melt the glass, blow this
area into a thin-wall bubble and strip it off,

5. When working with hard borosilicate glass (Pyrex), oxygen
is added to the air stream through a tee-connector tube.* The
difficulty of working at higher temperatures notwithstanding,

*Blowtorches and hand torches equipped with a valve for oxygen
addition are commercially available.
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borosilicate glasses are more amenable to glass blowing than the
soft glasses because they are much less likely to crack when un-
evenly heated.

Table 4
cle . Weight loss,
Glass Conditions Time mg. / cm. 2

Acid resistance
Pyrex glass 5% HC1 at 100°C 24 hr. 0.0045
Vycor 5% HC1 at 100°C 24 hr. 0. 0005

Base Resistance
Pyrex glass 5% NaOH at 100°C 6 hr. 1.4
Vycor 5% NaOH at 100°C 6 hr. 0.9

Industrial fusion of pure quartz yields clear quartz glass or
vitreous silica. It has the following advantages: low temperature
coefficient of expansion, transparency and relatively good, but
strongly selective chemical resistance. Tubing, ground joints,
etc., of quartz glass can also be made in the laboratory. Oxy-
hydrogen or hydrogen-air flames with additional oxygen are used.
In a pinch, a small industrial oxy-acetylene welding torch will
suffice. Despite the high softening temperature of 1500°C, manipu-
lation of quartz is no more difficult than that of ordinary glass.
However, the following hints will be useful for those working with
quartz glass:

1. Holes often do not close completely in the molten glass; fine
capillaries usually remain open. Such spots must be repeatedly
remelted or drawn together with a thin quartz rod.

2. Since SiO and SiO, vaporize, quartz glass becomes cloudy
in the melted area. Remedy: After completing the main sealing
operation, remelt the whole area until it is clear, using a large
but not too hot oxy-hydrogen flame; if necessary, follow with a
rinse of dilute hydrofluoric acid.

3. Rapid blowing is essential because the viscosity tends to in-
crease rapidly on cooling; blowing is best done with a rubber tube.

4, On cooling or on prolonged exposure to heat, there exists
the danger of devitrification; that is, conversion of the meta-
stable, glassy form to cristobalite may occur, Once it has started,
this process rapidly leads to mechanical failure of the apparatus.
The failure starts preferentially at the externally adhering impurity
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centers and proceeds very rapidly, especially at temperatures in
excess of 1000°C, Consequently, those parts of quartz glassware
which are to be heated and which have already been thoroughly
cleaned (with aqueous solutions or organic liquids such as alcohol,
acetone, etc.) mustnot be touched prior toheating because perspira-
tion (NaCl) acts as a devitrifying agent.

The upper temperature limit, when quartz glass is used in the
absence of a pressure differential, is 1250°C, Unfortunately, evacu-
ated quartz glass flasks start to deform in the 1150°C region. The
devitrification and warping phenomena make quartz glass vessels
unsuitable for experiments in which they must be exposed to tem-
peratures higher than 1000°C over long periods of time.

Glasses which cannot be directly sealed together can be inter-
connected by means of graded seals. Seals having diameters of
7-9 mm, (O0.D,) are commercially available, They consist of a
series of very short tubes, each with a slightly different coefficient
of expansion, In this way, even soft glass can be connected to
quartz glass,

Sealing wires into glass is described in detail elsewhere [2].
With quartz glass only molybdenum can be used.

Cleaning of glassware: Glass equipment is usually cleaned with
CrO3-H,;SO,4 cleaning solution by allowing it to stand in the solu-
tion for some time, and then rinsing with water. Laug [2] cautions,
however, that the glass absorbs CrOg upon treatment with this
cleaning solution. The CrOs; cannot be completely removed, even by
boiling with water. According to Laug, one gram of glass takes up
about5 mg, of CrOga, of which 0.2 mg, remains in the glass even after
repeated boiling with water. In certain cases, it is preferable to
clean the glassware with concentrated nitric acid., Treatment with
alkaline permanganate solution, followed by successive rinsing
with water, concentrated hydrochloric acid, and again with water
is also very effective.

Glass tubing and apparatus parts which cannot be placed in a
drying oven because of their size should not be dried by rinsing
with organic solvents (alcohol-ether, acetone); such solvents are
often contaminated with low-volatility impurities and these, if
left on the glass walls, will cause trouble with sensitive substances,
or at high vacuum. Instead, room air should be drawn through the
tubes or apparatus by means of an aspirator, with only one opening
accessible to the air. This opening should be protected against
dust with a cotton wad or a piece of soft filter paper.

Apparatus that is to be taken apart should be provided with
ground glass connections. One can use for this purpose standard
tapered joints or ball joints. The latter are now manufactured
with great precision and are being used more and more. In many
cases flanged ground-face connections are advantageous (for details
see Monch [2]). The greatadvantage of ball joints is their flexibility
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and easy detachability; they are held together by simple clamps.
Their price, on the other hand, is greater than that of the corre-
sponding tapered joints. Ball joints designation includes the diam-
eter of the tube. The following sizes are available on the market:

12/5 18/7 18/9 28/12 28/15 35/20 35/25
50/30 65/40 175/50 102/75

In addition, the smallest size, with a ball 12 mm. in diameter,
is available with capillaries of 1—3 mm.

The designation of the tapered joints has been changed several
times. Table 5 lists the present standards for the different series.
All joints are ground with a taper of 1:10 [(larger diameter minus
smaller diameter): length of ground portion = 1:10].

The question of which part of the apparatus should carry the
male joint, and which the female, is often hard to decide. The best
general advice that can be given is to keep the reagents free from
contamination. Thus, if the ground joint is tobe greased, the female
should be on top and the male below; in this case, however, cleaning
of the joint is usually more difficult. A groove formed in the ground
surface of the male (“two-zone grinding”)is veryuseful in prevent-
ing penetration of the grease into the apparatus. Parts which are
to be weighed on an analytical balance should carry the male, be-
cause it can be cleaned more easily. It is highly recommended
that small hooks be attached to both parts of the joint, so that the
latter may be held together with springs or rubber bands.

If joints of different materials are to be assembled and heat is
to be applied, the female should always be made of the material
with the higher expansion coefficient. This applies especially to
glass-quartz joints. In an assembly consisting of a glass male and
a quartz female, the latter will, as a rule, crack on immersion in
boiling water.

Greasing of stopcocks and other ground joints, as well as
suitable lubricants and adhesives, will be discussed later. In some
cases, it is advantageous to make the connections by cementing and
without using any ground joints. This method is especially useful
when very large tubes are to be connected, since such cemented
seals, if correctly prepared, can be removed without shifting the
other parts of the apparatus. The seal is made with a glass sleeve,
as shown in Fig. 2. It is best to polish the two butting edges (so
that the cut on each is straight) and to interpose a narrow, annealed
copper ring, especially if the apparatus is to be evacuated; other-
wise, the glass edges may splinter due to the compressive force
of atmospheric pressure, To secure sufficient adhesive strength,
it is important that the cement be melted by warming the supporting
glass. This is especially important with metal cements, since in this
case leaks cannot be easily detected. To heat the places to be
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Table 5

Designation and Measurements of American Standard Taper
Ground Joints (CS 21—-39) *

Long Medium Short
5/20 5/12 12/10
7/25 7/15 14/10

10/30 10/18 19/10

12/30 12/18 24/12

14/35 14/20 29/12

19/38 19/22 34/12
24/40 24/25 40/12
29/ 42 29/26 45/12
34/45 34/28 50/12
40/50 40/35 55/12
45/50 60/12
50/50 71/15
55/50

60/50

71/60

* The first number inthe designation indicates the larger
diameter of the ground section; the second, the length
of the ground section.

cemented, one can use a small pilot flame, 10—15 mm. long, created
by a glass or metal tip.

If certain precautions are taken, metals canbe easily and tightly
sealed to glass, This is especially true of Kovar tubing, which can
be sealed to Pyrex glass.

;cement

Cu ring

———

Fig. 2, Cementing large glass tubes

With rubber hose connections the edges of the glass tube should
be fire-polished. If this is not done, small rubber particles may be
scraped off and jammedbetween the hose and the glass wall, causing
a leak. If the hose is lubricated with silicone grease, instead of
glycerol or oil, it will not stick. “Frozen” rubber hoses should be
cut off. Losing a piece of rubber tubing is preferable to breaking
the glass. If one should have occasionally to remove a thermometer
(or similar device) stuck in a valuable large rubber stopper, a cork
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borer, well lubricated with glycerol, should be introduced between
glass tube and stopper and the borer retracted several times, while
adding more glycerol,

If rubber stoppers are to be bored, the borer should never be
turned in one direction only; instead, the direction should be changed
after each half turn, withdrawing the borer several times in order
to add moreglycerol. Otherwise, the hole gets continually narrower,
since the rubber core inside the borer also turns. The hole is
then not cut by the sharp edge of the borer but, instead, the rubber
is torn out.

Ceramic Materials

The refractory ceramic materials used in the laboratory can be
classified, as in Table 6, according to their properties and main
ingredients. Unlike glass vessels, their shaping is finished before
the high-temperature treatment (firing). Only limited subsequent
treatment is possible and this is restricted to mechanical modifica~
tion (grinding, cutting). Since firing is accompanied by shrink-
age, close tolerances can be maintained to a limited extent only.
These characteristics restrict ceramic laboratory ware to certain,
usually standardized items, e.g., straight tubes, rods, crucibles,
dishes, boats, etc.

Group 1. These materials, which consist essentially of A1,0,4
and SiO,, are resistant to extended heating at higher temperatures,
but are often not as gas-tight as pure SiO,, although some of them
come close in this respect. Gaspermeability depends very much on
the temperature and increases with rising temperature. Inaddition
to the well-known laboratory porcelain ware, some manufacturers
have developed special items which have higher chemical or
temperature resistances (cf. synopsis in Table 11). The maximum
use temperature for these materials increases with the Al.O,
content. Again, because of the typical ceramic method of manufac-
ure of these materials (shaping, firing), only some, usually stand-
ardized, laboratory items can be made (straight tubes, rods,
crucibles, dishes, boats, etc.). Glazes are applied only to porcelain.
Ability to withstand temperature changes is much lower than with
pure silica.

Chemical resistance at high temperatures is poorest toward
alkaline and strongly reducing materials (e.g., active metals).
Again, chemical and thermal resistance increases in proportion
to the Al1;0,content.

For special purposes (e.g., high chemcial resistance), materials
of Group 1 can be lined with substances which by themselves
are not suitable for ceramic manufacture (for example, MgO, CaO).
For example, according to Goehrens [3], one can apply to the vessel
a paste made of a mixture of finely ground, weakly ignited and
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Table 6

Group Body composition Designation

Dense

1 a| Aluminum silicate (mullite)| Lab. hard procelain

(silicate vitreous bond) (20-30% Al,0,)

1b| As la, with special refrac~| Sillimanite 10a and other
tory additions, e.g., special porcelains
corundum, sillimanite,
and others

2 Sintered oxides with high Sintered alumina,
m.p., “single phase magnesia, beryllia,
materials” Al, 0, MgO, zirconia and thoria

BeO, ZI‘Oz, ThOz

Porous
3 Same as 1, but less strong | Fire clays, mullite,
vitreous bond; partly pure sillimantine, corun-
oxides dum (kaolin-bonded)
4 Carbon Electrode carbon, retort
graphite, graphite (clay-
bonded)

coarse, strongly ignited magnesia in a saturated MgCl, solution.
This is then transformed by drying and gradual heating into a well~
adhering protective layer of MgO. In order to deposit a CaO layer
(which, among others, can also be applied to ferrousvessels)
calcium oxide is made into apaste with calcium nitrate; or, accord-
ing to W. Jander [3), a paste of CaO and water is painted on to a
thickness of 0.3—0.4 cm. Drying and subsequent heating should
start at 40°C and be increased very slowly up to red heat.

Group 2. For work at very high temperatures, reaction vessels
made of ceramic oxide compounds have proved especially suitable;
this refers to vessels which have been made by sintering oxides of
high purity and of very high melting point. Such materials excel
in their resistance to high temperatures and in their remarkable
tolerance of a wide range of materials at high temperatures. For
almost every material to be melted there canbe found an especially
suitable ceramic oxide material, as is shown below. Because of
the difficulties encountered in ceramic manufacture, the best
thermal and chemical resistance characteristics can be achieved
only at some sacrifice of flexibility inthe choice of ceramic shapes.
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In the following tables (7—11), which summarize the available
practical experience and offer some suggestions for use, the mean-
ings of the symbols are: +++ not attacked; ++very slightly attacked;
+ slightly attacked; — strongly attacked; — — very strongly attacked;
— - — completely destroyed.

In using the physical technique of vapor deposition of thin sur-
face layers, some knowledge has been gathered about compati-
bility between the boat and crucible materials and the reagents
heated in these vessels (cf. Auwarter [4]). Table 12 summarizes
these data.

Group 3. Besides the materials of Groups 1 and 2, porous
ceramics are important, These often are more resistant to

Table 7

Behavior of Ceramic Oxide Apparatus with Fused Metals

Metal °C Al,04 Zro, MgO BeO
Li(Hy)* 700 —_ +4* —_ _
Na(H,) 700 +++ +++ +++
K(H,) 800 ++ +++ +4++
Cu(ox) 1200 -+ +++ +
Be(H,) 1500 —_— 4+
Mg(H,) 800 ++ +++ +++ —_—
Ca(H, 1000 A+ - + _
Al(H,) 1000 +++ +++ ——— _
Si(H,) 1600 ++ +++ —_ _
Ti(H,) 1800 + + —_—

Zr(Hy) 1700 — ++ +++ ++
Sb 800 +++ +++

Bi 600 +++ +++

Cr(ox) 1900 —_— —_—

Cr(Hy 1900 +++ ++ -

Mn (ox) 1600 —_— —_— _

Mn(H,) 1600 ++ ++ +

Fe(ox) 1600 —_—— —_— —_
Fe(H,) 1700 +++ -t o ok

Ni 1600 o+ ++ o HK

Co 1600 -+ -+ e ok

Pb 600 +++ ++ A+

Pt 1700 -+ +++ kK

Au 1100 ++ +++ 4 Hk

* Only after previous coating of the crucible with molten LiF.
** Vessels made of impure oxides are less resistant.
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Table 8
Behavior of Ceramic Oxide Apparatus with Liquids

Agent °C A);0, Zr0, BeO
H,SO4 conc. 338 ++ + —_
HC1 conc. 110 + ++ —
HNO, conc. 122 + ++ +
HF conc. 120 ++ +++ —_—
H,PO,4 conc. ++ ++ —_
NaOH 20% 103 ++ A+ ++

temperature changes. This latter characteristic is sometimes com-

bined with higher maximum use temperatures.

Some of these

materials are also available as pastes (insulating compounds).
Group 4. In thisgroup, use is made of the extremely high melt-
ing point of carbon, which is usually not reached in practice.

Table 9

Behavior of Ceramic Oxide Apparatus with Oxides, Hydroxides,
and Carbonates

Agent °C A1203 ZI‘02 MgO BeO
Na,0, 500 4+ ++ ++
NaOH 500 - 4+ -+ ++
KOH 500 +++ ++ ++ ++
Li,COq 1000 +++ ++
Na,COs 1000 +++ +++ +++
K,CO4 1000 +++ —_

Cu,0 1300 -+ +++ -+
B,04 1250 +++ - —_— ++

. 1780 + ++ —_ -
510, 1900 —— —
PbO 900 - —_— 4+
Sb,04 850 +H+ ot
Cr,04 1900 - —_ —_ -
MoO, 800 4+ ++ —_
W03 1600 - ++ -
Mn,O;4 1600 2
Mn;0, 1700
FeO 1500 ’ All of these materials are
Fe,04 1600 S destroyed.

POy 600 ++
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A number of apparatus components made of pure carbon, pure
graphite or ceramic bonded carbon are commercially available,
The additives, however, cause some reduction in refractive proper-
ties as compared to pure carbon.

Smaller utensils can easily be prepared in the laboratory from
pieces of pure synthetic carbon or graphite, Tubes, plates, valves
and other shapes made of pure graphite, as well as of graphite
reinforced with synthetics, are commercially available,

Metals

Although glass and ceramics are the principal materials for
chemical apparatus, metals and their alloys are indispensable
for many applications. They are superior to glass and ceramics
in their high thermal and electrical conductivity, mechanical
properties and in their higher ability to withstand temperature
changes. In addition, their specific chemical resistance may be
important in certain cases. Thus, reactions with fluorine or free
alkali metals require use of metal vessels. Metal vessels are
also indispensable for high-pressure work.

COPPER

In addition to applications resulting from its electrical conduc-
tivity, copper is very useful as a material for vessels employed in
work with fluorine (for details cf. Part II, 3 and 4). Aside from
this, copper is frequently used for cooling coils and other heat ex~-
changers. Copper tubing of many different sizes is available on
the market. It is annealed before use, allowing it to be easily
shaped. Since it hardens again on bending, a second annealing may
be necessary. Flexible conduits, e.g., connections to steel cylinders,
are best made of thin-walled copper tubing, which can be either
soldered (hard or soft solder) to the connecting valves or fused to
special glasses. Copper develops fissures when heated to red heat
in a hydrogen stream. Seamless tombac (a zinc-copper alloy)
tubing (also called “spring-tube,” “metal-bellows tubing”) is more
flexible than copper for this purpose (cf. below, Fig. 50 a). Its
flexibility is improved by corrugating the tubing walls. Tombac
tubing should not be annealedor joined withhard solder. It is joined
either with soft solder, or througha special commercially available
threaded fitting. The inside grease coating, applied during manu-
facture, is removed by rinsing with ether and drawing air through
while gently heating.

Where low heat conductivityis desired, German silver or similar
alloys are employed (cf. Handbook of Chemistry and Physics, Chem-
ical Rubber Publishing Co., Cleveland, Ohio).
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Table 11. Summary of Properties and Usefulness
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wral e : g =2 o ogis 7] g
SE|SEE S| a3 | 35% | 2By | 5| &%
S Q=83 = S8 295 <38 a B o
Quartz
. . ca, very =% 1.08 kecal./
(Vitreosil) 1250 excellent 10 2.1 -
(fused silica) 1500 good m. hr, "C
glazed {1100 _ at 20°C
Hard porcelain Saol1680 | very ?::i;r 107 2.46 | 1.23 keal./
unglazed |1300 g y m. hr. °C
2005{ 1500 (1540 (1850 fairly good
FE 2107 1750 fairly good 2.2
Fire clay
HK 5/, 7% 1700 1;;6 fairly good 2.4 | good
R ggg 1600 1825 | porous |verygood good
Sillimantine
60( 1600 porous |verygood
M;‘;‘;‘:‘z:‘glaze 4 |1700 1825 | porous |fairlygood | 1075
K-mass (high
alumina) heat ca er at 20°C
resistant porce-| 1700 600 | vooy  |firlygood | 1076 2.46 | 1.72 keal./
lain g m. hr. °C
im- depending
ca. hbove | 1M . ~0.5 "
- on the tem-
10 a 1700 1800 ;;zl'gn; quite good 10-5 2.85 :sl.(mrle:/
.4 keal,
Sillimanite gases m. hr. °C
slightly ~0.6- | 2.0 keal./
H |1700 1850 |7 rous | 8904 105 2.3 | 20 kal/
Pythagoras
mass (a hard 1700 lgfa)b 1820 |very good|fairlygood 10°% 2.9 ;“2 ;‘:a}é
porcelain) s
Sintered Inot
zirconia 1750 [1600 |cons- sli%l;;lsy good 4 low
(ZrSi0y) tant | P

Selection and data in this table were made for the purpose of gener-

al orientation only.

Their properties cannot therefore be guaran-
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Chemical properties

Behavior toward other
materials cited in
this table

Range of application

Begins to devitrify above 1150°C.
Resists all acids, except conc.
phosphoric (above 300°C) and HF,
u? to thetmai:h;r‘u]xom gempera&ures
of uge; attacke: ases an
msi?: bxirsgs v

Resistant to all raw
materials mentioned
here

Vessel material for metallic
alloy and acid oxide melts.
Attacked by Al, Te, Mg, and
Mn at high temperatures.

Good chemical resistance, espe-
cially to acidic fluxes, except HF
and H,PO,; somewhat attacked
by strongly alkaline fluxes

Vessel material for metallic,
alloy and salt melts up to
1250°C

Resistant to basic steel melts
fluxes; slightly attacked by acid
steel melts

Satisfactorily resists alkaline
melts and acid fluxes

Vessels for metallic melts
(steels)

Resistant to flue dust and furnace
gases; reducing up to 1600 °C,
oxidizing up to 1300°C

Stable in reducing and oxidizing
atmospheres

Not attacked by Al,0,.
Caution required with
basic oxides, espe-
cially MgO

Protective tubes for tem-
perature measurements
(thermocouples) and for
furnaces

Similar to porcelain, but more
basic

Vessels for metal melts

Considerably higher chemical re-
sistance than that of porcelain;
more basic than porcelain

Vessels for metallic, alloy,
salt and glass melts

Good resistance to melts, espec-
cially acidic ones

Resistant to attack by ash
components and flue dust

Compatible with all
other materials con-
taining alumina and
silica

Vessels for metallic and alloy]
melts (Tamman crucible),
protective tubes for pyrom-
eters.

External protective tubes for

yrometers; sheathing tubes
oti-lelectricwven heating
coils

More resistant than porcelain to
all forms of chemical attack. Re-
sistant up to 1600°C to most acid
fluxes

Vessels for metallic, alloy,
salt and glass melts

Resistant to acids; attacked by
basic substances at high
temperature

Least compatible with
BeO, MgO

Vessels for metallic and alloy|
melts

teed and this table should not be interpreted as recommendation of

specific products.
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Table 11 (continued)
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Corundum
bonded with under
kaolin, sin- 1800(1700 porous good 3.5 good
tered 2000
(Al 0, + 5%Si0,)
Sintered aluminaj1850, 10~7 34—
(Al 03) poss.|1750 | 2050 | good good to 3 9 good
more 10-6 :
Sintered
s ndert very very
:g:g)lm h200 | 2150( 2650 | good good 2.9 good
Sintered
magnesia 2200 | 2000] 2700 | porous mwoigately 10-5 2.8 good
(fused MgO) g
Sintered
zrconia 2500 {1900 |2700 ‘;‘;fgfg low 107 [5.4 low
(Z2r0;)
Sintered high
thoria 2700 |1950{3000 | good poor [thermal g5 | jow
(ThO ) expansion
2 coefficient
bove practi- very -4 ca. |3.5—8 kcal./
Carbon 3000 2" bally [POTOUS | oood 10 1.5 |m. hr.°C
infusi-
ble
e‘ practi-
Electro- abov bally % 1.5— | at 20°C
graphite 3000|"°"® §nfusi- very good | 10 1.7 100 kecal,/
ble m. hr. °C
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Chemical properties

Behavior toward other
materials cited in
this table

Range of application

Resistant to alkali, alkali metals
and other metals as well as glass
and slag fluxes. Not attacked by
chlorine, carbon, carbon monox-
ide, hydrogen, hydrocarbons,
etc., even at highest use tem-
perature. Scarcely attacked by
even the strong mineral acids,
e.g., hydrofluoric or sulfuric

Incompatible with
Zr0O,, ZrSiO, and
BeO; compatible with
other oxides. Caution
recommended with
ThO, at temperatures
over 1500°C

Vessels for high-melting

metallic and alloy melts

Resistant to alkaline materials
and to reduction by molten metals,
carbon, carbon monoxide and
hydrogen. Attacked above 1800°C.
Incompatible with SiO,

Compatible with ZrO,
up to about 1850°C; in-f
incompatible with
other oxides

Vessels for high-melting
metallic and alloy melts

Resistant to basic materials even
at the highest temperatures. Not
resistant to (strongly re-

ducing) carbon at high tempera-
tures

Least compatible
with ZrSiO,

Vessels for high-melting
metallic and alloy melts

At the highest temperatures, re-
sistant to a very wide range of
acid and basic materials. Car-
bide formation with carbon at
high temperature

Very poor compati-
bility with Al,0,

Vessels for high-melting
metallic and alloy melts

Resistant at extremely high tem-
peratures, especially to alkaline
materials. Stable to reduction
by high-melting metals. Car-
bide formation with carbon at
high temperatures

Relatively good com-
patibility with all
oxides; best with
ZrO,

Vessels for high-melting
metallic and alloy melts

Resistant to acid and basic fluxes
if these do not oxidize. Some
surface contamination when
metals are fused in vessels

made of this material

Formation of SiC
above 1400°C on con-
tact with silica-
containing materials

Vessels for silicate melts,

sinter processes, pro-

duction of refractory metals

and reduction of metal
oxides

Highly resistant; attacked only by
oxidizing agents, e.g., air

above 550°C, steam and CO,
above 900°C; stable to metals,

if these do not form carbides.
More suitable for melting ex-
periments than carbon crucibles
because less reactive

If the other material
contains Si0,, silicon|
carbide is formed
above about 1300°C.
Stable Al,0,, BeO,
and MgO up to about
1800—1900°C

Same as carbon
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Table 11 (continued)
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SEl3Esl 5 | 8% | 28L | £B% S| &5
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Silicon - slightly 0.5 8.5—4.8
carbide (SiC) 1500 porous very good 105 2.2 keal./
1500° m. hr. °C
almost
Graphite- imperm- _
bonded clay 1?786‘0 iggg' eable to fex:tel 1.6 very good
(crucible) gases
when
glazed
SILVER

Silver, like copper, is used for its high electrical and thermal
conductivity and further, for its resistance to fused alkali. Pure
silver crystallizes on extended heating at red heat and becomes
brittle. An alloy with 0,1% nickel is free of this drawback.

GOLD

Pure gold is too soft for laboratory ware. Gold-platinum alloys
are sometimes used for their alkali resistance.

PLATINUM GROUP METALS

The metals used include platinum, rhodium, iridium and palla-
dium. Precautionary measures tobetaken in handling platinum are
well known through the literature circulated by firms producing
noble metals (cf. also Part II, 29, Platinum Metals), Rhodium is
ordinarily used only in alloys. However, it can also be used for
extremely high-melting crucibles, provided appropriate steps are
taken to compensate for its tendency to oxidize in air. Platinum-
rhodium alloys can withstand very high temperatures because their
vapor pressure is very low. They can thus be used for heat con-
ductors and thermocouples. Although iridium has an appreciably
higher melting point than platinum, its vapor pressure is more
than ten times greater. In spite of this, it is suitable in special
cases for vessels in which strongly basic oxides, like BaO, are to
be heated in an oxygen-containing atmosphere. For example, it
was used in the form of a channel heated by direct passage of
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Behavior toward other

Chemical properties materials cited in Range of application
this table
Resistant to attack by ash Good compatibility Suitable as external
components and flue dust with alumina and protection tube for pyrom-
silica materials eters due to its good
heat conductivity

Attacked by alkaline fluxes. Vessels for all metallic
With melts low in carbon and melts, except electron
containing Fe or Ni, possibility metal

of carbonization; this can be
prevented by an interior lining

current [G. Wagner and H. Binder, Z. anorg. allg. Chem. 297,
328 (1959)]. Platinum-iridium alloys are very hard and can be
employed as electrodes in the preparation of ultrapure chlorine
by electrolysis of acidic saline solution, provided they contain
a sufficiently high percentage of iridium. Palladium is cheaper

Table 12
Behavior of Some Materials that can be Vaporized in a High

Vacuum with Common Crucible Materials at Temperatures Above
1000°C (++ very suitable; + suitable; — unsuitable)

Crucible material
Heated material ol w % elolelA
(Vaporization temperature, °C)| B |2 | F | < | N | @ | & | N
Al (1300) + | = =+ =] + |+
Ti (1800) + | =] — ++
TiO (1600) | =] - ++
Cr (1550) ++ |+
Fe (1550) +
Si (1550) +
Sio (1250) | | |
Ge (1100) +
CeO, (1850) + | +
MgF, (1050) | A A | A
ZnS (1000) | | A |
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than platinum and is used as an alloying agent. The high perme-
ability of red-hot Pd to hydrogen is used for the preparation
of very pure hydrogen.

TUNGSTEN, MOLYBDENUM, TANTALUM, NIOBIUM

This group of metals possesses the highest melting points, lowest
vapor pressures, high strengths and low coefficients of thermal
expansion., They find many uses in the laboratory (tungsten and
molybdenum furnaces, seals with quartz and other glasses, etc.).
These metals are commercially available in large pieces, sheets,
tubes, wires, etc. At higher temperatures a protective atmosphere
or a vacuum is absolutely necessary. In the case of Mo and W,
the protective blanket may consist either of inert gases or of
hydrogen or a hydrogen-nitrogen mixture (synthesis gas). However,
only the inert gases should be used for niobium and tantalum,
Tantalum has a very high chemical resistance, with special resis-
tance to hydrogen chloride. Molybdenum is stable to free alkali
and alkaline earth metals even at high temperatures.

IRON AND NICKEL

Their use in the laboratory is well known., Very pure iron (e.g.,
carbonyl iron) and pure nickel, and sometimes also high-grade
alloy steels, serve as crucible and boat materials. In particular,
they are resistant to liquid and gaseous alkali and alkaline earth
metals at high temperatures.

JOINING BY WELDING AND SOLDERING

Welded joints are the best for most uses. Platinum group metals
are either welded directly in an oxy-hydrogen flame by melting to-
gether (thermocouple wires; see below under Thermocouples),
or they are heated to bright-red heat and joined by a sharp hammer
blow. Welding of other metals should be entrustedto an experienced
specialized machine shop (see Angerer [1]).

Hard soldering is applicable in most cases. Spelter solder,
silver solder (m.p. about 700°C) and pure silver (m.p. 960°C) are
used. The cleaned junctions are sprinkled with a generous amount of
borax, and when they are sufficiently hot the solder (as powder or
as wire) is added. With a large amount of borax and pure silver,
even Mo and W can be hard soldered.

Soft soldering with a lead-tin solder is common. This is usually
done with a soldering fluid (a solution of ZnCl, in HCI) or soldering
paste to deoxidize the junctions. However, a thorough mechanical
cleaning of these junctions is also essential. Special solders for
aluminum are also commercially available.
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GLASS TO METAL SEALS

The compatibility of Pyrex and Kovar has already been men-
tioned. Platinum and Pyrex are alsocompatible as are tungsten and
uranium with Nonex glasses, Other metals may be used with special
glasses available from the Corning Glass Co., Corning, N, Y, Only
those metals whose coefficients of thermal expansion between room
temperature and the transition point of glass differ by not more
than 10% can be used for making glass to metal seals.

For more information, see [5].

Plastics

Among the many kinds of plastics, some have secured a perma-
nent place in the laboratory, mainly because their resistance to
acids (especially HF) and to alkalis. Plastic tubing is transparent
and very durable; its advantage over rubber tubing is that it is
rather stiff and does not pinch. Plastic tubing should be slightly
preheated before slipping onto a glass tube (by dipping into hot
water, for example) and greased with a drop of oil. Thermoplastic
materials (Plexiglag) are readily workable by bending (when heated),
sawing, turning and cementing. They can be welded with a simple
hot-air device constructed for this purpose. In this device, the
temperature of the hot air is readily controlled and the welding rod
is of the same material as the other parts,

Polyethylene is resistant to strong acids and bases. It is attacked
by halogens. It can be used up to 70°C. On cooling with liquid nit-
rogen it invariably develops fissures. It is joined by heat sealing.

Polyvinyl chloride is resistant to strong acids and bases.

Teflon and Kel-F are especially resistant to boiling concentrated
mineral acids, including aqua regia, and to free halogens and most
organic solvents, (Teflon = polytetrafluoroethylene; Kel-F = poly-
trifluorochloroethylene.) While both of these materials are some-
what difficult to form and machine in the laboratory, they can be
used up to almost 300°C,

Pure Solvents

VERY PURE WATER

See also Part II, 1. Many excellent devices for producing single
and double distilled water are available. Ion exchange purification
is suitable for many purposes. For small-scale conversiona make-
shift apparatus of this nature can easily be constructed: e.g., a
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glass tube 50 cm. long, 3-4 cm, diameter, filled with granulated ion
exchange resin, Large-scale apparatus with electronic purity
control is commercially available,

ALCOHOL

The customary method of dehydration with quicklime yields appr.
99.5% alcohol, which is satisfactory for most purposes. For a
purer product, this can be further dehydrated by refluxing with
calcium chips, followed by distillation. It is better to perform
the regular distillation over lime not in a round-bottom flask but
in a copper still, which can be heated in an oil bath to 150°C, Only
in this way can the major part of the alcohol used be recovered,
since without vigorous heating a considerable amount is retained
by the lime. Such a still with a removable head pays for itself
after a short time, since glass flasks frequently break when the
solidly adhering lime cake is being removed. Even better, alcohol
can be heated with lime in an autoclave for 1-2 hours at 100°C,
and distilled off by opening the valve. Quick water removal can
also be achieved by boiling with calcium carbide (175 g, CaC,per
1000 g. alcohol; reflux 30 min,; add 1 g. CuSO,; reflux another
15 min,, then distill off, Caution! Use only a water bath for heating;
the copper acetylide formed is explosive. The product is almost
99.9% alcohol. Very pure zalcohol can also be obtained by de-
hydration with magnesium, A small amount of lime-dehydrated
absolute alcohol is added to a small excess of magnesium turnings
in a flask equipped with a reflux condenser. The quantity of turnings
(for binding the water) is calculated onthe basis of the total amount
of alcohol, according to the method of Grignard. Following the
addition of a few grains of iodine, the flask is heated to boiling.
After the start of the reaction, commercial 96% alcohol is added
slowly through the condenser; the alcohol in the flask should, how-
ever, never become too diluted with water or the reaction will stop.
Finally, the alcohol is distilled off, About 75-100 g. of Mg is re-
quired per liter of alcohol. Methanol can, of course, be dehydrated
the same way. The troublesome heavy bumping encountered during
distillation of alcohol from lime can be avoided if the alcohol is
always kept at the boiling point. In other words, after the dehy-
dration is completed, the condenser head should be switched from
the reflux to the distilling position while the solution remains
boiling. Another efficient dehydration procedure for predried al-
cohol is refluxing for two hours with an addition of sodium (7 g. /liter)
and diethyl phthalate or diethyl succinate (25g./liter), followed by
distillation of the alcohol from the high-boiling ester [Smith, J.
Chem, Soc. London 1927, 1288; see alsoJ, Amer. Chem. Soc. 53, 1106
(1931)]. The last method yields a product with a water content of
less than 0.01%. For determination of water content, see E.
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Eberius, “Water Determination with Karl Fischer Reagent,” 2nd
edition, Weinheim, 1958,

ETHER

Preparation of absolute ether by shaking with CaCl,, allowing
it to stand over sodium wire and subsequent distilling is well known.
Peroxides, which can be easily detected in ether with a titanium(IV)-
sulfuric acid mixture, are removed by shaking with a solution of
600g. FeSO,, 60 ml.H3S0 ,and 1100 ml.water in a separatory funnel.
Separation of the layers is followed by distillation. Equal volumes
of ether and solution are used. It is then stored in well-filled
bottles over sodium wire,

For the purification of other organic solvents, consult the well-
known textbooks on methods of organic chemistry.*

Mercury

Mechanical impurities are removed by filtration through leather,
a glass suction funnel, aporcelainfiltering crucible or by the make-
shift device of filtration through a paper filter, the apex of which
has been pierced several times with a pin.

Dissolved base metals are removed by shaking with oxidizing
agents or acids, or by aeration; these processes are preferably
combined, as illustrated in Fig. 3. Shaking with 5% mercury nitrate
solution containing 15-20% HNO,, then with very dilute HNO,,
and finally with water is also recommended. Recently, treatment
with cold, saturated KMnO 4 solution was indicated to be very effec-
tive. The mercury should be shaken repeatedly with fresh solution
until the color of the KMnO, no longer changes over a period of
half a minute. It is then washed with water, allowed to settle and
acidified with a small amount of HNOg,; with this treatment the Hg
coalesces. It is then washed, dried byheating in vacuum and finally
distilled.

Suitable devices for distillation, for example, that shown in Fig,
4, are commercially available. Figures 5 and 6 illustrate types
of apparatus readily made from Pyrex glass [cf. D. Goux,
Chim, Ind. 70, 216 (1953)]. The apparatus is attached to a suitable
stand and a small red control lamp is connected in parallel to
several coils of the electric heating element. Once the apparatus
is evacuated at 7, it will keep on continuously evacuating itself,

*For example, C. Weygand, Organisch-chemische Experimen-
tierkunst [Technique of Experimental Organic Chemistry], Leipzig,
1948,
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should traces of gas enter along with the impure Hg, since tube B,
assuming its diameter is not larger than approximately 2 mm., acts
as the down pipe of a Sprengel pump.

Pure Hg should leave behind no “tail” on decanting. Mercury
tongs or a mercury pipette (Fig. 7) may be used to pick up spilled
Hg. The pipette is operated with an attached vacuum pump (water
aspirator). With this device, spilled Hg can alsobe retrieved from
cracks.

Sealing Materials and Lubricants

The choice of sealing materials and lubricants deserves
particular consideration, especially since a great number of
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suitable substances are available today to meet even specialized
requirements.

LUBRICANTS

These are principally used for ground joints and stopcocks.
Numerous commercial productsare available; of these, the following
are most frequently used:

Ramsay grease has many uses and is commercially available
in two forms: ‘‘viscous,’’ chiefly for standard stopcocks and
ground joints, and ‘‘soft,’”’ for large stopcocks and ground joints
as well as desiccators, and for use at lower temperatures. This
lubricant satisfies most of the requirements of preparative labora-
tory technique and even suffices for high-vacuum work. It can be
prepared by mixing paraffin, vaseline and crude rubber (1:3:7
up to 1:8:16).

Apiezon greases are rather expensive, but indispensable for the
most stringent conditions of high-vacuum work, Their vapor pres-
sure is immeasurably low at room temperature. They are also
rather resistant to halogens but, because of their greater fluidity,
have the disadvantage of being more easily squeezed out of the
lubricated surfaces when used for large stopcocks and ground
joints, This can be prevented if a band of Ramsay grease is placed
at the upper part of the stopcock or ground joint, The Ramsay
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grease has less tendency to flow because of its rubber content.
In this case, care must be taken that the Ramsay grease does not
get into the apparatus to be evacuated. Apiezon grease is com-
mercially available in two consistencies, P and R; P is the most
widely used.

Silicone grease, which is chemically very resistant, is also
recommended to prevent rubber from sticking to glass. Its vapor
pressure at room temperature is immeasurably low. It is also
serviceable at rather high temperatures., The author has ob-
served that, with this grease, stopcocks that have not been
used for a rather long time have a tendency to stick, When
warmed, however, they can almost .always be readily loosened
again.

Greaseless lubricants. If ground joints or stopcocks come into
contact with organic solvents, the use of the previously mentioned
lubricants is inadvisable. In these cases, a mixture of melted sugar
and glycerol can be useful, Kapsenberg recommends triturating
25-35 g. of dextrin ina porcelaindishwith 35 ml. of glycerol, added
gradually, and then heating the mixture over a free flame, with
stirring, until a grease of honeylike consistency is formed, This is
heated twice until it foams and is then filtered through cotton wool.
It should be stored in a glass-stoppered bottle. It is hygroscopic
and somewhat more viscous than vaseline. Apaste made from very
fine bentonite with glycerol is frequently useful.

Stopcock greases stable to chlorine can be obtained by chlori-
nation of paraffin-stearin mixtures at 150°C and additional treatment
with NOCl. The chlorinated mixtures are degassed by heating in
vacuum, At higher temperatures perchloronaphthalene may also
be used as a lubricant. Apiezon greases are also fairly stable
to chlorine, even without preliminary treatment.

REMOVABLE CEMENTS

Suitable cements should have low vapor pressures and should
not be too brittle.

Picein, vapor pressure approximately 1074 mm. (20°C), is
useful, It may be used up to approximately 60°C, and is readily
soluble in benzene and toluene. Other waxes with low vapor pres-
sures and variable hardnesses and usable up to 80°C are available
from the J. G. Biddle Co., Philadelphia.

In place of the opaque, black picein, clear and transparent
polyvinyl acetate may also be employed. Those polyvinyl acetates
which soften at a low temperature are used in a manner similar
to picein. It should be noted, however, that polyvinyl acetate chars
rather easily when in contact with a free flame. Polyvinyl acetate
is insoluble in water and aliphatic hydrocarbons but is soluble in
esters, ketones, chlorinated hydrocarbons and benzene.
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Polyethylene, in the form of a film placed between the previously
heated surfaces of a ground joint, is especially suited as a sealing
material for joints used at higher temperatures.

CEMENTS FOR HIGHER TEMPERATURES

Silver chloride, melting point 455°C, adheres excellently to
glass, quartz and metals, but only if (according to Stasiw and also
Von Wartenberg) a few small granules of AggzO have been dis-
solved inthe previously fused AgCl; the Ag_ Ois dissolved essentially
without decomposition. Monch recommends lowering the melting
point by addition of T1Cl, A mixture of 27.2 g, of TIC1 and 18.2 g. of
AgCl melts at 210°C, A mixture of 3g. of TICl, 4 g, of AgCl and 6 g.
of Agl melts still lower (131°C) [R. O, Herzog and H. M. Spurlich,
Z. physik., Chem. (Bodenstein Anniversary Volume), 241 (1931)].

Alloys. Wood’s metal, Rose’s metal (see section on Alloys).
Alloys of 40 parts Bi, 15 parts Hg, 25 parts Pb, 10 parts Sn and
10 parts Cd adhere especially well to glass. Pure indium metal
(m.p. 155°C) and various indium alloys (for example, 50% In +50%
Sn, m.p. 117°C) are suitable for joining metal to glass, quartz
or ceramics. The surfaces of theparts mustbe veryclean. Precau-
tions should be taken withregardtothe temperature ranges suitable
for the various alloy cements and for the materials tobe cemented.

PERMANENT CEMENTS

Glycerol-litharge cement. Glycerol is dehydrated as completely
as possible by heating at a high temperature; litharge is likewise
heated at 200 to 400°C. After cooling, 20 g. of litharge is
stirred with 5 ml. of the anhydrous glycerol. The surfaces to be
cemented are rubbed beforehand with glycerol. Setting time, ap-
proximately 1/2 hour. The cement withstands temperatures up to
approximately 300°C. The cemented spots can be loosened with a
strong sodium hydroxide solution.

Waterglass cements, Mixtures of feldspar and waterglass or
of talc and waterglass are serviceable up to quite high temperatures.
The two components are stirredtogether to form a thick paste and the
cementedparts are thenfirst allowed todry in the air and later, slowly
inthe dryingoven. The cement withstands quite high temperatures.

Zinc oxide cements, Zinc oxide, stirred with zinc chloride
solution, hardens in a few minutes to a stonelike mass. Dental
cement (obtainable from dental supply houses) also belongs to the
class of zinc oxide cements; it consists of a solid and a liquid
component and after trituration hardens in a few minutes. The fact
that the volume remains constant on hardening is especially ad-
vantageous.
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Bakelite cements. Bakelite lacquer is used as a cement and the
cement is then heated in the drying oven. In this way, solidification
to a very hard mass takes place. Mixtures of Bakelite with talc,
prepared chalk or kaolin may also be used as cements.

Epoxy resins, when mixed with a hardening agent, cross link
on gentle heating; in this way, very strong and even vacuum-tight
joints between the following materials are obtained: metal, glass,
porcelain, thermosetting (not thermoplastic) synthetics, vulcanized
rubber. Epoxy cements can be cooled to very low temperatures
without cracking and have very low vapor pressures (107¢ to 10~7 mm.
at room temperature,

In conclusion, various commercially available household cements
may be mentioned. It is not possible to enumerate all of these;
however, they often prove to be very useful in the laboratory.

High Temperatures
COMBUSTION HEATING

Except in unusual circumstances, only gas burners need be
considered for the laboratory; these are commercially available
in a great variety of well-known types. With these burners, small
crucibles may be heated to approximately 700-800°C,and using a
Winkler clay forge, even to approximately 100°C higher. For still
higher temperatures, the well-known blast burners are used; the
compressed air necessary for their operation is produced either
by a water or an electrically operated compressor. A very
hot flame is produced by admixing O, to the blast in a mixing
tee. Highly recommended blast burners with finely adjustable
auxiliary connections for oxygen are also commercially avail-
able, It is not necessary here to go further into the subject
of the numerous types of gas furnaces, of which the Rossler furnace
is the best known. Furnaces based on the Schnabel principle of
flameless combustion on thermostable packing material are very
effective, Figure 8 schematically illustrates the construction of such
a furnace (J. D’Ans, E. Ryschkewitsch, T. Diekmann and E. Houdre-
mont [6]). With petroleum-oxygen mixtures, very high temperatures
(up to 2600°C) can also be attained (H. von Wartenberg [6]).

Acetylene hardly needs to be considered for use in laboratory
burners. On the other hand, special furnaces with oxy-acetylene
burners reach very high temperatures (up to 3200°C).

ELECTRICAL HEATING

Electrical heating apparatus is becoming r.ore and morepopular
in the laboratory, even for purposes for whichonly Bunsen burners
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were previously used. Hot plates, flask heaters, etc., are offered
by all distributors of laboratory supplies, but simple household hot
plates are also frequently used. Unlike Bunsen burners, electrical
heaters provide steady heat, not interrupted by occasional air
draft, and may be controlled by small commercially available and
inexpengive regulators. The latter are based on periodic current
interruption, the timing of which is controlled with a dial knob,
Naturally, one can also make use of transformers or rheostats;
however, the latter cause power losses, Varioustypes of immersion
heaters, which for chemical work are available sheathed in quartz
glass, must be especially mentioned.

4~} sheet iron casing
V)1 firebrick

fused MgO

+zr 0

Fig. 8. Furnace for flameless
combustion,

For rapid, loss-free surface evaporation of liquids, quartz
heaters, also called surface irradiators, are used. Various elec-
trically heated water baths and air baths are also on the market.
Air baths in which the heating elements do not reach red heat
are also assigned to the infrared heater class. They reduce the
possibility of igniting highly flammable fumes., Heating units in
the form of cushions, hoods or tape made from glass fabric with
embedded heating wire are available. They are known as “mushroom”
heating hoods or ‘‘electrothermal’’ mantles, These are especially
useful for heating flasks or tubing filled with flammable liquids.

Many well-designed electrical crucible furnaces are priced so
low and are so well known that detailed discussion of these is
superfluous. Electrical furnaces for heating tubes are often made
right in the laboratory because they have to be frequently adapted
for special purposes, for which adequate equipment is not com-
mercially always available., Loss of current and material can be
avoided by using the correct dimensions, Good thermal insulation is
particularly important, not only to save current, but for the workers’
comfort, especially during the hot summer months,
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The following furnaces are classified according to type of heating
element:

1. Wire-wound furnaces.

2. Silicon carbide rod or tubular furnaces,

3. Carbon (graphite) tubular furnaces.

4, Special furnaces: iridium and tungsten wire furnaces, high-
frequency heating furnaces, cathode ray ovens, arc furnaces, etc.

WIRE-WOUND FURNACES

The heating element consists of an alloy conductor in either wire
or tape form (Nichrome, Kanthal, Megapyr, etc.). The conductor
can also be platinum wire or tape or molybdenum wire.

Platinum-wound furnaces are commercially available. They are
especially useful in specialized small units where constant high
temperature is required. In such cases the furnaces are internally
wound. The making of such furnaces is further described below.
Furnaces with Nichrome, Kanthal, Megapyr, etc., elements are
constructed as follows: After the size of the furnace for the in-
tended application is determined, the tube on whichthe heating ele-
ment is wound is selected. For temperatures below 500°C alumi-
num tubes are satisfactory. Steel tubes can be used up to 600-
700°C. For higher temperatures only ceramic tubes are acceptable,
Metal tubes help ensure even distribution of temperature throughout
the furnace. Unglazed porcelain, Pythagoras mass, K-mass, Silli-
manite, Sillimantine and sintered alumina can be used as ceramic
tubes. The use of alumina is reserved for especially high tempera-
tures., Construction of a furnace is simple when threaded tubes,
on which the conductor is wound, are used. According to R, Fricke
and F, R, Meyer [6], very neat furnaces, with the additional ad-
vantage of transparency, can be made from pieces of glass tubing
(Pyrex, Vycor). These fine furnaces are restricted to the lower
range of high temperatures, The tube is continuously wound with
the conductor, which is held inplace by the tightness of the winding.

To determine the length and cross section of the conductor, the
surface of the tube is first measured. Then the wattage needed
for reaching the desired temperature (assuming moderately good
insulation) is estimated according to the following empirical rules.

Up to 300°C, 20 watts per dm2* are required; for each 100° in-
crement up to 700°C, 20 additional watts per dm?2 over the basic
figure; therefore, 100 watts/dm?2for 700°C. Between 700°and 1100°C,
30 watts are necessary for each additional 100°, Between 1100°
and 1300°C: 40 watts. Between 1300° and 1500°C: 50 watts. Above
1600°C: 60 watts; accordingly for 200°C, 700 watts/dm? are required.

*] dm? = 15.5 in3
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The required amperage is then calculated from the available voltage.
As a safety factor, thevoltagefigure shouldbe reduced by 10%. Re-
sistance in ohms and approximate wire length are then calculated.
For smaller furnaces the distance between spirals is held to about
1 mm. Thus, about 2 mm, of tube length is required per turn. The
wire length is calculated from the tube circumference. As most
wire material has a resistance of 1 ohm/mm? of cross section,
an approximate figure for the cross section of the wire can now be
determined. This figure is sufficiently accurate for laboratory
purposes.

Sample calculations for a small laboratory tube furnace: the
furnace is to reach 900°C; the tube diameter is to be 2cm., the tube
length 30 cm,; the available power supplyis 220 volts. As mentioned
before, the latter should be reduced by a factor of 10%. Therefore,
the calculations are based on 200 volts, in order to assure the
attainment of the required temperature, as well as permit some
temperature regulation. The surface to be heated is about 2 dm?2,
and using the aforementioned empirical rule, 320 watts is re-
quired for 900°C, At 200volts, 1.6 amp. is necessary. For 1.6 amp.
at 200 volts the conductor resistance must be 200/1.6 = 125 ohms.
At a 2-mm, coil pitch and a 30-cm. tube length we arrive at 150
turns, or, at a circumference of 6 cm. a wire length of 9 m,
The maximum load of the usual heating wire (Nichrome), 0.6 amp.
for each 0.1 mm, of wire diameter, is normally assumed. Thus, a
conductor of 1-mm, diameter will carry 6 amp. The resistance of
such heating wire is generally indicated on the spool (Nichrome
about 1,3 ohms/mm2; see also the Handbook of Chemistry and
Physics, Chemical Rubber Pub,) For wire of 0.3-mm, diameter, a
wire length of 9 m, is required at a coil pitch of 2 mm,

If platinum wire is chosen as the conductor, the high tempera-
ture coefficient of resistance, which at 1000°C is 3 to 4 times that
at room temperature, must be taken into account. Therefore, plati-
num furnaces should always be heated slowly, using a rheostat in
series with the winding. Otherwise the furnace is in danger of
burning out at the hot spots, since the heat transfer from the wire
to the furnace wall is not uniform. When the length of the con-
ductor has been determined, the winding of the wire can start.
For use below 1000°C it is advantageous to first wrap the tube with
a layer of moist asbestos paper. When that has dried, the wire is
wound on top of it. In high-temperature furnaces the wire is wound
directly around the tube. The wire cross section is increased at
the ends by twisting the conductor around itself and the wire is
fixed at each end by a loop or, even better, by a sleeve slipped over
the tube. Both ends of the winding are secured in the same manner.
In furnaces used up to 1000°C, a talc-waterglass paste is applied
in a layer approximately 1 mm, thick over the surface of the con-
ductor. For higher temperatures, an aqueous paste, made of
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equal parts of carbonate-free MgO and silica-free Al;O,, can be
used (insulating compounds containing free silicic acid destroy the
conductor rather quickly at higher temperatures). After airdrying,
the tube is dried in an oven and finally heated by passing current
through the winding. Now the tube can be placed in a pipe or a
sheet metal housing. The free space between the tube and the
housing is filled with magnesia or diatomaceous earth. Ready made,
easy to handle magnesia (plus additive) insulating material is com-
mercially available. Adequate furnace insulation can also be easily
made from asbestos pulp, cemented together with waterglass, The
free spaces are filled with mineral wool, loose asbestos or MgO,
if necessary in layers (MgO inside, mineral wool outside). For
low temperatures, wrapping with several layers of asbestos cord
is sufficient. The protruding wire ends leading to terminals are
insulated with ceramic insulating beads (available from electric
supply houses). A ribbon conductor can be advantageously used
instead of wire. For evendistribution of temperaturein the furnace,
we recommend closer winding at the endsthanin the middle, as the
ends always tend to be cooler than the middle of the furnace. How-
ever, itis difficult to find the right coil pitch without some careful ex-
perimentation. Therefore, it is sometimes desirable to add supple-
mentary windings near the ends and control them separately.

Furnaces with uniform temperature distribution over the whole
length of the tube, including the furnace ends, can be made from a
single block of aluminum or bronze (wall thickness 15-20 mm, with
a longitudinal hole drilled for athermocouple). Heating wire, strung
with insulating beads, is wound around the block.

The heating coil branches off at about 5-10 cm, from each end
of the furnace. Each branch consists of a twisted wire, connected
to the main coil. The middleportion of the coil, in which the current
must be lower than in the end sections, is thus isolated. The branch
wires can be connected via a suitable rheostat, thus regulating the
current in the newly formed parallel circuit. Very good insulation,
projecting over the block ends, is mandatory.

Stands equipped with mechanisms for raising and tilting the
furnace are excellent for mounting purposes. Thistype of mounting
also permits the furnace to operate inan inclined position (see Fig.
9).

FURNACES WITH INTERNAL HEATING COILS

These are not as difficult to make as it would seem at a first
glance. With Pt wire, the wire length must be calculated based on
the resistance at maximum temperature. A round wooden core,
with a diameter 1-2 mm. smaller than that of the heating coil, is
turned out on a lathe. This core is then cut lengthwise into three
wedges as shown in Fig, 10, The partsare reassembled and wrapped



PREPARATIVE METHODS 37

with a layer of tissue paper,and a
thin string is tightly wound along
the whole length of the assembly.
The assembly is then wrapped with
a few additional layers of tissue
paper, the paper is lightly soaked
with oil, and the assembly is finally

wound with Pt wire. The wound 1 furnace J|
assembly is coated with a water- |
dispersed ceramic powder and a U
allowed to dry. It is recoated after

drying and inserted into a suitable - v

porcelain tube while still moist. Any

free space is filled with insulating Fig. 9. Stand for elec-
compound. After air drying, it trical furnace.
should be dried thoroughly in an

oven. The string is then carefully pulled out and the wooden core
removed by extracting the middle wedge. Again the coreless
assembly is thoroughly dried, and then slowly and cautiously heated
until the tissue paper has been in-
cinerated. After cooling, the inside of
the furnace is coated with insulating
compound, air dried, and then carefully
baked until complete dryness. A heat-
ing coil can also be embedded in
thermal insulation in the same
manner as described above. Such
furnaces can be used up to 1500°C
without difficulty, whereas externally wound Pt furnaces cannot with-
stand temperatures above 1250°C for any length of time. Rhodium
alloys should be used for higher temperatures.

Fig. 10. Wooden core

for making furnaces

with internal heating
coils,

MOLYBDENUM WIRE FURNACES

These can be used up to 1500°C. However, the heating coil must
be protected against burnout by a constant, slow flow of protective
gas (H,, water gas, i.e., CO +H,, or N, +Hjp). These furnaces
are easy to regulate, and thermal insulation is no problem. Larger
furnaces are rarely “home made® in the laboratory.

Tungsten, tantalum and molybdenum (more or less converted
into MoSi,) wires make excellent heating coils for specific applica-
tions. See R. Kieffer and F. Benesovsky [6]regarding compatibility
of these metals with ceramic materials and insulating compounds
at high temperatures.

Because of their low vapor pressure, Mo, W and Ta are well
suited for building small high-vacuum furnaces. These furnaces
are frequently operated under a glass bell. The available heating
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area is usually small, but very high temperatures can be reached.
The heating elements of suchfurnaces are horizontally or vertically
laid spirals of Mo, W or Ta wire, These must be well reinforced
by a ceramic structure since these metals soften at high tempera-
tures and are thus subject to plastic deformation. A heating ele-
ment of this kind must be surrounded by metallic or ceramic
radiation shields or by a cooled housing (similar to the apparatus
shown in Fig, 12).

All apparatus parts are mounted on a horizontal base, drilled
and fitted with vacuum-tight connections for cooling water and elec-
tric power. The base and the furnace are enclosed by a large glass
or metal bell, making for a vacuum-tight assembly (Fig. 12) (K. B.
Alberman; F, Davoine and R. Bernard [6)).

Fig. 11. Globar furnace: 1—External

jacket (metal); 2—insulationlayer (fire-

clay grit, MgO, diatomaceous earth); 3—

insulation support tube (fireclay); 4—

Globars; 5—inner tube (Sillimanite, hard

porcelain); 6—end plates drilled for
the inner tube and the Globars,

GLOBAR FURNACES

Globar furnaces are much sturdier than most othersbut are less
easy to regulate and, as they cannot be provided with as good
thermal insulation, are also less economical. The furnaces are
usually made with silicon carbide rods, though pipes are also in
use. They may be used without major problems up to a temperature
of 1350°C and for short periods, even to 1500°C. Good electrical
contact at the conductor terminals is most important. Generally,
Globars are manufactured with tightly wound adhering wire or
metal ring connectors. It is not difficult to make a Globar furnace
in the laboratory, as suitable supports, tubes andouter shields can
be obtained ready-made.

It should be remembered that silicon carbide, a nonmetallic
conductor, has a lower resistance when heated than when cold.
Therefore, the furnace must be heated slowly, using a rheostat or
a transformer and an ammeter, With rising temperature, the
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Fig. 12, Tungsten furnace.
1—McLeod gauge; 2—brass base; 3—tung-
sten plate; 4—tungsten tube; 5—glassbell;
6—sample; T—screw cover; 8—copper jac-
ket; 9—copper cooling coil; 10—vacuum
pump; 11—power supply; 12—cooling water

input.

voltage should be lowered to avoid an undesirably high current, A
fuse or a circuit breaker should be included in the circuit,

CARBON TUBE FURNACES

The heating element of these furnaces, which were first con-
structed by Nernst and Tammann, is a carbon tube., Because of
their low resistance, they are also called short circuit furnaces.
The larger models have found wide industrial use. Thus, these
furnaces are commercially available. It does not pay to attempt
construction of such a unit in the laboratory. The most expensive
mart is the transformer, needed because of the low resistance of the
carbon tube, and this must be purchased in any case. Depending on
the size, these units require some 100~1000 amp. at approximately
10 volts, Careful construction of the unit permits easy replace-
ment of the carbon tube (whose durability at high temperature is
limited). Temperatures of over 2000°C can easily be reached. A
reducing atmosphere must always be maintained inside the tube.
Should this be undesirable, then protective insert tubes must be
provided. For this purpose, alumina can be used up to 2000°C.
At higher temperatures, only sintered BeO or ThO, is effective;
MgO is subject to reduction.

A variation of this type of furnace, with slotted graphite tube,
has been described by W. J. Kroll [6] and has given satisfactory
performance in various tests. Graphite is more resistantto oxida-
tlon than carbon. The disadvantage ofits lower electrical resistance
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is overcome by dividing the tube into several current paths by
appropriate longitudinal slots. This arrangement also functions
in a vacuum or inert gas atmosphere.

TUBULAR TUNGSTEN FURNACES

Higher temperatures (up to 3000°C) are reached with tubular
tungsten furnaces. Because tungsten is sensitive to O, and be-
cause of the improved thermal insulation, these furnaces must be
operated in a vacuum or at least in an H, or an inert gas atmos-
phere. A model with horizontal W tube is shown in Fig. 12. The
tungsten tube, fixed in place with two sturdy, molybdenum-lined
clamps, is supported by two heavy brass bus bars. The latter pass
through a thick brass base plate, covered by a large glass bell.

|
|
[

n_

—wzr

H:&j; JNZ

T”z”f

Fig. 13. Tungsten furnace: h—

tungsten tube; s—sight glass;

st—radiation shields; v—vacuum

bell; z—power input; the neces-

sary vacuum connections to the
base are not shown.

One bus bar is insulated from the base plate. The tungsten tube is
surrounded by a copper sheet box, to which a tightly wound cooling
coil is soldered. The brass baseplate is drilled for two other tubes,
which serve as connections for a McLeod gauge and a vacuum pump.
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The connection to the vacuum
pump must be of a large diameter.
This furnace will reach 3000°C
at 10 volts and appr. 1000 amp.
and ata vacuum of 10~5t0 10~ 7 mm.
In other models, the tungstentube
is vertical (Fig. 13);alterna-
tively, a tubular sleeve made
of tungsten plate may serve
as the heating element (Fig. 14).

(H. Buckler; R. Kieffer and F. Fig. 14. High-vacuum fur-
Benesovsky [6].) Instead of tung- nace with a heating element
sten, tantalum can also be used; made of tantalum plate (hor-
the maximum permissible tem- izontal cross section). h—
peratures with tantalum are not tantalum heating sleeve; i—
quite as high as with tungsten (not insulator; s —radiation
over 2200°C). However, tantalum shield made of Ta or Mo
has the advantage of not becoming plate; p—vacuum bell.

brittle through recrystallization,
even after prolonged heating.

An iridium furnace has been described by Von Wartenberg [6].
Since iridium has a considerable vapor pressure at high
temperatures, the tube interior must be coated with a ceramic
compound.

INDUCTION FURNACES

The energy of a high-frequency (for example, one megacycle)
alternating current can be transferredthrougha large diameter coil
to anelectrical conductor, for instance, a metal or graphite crucible,
which is placed inside the coil. The conductor is thereby heated.
The ease of operation and the convenience of an induction furnace
are unsurpassed. Thus, the red-hot crucible can be en-
closed in a cooled quartz tube, in which a high vacuum or an
inert gas atmosphere can easily be maintained. However, the pres-
sure range of 1072 to 10! mm. cannot be used because of the inter-
fering glow discharge. With induction furnaces, temperatures of
wp to 3000°C can be reached very rapidly, in fact within seconds.
Their disadvantage is the need for elaborate equipment, especially
electrical apparatus, and the consequent high cost. Suitable current
generators are commercially available. They are usually equipped
with large transmitter tubes. It is best to make the furnace itself
in the laboratory, designing it for the specific experimental purpose.
Under special circumstances, a ceramic tube can be the energy
receptor and thus serve as the heating element, provided the ceramic
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has a defect crystal lattice and consequently exhibits an intrinsic
conductivity at high temperature (H. Davenport et al. [6]). Fur-
naces with the Nernst compound as a heating element and operated
by direct current passage, which are sometimes recommended,
have not proved to be satisfactory for normal chemical
preparations.

ARC AND ELECTRONIC RADIATION FURNACES

Arc furnaces are useful in preparation of alloys and high-melting
compounds with low volatility such as carbides, borides, lower
oxides, etc, A small sample of the substance, a so-called button,
is melted by a high-current arc under vacuum or in a suitable
gas atmosphere at reduced pressure. The arc is struck between a
suspended, cooled tungsten rod and a horizontal, cooled copper
plate. The latter has cuplike depressions for melting the samples.
Such furnaces are commercially available but can also be made
without great difficulty in the laboratory (W. J. Kroll, G, Haegg
and G. Kiessling [ 6]).

Several authors have described laboratory furnaces in which
heat is transferred by electron bombardment (cathode rays). These
are used for special applications [6].

Both furnace types have recently gained industrial importance
for use with high-melting metals (Ti, Zr, Nb, Mo).

SOLAR FURNACES

Solar furnaces are suitable for special applications, e.g., for
heating in a pure O, atmosphere, in which other types of heating
elements are corroded very rapidly. In a solar furnace, the sun-
light is focused by a large parabolic mirror(e.g., 1.5 m, diameter).
Very high temperatures are reached at the focus which, of course,
must cover a reasonably large area [6].

Low Temperatures

Freezing mixtures or low-temperature bath (cryostats), cooled
with solid CO,, or liquid nitrogen, are used for reaching tempera-
tures below the ice point.

Ice is used for most freezing mixtures., Adequate crushing of
the ice is important. This can be done in an ice mill or simply
by pounding with a wooden mallet on an even concrete block
40 X 40 cm,., framed by a 10-cm.-high wooden strip. Such a block
should be set up next to the refrigerator in any case, even if an
ice mill is available. In this way the ice can be easily broken up
before using the ice mill, The bad habit of throwing large chunks
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of ice into the mill and breaking them there with mallet blows will
quickly ruin the most rugged ice mill,
Freezing mixtures based on ice:
3 parts ice + 1 part NaCl temp, —21°C
3 parts ice + 2 parts MgCl,-6H,0 temp. —27°C to —30°C
2 parts ice + 3 parts CaCl, - 6H,0 temp, —40°C

2 parts ice + 1 part conc. HNO, temp, —56°C

The temperatures indicated for the last two mixtures can be
reached only whenthe CaCl,or HNO; is precooled in a refrigerator,
In all cases, ice and salts must not consist of coarse chunks
but must be well crushed and properly homogenized, If ice is not
available, mixtures of NH,NO, and water (1 : 1; cools from +10° to
—20°C) or KSCN and water (2 :1; cools from +10° to —25°C) can
be used.

Lower temperatures may be obtained with solid CO,, which
can be purchased in blocks as “Dry Ice.” If bought in blocks, it
must be well crushed, preferably with a mill; or it can be pro-
duced as “snow” from a CO, cylinder. To make “snow” a strong
canvas bag is attached to the outlet valve of the cylinder. A short
nozzle screwed onto the outlet is very practical. The cylinder is
tilted downward and the valve opened as wide as possible, Strike
the bag vigorously while the carbon dioxide flows into it (with a
loud hissing noise) or the CO, snow accumulating on the inner
surfaces of the bag will clog the pores.

Even more practical than this primitive
contraption is a hardwood box of about
0.75 liter capacity with a screw-on cover
(Fig. 15). The cover has a groove around
its circumference and is cut out to the diam-
eter of the wooden box. A conical canvas
bag is tightly fastened to this ring-shaped
cover with a wire in the groove. A metal
tube with a female adapter fitting the cylinder
autlet is attached to the top of the canvas
bag. The use of this small device is obvious.

connection to
CO, bottle

canvas bag

wooden

When the cover is unscrewed, CO, snow box
can be easily removed from the box.

Solid CO, in blocks can be kept in brass-
plated containers or in large Dewar flasks
equipped with canvas bags, similar to those Fig. 15. Wooden
commercially available for food preserva- box for producing
tion with ice. Large glass flasks such as CO, snow,

these Dewars are easily broken; thus, re-
moval and insertion of a bag or container requires the greatest
caution,

Since solid CO, is a poor heat transfer agent, it must be dis-
persed in a suitable liquid prior to use. Ether is not acceptable
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rubber hose because of its high flammability. Acetone
I Nl —air or the inexpensive methyl or ethyl al-
- % cohols are recommended. Trichloro-
ethylene is especially suitable, because
CO_, floats onits surface, thus preventing

safety the mixture from foaming.

Liquid nitrogen is available nearly
everywhere.* Small liquefiers for lab-
oratory use are also on the market, For
transport, “safety cans” invarious sizes
are used, The liquid nitrogen is either

Fig, 16, Devicefor re- decanted by means of a tilting mecha-
moving liquid nitrogen nism or with a small siphon, which can
from transport vessel, be made by any glass blower (Fig. 16).

A small rubber bulb provides the neces-
sary pressure for removing larger quantities,

Dewar vessels made of Pyrex are preferred. In the long run,
they are much cheaper than thermos bottles because the latter
break so easily. However, if one mustuse flasks of ordinary glass,
the unavoidable breakage factor will be considerably reduced by
prior rinsing with CCl, and slow cooling, while rotating the flask.
One should never decant from large Dewar flasks and those made
of ordinary glass. Such vessels should always be emptied by
scooping out the contents. Anappropriate scoop is made by soldering
a brasscup(40 mm. wide and 60 mm. high) to a brass wire 40 cm,
long and about 3 mm, thick. Smaller thermos bottles are emptied
by putting a wet filter on their inner edge. It will freeze on im-
mediately, and the contents can then be decanted. The liquid should
always be poured out as quickly as possible. After the experiment
is completed, the liquid nitrogen is poured back into the transport
container via a sheet metal funnel. Glass or plastic funnels will
generally crack,

*Liquid air and liquid oxygen have been used in the past as lab-
oratory coolants. This unsafe practice has by now disappeared
almost completely in the U.S, Liquid air and liquid oxygen should
never be used when a relatively inert coolant, such as liquid nitro-
gen, is equally suitable. This, of course, does not preclude lab-
oratory use of liquid oxygen (for examples of the latter, see the
section on Fluorine).

If one is forced to use liquid air in the presence of oxygen-
sensitive compounds, the cooling flask should be covered with a
protective jacket made of copper sheeting. The same protective
measure should be taken when liquid air isused for cooling vessels
containing activated charcoal (silica gel should preferably be used
in these cases).
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Cold baths (acetone, methylene chlo- N

ride, petroleum ether, pentane) are cooled f

by means of a copper coil soldered to a

copper can (Fig. 17). Liquid nitrogen is

forced with a siphon through one of the

tubes into the can, where it evaporates

and cools the bath fluid. The evaporated

cold nitrogen gas escapes through the

coil,

Constant temperature cooling baths,
with temperatures ranging from —20 to Fig. 17. Liquid N,
~190°C, can be obtained with liquid nitro- cooling bath,
gen slurries. The liquid nitrogen is mixed
with a liquid organic compound with suitable melting point, so that
the latter partly solidifies. This slurry is capable of maintaining
the melting point temperature for a considerable period of time.
A few suitable materials are listed in Table 13.

Cooling blocks made of aluminum have many

applications, These are machined as in Fig. v
18 and provided with suitable wells for a ther-
mometer and the vessel to be cooled. The
block is suspended by a strong cord or in a

gauze bag. The Dewar flask, filled with
liquid nitrogen, is placed underneath the block,
which then may be raised or lowered within
the flask, depending on the temperature
desired.

Constant Temperature

No particular difficulties are experienced
in controlling temperatures in the region from
room temperature up to 300°C. Bimetallic
strip devices, Wheatstone bridge circuits (ther-
mistor activated) or mercury thermometers with capacitance de-
vices connected to relays can be used for control of bath tempera-
tures, For good control, the immersion heater should have the
lowest possible heat capacity and the bath should have as large a
volume as possible, Should the bath volume be small for whatever
reason, the heat capacity of the heater should also be low to pre-
vent further bath temperature rise after the current is shut off,
A thin Pt wire, wound around a frame, may be used as a heater in
these cases; it may be placed directly in the bath without any
insulation. Vigorous agitation of the liquid in the bath is im-
portant. Bath temperatures somewhat below room conditions may
be maintained by means of an immersed copper coil with a constant

Fig.18. Aluminum
cooling block.
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Table 13

Cold Baths of Low~Melting Materials

M.p., °C
Isopentane (viscous when cold). . . — 158.6
Pentane.......... e e s e oo ~— 130.8
Diethylether . ...cvv0o.vee.. — 116.3
Carbon disulfide . . . . e . oo oo .. — 112.0
Toluene. ... .ceeeveweee e e oo — 95
Acetone. . . . oo e v e o s e eeeee | — 95
Chloroform — 63.5
Chlorobenzene ....... e oo e — 45
Ethylene chloride ........... — 25,3
Carbon tetrachloride . . . ...... — 23

flow of cool water and a heater which regulates the temperature.
If necessary, the water may be precooled by embedding a second
coil in ice. Cryostats are preferred for temperatures below 0°C.

CRYOSTATS

At temperatures slightly below 0°C, the well-known Hoeppler
thermostat is supplemented by a Dry Ice-filled vessel. However,
lower temperatures are generally required and can be attained
with liquid nitrogen. Various methods have been described in the
literature; almost all of these are based on the principle of
allowing liquid nitrogen to evaporate into a cooling coil placed in
a cryostat. If the temperature becomes too low, a mechanically
or electrically controlled valve interrupts the input of liquid
nitrogen. One such cryostat [Peters, Chem. Fabr, 7,47 (1943)] has
a mechanical regulator actuated by the difference in expansion be-
tween an aluminum tube and a quartz rod inserted in it. The regu-
lator is contained inanaluminum cooling block and operates a small
valve at the outlet of the liquid nitrogen-carrying cooling coil; the
latter is also fused to the Al block. The inlet of the cooling coil
is connected to the bottom outlet of a liquid-nitrogen-filled special
Dewar flask., If the temperature falls below the desired level, the
valve closes. No additionalliquid nitrogen canthen enter the cooling
coil because of the pressure init. Whenthe temperature rises, this
pressure is vented through the opened valve and more liquid nitrogen
enters. The storage vessel may be too small for lengthy experi-
ments, It may be replaced by a 5-liter Dewar flask and the cooling
block may be replaced by a copper cooling coil (Fig. 19), in which
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copper
vaporizer

Q

cork float

Fig. 19, Cryostat with mechan-
ical regulator.

case the fresh liquid nitrogen flow is controlled by a double-walled
siphon. The connection between the copper coil and the glass should
be inside the bath to reduce coolantusage. A Mariotte-type bubbler
bottle provides the pressure head required. This self-explanatory
setup, shown in Fig. 19, works very well. The rubber stopper of
the liquid-nitrogen feed vessel can be provided with a sheet metal
funnel to facilitate filling. The funnel is stoppered by a cork., A cork
float, attached to a thin glass rod, permits easy observation of the
liquid level from the outside, Naturally, a vessel with a window can
also be used. A similar device, but with electrical controls, has
been described by Zintl and Neumayr [Ber. dtsch. chem. Ges.
63, 234 (1930)]. It differs from the above-described apparatus in
that the vapor pressure thermometer actuates an electrical control
system, The essentials of this device are shown in Fig., 20. The
downpipe / to the vaporizer d must be larger than the inner fube
of the siphon A so the liquid nitrogen is transferred drop by drop
ard is not sucked in by the siphon. The tubes of the copper vaporizer
must be connected with glass tubes within the bath, using short
pieces of rubber tubing. Metal projecting outside the bath would
lead to serious thermal losses.

Using this equipment, temperatures such as —50°C can be
maintained with a fluctuation of only 0.05-0.10°, To maintain a
cold bath of 2,5 liters of acetone in an unsilvered Dewar flask at
-~50°C for four hours, about one liter of nitrogen is required.

Thermostats filled with boiling liquids at constant pressure are
also quite versatile, Temperatures lower than —196°C can some-
times be reached by evaporating liquid nitrogen at reduced pressure.
The temperature is held constant by maintaining a specific pres-
sure with a manostat. Details of these devices may be found in
Grubitsch [1],
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It
N

Fig. 20, Cryostat with electrical con-
trol: p) bath liquid; 4) copper vapor-
izer; /) down pipe; h) siphon; %) con-
denser; I) liquid nitrogen;r) relay;s,)
power supply of about 2 volts; sj)
power supply of about 18 volts; %) vapor
pressure thermometer; u) pressure
head regulator (manostat); v) electro-
magnetic gas valve; the valve plunger
must be sufficiently heavy not to stick
in its seat.

HIGH-TEMPERATURE THERMOSTATS

Thermostats can be controlled to 300°C by contact thermometers;
expansion regulators are used up to 500°C, The latter are based
on the difference in linear expansion between a quartz rod and an
aluminum or iron tube. Alternatively, a contact thermometer may
be located in a cooler part of the furnace, provided a fairly con-
stant temperature difference can be maintained between the hot
reaction area and the cooler measurement section. The frequently
recommended arrangement consisting of an auxiliary furnace in
series with the main furnace, whereby the contact thermometer is
placed inside the smaller furnace, can only work if both furnaces
are very well insulated and have equal heat losses. This is not
easily achieved in practice.

Detailed description of the great variety of readily available
commercial devices for high-temperature control is beyond the
scope of this book. These devices are well described in the
catalogs of laboratory supply houses and instrument manufacturers.
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The available instruments range from simple and inexpensive to
highly sophisticated ones, designed to give very precise control.
Their proper application depends on circumstances and must be
left to the ingenuity and skill of the individual experimenter.

Temperature Measurement

LOW TEMPERATURES

Pentane and alcohol thermometers can be used only for gross
measurements, They are too unreliable for accurate measurement,
especially at low temperatures., The vapor pressure thermometer
described by Stock is very exact and easy to make (Fig. 21).
Since its dimensions are shown in the drawing, it is sufficient to
describe the filling process. After washing with
cleaning solution and water and drying inanair
stream, just enough pure Hg is added to bulbe ||,
to fill the manometer, After the gas trapg and
the thermometer stem have been closed off by
fusion, vacuum is applied at » and the whole
apparatus, including the Hg, is thoroughly
heated, If the manometer is filled with a gas
which can be completely condensed at the tem-
perature of liquid nitrogen, the filling gas, from
an apparatus sealed on to the vacuum flask,
can be condensed at @. About 1 ml. of liquid
is thus obtained. Opening 7 is then sealed off,
The filling gas is then allowed to warm up to o5 a
room temperature and evaporate, The excess
escapes through m, so that the flask will now 3
contain a gas atmosphere at a pressure ex- j

57

7000
800

ceeding atmospheric by about 25 mm. The
gas is recondensed at g with liquid nitrogen,
Opening % is now sealed off and the Hg is A
poured from bulb ¢ into the manometer arm.

The thermometer is now ready for use. If
the filling gas cannot be completely condensed
with liquid nitrogen, it is necessary to trans-
fer the Hg before admitting the gas, The ther-
mometer should be provided with a millimeter
scale and attached to a suitable stand. Sub-
stances used for filling are:

N
i

Fig. 21. Vapor
pressure ther-
mometer,

CS, (+25t0 _10°C). SO, (—25t0 __40°C), NH,(—30 t0 —77°C).
CO, (—175 to —100 °C), HCI (— 85 to —111°C), C,H, (— 100 to —150 °C);

and for even lower temperatures methane and oxygen may be used.
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LIQUID-FILLED THERMOMETERS

These are suitable for temperature measurement up to 600°C,
Their accuracy is poor at temperatures below the melting point of
Hg. Mercury-filled thermometers are subject to minor changes
during initial use; therefore, good thermometers should be artifi-
cially aged. Aside from this, the calibration should be checked
from time to time, at least at the freezing and boiling points of
water (correct for barometric pressure!). Ice must be finely
ground and should be well agitated during the measurement. The
boiling point of sulfur may be used asa high-temperature calibra-
tion point. Considerable inaccuracy may be caused by “emergent
stem.” This uncertainty is best avoided by bringing the whole
thermometer to the measured temperature. If this is not possible,
corrections must be made. The correctionis # = (o—B)-(t—%5)- h.
Here o = expansion goefficient of Hg, 8 = expansion coefficient of
glass, ¢ = indicated temperature, ¢, = average temperature of the
emergent stem, in degrees. The value of o—B for common ther-
mometer glass is approximately 0.00016. The main uncertainty
present lies in the temperature ¢, A ‘‘differential thermometer”
is most useful for itsdetermination. The material of this thermom-
eter should be as close to that of the thermometer in use as pos-
sible, It is placed alongside the main thermometer in such a way
that its indicated temperature is close to the final measurement.
The differential thermometer is also provided with second, smaller
scale below the first, It is positioned in such a way that the meniscus
of the main thermometer and the point on the auxiliary scale of the
differential thermometer which corresponds to that temperature,
coincide. It is now easy to make the necessary corrections from
the indicated data. The error can amount to several degrees.

RESISTANCE THERMOMETERS

These can be used over a very wide range. Their principle of
operation is based on the large temperature coefficient of elec-
trical resistance of Pt and Ni (for example, the resistance of Pt
changes by 0.4% per degree). These thermometers are among the
most accurate temperature measuring instruments. It is not
difficult to make a resistance thermometer in the laboratory, but
the commercial instruments are preferable, The high-temperature
type consists of a mica cross inserted in a thin-wall quartz tube.
A fine double Pt filament is wound around the mica cross.

Recently, instruments for measuring low temperatures have
appeared on the market. In these, the Pt wire is fused into a
fine groove of a glass tube and coated with a thin glass film, Such
instruments have very low thermal inertia. For the most accurate
measurements the wire should be aged artificially by heating it
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at 100° above the intended use temperature until there is no further
change in its resistance.

A Wheatstone bridge is used for resistance measurement, De-
tails can be found in Kohlrausch [1].

THERMOCOUPLES

Thermocouples are used for higher temperatures, up to 1600°C.
Table 14 gives the usual wire combinations,

Table 14

Thermo-
electric

Couple Usable range, °C output,

+20°/

+100°C
Copper/Constantan — 200 to+ 400° (+ 600°) | 3.45 mv.
Iron/Constantan — 200 to+ 600° (+ 900° | 4.32 mv.
Nickel-chromium/Constantan 20to+ 700° (+ 900°) | 4,96 mv,
Nickel ~chromium/nickel 20 to+ 900° (+ 1200°) | 3.22 mv
Platinum -rhodium/platinum 20 to + 1300° (+ 1600°) | 0.54 mv

The figures in parentheses refer to permissible limits for inter-
mittent use only; the other figures, to temperatures permissible
for continuous use,

Please note: platinum thermocouples must not be heated in a
hydrogen atmosphere to temperatures beyond 900°C inthe presence
of a Si-containing material (including quartz and ceramic sub-
stances), since their mechanical strength is greatly impaired by
the uptake of impurities (K. W, Frohlich, “On the stability of plati-
num at higher temperatures,” Degussa-Metallberichte 1941, No. 7).
For special purposes requiring higher temperatures, thermocouples
consisting of, for example, combinations of tungsten and molybdenum
alloys may be used. However, because of various complications
encountered, optical or radiation pyrometers are usually preferred
in this temperature range.

The lead wires of these thermocouples are usually made of
0.35 to 0.5 mm, diameter wire. Sometimes it is undesirable to
have thermocouple wires sufficiently long to bring the connections
(which also form the cold junctions) directly to constant tempera-
ture. In this case the so-called compensators are used, These
may be considered lead wire lengtheners. Such compensating wire
may be ordered from the companies that supply thermocouples.
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The lead wires to the measuring instrument are then connected
either directly to the thermocouples or to these compensators.
The two wires are fastened together with screw clamps and the
junction is kept at an exactly measured and carefully controlled
constant temperature (0 or 20°C, glass capillaryina Dewar flask).
Millivoltmeters equipped with a temperature scale are also sup-
plied for most of the popular thermocouple combinations., The
meter should have an internal resistance of a few hundred ohms,
80 as to make the lead wire resistance negligible. For more
exact measurements the calibration should be checked from time
to time against a few fixed reference points., Only when accuracy
requirements are extremely high is it necessary to measure the
thermocouple e.m.f, by means of compensation switches, Except
when working with silicates (where the exposed junction may be
immersed directly in the melt), the thermocouple is sheathed with a
protective tube (quartz, unglazed procelain, mullite, alundum).
The wires should be insulated from each other by thin quartz or
ceramic tubes. Before use, the thermocouple should preferably be
annealed for a short time by passing through it a sufficiently high
electric current. Should the weld or the couple itself have been
damaged, it can be rewelded with ease. The damaged part is re-
moved and both ends of the wires are placed in a small, pointed
natural gas-oxygen flame, and touched just whenthey begin to melt.
A small bead of metal is formed and connects the two ends.

Should one of the lead wires have to be repaired, the resulting
bead is carefully shaped with a hammer so that it will again fit
into the insulation tube.,* For calibration of thermocouples, the
following reference points are used:

Naphthalene b.p. 217.96°C Gold m.p. 1063. 0°C
Tin m. p. 231.9 °C  Copper m.p. 1083 °C
Cadmium m.p. 320.9 °C Lithium metasilicate

Zinc m.p. 419.45°C m.p. 1201 °C
Sulfur b.p. 444,60°C Nickel m.p. 1453 °C
Antimony m.Dp. 630.5 °C  Palladium m.p. 1535 °C
Silver m.p. 960.8 °C  Platinum m.p. 1769.9°C

*The home-made and home-calibrated thermocouples described
above should be used only if the commercially available products
cannot be procured for one reason or another, Fabrication of a
reliable and durable thermocouple, especially for use at high
temperatures, is a delicate business and should preferably be left
to the experts. Thermocouple manufacturers now supply literally
hundreds of variations, with all kinds of shapes, lengths, diameters,
protective sheaths and insulation. These thermocouples are also
available in precalibrated form. Recently, special thermocouples
with very fast response time and excellent stability, reproducibility
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RADIATION PYROMETERS

For temperatures above 1600°C it is best touse radiation pyrom-
eters, although these may certainly be used at temperatures above
800°C. Their operation is based on comparison of the intensity of
the radiation emitted by the measured body with that of an appro-
priately chosen incandescent bulb, By adjustment of the (known)
current fed to the bulb, the image of the filament, projected onto
the image of the radiating object, is made to vanish. The tem-
perature can then be read directly from the instrument scale.

Another instrument is based on focusing the total radiation
emitted by the measured body on a blackened thermopile by means
of a quartz lens. The e.m.f, of the thermopile then gives the tem-
perature. Both the optical and the total radiation pyrometers are
commercially available and are very convenient and easy to use.

High Vacuum and Exclusion of Air

The chemists’ requirements for high vacuum frequently differ
considerably from those of physicists. For a physicist, high vacuum
starts only when the mean free path of the gas molecules corre-
sponds approximately to the dimensions of the container (somewhat
below 10~3mm.), while chemists’ requirements are much more
modest. A chemist will frequently be satisfied with a good rotary
oil pump. Among the many models commercially offered, those
working with small, easily replaceable quantities of oil are pre-
ferred. Of these, the pumps operating onthe “gas ballast’’ principle
(that is, air is admitted during the compression cycle to prevent
condensation) are very convenient, since they can also be used to
remove easily condensable gases and vapors, without damaging
the pump with condensate. These are perfectly satisfactory for
simpler vacuum distillations, drying under vacuum, etc. When higher
vacuum is needed they may be supplemented by jet ejectors or
diffusion pumps. These last pumps require a forepump, since they
work only at pressures ranging from 0.1-30 mm., depending on
the type. The diffusion pumps are made of glass or steel and use
Hg or a special oil (for example, silicone oil) for the vapor jet.
Oil diffusion pumps have the great advantage of not diffusing Hg

and accuracy have been developed for missile and space use. These
are usually metal-sheathed andthe wiresare insulated by compacted
refractory powder. These sealed units, already provided with the
necessary leads, are available in diametersas smallas 0.5 mm, or
less. Their cost is not exorbitant considering the many additional
hours of stable operation gained by their use.
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vapor into the vacuum, and thus do not need cooling devices for
keeping the mercury out of the apparatus; however, they are more
sensitive to reactive gases, Considering that in most cases the
chemist working with high vacuum alsouses Dry Ice or liquid nitro-
gen at the same time, he will derive no special advantage from oil
diffusion pumps (even though those deliver a vacuum of less than
10-% mm, without cooling). Thus, most chemical laboratories use
Hg pumps exclusively, except for special purposes. Since pump
throughputs are usually rather modest, except for work involving
vacuum furnaces, electricdischarges, or molecular or thinfilm dis-
tillation, the usual pumps made of glass or steel, with a suction
capacity of 1-5 liters/second, are perfectly satisfactory. Glass
pumps are best heated with electric heaters, and a safety pan
should be set underneath, Steel pumps of course obviate the danger
of breakage. However, cleaning of steel pumps is not as simple as
that of glass pumps, which require only rinsing with concentrated
HNO,, followed by rinsing with water.,

The most frequent mistake made in planning vacuum equip-
ment consists in choosing tubing or stopcocks of too small diam-
eter, The connecting tube between the pump and the apparatus
should have an internal diameter of at least 15-20 mm.; stopcocks
used on this line must have at least a 10-mm,. bore. A simple
calculation of the pumping capacity will show that even with
lines of such diameter, a conduit length of a foot or so will reduce
this capacity, at pressures below 10°2 mm,, by an order of magni-
tude or more! Therefore, the lines in vacuum equipment should
be as short as possible, with the least possible number of stop-
cocks. The use of glass spirals, frequently recommended to make
glass apparatus less rigid and more able to accommodate stresses,
should be avoided as far as possible, since these spirals offer a
high resistance to flow. To protect the pump in case of cooling
water failure, a small, easily made device is used (Fig. 22). A
small funnel with a small hole is pivoted and counterweighted. The
cooling water passes through the funnel, keeping it constantly
filled. Should the water flow fail, the funnel will be pulled up by

the counterweight as soon as it is empty,

ZZIUY thereby closing the stopcock on the
suction side of the pump (this may be
either a pinchcock or an ordinary gas
stopcock). Alternatively, the lever

\ movement may actuate an electric tum-

: Fzzz-

bler switch which then breaks the circuit.

Other devices based, for example, on a

mercury manometer, may of course be

easily designed. Electric flow switches

Fig, 22, Cooling water to guard against interruption of cooling
failure switch., water are also commercially available.
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PRESSURE MEASUREMENT

The first device is the ordinary U-tube manometer. Its two
arms should be of equal diameter (not less than 10 mm,; for pre-
cision measurements, about 15-20 mm,) because of the meniscus
depression. The calibration should preferably be etched directly
on the tube and readings taken against a mirror mounted behind
the tube 8o asto avoid parallax. Inthis way changes of 0.1 mm, may
be estimated without difficulty. A cathetometer must be used for
greater accuracy.

The construction of a good Hg manometer requires some care,
The tube is firstthoroughly washed with cleaning solution and dis-
tilled water and dried as described above under Cleaning of Glass-
ware; then the filling unit is fused on (Fig. 23). The required quantity
of carefully purified and distilled Hg is placed in the flask and con-
striction g is sealed off. The manometer is then evacuated with
fore and diffusion pumps and the whole apparatus thoroughly
heated by fanning with a flame, with the pump on. Following this,
the mercury is heated until it starts to boil
in the vacuum, and constriction » isfused.

The assembly is then allowed to cool. The 75//7//7@&
mercury should not be allowed to distill

into the tube while the latter is being heated
and evacuated, as otherwise it will obstruct
the U-tube and an air bubble will be left
behind, The manometer is then tilted to b
pour the Hg into the tube, and the fused spot
at b is carefully filed open. Never break it
off, for the onrushing air stream will push
the Hg so violently that the shock will break
the manometer. Even narrowing the diam-
eter at ¢, which is very useful, would not be
able to prevent breakage if such a violent
impact of the mercury against the glass were
to occur. This is the simplest and most re-~
liable method of filling a manometer; it is
preferable to the often recommended distil- @

lation of mercury into the tube, which does ¢

not always guarantee perfect filling, Filling

with subsequent degassing, which is often Fig. 23. Mercury
done, requires considerable experience and manometer  with
patience and is unreliable; it alsofrequently filling device.
cracks the manometer tubes.

When working with gases at varying pressures (high vacuum
to slightly above atmospheric pressure), a manometer of the
type shown in Fig. 24 should be used. One side of this manometer
is connected to the atmosphere via a mercury spray trap which
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= serves as a gas outlet and pressure
q release valve when the pressure in the
apparatus is too high,

A very convenient addition is a
barometer tube of the same diameter,
mounted next to the manometer; its
reading then furnishes the zero mark
for the manometer reading (see p. 67,
Fig. 41).

When working with reactive gases
which can contaminate the Hg, itis best to
use a “null manometer” rather than
cover the Hg with a layer of paraffinoil,
H_SO,, etc., as has frequently been
recommended, Such null manometers
consist of a simple U tube filled with
paraffin oil, H,SO,, silicone oil or
bromonaphthalene, both arms of which
are connected on top by means of a
stopcock (Fig. 25). For high tempera-
tures, these U tubes can be filled with
molten tin, The quartz spiral manom-
eters of the Bodenstein type (Fig. 26)
are highly recommended, for in their
case only quartz is in contact with the
gases, They are now commercially

Fig. 24. Mercury ma- available completely assembled with
nometer with pressure microscope or mirror for reading and
release valve. Dimen~- require only careful mounting in a

sions in mm, vibration-free location. With good

Bodenstein instruments, pressure dif-
ferences of less than 0.1 mm. may be read. For shipping, such
instruments are usually filled with glycerol so as to protect the
very sensitive spiral from damage. Despite their fragility, most
of these instruments will withstand even a one-atmosphere pres-
sure difference between the inside and the outside of the spiral.
Thus, there is usually no need to worry, should such differences
occur as the result of a leak, Bodensteingauges can safely tolerate
temperatures up to 500°C without a change of the zero point; if
the temperature of the spiral goes higher, the constancy of the
zero point is not assured, particularly if large pressure changes
accompany the temperature rise, If large pressure changes are
avoided, the zero point will remain almost unchanged, even at
700°C. To measure small pressure differences, inclined tube
manometers filled with bromonaphthalene or silicone oil may also
be used; Hg develops too much friction in inclined tube gauges,
gince very fine tubes must be used.



PREPARATIVE METHODS 57
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mirror - ~®
& microscope|, | Plight

Fig, 25, Null ma~- Fig. 26, Quartz-spiral
nometer. manometer, Boden-
stein type.

Figure 27 shows how to couple a null manometer to the system.
In this case, a Bodenstein manometer connection is shown,

LOW PRESSURE MEASUREMENT

The pressure gauge designed by McLeod, usually called
simply “the McLeod,” has been in use fora long time for measure-
ment of pressures down to 10-7 mm.; however, it registers pres-
sures reliably only in the case of noncondensable gases, The Hg
used in the gauge should be carefully purified and dried (heating
in vacuum). The McLeod gauge is rarely used for preparatory
work in its original form. Should the need for such a manometer

9

@

|

air 1 lvacuum

Fig. 27. Connection of a null
manometer (Bodenstein ma-
nometer),
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arise, the reader may refer to the pertinent literature (Kohlrausch,
Grubitsch, Lux [1]). If measurement only serves for orientation
purposes, the more convenient “Moser manometer” (Fig, 28 a, b)

Fig. 28, Shortened McLeod gauges.

or a “Vakuscope” (Fig. 28 c) is preferred. Both of these versions
of the McLeod gauge are commercially available. As far as other
types of manometers are concerned, e.g., instruments based on
gas friction, ionization, thermal conductivity,* etc., the reader
should refer to the pertinent literature. These instruments are
rarely important in preparative work. For rapid orientation as
to the order of magnitude of vacuum in an apparatus, one can use
a small discharge tube with two aluminum electrodes placed about
10 cm. from each other, (Alternatively, two aluminum foil pieces
wrapped at the same distance around a glass tube in the apparatus
may be used.) A high-frequency vacuum leak tester (or a spark
coil) is connected to the electrodes; its discharge gives a green
fluorescence at 0.05 mm., which disappears completely at<0.01 mm,
Thermoelectric vacuum gauges (range 10 to 102 mm,) are also
useful for many chemical purposes.

LEAKS

Hunting for leaks in vacuum equipment may sometimes prove
extremely time consuming. Leaks are usually caused by careless
cementing, poorly lubricated stopcocks or ground joints, or poorly
fused glass connections. A small high-frequency apparatus is in-
dispensable for detecting such spots in glass equipment. The
equipment is evacuated to about 0.1-1 mm, and the suspected leak

*E. von Angerer, Technische Kunstgriffe bei physikalischen
Untersuchungen [Industrial Techniques Applied to Physical Re-
search], p. 165.
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points are brushed with the leak tester electrode. The inside of
the equipment will glow slightly. Wherever there is a leak, the
discharge spark will follow it. The leak is thus easily discovered
by the brightly glowing path of the current. However, thin fused
spots should not be touched, since these may be broken by the
discharge. Leaks in the glass must be resealed with a torch, or
else sealed with a drop of sealing wax or picein. Leaks at the
stopcocks are harder to find; thus all suspected stopcocks may
have to be regreased as a preventive measure. If possible, one
should try to limit the area of search by successive shutting of
the stopcocks, if those are present between sections of the equip-
ment, Larger leaks are easily detected by the noise made by the
entering air, or by creating a positive pressure in the apparatus
and painting the suspected spots with soap solution. Another recom-
mended procedure consists in passing a COg-releasing hose over
the evacuated equipment while the latter is brushed with the high-
frequency tester. The color of the discharge will change from
reddish to white at the leak. Rubbing the equipment with a piece
of cotton wool dipped in alcohol will also change the color of the
discharge wherever the alcohol has directly touched a leaky spot
and the vapor has thus entered the apparatus., This method will
give results only if one makes sure that the CO, or the alcohol
vapor which might have entered will come in the path of the dis-
charge; therefore one should wait for a while before continuing
with the testing of further suspected spots. Cemented metal-to~
glass joints frequently are leak sites, as are pores in cast metal
parts. Occasionally, substances that release gases may simulate
a leak,

Excellent but expensive devices for locating leaks are com-
mercially available; they blow a halogen-containing gas (for example
Freon or difluorodichloromethane) from the outside onto the suspect
spot; when this gas enters the evacuated apparatus through the
leak, it creates an ionic current in an attached ionization tube
equipped with a Pt anode. This signal is amplified and triggers
optical or acoustical devices.

STOPCOCKS

An important factor in the choice of stopcocks is a sufficiently
large sealing surface., In vacuum equipment, three-way stopcocks
are a constant source of trouble and should be replaced either with
two-way stopcocks or three individual ones, Stopcocks with hollow
plugs are usually preferred to those with solid ones because they
are lighter. The most important types of stopcocks are shown in
Fig. 29, “Schiff” stopcocks (Fig. 29 a, b) should be used wherever
possible; they stay more reliably leakproof, since no channels
connecting the tubes can form,
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Before greasing, the stopcocks are
carefully cleaned with benzene or ether
and brought to body temperature (30-
40°C); a thin ring of grease is then
applied around the middle of the upper
and the lower halves of the plug by means
of a wooden rod. In somewhat larger
stopcocks both rings are then connected
with a thin strip of grease on a line
90° from the bore (Fig. 30). The plug is
then pushed into the slightly warmed seat
so that the stopcockis “open,” and turned
back and forth with slight pressure.
Never turn so far as to close it. Only
when the grease has been evenly spread
and the air bubbles have disappeared
from the ground surfaces should the plug

1 g_ O

Fig. 29, Various stop-
cocks (a, b are Schiff

type).

be turned all the way around. This is
the only way to obtain lubrication free
from streaks. Vacuum stopcocks should
be moved gently and slowly, so as to
keep the movement within the flow rate

of the grease layer, and to prevent the
“tearing” of the grease film; otherwise
streaks and channels will form, resulting
in unavoidable leaks. With some ex-
perience, imminent exceeding of this
limit will be clearly felt by a somewhat
increased resistance to turning., If
streaks have formed, the stopcock should
be carefully cleaned before applying
fresh grease.

Pipe cleaners, which are thin, 10-cm.-long brushes ob-
tainable from tobacconists, are very practical for cleaning
small diameter stopcocks. A wad of cofton wrapped on a
thin copper wire or a wooden stick may be substituted for
the pipe cleaners,

When working with gases or vapors that attack stopcock
grease, other greases (etherproof grease, P,O,, H,SO,) may be
used (but only temporarily in vacuum equipment, as the stopcocks
rarely stay tight for a sufficiently long time). Sometimes this
may be improved by sealing the upper and the lower part of the
plug with grease, and applying the other sealing agent (P04 to
the middle only. In general, it is best to use greaseless valves
such as the diaphragm valves made of Cu, Ag or Pt, the Boden-
stein glass valves, the Stock mercury valves and the “break-
seal” valves,

7 e %
:o 2
Furemppyrrssd
: iz

30. Lubrication
of stopcocks,

Fig.
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STOCK MERCURY VALVES

Among the various Hg valves described by Stock the most im-
portant ones are the float andthe frit valves: the float valves afford
rapid passage of gases, but they function reliably only if made
exactly to the measurements given by Stock. The float should
be made of solid glass and have just one, very carefully machined,
ring-shaped ground zone (Fig. 31 a). Opening the stopcock, will

Fig. 31. Stock-type Hg valves. Stopcocks d

may be omitted, to avoid contamination of the

Hg by grease. In ¢, Sisafused-on glass rod,

the point of which touches the glass frit from

above and affords smoother downward flow of
the Hg. Measurements in mm,

let the air into e, pushing up the Hg, which then lifts the floats.
Evacuation of e will lower the level of Hg, thus releasing the
floats, which will drop (if they stick, tap lightly against the glass)
and open the way for the gas. The pressure difference between the
two sides of the valve should preferably be low when opening. A
tube attached to a vacuum source, and available at all times on
the working table, is connected to the various valves when these
have to be opened. The stopcock  is closed after each movement
of the valve,

The frit valves may be opened evenwhen there is a considerable
pressure difference between the two sides of the valve. The frits,
which are impermeable to Hg, thus replace the rising floats (Fig.
31 b). They have the disadvantage of offering considerable resis-
tance to the gas flow. A modification ofthe frit valve, described by
Wiberg (see also the original model with filter candle by A. Stock
(1)), is also commercially available. Its functioning may be readily
gseen from Fig. 31 c. The gas should flow from the top to the
bottom.



62 P. W. SCHENK AND G. BRAUER
BODENSTEIN VALVES

These valves, which may be made either of glass or quartz and can
be heated, certainly represent the neatest solutionof the problem of
greaseless valves, since only glass is in contact with the gases
(Fig. 32). They consist of a capillary tube the opening of which
matches perfectly with a carefully ground and polished sphere at-
tached to a glass rod. A glass capsule, sealed to both the capillary
and the rod, is sufficiently elastic to allow slight movement of the
parts toward each other. A spring compressesbothparts with a force
of about 14 kg., thus closing the valve. The two working parts can be
slightly pulled apart by a screw working against the spring; stop pins
prevent breakage resulting from turning the screw too far. This valve
may also be used to introduce liquids into a vacuum, provided no
solid particles are suspended in the liquid. Even microscopically
small particles pressed onto the ground surface arealmost impos-
sible to remove; they may also damage the ground surface (since the
spring exerts a strong force) and thus create a leak in the valve. In
this case even long rinsing with cleaning solution will be of no avail
and the glass part must be replaced. Should the glass break, it can
easily be replaced. Remove by melting the Wood’s metal that holds
the part in place; take the broken part out of the seat and replace
with a new one in such a way that the glass rod with its fused-on

Ui,

Fig. 32. Bodenstein
valve,

glass bead is sealed in the screw and the enlargement on the capil-
lary tube in the slot of the aluminum support. Immobilize both
by slipping small pieces of asbestos paper into the remaining
free space in the slot of the support. Then the whole unit is placed
vertically with the screw down and freshly melted Wood’s metal is
poured into the preheated screw seat. After complete cooling (the
screw should be at “open”), place the valve horizontally and pour
Wood’s metal into the slot containing the capillary feeder tube.
Should the valve be used in a warm water bath, litharge-glycerol
cement may be used instead of the Wood’s metal.

A slightly modified, very rugged version of the Bodenstein
valve has been developed by Kistiakowsky and described by Vaughn
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[7]. The shutoff surfaces of this valve are not glass-on-glass
but glass-on-AgCl, and the elastic sections of the glass capsule
are concave rather than convex,

BREAK-SEAL VALVES

For preparatory work, the rather expensive Bodenstein valves
may frequently be replaced by a combination of fusing of connec-
tions (closure) and break-seal valves (opening), if it is sufficient
to open or close a connection only once,

Since one rarely succeeds in satisfactorily fusing large diam-
eter glass tubes while these are under a vacuum, the tube spot to
be fused later in the experiment should be slightly narrowed,
thickening it at the same time by slightly compressing and then
pulling it. This will make it possible to close the opening when the
apparatus is under vacuum. To do this, the spot to be fused is
simultaneously heated and pulled in the direction of the tube axis,
or if this is impossible, it is pulled sideways with a glass rod.,

Opening of a tube connection may be achieved by building in a
break-seal valve (Figs. 33 and 34). This consists of a fairly large
diameter glass tube with a fused-in smaller tube, whose tip has
been pulled to a fine capillary bent into a hook. Alternatively, the
inner tube end is blown out to a very thin-wall sphere. Before
making such valves, one should practice making sufficiently
thin~wall spheres or fine points, which can be reliably broken off
later (however, it may be preferable to buy ready-made valves),
Before enclosing the valve in the large tube, insert the ‘“hammer,”

rQ
O b

Fig. 33. Break-seal valves: /) magnetically
operated hammer bar.
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a piece of iron rod encased in a glass tube (for example, a piece
of a large nail, fixed in the encasing tube with small pieces of
asbestos wool before fusing). The valve is set vertically while the
hammer bar is held by means of a strong electromagnet and set
carefully on top of the break-off sphere or point. The valve is then
ready to be fused to the tubes connecting with the other parts
of the apparatus. When the valve is to be opened, the hammer is
lifted a few centimeters with the electromagnet and dropped onto
the point or the sphere, whichwill break, opening a path for the gas.
The break-seal valve may also be set up horizontally, and the
hammer appropriately directed by means of the magnet so as to
shatter the point. In addition to this design, many other similar
models have often been described, all based on shattering a capil-
lary tube or sphere ([7], Figs. 35 and 36).

U-shaped capillary tubes may
also be used to replace valves.
Cooling with liquid nitrogen causes
the formation of a small plug of fro-
zen gas, which will obstruct the
capillary., When low boiling sub-
stances, which do not solidify at
liquid nitrogen temperatures, are
used, a drop of Wood’s metal is in-
troduced; in this case a slight en-

Fig. 34. Briscoe break-

seal valve, The capillary
point - » is still open during
sealing to side 1, but sev-
eral scratches have been
made at ¢. Then b is fused
by means of a very small
flame introduced through ¢,
with air entering atd. Next
the valve is sealed to the
other side, the Hg-filled
hammer bar is carefully
introduced and d is sealed.
A sharp movement applied
from the outside will shat-~
ter the valve.

largement must be formed at both
sides of the bend. Depending on
whether the metal is made to solidify
in the enlargement or in the capil-
lary, the valve will be open or
closed.

We can discuss here only a few
of the numerous recommendations
on how to introduce small quantities
of gas into a vacuum, while retain-
ing precise control over the flow.
In many cases it is sufficient to
file fine grooves in the plug of a
glass stopcock, starting at the bore.
In these cases, stopcocks with in-
clined bores (offset arms) should be

used as much as possible. The Bodenstein valve is also usable
for fine control, although the adjustment is not exactly reproducible.
A metal needle valve is the best means of control.

NEEDLE VALVES

If the presence of a packing gland is not objectionable, the usual
Le Rossignol valve can be used for fine control. Packless metal
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valves, in which a ground joint takes over

the function of the gland and which can be

attached to glass equipment by means of

metal ground joints, can be readily made Jem {

by a machine shop. Such a valve is shown

in Fig. 37. The needle is attachedtoa screw
stem g. A groove is cut in the stem in
order to permit gas access. The top end
of the valve stem is rectangular in cross
section and fits into a slot in the ground
section, The handle on the ground part per-
mits rotation of the stem, If it is also de-
sired to avoid stopcock grease for sealing, Fig, 35. Vacuum
a tombac tube valve or a diaphragm valve, breaker, Stock type.
in which a tombac tube or abrassor copper

diaphragm provides the seal, is well adapted for this service
(Fig. 38). Further details on valves can be found in Monch [2].

g
—_——

VACUUM APPARATUS

A vacuum apparatus consists of a pump section, vacuum-
measuring devices, and a specialized part, the design of which
depends on the problem at hand. A Toepler pump (Fig. 39) is in-
stalled in those cases when gases not condensed at the tempera-
ture of liquid nitrogen are to be removed from the system and
measured or investigated. In that case, the pump section of the
vacuum apparatus assembly takes the form shown in Fig, 40, It
is useful to set up this section on a movable stand, and in such a
fashion that the assembly is readily understandable. The gases
aspirated by the Hg pump can be compressed into a gas burrette,
which is connected to the Toepler pump at ». Automatic Toepler
pumps have also been devised by Stock. The level vessel on the
Toepler pump permits the gases to be placed under positive pres-
sure, A condensation trap installed before g prevents Hg vapor
from reaching the apparatus and
protects the pump from reactive
gases or vapors. It is also advan- &
tageous to design the Toepler pump ﬁ:
with an oblong cylindrical pump o
space instead of a spherical one, with
the oblong section placed on a slant Fig., 36, Vacuum breaker,
so that its shape and position islike P, W, Schenk type: @) in-
the boiler of the Hg distillation ap- dentation in the tube wall;
paratus in Fig. 5 [cf. E, Zintl and A. b) thin eccentric capillary
Harder, Z. phys. Chem. (B) 14, 265 tube which breaks on touch-~
(1931); also F, Seel, Chem,.~-Ing.~ ing ¢ when the ground joint
Technik 27, 542 (1955)1. is turned.
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Fig, 37. Metal Fig. 38. @) Tombac tube valve;
needle valve, b) diaphragm valve.

Special Vacuum Systems

Vacuum sgystems are used primarily
for work with very volatile orwithair-
and moisture-sensitive materials., The
apparatus developed by Stock for the
investigation of boron and silicon hy-
drides is the prototype of a system
which may be generally used when work-
ing with sensitive materials and, with
modifications, also in many other related
cases. Where greased stopcocks can be
used, this system can naturally be sim-
plified by installation of stopcocks in-
stead of Hg valves. However, since
Fig. 39, Toepler pump. stopcocks must be regreased from time

to time, Stock valves are preferable, If
substances corrosive to Hg are present, Bodenstein valves or
break-seal valves and sealing-off points may be used instead of
mercury valves, Figure 41 shows the Stock “Universal System.”
Initially, the mixture of volatile substances to be studied is
condensed in a gas trap by cooling the latter with liquid nitrogen.,
Such a trap consists of a U tube which is enlarged at the bend to
form a cylindrical vessel with a capacity of 25-50 ml. (Fig. 43 b).
Other condensation traps (Fig. 43 g~¢) can also be used. The wash
bottle type (Fig. 43 a, ¢, d) is especially recommended if it is con-
nected properly; that is, the gases should not be brought in
through the inner tube, which is usually very readily plugged. If
the substance to be investigated is initially condensed in trapa
(detail of the apparatus, Fig. 42), then the system is closed to the
atmosphere and evacuated and finally the sectionbetweeng and f is
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Fig. 40. Pump section containing
a Toepler pump and gas burette.
1) forepump; 2) diffusion pump; 3)
forevacuum flask (3-5 liters); 4)
drying vessel (PzOg); 5) fore-
vacuum manometer; 6) Moser ma-
nometer or McLeod gauge; 7) con-
densation trap for Hg; 8) two-way
stopcock; 9) Toepler pump; 10) gas
burette; 11) level vessel.

closed off, Then trap ¢ is heated on a bath with slowly rising tem-
perature until a vapor pressure of 30-50 mm, is registered at m,.
The vapor pressure and temperature (vapor pressure thermom-
eter) are noted, the valves g and X% are opened while 7 is closed,
and ! is cooled with liquid nitrogen. Some material is allowed to

H L

=]

Fig. 41. Stock’s Universal System. @) forevacuum
pump; b) diffusion pump; ¢) forevacuum reservoir;
d) drying agent.
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A
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i

Fig. 42, Detail of the Stock Uni-
versal System,

ILE

a

Fig. 43. Condensation traps (gas traps).

condense in ! ; then % is closed, and the vapor pressure at 7, is
allowed to adjust at the same bath temperature. If the pressure is
still the same as before, another portion isdistilled into I, This is
continued as long as the vapor pressure in ¢ remains unchanged.
When itdecreases, one candistillintoyand ¢. Thus the substance is
split into different fractions, depending onthe vapor pressure, with-
out any loss of material. If an error has been made, all of the sub-
stance can be recondensed inthe initial trap, again without loss, and
fractionation started again. The collected fractions can be split fur-
ther, those belonging together can be combined, etc. The constancy
of vapor pressure at constant temperature from beginning to end
of the distillation is the criterion of purity. In order to determine
the vapor pressure, the distillation must, of course, be discon-
tinuous and sufficient time allowed for complete temperature
equalization. It may be mentioned that the vessels should be lightly
tapped during distillation—~Stock specified an electromagnetic
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vibrator—and one should not distill too gas
fast. Stock also described gasreceivers container
(Fig. 44) for collection of materials which
are gaseous at roomtemperature inorder
to avoid having to keep these continuously
in liquid nitrogen. An ingenious with-
drawal valve ¢ permits removable stor-
age vessels to be filled at variouspoints
of the system. This valve consistsoftwo
glass frits immersed in mercury. The
gas can pass through only when their sur- Stock i
faces are pressed together. valve ||
Low-temperature distillation col- condensation
umns have been devised for improving trap
fractionation. These greatly shorten the
process and in very many cases are ab- (|
solutely necessary for fractionation of
mixtures of substances with very close Fig. 44. Gas collection
boiling points. Clusius and Wolf [Z. vessel.
Naturforsch, 2, 495 (1947)] have de-
scribed such an apparatus, which is shown in Fig, 45, This micro-
column is similar to those described by Clusius and Schanzer [Z,
phys., Chem. (A) 192, 273 (1943)], but has a capacity of 6~10 ml.
Besides vapor pressure, melting point and molecular weight
may be used for characterization of the fractions. Stock devised
a very simple apparatus for determination of the melting point
(Fig. 46). The thin glass rod with an iron core is first raised with
an electromagnet, and enough substance is condensed in the lower
half to fill it about halfway. It is thoroughly melted and solidified,
Then the current to the magnet is shut off, leaving the point ¢ of
the glass rod resting on the surface of the solid substance. The
rod is observed while the bulb % is slowly heated in a thermostatic
hath, The temperature read at the point at which the tip of the rod
begins to sink is the melting point. To render the movement of the
rod readily visible, a red or black glass bead is fused at 4. To
determine the molecular weight, a preevacuated flask of known
dimensions and weight is connected to the system via a stopcock
and ground joints, It is filled at a measured gas pressure and
weighed again after removal., The molecular weight is easily
calculated from the pressure, volume and weight. The “Stock
buoyancy weighing” method is more rapid. It is based on the
buoyancy of a quartz bulb in the studied gas, the pressure of which
is simultaneously and exactly measured. The buoyancy of the
quartz bulb is compensated electromagnetically [cf. E., Lehrer and
E. Kuss, Z, phys., Chem, 163, 73 (1933)].
While the Stock system, sometimes modified for special pur-
poses, is the standard apparatus for manipulation of readily volatile
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Fig. 45. Low-temperature fractionation
system: h,-hg stopcocks (preferably
vacuum stopcocks); m, -7 z)manometers;
J) crude gas container; intermediate con-
densation in trap w; 7) microcolumn,
capacity 6-10 ml., with a heating coil 8
of Pt-Ir wire, vacuum jacket and level
limit for the cooling bath; 7 is shown i

lectro~
magnet

enlarged in relation to the rest of the
apparatus. The volume between hj, and
h, is known and serves for control of the
withdrawal rate, The fractionated gas is
frozen out in d and transferred to re- Fig. 46. Melting
ceiver % by cooling ¢ to a low temperature. point apparatus.

LC

K

substances, work with liquid or solid air-sensitive substances
necassitates considerably closer attention to the specific problems
at hand.

Moderate exclusion of atmospheric oxygen or moisture can
be accomplished by working in a dry box or a dry bag, which
are quite convenient. The dry box shown in Fig. 47 consists of
a large gas-tight box with a well-closed opening for introduc-
tion of substances, tools and instruments. It is equipped with
rubber gloved openings for the hands. Tube connections in the
side walls allow the inner space to be filled or flushed with dry
air or inert gas. An air lock can also be mounted on a side
wall for introducing or removing the substances without dis-
turbing the internal atmosphere. In order to observe the work,
the box has a glass cover, or it can be completely built of clear,
transparent plastic. These or similar boxes are sometimes
commercially available; for example, they are also used for
work with radioactive materials.

For many purposes one manages with the much simpler dry
bags. A bag of thin elastic transparent plastic (e.g., polethylene),
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Fig. 47. Dry box.
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Fig. 48. Dry bag.

open at one end, has a hole at the closed end.
A glass tube with a stopcock is cemented into
the hole and sealed in securely with rubber-
stopper gaskets (Fig. 48). The materials and
instruments, e.g., a weighing bottle, spatula,
etc., are placed in the bag through the open
end, which is then closed by folding over
a narrow strip several times and clamping
it between two wooden strips. The inside of
the bag is evacuated through the glass tube
and filled to a low pressure with protective
gas, The items inside are manipulated from
the outside; the tools and vessels are grasped
through the soft walls of the bag [W. P. Pick-
hardt, L. W, Safranski, and J. Mitchell,
Analyt. Chem. 30, 1298 (1958); further refer-
ences are also given there]. P. Ehrlich, H, J,
Hein and H. Kuhnl [Chem. Ztg. 81, 329 (1957)]
describe a similar apparatus in which the bag
is mounted on a solid base plate.

For recrystallization of air-sensitive
preparations and, in general, for produc-
tion of pure preparations, an apparatus de-
vised by Ulich (Fig. 49) is used more
advantageously [H. Ulich, Chem. Fabrik 4,
278 (1931); a similar apparatus but with
standard ground joints is given by F.

Fig. 49. Appara-
tus for dissolving
and recrystalli-
zing (the tube
attachments c
and d canalso be
located in the
center sections).
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Frierichs, Chem. Fabr. 4, 318 (1931)]. The apparatus, the con-
struction of which is obvious from the figure, is filled with inert
gas through tubes ¢ and d, and flushed or evacuated, as neces-

Fig. 50a. System for precipita-
tion, purification and isolation

in the absence of air: #) con-
densation trap of the vacuum
system; J) reaction flask; KX)
condenser; V) flask with P30g;
0) filter tube with extension 0’
and glass frit 0”; 1-7) ground
joints; e <) stopcocks; 7%) metal
stopcock on a tombac tube sch.

Fig. 50b. Water flask for pre-
cipitation and decantation: )
gas inlet tube; §') tube for con-
nection with precipitation flask
with ground joint 5 and paral-
lel ground joint V¥V 1) drain
tube for water; # and U) pres-
sure tubes with pinchcocks.

sary. The substance to be purified is first dissolved in flask b. By
inverting the apparatus, so that flask @ is on the bottom, the
undissolved material can be filtered off on firt . The dissolving
or filtration can be carried out either hot or cold. The middle
section of the apparatus can be heated by solvent vapors from the
heated flasks @ (or }) or by aheating mantle, whichever is handier.
The pure crystals are separated in flagk @ by cooling or by evapo-
ration and removal of the solvent. The crystals and mother liquor
are then separated by again inverting the apparatus and filtering
through the frit. Washing, filtering and vacuum drying (cold or hot)
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of the crystals collected on the filter plate can be easily effected
via tubes ¢ and d. Finally, the flask can be emptied in a stream of
inert gas.

Fig. 51. Apparatus for precipitation inthe

absence of air. Arrangement for drying

and transfer of the precipitates: W—trans-

fer vessel with adapterX; Y—storage vessel

with sealing constriction Z; 2-10—ground
joints; g-n—stopcocks,

Fig. 50c. Apparatus for precipitation inthe absenceof air,
A water flask for precipitation and washing is included.

A closed system for the precipitation, purification and isolation
of highly sensitive substances [e.g., Fe (OH) o] from aqueous solution
with complete exclusion of air was developed by Rihl and Fricke
(2. anorg. allg. Chem. 251, 405 (1943)]). This system has proved
itself in practice. The apparatus and use may be explained with
reference to Figs. 50a, b, ¢ and Fig. 51. First, looking at 55a, the
gystem is filled with dry, Os-free N3 through m% (tombac tube with
metal stopcock and metal joint). Now A and f are closed and the
system is evacuated through €. Then g is closed, air is intro-
duced through J, and »h is removed from the apparatus at ground
joint 2. Next,  is filled with N5 through m%, and cap 7 removed
under a N, stream. Then vessel J is filled with the solution (which
passes through the fritted glass filter to retainthe solid particles).
The filling port is at 7. Using N pressure, the solution is forced
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through the filter into ./, In the meantime distilled H,O is boiled in
flask P (Fig. 50b) in a stream of N,. After closing R, the flask is
inverted, and by brief openings of the pinchcocks at # and 7, S and
T are filled with pure, air-free water. Now the filtration sections
N and 0 are removed and ground cap5 is attached under a constant
stream of N,. Thus, the apparatus reproduced in Fig. 50c is
obtained. Since there is a steady stream of Ny, no air can enter.
Now water is permitted to enter J, thus precipitating the solution in
the flask. This is permitted to settle; tube S is pushed close to the
surface of the precipitate by moving the parallel joint /V'and
N, pressure is used to force the liquid outside the system via 7
and T, The precipitate is washed severaltimesin a similar manner
with water from P, Finally the large trap # is put back in place
and the system is evacuated. The large trap is then cooled in
liquid nitrogen or Dry Ice and the apparatus is left to stand over-
night. This removes most of the water, which condenses in 7., Next
day the substance is usually quite dry. Itis finally dried by opening
the stopcock to flask M, filled with P,O. The apparatus is again
filled with N, and the supplementary sectionisadded (Fig. 51, top).
By inverting the apparatus, thepowderis transferredto #. Nitrogen
may be introduced at m, J removed, the vacuum stopcock X added,
and ! filled after evacuation. Finally 7, containing the desired
substance, can be separated from the system by sealing at constric-
tion Z, I, and W, Noddack (Z. anorg. allg, Chem, 215, 134 (1933)]
describe a similar apparatus. It is shown in Fig. 52, With it,
material produced under N, and contained in filter crucible b may
be washed with a solvent in an inert
R -— atmosphere and dried in vacuum.
z ¢ Wash liquid is added through a; the
system is later evacuated and the

P 05 vessel then connected.
An additional device—a dumbell
% U5 A apparatus for precipitation and fil-
/ﬂ } tration inthe absence of air—is found
under the preparation of thiocyano-~

b gen in Part II, section on Carbon,

Numerous specialized types of
apparatus have been described for
carrying out reactions between solid
and gaseous components or ma-
o~ TP terials which are volatile at high
temperature. Inall thesedevicesthe
reactions proceed in the absence of
air. Many such reactions are carried
out in apparatus which contains as
Fig. 52. Apparatus for fil- its basic element a boat in a tube
tration in the absence of air. that can be evacuated or filled with
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inert gas. Some operations can be carriedout from outside the tube
(heating, magnetization); others may require direct manipulation
(introduction and removal of substance, crushing, etc.). This can
be accomplished using long-handled tools manipulated through one
opening in a stream of inert gas. Only one such opening should be
present in the apparatus. Because of the positive pressure exerted
by the gas stream, these reactions can be carried out inside the
tube without danger of penetration by air.

For the numerous designs devised to meet these problems the
reader is referred to the original literature (8].

Optical distortion of the interior by the curved glass walls can
be troublesome; this can be alleviated by using flat glass ports
which are cemented to short ground joints (Fig. 53), by which
they are attached to the tube. The tubes
shown in Fig. 54 can be generally used for
storage and transfer of air-sensitive solids.

The common principle on which these con- ‘ port
tainers are based is that they canbe evacu-
ated and so opened that an inert gas flow cement

protects the opening from air. Their design

is based on the Schlenk tube, which was Fig. 53. Observation

devised for such purposes. port for reaction
The problem of pulverizing an air- tube.

sengitive substance produced in an inert

atmosphere or in vacuum, in order to transfer it either to Mark

capillaries for x-ray photographs or elsewhere for further reactions,

]

Fig. 54. Vessels for storage and filling of air-sensitive
solids (Schlenk tube):
a—a model used in the laboratories of Darmstadt and
Freiburg Universities; »—model of O. Schmitz-Dumont
(Z. anorg. allg. Chem. 248, 196 (1941)]. Section I is for
storage; Section II for transfer to glass containersor
Mark capillaries.
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was solved by Zintl and Morawietz with a vacuum ball mill, It
consistsof a hollow bulb (10 cm. indiameter, 4 mm. wall thickness)
(Fig. 55) containing grinding balls (10-15 mm. diameter). At the
left of Sy the tube is constricted somewhat on one side so that it
will not be closed off by aball during removal of the milled material.
The substance and the balls are introduced through S, while the
mill is purged with an inert gas. Then the mill is evacuated and
rotated in a suitable device, Naturally one can also mill in an
inert atmosphere, but working in vacuum is recommended, since
loosening of the joints is thus prevented and, in addition, the fine
powder is not elutriated as much. The speed of rotation is 70-80
r.p.m.; the milling time, usually 1-2 hours [Z. anorg. allg. Chem.
236, 372 (1938) (in which an arrangement for filling Mark capillaries
is also described)].

Fig. 55. Vacuum ball mill.

Pulverizing large, compact pieces of solid material or material
solidified in a boat or crucible can be accomplished by use of a
small dental grinding apparatus in an inert atmosphere. For these
methods, developed chiefly for air-sensitive alloys, see PartII], 5,
section on Alloys and Intermetallic Compounds.

"FARADAY SYSTEM'" (TEMPERATURE GRADIENTS)

In some reactions between a slowly reactingmetal and a volatile
reagent, conducted in the absence of air, the metal must be heated
as high as possible, but the pressure of the gaseous reactant must
not reach a point at which it will burst the reaction vessel. For such
experiments W. Biltz et al. have successfully introduced the
““Faraday System’ [E. F. Strotzer and W. Biltz, Z. anorg. allg.
Chem. 238, 69 (1938)]. The apparatus consists simply of a sealed
Vycor or quartz tube, with the metal and a supply of the other reactant
(for example, S or P) at opposite ends of the tube. The ‘‘metal side”
can then be heated to 700-1000°C, depending on the tube material,
while the other half of the tube is held at 400-500°C, depending on
the vapor pressure of the other reactant, until the reaction with the
metal is completed to the desired extent. By subsequently lowering
the temperature, the excess of the volatile component can be re-
moved from the reactionproduct. By breaking the tube, if necessary
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in an inert atmosphere, the reaction products canbe removed. The
extent of the reaction can then be determined by subsequent weight
determinations.

Similar devices with sealed tubes, which areplacedin a definite
temperature gradient, have proved themselves in synthesis andde-
composition of metal halides (cf. H. Schafer et al., Z. anorg. allg.
Chem. 1952 and subsequently).

Gases

As is evident from the preceding, inert gases are frequently
necessary for changing from vacuum to atmospheric pressure.
Even though gas production and purification are described in a
special section (Part II), a few general points will be discussed
here. Inert gases, Ny, CO,, Hs, O, Cly SO, NH; and many
others are stored in steel cylinders. The valves of the steel
cylinders are supplied with different threads: left hand threads for
flammable gases, right hand threads for all others. Furthermore,
the cylinder threads are not even always the same for all nonflam-
mable gases. Thus, different valve designs may have to be used in
each case., Usually, the cylinders are painted in code colors identi-
fying particular gases. Confusion is minimized through these
precautions.

Regulating valves are attached to the cylinder valves to provide
flow control during delivery. One either uses simply a fine regu-
lating valve, or a pressure reducing valve, whose spring-operated
mechanism on the outlet side permits adjustment to a definite
pressure, which is largely independent of the internal pressure in
the cylinder. Such pressure-reducing valves are widely available.
They sometimes are not able to assure a steady gas flow at the
relatively low rates necessary in the laboratory. The flow itself
is controlled by the needle valve at the outlet, after a pressure of
about 0.5 atm. is established on the low-pressure side of the
regulator, with the cylinder valve fully opened.

GAS GENERATING APPARATUS

The most widespread apparatus is still the Kipp generator. For
production of air-free gas, e.g., COz for driving gasesinto nitrom-
eters, it can be provided with an attachment that keeps the upper
chamber completely filled with the gas and prevents the penetration
of air into the decomposition acid. The operation of this apparatus
is shown in Fig. 56. Honisch’s variant of the Kipp generator, which
assures complete utilization of the acid and prevents mixing of
the used with the fresh acid, is increasingly popular, although the
somewhat complex stopcock construction is sometimes troublesome.
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A gas generator equipped with standard ground glass joints,
which permits complete utilization of the acid and easy replenish-
ment, has recently been made commercially available.

All these devices have the disadvantage of not permitting
efficient degassing of the substances used to generate the gas. The
apparatus shown in Fig. 57 is a more effective producer of maxi-
mum purity gases. Using this apparatus, gases can be generated
from a liquid and a solid, or from two liquids. A liquid is always
placed in the upper bulb. The entire apparatus can be evacuated
before opening stopcock A~ and, if necessary, the liquids can also
be degassed by boiling. A modification of the apparatus which
uses, instead of stopcock A, a ground-in stopper 8 operated by a
glass rod, has been devised by Bodenstein (Fig. 58). If the stopper
is grooved down to the midpoint and the seat has a vertical groove
below the midpoint, the introduction of the liquid may be controlled
simply by rotating the stopper instead of raising it. If degassing
of the upper liquid by evacuation is desired, the glass rod of the
stopper must obviously be sealed against the atmosphere by a
rubber stopper.

il

Hg above
glass frit

Hg above
glass frit

Fig. 56. Kippgene- Fig, 57. Kippgene- Fig, 58. Gasgenera-
rator for producing rator for producing tor with Bodenstein
air-freegases. air-freegases. dropping funnel,
May be evacuated.

Special devices are used for the generation of a gas from two
mixed liquids (see the preparation of HCl gas from concentrated
hydrochloric acid and concentrated H,SO,, Part II,Fig. 143),

PURIFICATION OF GASES
The scrubbing action of an ordinary gas washing bottle is

limited. In general, if the scrubbing liquid and the gas passed
through it are to interact in a satisfactory manner, the flow rate
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should not exceed 10 liters/hour. The flow rate can be roughly
estimated from the frequency of the bubbles. With tube diameters
of approximately 5-6 mm., one bubble per second corresponds
approximately to a flow rate of one liter per hour in a simple wash
bottle. A frequency of ten bubbles per second (i.e., that rate at
which single bubbles can still be counted exactly with the naked eye)
represents the upper limit for satisfactory interaction with the
wash liquid. Wash bottles with fritted disks are considerably more

¥ o

Fig. 59. Efficient
gas washing tubes.

FRITTED-DISK WASH BOTTLES

The effectiveness of wash bottles can be greatly increased by
good dispersion and subdivision of the bubbles. Suchfine dispersion
of gas bubbles is effected in fritted-disk wash bottles by means of
a sintered glass disk through which the gas enters into the wash
liquid. For especially efficient scrubbing, a fritted glass disk of
medium or coarse porosity can also be inserted at the bottom of a
long glass tube, which holds the wash liquid. The disk is held in
place with a rubber stopper or by fusing to the tube. In a simpler
device, such as shown in Fig. 59b, a plain fritted glass filter /' is
attached to a glass tube g of the same diameter.

Especially fine bubble dispersion can be. attained with an un-
glazed clay cell used as a frit. The cell is attached to a glass
tube with a rubber stopper, and the assembly is held at the bottom
of a large-diameter glass tube by means of a second rubber stopper
(Fig. 59a). The rubber stoppers are secured in place with wire or
clamps. TFinally, the scrubbing effect can also be increased by
filling the wash vessel with glass fragments or glass beads.

For runs of longer duration, in which consumption of the wash
liquid must be taken into account, a wash tower may be used. It is
similar in design to that shown in Fig. 59b, but has a dropping



80 P. W. SCHENK AND G, BRAUER

funnel on top instead of the stopper, and a stopcock for removal of
spent wash liquid is fused on approximately at the level of g. It is
then possible to add fresh wash liquid during the operation and to
drain off a corresponding amount below.

DRYING OF GASES

Drying is carried out either with concentrated H;SO, in wash
bottles, or by passing the gasesover adrying agent in drying tubes,
or by cooling to low temperatures.

Table 15
Drying Agents for Gases

mg. H,0/liter | Dew point,

Drying agent C Remarks

ZnCly 0.8 =33 Not to be used with

CaCl, 0.2 NH;, amines, HF
or alcohol.

CaSO4 0. 005 —63 Neutral. One of

popular U.S. brands
is Drierite.

CaO 0.003 —67 Not to be used with
KOH 0.002 —-70 alkali-sensitive
gases and those con-
taining CO,.

Conc. HySO,4 0.003 —65 Not to be used with

H,S, NH;, HBr,
CgH, or HCN.

Silica gel 0.002 —-70 Can be regenerated at
200-300°C.

Al,Oq 0. 0008 —75 Very effective.
Mg(ClO4 ), 0.0005 —78 Caution when used
with organic
substances! -
P05 0. 00002 —96 Not to be used with

NH;z or hydrogen
halides.

The drying agents listed before silica gel are virtually unusable in
high vacuum,
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The action of a drying agent is obviously limited. The degree
of drying that can be attained with any drying agent depends to a
great extent on the experimental conditions. The equilibrium
state, i.e., the humidity corresponding to the partial pressure of
water vapor in the drying agent, is practically never attained. For
this reason, the data of different investigators on the degree of
drying that can be attained with individual drying agents differ
greatly. The values shown in Table 15 give a survey of the approxi-
mate effectiveness of the most commonly used drying agents.

In particular, the following drying agents should be mentioned:

CaCl;. The values in the table are valid only for the fresh,
anhydrous salt. The drying efficiency can decrease greatly,
especially at higher ambient temperature and on prolonged use.

Silica gel is available commercially as a blue gel containing a
color indicator. With or without indicator, it is sold as gel pellets
approximately 3 mm. in diameter. The indicator form offers many
advantages. On exhaustion, a sudden color change fromblue to light
pink takes place. At the color change, the partial pressure of H,O
corresponds to approximately 1.5 mm.

It can be re%enerated readily and as often as desired (drying
oven at 200-250°C), but must be used with caution, since, like the
even more active AljO,, it can also absorb large quantities of
many gases other than H;O, and this can be the unsuspected cause
of many an unexplained experimental loss of material.

Phosphorus pentoxide generally contains traces of lower oxides
of phosphorus, which can be troublesome, sincethey form PHj; with
Hz0. It can be tested by heating its solution with AgNO, or with
HgCly; reduction occurs if lower oxides are present. More rigorous
work requires P3Oy that has been sublimed in a current of Oz be-
foreuse, preferably directly into the drying tube. For more reliable
oxidation of all impurities, the sublimation may be followed by short
contact with a Pt catalyst. The drying tube is connected to an
equally long and, if necessary, somewhat larger diameter glass
tube. The connector is a small glass tube approximately 5 mm. in
diameter and 6 cm. long. It is fused to the two larger tubes. The
drying tube is filled very loosely withglass wool and dried at a high
temperature ina stream of dry air (a CaCl, tube is sufficient). Some
Pt foil is now placed inthe empty tube and, following that, sufficient
P;05 is introduced in suchaway that a free channel for gas passage
is available over the entire length of the tube. A slow stream of
0; is now passed through. The tube with the glass wool is heated
somewhat and then the area of the Pt catalyst is heated almost to
the softening point of the glass. By heating to 200-300°C, the Pz Og
slowly sublimes and passes over the catalyst. The heating should
start at the Pt foil and proceed gradually to the other end. The
P05 is uniformly distributed in the heated tube containing the
glass wool (Fig. 60).
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Smaller drying tubes are also filled with glass beads or small
pieces of glass tubing. Figure 61 shows a usable form which,
because of the vertical position of the ground joints, can be readily
interchanged. Loose magnesium perchlorate (without a carrier)
as well ag silicagel can be readily poured in, since these materials
do not plug the tubes as readily as P2 Og.

glass wool PeUs

Fig. 60, Purification of phosphorus pent-
oxide by sublimation.

The neatest and most efficient solution of the problem of the
drying of gases is cooling to low temperatures. In this procedure
the gas is passedthrougha spiral condenser
immersed in liquid nitrogen or in a Dry
Ice-acetone mixture.

NOBLE GASES

While discussing purification opera-
tions, we should consider the purification of
noble gases more specifically, since these
are not treated in Part II. Of these gases,
argon is an unexcelled protective gas for
highly sensitive substances. Helium and
Fig. 61. Phosphorus neon are equally effective andare alsoused

pentoxide tube. occasionally. These gases are stored in
steel cylinders and can be freed of theusual
impurities (H3;0, O, COg) by the methods customarily used for
other gases (e.g., Ng). A simple and very effective method for the
removal of moisture and Op from inert gases and from N, or Hz is
given by Harrison [9]. In this method the gas is passed through a
U tube (e.g., 40 cm. high, 2.5 cm. in diameter) partly filled with
liquid Na-K (25% Na, 75% K).

In addition, the problem of the removal of small amounts of Ny
from the inert gases, particularly from Ar, requires special con-
sideration here. The N, may be combined with metallic Ca, Mg,
Ti or Zr; metallic U is also very useful.

Because of the low reaction rate, absorption on Ca, which is
thus converted to CagN,, must be carried out at 600-700°C, and
requires an iron tube to hold the Ca turnings. The apparatus is
shown in Fig. 62. The tube is approximately 70 cm. long and made
of stainless steel. In addition, the Ca shouldbe activated by a small
amount of CagNj to speed up the reaction (O. Ruff et al. [9]).
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Similarly, Mg turnings can be activated with metallic Na; they
quickly absorb N at approximately 600°C. Several small pieces of
Na are added to the Mg turnings before the first heating of the tube;
the Na distributes itself automatically (Grube and Schlecht [9]).

I

steel wool ;
Ca or Mg turnings

standard
ground joint

furnace (600-7009)
steel tube

cooling cooling
water water

Fig. 62, Apparatus for absorb-
ing nitrogen on metallic cal-
cium or magnesium.

According to N. W. Mallet 9], N, can also be removed from
inert gases by means of Ti, Zr or U. As shown in Fig. 63, a quartz
tube, approximately 2.5 cm. in diameter and approximately 70 cm.
long, is used. The Ar, predried over Mg(ClO,) 5, is passed through
it. The Ti powder is placed between two steel wool wads in a layer
25 cm. long, containing approximately 150 g. of metal. The particle
size of the Ti powder should not be too low. The metal should be
loosened up by pulverizing after use, the frequency of such treatment
depending on how it is used. The sintered material should be re-
generated and the entire tube packing should be treated after it has
been in operation for a total of elght hours. Because of sintering,
a working temperature above 850°C is possible only if Ti is present
in the form of coarse turnings. Before it is used, ordinary com-
mercial Ti must be freed of its generally high H, content by heating
in vacuum. When 30-40ml. of Nz (or Ogz) per gram of Ti has been
absorbed during a run, the absorptivity of the packing is greatly
decreased and the material must be regenerated. A packing can
be thoroughly exhausted, without any danger of Nzbreakthrough, if a
similar second tube is installed after the first.

A more recent method for purification of inert gases, which can
also be used for Hj, consists in passing the gases through liquid

steel wool Ti powder

4/- 3
WZ AL AN NV m—W’
radiation shield E:j quartz tube

furnace /8507

Fig. 63. Apparatus for absorption of
nitrogen on titanium.
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magnesium at 750°C. A steel apparatus is used, such as that shown
in Fig. 64 (I. Jenkins and D. A. Robins, Third Plansee Seminar,
Reutte 1958, and private communication).

FLOW RATE

Flowrate canbe estimated through bubble counting. It is meas-
ured with a rotameter or adifferential monometer. Therotameter is
based on the displacement of a rotating float
in a slightly tapered, calibrated tube. Both
the tubes and the floats already properly
calibrated, are commercially available.

In differential manometers, the two
arms of a U tube are bridged by a cali-
brated capillary tube through which the
gas flows (Fig. 65). Flow rate is propor-
tional to the pressure difference between

(~750°%) the two sides of the capillary.
For exact measurements, the temper-
Fig. 64. Purification ature of the capillary should be constant.
of inert gases with A glass stopcock is connected parallel to
liquid magnesium. the capillary tube. Overflow of the manom-
eter liquid can be prevented by opening
the stopcock at the last minute; experience shows that attempts to
prevent trouble by controlling the flow rate usually come too late.
Addition of a filling tube to the manometer permits pouring in the
liquid after installation and drying of the manometer. The lip is
then sealed off. Suitable filling liquids include: concentrated
H;SO4, paraffin oil, silicone oil, bromonaphthalene, Hg or even
stained water, depending on the purpose. By using inclined tube
manometers, even very small flow rates can be measured quite
well, employing only slightly constricted capillary tubes. Such
devices are commercially available and can also be prepared in
the laboratory.

The capillary tube shown in Fig. 65b can be readily interchanged.

A calibration is required for each gas.

VOLUME MEASUREMENT

Calibrated gasometers or gas burettes are used. A constant-
pressure gas burette was described by Schenk [Z. anorg. allg.
Chem. 233, 393 (1937)]. Otherwise, wet test meters-—commercially
available in precision types—are used. They are especially useful
in calibration of flow meters.

GAS RECEIVERS AND STORAGE VESSELS

Gases are stored in gasometers. The chief disadvantage of the
simpel gasometers is that, with the exception of bell-type devices,
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Fig. 65, Differential Fig. 66, Constant pres-
manometer, sure gasometer,

they do not permit removal of the contents at a constant pressure.
More recent models avoid this difficulty by having the feed line
from the upper container connect to an overflow flask instead of
reaching the bottom of the reservoir. Such gasometers can be
easily improvised from large flat-bottom jars or even 60-liter
flasks. The arrangement of the tubes canbe seen in Fig. 66. Tube d,
extending to the bottom of the bottle, serves for piping the sealing
fluid back to a@. This can be effected either by putting the lower
container under positive pressure or by creating a vacuum in the
upper one. An immersion tube ./ in the upper container makes this
vessel a Mariotte flask. The gas pressure is determined by the
difference in height g between the outlet of /' and the overflow tube
in the lower container. Such gasometers function very dependably.
Once set, the flow rate remains completely constant for many
hours. The one disadvantage is the necessity for large quantities
of sealing liquid. The use of saturated, degassed common salt
solution as sealing liquid reduces the danger of carry-over of
impurities. For some purposes suitable paraffin oil may also be
used. It must be heated and outgassed invacuum prior to use. Bell
gasometers in which the bell floats in a narrow, ring-shaped slot
filled with Hg offer even better protection against impurities.
Because of the considerable quantities of Hg, whichthey still require
in spite of their special construction, they are limited in size. As
can be seen in Fig. 67, a wooden shield serves to guide the bell.
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When a rigid connection between gasometer and apparatus is
desired, the gas can be removed via a glass tube fused atJ (dashed
lines, Fig. 67) instead of through A.

Storage is often simplified if the gas is forced into evacuated
steel cylinders. A small pressure vessel, cooled with liquid
nitrogen, is used for this purpose. The gas is liquefied in this
container and then flows through a copper capillary into the evacu-
ated steel cylinder (Fig. 68).

sE.,GG

g
A
/
f
f

Fig. 67. Bell Fig. 68. Transfer of
gasometer, condensable gases into
steel cylinders.

If it is desired to prepare a gas mixture in the steel cylinder
(e.g., by filling it first with N, to 30 atm. and then adding Hy until
the pressure totals 120 atm., thus obtaining NH 4 synthesis gas) one
should remember that gases under such highpressures have a con-
siderable viscosity, which hinders complete mixing for days. There-
fore, convective mixing should be induced through heating. This
can be done by placing the cylinder in an inclined position, with the
valve on the bottom, and heating it by irradiation with a 60-watt
light bulb. Occasional analysis of the mixture serves as a useful
check of the constancy of gas composition.

Liquefied Gases As Solvent Media

A great deal of equipment has been devised for work with
liquefied gases, such as NH;, SO, HF and others. This equipment
permits carrying out such operations as precipitation, filtration,
washing, drying, titration, etc., in complete absence of air and
moisture. The operations proceed either in vacuum at the vapor
pressure of the particular liquefied gas or in an inert atmosphere.
The following brief description of equipment cannot make any claim
to completeness.
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Fig. 69. Apparatus for reactions in liquid
ammonia: J) reactiontube; II) condensation
equipment; 2 and 6) pressure release
valves; 3) condensation, drying and stor-
age of NHg,; 4) protection against spray and
fog—fritted glass or glass wool.

Zintl and Kohn [10] describe an apparatus for reactionof a salt
with a solution of alkali metal in liquid NH;. This apparatus may
be adapted to other similar uses (Fig. 69). The basic component
is an H-shaped tube. Leg b contains the salt (this leg is later
sealed off at ¢); leg a contains the alkali metal. A flexible con-
nection (e.g., a tombac tube) to the other parts of the apparatus is
provided at 5. After evacuation, the NH;is introduced through 1 and
condensed in 3, which contains sodium for drying the NH;. From
3, the NH; is distilled into ¢ and b and condensed there. Franklin
and Kraus [10] showed that NHjdistilledonceover Na is completely
clean and dry. When the Na in ¢ has dissolved, the H tube is tipped
and the solution is poured through e into b. The connecting tubeJ
serves for pressure equalization. At the end of the reaction the
NH, is evaporated, the apparatus evacuated, and b cooled in liquid
nitrogen to loosen the substance from the walls. The apparatus is
then filled with N, and cut open at ¢, and the substance is crushed
with a stirring rod inserted through ¢ while a stream of N, passes
through. For washing, the substance is transferred in a stream of
N into a well-dried “washing tube” (Fig. 70) (A. Stock and B.
Hoffman [10]), which contains a small inset tube surrounded by
glass wool or small glass beads. After filling, the N inlet tube is
sealed off. The tube is evacuated, NH; is introduced and con-
densed, and then the top of the “washing tube” is sealed off. The
tube is allowed to warm to room temperature and cooled on top
with water or ice. The NHs refluxes condenses on top, flows
down and extracts the substance on the glass wool. The extract
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runs down through the wool while the fresh NHj distills upward
through the small inset tube,

;

!

glass beads
or glass woolr

p cooling
water

7l

Vi

Fig. 70. Wash tube for Fig. 71, Extraction with liquid ammonia,
extraction with liquid
ammonia,

To separate a mixture of solid substances with different
solubilities in liquid NH3 (or SOz) by extraction, the apparatus
pictured in Fig. 71 is used. It was devised by Biltz and Rahlfs and
improved by G. Jander, Wendt and Hecht [10], as well as by Klement
and Benek [10]. The solid starting material is placed in leg @ on the
fritted glass disk b. Purified NH; gas is then admitted throughc
and condensed in @ by cooling. After the portion soluble in NHj has
dissolved, the cooling bath is transferred to leg d and the NHj is
forced by its own vapor pressure from ¢ into d. The undissolved
residue remains on filter b ina. Fresh NHs is condensed ina by
cooling @ instead of d and opening the connecting stopcock. By
repeating the operation, the insoluble residue can be multiply
extracted with NH;. The NHj; can be either directly recycled to a
or removed as a gas through ¢, condensed outside the apparatus,
and recycled. By using the special head g, equipped with a cooling
jacket holding Dry Ice-acetone mixture, instead of the ground glass
cap f, the extraction can be carried out with NH; continuously
trickling from g to @¢. The extract collectsin d and can be removed
through e.

No foreign gases are permitted in the free space of all such
apparatus or the recondensation of NH, (or SOz)will be appreciably
hindered. Thus, the free space is evacuated from time to time,
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while the liquid NHj (or SOy) is held back by cooling one leg. The
temperature should not be lowered to the point where the liquid
freezes, because of the risk that the filter plate may shatter when
rewetted.

analysis

: fused-on

Mark capillaries
el

r

Fig, 73. Flask for re-

Fig. 72. Apparatus for actions in liquefied
reactions inliquid am- gases:e-—addition tube;
monia. J—frittedglass;r—re-

action flask.

An apparatus for reaction of solutions of alkali metals in NH; with
solid materials (G. Brauer and V, Stein [10]) is shown in Fig. 72.
The alkali metal is sealed in a small ampoule which is provided
with a small hook at one end. The seal point is broken off; the
ampoule is suspended by the hook from a thin wire and introduced
into the apparatus. The ampoule contents are melted in a stream of
N; and flow to 5. Then NH,is condensed in 5. The solid is already
in 4, and both substances are combined by tipping the apparatus.
After evaporation of the NH, the reaction product is transferred
to analysis flasks, Mark capillaries, or to containers such as
shown in Fig. 54a. From these it can be further transferred, as
required.

The Jander and Schmid [10] apparatus shown in Fig. 73 has also
proven useful in such reactions. The first condensation of NH; is
greatly facilitated by the addition tube g; the frit fcan be used for
filtration in either direction. The greased ground joints remain
gas tight even on immersion in a Dry Ice-methanol bath, so long
as the pressure inside the apparatus does not fall below 50-100 mm.
In a higher vacuum, fine channels form readily in the lubricant
layer.
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An apparatus for liquid—liquid NH, reactions yielding solid
precipitates is described by Schwarz and Schenk and also by Schwarz
and Jeanmaire [10].

A description of an apparatus for titrating liquid NH3 solutions
with standardized NH, solutions is given by Zintl, Goubeau and
Dullenkopf [10]. Furthermore, similar devices for work with
liquefied gases have been proposed by Juza, Schmitz-DuMont, F.
Seel, G. W. Watt and others. A selectionof the latest literature on
the subject is given in [10]. The reader should also refer to the
preparation of thiocyanogen in Part II, as well as to the section on
Carbonyls and Nitrosyls in Part III.

Electrical Discharges

One distinguishes here between the so-called “silent” discharges
at atmospheric pressure and glow discharges at reduced pressure.
Other discharge types such as arcs are not considered here, since
in those cases the specific discharge effects are masked by thermal
ones.

Silent discharges are obtained in a Siemens ozonizer, which is
a system of two concentric tubes. The gas flows through the
annulus (see Part II, section on Oxygen and Ozone).

Glow discharges are produced at reduced pressure (< 10 mm.)
between electrodes (Al, Fe) connected to ahigh-power, high-voltage
source (about 6000 v., 100-200 ma.). “Electrodeless” discharges
can be used when metal electrodes cannot. They are produced by
inserting the discharge vessel (a sphere or short cylinder) into a
coil made of a few windings of thick copper wire (primary winding
of a Tesla coil) and using the latter as an oscillatory circuit con-
nected to a high-frequency generator (quenched spark gap, emitter).
Especially effective are direct current pulse discharges, whichare
produced by charging a high-capacitance condenser from a high-
voltage transformer via a rectifier and high-resistance rheostat.
After reaching the break through voltage, the condenser discharges
across the spark gap and the discharge tube with an extremely intense
current surge. For a short time (10-® sec.), pulses of more than
100 amp. appear in the gap. Such apparatus is particularly suited for
proE(Iiu]ction of active nitrogen. A fuller description will be found
in 111,

Aluminum foil is used for electrodes whenever possible. It is the
least dust-forming material. In the case of halogens, water-cooled
iron tubes (Schwab’s apparatus (11]) must be used. The discharge
tube is approximately 20 mm. I.D. andis enlarged at the end, where
a 40-mm.-thick Al electrode is placed. If the electrodes are
sufficiently close to the walls, the tube can carry a current of
200-300 ma. without special cooling. For higher currents a fan is
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used for cooling. Two such discharge tubes are shown in Fig. 74.
Good pumps are especially important when working with electrical
discharges, particularly when one of the reagentsisa gas that does
not condense at the temperature of liquid nitrogen. For example, for
a throughput of one mole of gas per hour at'l mm. pressure,
17,000 liters of gas, i.e., 5 liters per second, must flow through the
apparatus. Since in many cases one must work with still lower
pressures (0.3-0.5 mm.), very high capacity pumps aswell as tubes
of at least 20 mm. L.D. are absolutely necessary.

A
i lelectrodes

§

|

Fig. 74. Discharge tubes: D) sealing-off or
cutting-off point (removal of reactionpro-
duct frozen out inthetrap); G) tothe pump.

Purification of Substances

Purification is effected in most cases by distillation, sublima-
tion or recrystallization. In many cases, the mechanical methods
of elutriation and gravity separation are also useful. The progress
of the purification is followed by checking either the analysis or the
physical properties, especially melting point, boiling point and
vapor pressure.

DISTILLATION

Distillation columns are used for greater separation or to
accelerate the process, The disadvantage of a more or less con-
siderable holdup, which formerly required large quantities of
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substance in order to achieve effective fractionation, has been
largely overcome by the development of modern columns. Asa
makeshift device, a 60-cm.-long column packed with metal or
glass Raschig rings, and insulated by a glass jacket, can be used
(Fig. 75). If the rate of distillationis adjusted so that for each drop
collected at the top, twoor three drops fall back into the boiler, then
the separation is usually very good. Columns like Jantzen’s or
Podbielniak’s are used when purity requirements are higher (Fig.
76). The principal component of the Jantzen column is a long, spiral
riser tube, whichis thermally insulated by
a sealed-off, silvered, evacuated jacket.
The ratio of distillate to reflux is con-
trolled by the setting of the stopcock (cf.,
e.g., Bernhauer, Einfuhrungi.d. org. chem.
Laboratoriumstechnik [Introduction to Or-
ganic Chemistry Laboratory Technique],
Vienna, 1944, p. 119), The Podbielniak
column is used for fractionation of liquefied
gases. Columns with a rotating metal core
(also available as microcolumns) have very
small holdups.

VACUUM DISTILLATION

The usual equipment for vacuum distil-
lation is so familiar that it requires no
special mention here. Although the main
use of short-path, thin-layer distillationis
Fig. 75. Distillation in preparative organic work, this method
column packed with is also useful in preparative inorganic

Raschig rings. work, In this type of distillation, the sub-

stance runs in a thin layer over a heater
surface at extremely low pressure, and the more volatile compo-
nents condense on a cooled wall directly above and a very short
distance from the heater. A great many devices have been designed
for this. One is presented in more detail in Part II, section on
Sulfur, when dealing with the purification of polysulfanes.

SUBLIMATION

Besides the usual sublimation equipment (an example of the
simplest type is a beaker covered with a water-filled flask) one
should mention an apparatus for vacuum sublimation which can
easily be assembled from a Pyrex evaporation vessel with a per-
forated cover. Figure 77 shows the construction.

Vacuum sublimation is used, above all, for purification of
metals. Except for a high-capacity pump (most metals give off
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Fig. 76, Podbelniak distil-
lation column: a)filled with
hydrogen at various pres-
sures; b) high vacuum; for
the sake of clarity, the dia~-
meters of all parts of the
apparatus have been en-
larged three times inrela-
tion to the length.

considerable quantities of gas upon heating) the equipment required
is relatively simple. Allthatisrequiredisa large quartz, ceramic
or suitable metal (e.g., steel) tube into which the metal to be sub-
limed is placed, either directly or in a boat,
and aconcentric cold finger cooled with running
water, on which the sublimed metal deposits.
The cold finger mustbe easily removable atthe
end of the sublimation. Figure 78 shows the
principle of the setup. It may be modified
somewhat, depending on the materials used
le.g., quartz in the apparatus of W, Klemm and
H. U. von Vogel, Z. anorg. allg. Chem. 219,
45 (1934)]. -
Less volatile metals canalsobedistilled, in
smaller quantities, in a tungstenboat heated to Fig. 77. Vacuum
avery high temperature. They deposit onan ad- sublimation ap-
jacent cooled surface. The layout corresponds paratus.

270,

M=
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cooling
wa'ter

vacuum

Fig. 78. Sublimation ontoa
cold finger.

very closely to the tubular tungsten furnace shown in Fig. 13. In
this case, however, the heating element is an open boat, made by
folding a sheet of tungsten, instead of the tube.

RECRYSTALLIZATION

Crystallization depends essentially on two factors; the crystal-
lization rate and the number of centers of crystallization. With
high supersaturation, the number of nucleation centers is large
so that many small crystals are formed. With only slight super-
saturation, the crystallization rate is controlling and only a few—
and therefore larger—crystals are formed. Although the widely held
notion that especially well-formed crystals are always highly pure
is not valid (impurities can be occluded with the mother liquor),
still, the production of large crystals for crystallographic purposes
is so important that we shall discuss the subject briefly.

CRYSTAL GROWING

Larger single crystals can be obtained by recrystallization from
the gas phase, from a solution, from a melt and in metals [12].

Growing from the gas phase (sublimation) is effected by enclosing
the substance in an oblong glass or quartz ampoule and maintaining
a temperature gradient along the ampoule for some time. The
transport phenomena that occur during this processleadto crystal-
lized deposits. ‘The process is widely applicable and is sometimes
very effective, even in reversible decomposition reactions with
participation of a gas phase. It is, however, suitable only for small
quantities.

Growing from a solution occurs through growth on already present
crystallization centers or on crystal seeds. The following general
rules are valid. The crystallization vessel should either be very
well insulated to achieve extremely slow cooling and a super-
saturated solution at a given temperature, or the vessel should be
maintained at a constant temperature (Dewar flask, thermostatted
bath with slowly decreasing temperature) while the solvent slowly
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evaporates. Large crystals are obtained more easily in large
diameter containers than in narrow ones. Crystallization centers
on the bottom of the container disturb the growth of the crystal
and should be avoided as much as possible, e.g., by polishing the
surface. After each crystallization, the best crystals are selected
for use as growth centers, and these are again inserted into a hot
saturated solution. (However, the saturation should not be quite
complete at the moment of insertion.) Some dissolution of the seed
crystals in a new crystallization run is necessary for even growth.
A single, well-shaped crystal can also be suspended in the solution
on a thread or wire, Small crystals formed on the surface of the
liquid should not be allowed to fall on the growing crystal; for this
reason the latter is protected by a cover, made, for instance, of
fibrous material.

Uniform growth is promoted to a large extent if either the
crystal or solution is in continuous motion, since local concentration
fluctuations are thus evened out. Freedom from vibration during
cooling—previously considered important—is therefore not neces-
sary in order to obtain large, well-formed crystals. Either the
crystal is rotated in the still solution or the liquid is permitted to
flow past the fixed crystal. For the firstcase, Johnson has devised
a simple setup, which is shown in Fig. 79. A stream of air controls
the evaporation rate of the solvent. There is a protective cover
over the growing crystal. For the second
case, that of moving liquid, the simplest stirrer
setup is an inclined, round-bottom flask
which rotates slowly about its axis in a
thermostatted bath with gradually de-
creasing temperature, With morestrin-
gent requirements, the Nacken apparatus
(shown in Fig. 80) is used. Constant
change of the solution, which is always
being saturated in the middle section of :
this apparatus, is achieved by means of thermostatted bath
the two check valves and a rubber bulb
attached at a.

When crystals are grown from a Fig. 79. Single crystal
melt, the simultaneous growth of a great growing with movement
many crystallization centers must be of the growing crystal.
prevented. The growing crystal should
always be the coldest part of the surroundings by being connected
to a heat sink (a rod or a tube with good thermal conductivity).

An especially successful process for alkali halide crystals was
devised by Kyropoulos [12]. The experimental arrangement can be
seen in Fig. 81. The fused mass in the electrically heated crucible
is heated to about 150° above the melting point, then cooled to
about 70° above the melting point. The cooling rod is then




96 P. W, SCHENK AND G. BRAUER

immersed. Only then is the cooling of the rod started. When a
crystal forms at the tip of the rod, usually as a hemisphere, the
rod is carefully lifted by a micrometer device so that it barely
touches the surface of the fused mass. At this point there develops
a large, very clean, round crystal, provided the cooling of the rod
is adequate. Finally this crystal is lifted from the mass and very
carefully cooled.

———

crystallization
vessel

check -
valves "Vt --

._':;;kfu.rnace
= - Nas]bestos
Fig. 80. Single crystal Fig. 81. Single crystal
growth in a moving sol- growth in a melt.

ution.

The growing of metal single crystals can be carried out via
several methods. Tammann and Bridgman [12] have devised an
apparatus for slow solidification of metallic melts. A tube filled
with the melt is lowered slowly and at a uniform rate (e.g., by
means of a clock mechanism) through a vertical, electrically heated
tubular furnace. In order to force the crystallization process to
occur at a fixed place and from only one crystallization center, the
bottom of the tube is drawn out to a capillary point (Schubnikow;
Straumanis [12].

By pulling, a single crystal metal fiber is drawn out of the molten
mass at a slow, uniform rate (e.g., 0.2 mm./sec.) while cooled and
protected by a stream of inert gas (Nz, COz). A small mica leaf
with a hole in the middle, floating on the surface of the molten
mass, serves as a die for the fiber and determines the thickness of
the wire-shaped single crystal (Czochralsky; Von Gomperz; Mark,
Polany and Schmid [12]).
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Other special methods for growing metal single crystals are
recrystallization with alternate mechanical deformation and anneal-
ing (systematically and successfully used till now with Al, Mg, and
Fe) as well as a crystallization process in which a volatile metal
compound decomposes thermally on a high-temperature filament and
the metal deposits on it. This procedure may be used also for the
preparation of some metals and very pure simple metal compounds.
Some of these cannot be obtained as pure by any other method
(Ti, Zr, Hf, Nb, Ta, etc.) (Koref; Van Arkel; Agte; Burgers; De
Boer [12]).

Small crystals, required for powder pattern analyses, are often
accidentally found in cavities of solidified melts. In some cases,
this phenomenon can be artificially encouraged by inserting into the
metal (or alloy) mass a honeycomb of folded strips of sheet iron,
the nooks and crannies of which serve as cavities. In this case,
the container must be moved to and fro during slow solidifica-
tion, in contrast to other methods of crystal production (G. Brauer
and R. Rudolph [12]).

Zone melting., In this method for metals and semimetals, de-
veloped by Pfann, a small heating device is passed along a rod-
shaped sample of a solid, fusible substance in such a way that a
narrow fused zone gradually moves along the whole length of the
sample, Impurities are thus transported in one direction. Several
such passes result in ultra high purity material. The method is
usable for all substances (and compounds) with appropriate melting
properties [13].

GRAVITY SEPARATION

Of the mechanical methods of separation, which can be used
when chemical isolation of a product is either not possible or not
practical, density separation requires some mention. A solid
mixture of two components with different densities canbe separated
by means of a liquid of intermediate density. It is an essential
prerequisite that the solid be pulverized until every particle is as
homogeneous and free of inclusions as possible, but an unnecessarily
fine powder should not be produced. Various “heavy liquids” and
“heavy solutions” have been proposed as separation liquids, in which
the lighter component rises and the heavier one sinks to the bottom.
If somewhat elevated temperatures are permitted, then low-melting
substances can be included in this group and the range of the usable
density values widened a little more. Table 16 shows the substances
used most often for gravity separations.

0 ]The following gravity separation procedures are of importance
4]

Dense liquids and solutions. In the simplest case, narrow, tall

beakers or ordinary graduated cylinders are used; these are filled
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with liquid and the solid is stirred in with a glass rod and left to
separate. The light component can be decanted after settling or,
better still, scooped out with a nickel wire sieve, Ordinary
separatory funnels whose stopcock is mounted a few centimeters
below the vessel are also recommended. The bore of the stopcock
plug should be the same diameter as the funnel tube. For more
thorough separations an apparatus such as shown in Fig. 82 I can be
used. The mixture to be separated is poured into the large tube and
liquid is allowed to run through the funneluntil its level equals that
of the upper side branch. By repeated stirring with a glass rod,
the light components are elutriated toward the top. Then the main
large opening is closed off with a cork and more liquid poured in
through the funnel. This liquid sinks to thebottom, raises the lighter
components to the top, and thus permits them to overflow. The
operation should be repeated several times. For other recom-
mended apparatus, see [17].

|- a

L1-¢

-

Y

Fig. 82. Apparatus for gravity
separation. I) after Brauer
and Scheele; II) after Penfield.

Dense melts. The separationcanbe effectedina test tube, which
after solidification can be broken and the cake split up into two
parts containing the lighter and the heavier components. For more
separation, Penfield’s apparatus, shown in Fig. 82 II, is used.
A small container » is placed in a Vycor or quartz test tube a.
Vessel b is connected by a ground glass joint to an adapter ¢. The
resulting tube (b plus ¢) is filled witha mixture of the powder to be
separated and the substance serving as the melt. Then the entire
vessel (o, b and c¢) is heated, e.g., in a water bath; the molten
substances will rise fully into ¢. After separation has been accom-
plished, the closure tube d, provided witha male ground joint at the
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bottom, is introduced to seal off », as shown in Fig, 82 (II), The
spatial separation of dense and light substances is so good that

after solidification of the melt, b can be loosened without difficulty
from ¢ and d by brief heating.

Table 16a

Liquids for Gravity Separation, Dense Liquids [15]

Liquid dmax Properties
Bromoform 2.9 Cheap, very mobile, transparent,
inert to ores, slightly sensitive
to light,
Iodoform solution in bromoform 2.9-4,0 Similar to bromoform, but

strongly colored to the point of
capacity. At high CHI, con-
tents (m, p. 119°C) solid at
room temperature.
Tetrabromoethylene 3.0 Similar to bromoform; more light-
stable than bromoform, Evapo-
rates relatively quickly,
Potassium iodomercurate solution 3.2 Almost colorless, transparent,
(Thoulet solution) easily prepared. Poisonous!
Attacks the skin! Hygroscopic,
fairly viscous; decomposed by
Fe and many oxides and sulfides,
with Hg separation, Crystal
powder removal difficult be-
cause of adsorption.
Methylene iodide 3.32 Pure material almost colorless;
very mobile; easily washed with
benzene; fairly inert when pure;
sensitive to sunshine, heat and
less noble metals (Al), Rela-
tively expensive.

Cadmium borotungstate solution 3,36 Not poisonous, harmless; difficult
(saturated) (Klein solution) to prepare; fairly viscous; de-
composed by Fe, Zn, Pb and
carbonates.
Barium iodomercurate solution 3.59 Easily prepared; cannot be de-
(saturated) (Rohrbach solution) composed by carbonates; should
be diluted with KI solution
only,
Thallium formate solution 3,17 (12°C) | Densest known aqueous solution;
(saturated) mobile; may be diluted with

water, Light yellow when
4.76 (90°C) freshly prepared, becoming
brown upon standing; the brown
color can be removed with
Thallium formate and malopate | 4,07 (12°C) charcoal by heating the diluted

solution (1:1) (saturated) solution, Somewhat difficult
(Clerici solution) to prepare; marked changes in

4.65 (50°C) density with temperature and
5 (95°C) evaporation,
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Table 16b

Dense Melts [16]

Melt M.p. d Properties
Silver nitrate 198°C | 4.1 |Wide variety of uses. Can be diluted with
KNO; or NaNQ;.
Mercury(l) nitrate 70°C | 4.3 |Decomposes on long melting; thus, addition

of several drops of concentrated HNO; is
advantageous, Risk of decomposition with
free metals.

Thallium nitrate 206°C | 5.3

Thallium nitrate- 75°C | 4.5 |Prepared by dissolving proper amounts of T1
silver nitrate to and Ag in HNO;. Can be diluted with
(in ratios depending 4.9 water, with strong melting point depres~-
on the powder to be sion, Colorless, mobile, transparent lig-
separated) (Retgers) uid, An Ag film forms under the influence

of strong light, This can be redissolved
with a little HNO3, Sulfides decompose
the melt, Silicates are partially attacked,

Thallium mercury(I) 76°C | 5.3 |Best heavy melt; highly mobile; clear solu-
nitrate (Retgers) tions with H, O in all proportions, Also
suitable for sulfides and silicates.

In all separations with dense melts, care should be taken to
maintain a constant temperature,

Analysis of Purity

Although melting point determination is of special importance
for organic analysis, it is often useful in inorganic preparative
work as well, Of course, the usual methods, using a capillary in
a thermostatted bath, cannot be used in most cases because of the
high melting points, Higher temperatures can be reached with a
copper or aluminum block [18], For high temperatures, the
crucible method is used, in which the cooling rate of the melt is
followed with a thermocouple immersed init., The method is greatly
simplified by adding to the setup a second thermocouple placed
next to the first and connected in a circuit with a third one placed
in a second crucible, which stands beside the melt and contains
a comparison substance (e.g., fine sand) (see Fig, 83, differential
thermocouple), As long as the melt and comparison crucibles
are at the same temperature, the two thermoelectric currents
cancel, As soon as a temperature difference develops as a result
of the heat of crystallization, the highly sensitive instrument de-
flects and the temperature corresponding to the first crystalliza-
tion is read off from the proper thermocouple, This method of
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differential thermal analysis is, in addition to melting point de-
termination, also quite generally suitable for the investigation of
all changes, reactions, etc., which are accompanied by thermal

effects,

= ('__._'_!
¢ | furnace
melting | : control
crucible ] '\‘ crucible

Fig., 83. Determination of
solidification point with dif-
ferential arrangement of the

thermocouples

For very high temperatures, or if only
verysmall amounts of material areavailable,
Burgess’s micropyrometer can be used [18].

Measurement of vapor pressure of low-
boiling substances has already been treated
in the discussion of Stock’s apparatus, With
substances boiling above room temperature,
a heated manometer must be used., For in-
stance, molten tin can be used as the manom-
eter liquid and the flask containing the
substance together with the short manometer
lowered into the heated bath, while the second
leg of the manometer is connected to a Hg
manometer and a surge vessel, The pres-
sure is then compensated for until the tin
in both legs is at the same level, and the
pressure is read off on the Hg manometer,
Another very useful device is the isoteni-
scope of Smith and Menzies [18]. Here the
substance itself serves as the manometer
liquid. Figure 84 shows the apparatus. The

to Hg manometer

0

- 0mm*

50—t

Fig, 84. Isoteni-
scope

substance is poured into the small flask ¢ and the instrument is
evacuated; the material is permitted to boil a little and the in-
strument is then tilted so that a portion of the substance flows
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into the manometer leg. Then the entire instrument is brought
to the desired temperature and the pressure is so controlled that
the liquid levels in both legs are the same, The pressure is then
read off on the mercury manometer,

The best device, however, is the quartz coil manometer, the
coil of which can be heatedto 500°C (in special cases to 600-700°C).
In all cases the null point of the instrument must be checked after
each measurement. Therefore the manometer should be provided
with a heating coil, whichdoesnot needto be at the test temperature
but must nevertheless be at a sufficiently high temperature to
prevent condensation in the coil and in the capillary connections
(which are likewise provided witha heating coil). With compensation
to zero, the pressure is read off on the Hg manometer, In those
cases where it cannot be ascertained by the usual method (with a
thermometer and distillation flask) the boiling point is determined
more accurately by extrapolation of the vapor pressure curve,

n 706 ml
1 dry air
vacuum
pump
—L

7z

Fig. 85, Vapor pressure
eudiometer.

Vapor pressure eudiometer. This apparatus was originally de-
vised as atool for analytical checking of the course of decomposition
of ammines or hydrates, but it is also useful for preparatory pur-
poses, e.g., when determination of a definite stage of decomposition
is desired. Figure 85 shows the construction of this device. The
substance is enclosed in the smallest possibleflask@ and a definite
quantity of the volatile component is removed from it. The right
leg of the manometer m is calibrated in milliliters from the
zero position (both legs at equilibrium) down, The volumes of
a, of the various tube sections between stopcocks h,, h, and h,,
and of the auxiliary flasks b, ¢ and d are measured partly by
direct weighing and partly determined indirectly, using the gas
laws, The volatile component from g is removed intermittently
and measured by means of auxiliary flasks p» and ¢. The weight
decrease of the substance is followed by weighing flask a, which is
closed off by A, ; in order to be able to remove ¢ at h,, dry air can
be introduced at h, (G. F. Hiittig; G, Jander and H, Mesech [18]).
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Powder Reactions

A certain mobility of the participating reagents as well as the
largest possible contact surface are necessary for reactions between
two solid substances, The mobility (rate of diffusion) and reactivity
can be enhanced by raising the temperature or raising the energy
content of the material by fine changes in the structure, According
to a rule first advanced by Tamman—which is only approximately
valid—reasonable conversions are obtained innormal experimenta-
tion times (order of magnitude: 1-100% conversion, 0.1-100 hours)
only when at least one of the solid reagents is heated to over 2/3
of its absolute melting temperature [example: conversion of
Al,0,, m,p. 2320°K, is expected to be rapid only above 1550°K
(about 1300°C)].

piston piston
7y (6-10mm Vi

Fig. 86, Press forms for powder com-
pression,

A large common surface of the reagents, which favors dif-
fusion, is ensured by using a fine powder, The powders should be
completely mixed and mechanically compressed into briquettes,
A simple apparatus for the production of such briquettes (tablets)
is shown in Fig, 86a, Suchdevices may be easily built in the labora-
tory from iron rods and are also available coinmercially (e.g., to
make samples of combustible substances for calibration of calorim-
eters or KBr tablets for IR analysis). In simple cases, a screw
press of suitable size suffices; for large cross sections and for
high pressure, hydraulic presses are used, The contamination of
the surface of the pressed object by traces of iron from the mold
wall due to abrasion can scarcely be helped, If this is very trouble-
some, the surface of the finished pressed object can be ground or
scraped off, Alternatively, a glass tube can be tightly fitted into
the brass mold and the powder compressed with glass pistons in-
side this glass tube, Such an apparatus consisting of a sheathed
glass tube (I,D, 5-6 mm,, O, D, 7-8 mm,) can be operated at pres-
sures of 100 kg./cm? without breaking.
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Figure 86b shows a mold that can be disassembled, devised
by G. Grube and H, Schlecht [Z. Elektrochem, 44, 367 (1938)1
It is made of machined steel pieces and produces oblong, columnar
wedges of compressed powder,
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Hydrogen, Deuterium, Water
M. BAUDLER

Hydrogen
H,

Commercial hydrogen, available in steel cylinders, is produced
either by electrolysis or by the water shift reaction from water
gas.
Electrolytic hydrogen contains 99.7-99.8% H,. The only im-
purity is air, with the oxygen amounting to less than 0.1%. This
commercial hydrogen may be treated either by passage through
a combustion tube filled with reduced CuO wire at 400°C, or by
passage through the “active copper tower” of Meyer and Ronge
(see section on Nitrogen), followed by drying with CaCl; or P3Oq.
The gas obtained by either of these methods may be used for most
laboratory applications, since its very small N, content (about
0.2%) is usually not harmful. If commercial electrolytic hydrogen
is unavailable, it may be prepared in the apparatus described in
the section on Nitrogen (the polarity is reversed, compared to
oxygen preparation!).

On the other hand, commercial hydrogen produced from water
gas is contaminated with considerable amounts of CO, COg, O, and
Nz, and sometimes also with AsH; and Fe(CO)g The COz may
be removed by absorption with KOH or soda lime; the AsHj is
taken up by a fully saturated KMnO, solution (containing solid
KMnO,). The Oy is separated out either by passage over heated
copper wire or over red-hot Pt-asbestos (prepared according to
the directions given in the section on Platinum Metals). The latter
procedure also results in thermal decomposition of the Fe(CO)s.
The removal of CO is more difficult, since neither absorption in
acid or ammoniacal CuCl solution nor oxidation with HgO (or HIO,)
is quantitative. The most reliable method of removing CO is
freezing out at the temperature of liquid nitrogen. In any case,
pure H, is best prepared from electrolytic hydrogen.

Very pure, completely air-free hydrogen may be prepared by
any of the following methods.
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I. HEATING OF PALLADIUM SPONGE

Palladium sponge, prepared by the reduction of PdCl, solution
(see section on Platinum Metals), is carefully washed with hot
water, dried and well calcined by heating with a burner. The hot
product is charged into a preheated combustion tube (provided
with a manometer sealed to one end) and allowed to cool slowly
in vacuum. When the sponge reaches roomtemperature, a carefully
prepurified and predried H, stream is admitted into the tube and
is to a large extent absorbed by the Pd. The absorption produces
a slight glowing of the sponge. When the sponge is then heated to
about 200°C, pure H, is liberated. A steady stream of the gas may
be obtained with the aid of a smallpump. In this way, 100 ml. (STP)
of H, may be obtained per gram of palladium.

This method is especially useful in the preparation of small
quantities of very pure hydrogen. E. von Angerer (Technische
Kunstgriffe bei physikalischen Untersuchungen [Industrial Tech-
niques Applied to Physical Experiments] 6th ed., Braunschweig,
p. 92) shows an apparatus capable of continuous production of
100 ml. of pure H, per hour. It operates on the principle of hydrogen
diffusion through electrically heated Pd tubes.

II. DIFFUSION THROUGH NICKEL

Commercial hydrogen may also be further purified by diffusion
through nickel. This may be accomplished in the apparatus shown
in Fig. 87, which yields a steady stream of very pure gas at
atmospheric pressure.

The basic component is a pure nickel, precision ground, seam-
less tube (diameter 2 mm., length 5 m., wall thickness 0.1 mm.)
soldered shut at one end. Five such tubes are needed. Each is
coiled into a helix, the helices are intertwined, and the open end
of each tube is soldered to a brass header, as shown. The header
is provided with a standard tapered male joint n. For ease of
handling, the tubes are heated in a H, stream at 1000°C for two
hours, after which they may easily be bent by hand. The helix
assembly is inserted into a quartz reactor tube 1 m. long and
35 mm. in diameter. The front and back headers are cemented
to the quartz tube with picein, as shown. The back header is pro-
vided with a needle valve », which serves for fine control of pres-
sure in the tube and through which the gaseous impurities, which
are contained in the hydrogen and which accumulate in the reactor,
may be released and subsequently burned. The front header has
a connection for a mercury manometer. Only the middle part of
the quartz reactor is electrically heated. Thus, the soldered
points of the nickel tubes remain in the cooler sections of the
apparatus.
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Fig. 87. Purification of hydrogen by diffusion through
nickel: v is a needle valve for fine control of pressure
in the apparatus.

Depending on the operating conditions, the apparatus is capable
of delivering the following quantities of hydrogen:

°C 15 20 25 80 mm. Hg
750 20 27 84 41

815 27 86 43 52 | . ypen
860 34 45 55 68

900 41 54 68 84

The gas output is proportional to the pressure in the reactor
but does not vary linearly with temperature. By varying the pres-
sure, any desired gas output can be obtained almost instantaneously.
Provided the feed gas cylinder has a good regulator, the reactor
will give trouble-free operation for about 250 hours. However, it
must be tested for leaks before each run.

1ll. DECOMPOSITION OF UHg

2UH; = 2U + 3H,
48219  476.14  6.05

This procedure permits the production of very pure hydrogen
free of noble gases. The gas maybeobtained in any desired amount
and at any time from previously made UH,.

The UH; may be prepared in the apparatus shown in Fig. 88.
Commercial electrolytic hydrogen (from a cylinder) 1s prepurified
by passage over copper shavings in tube b at 650-700°C and drying
with anhydrous Mg(ClQ,) in tube ¢. The gas may be further pur1—
fied at d by passage through pulverized uranium at 700-750°C.
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This prepurified hydrogen may then be converted to UHj in the
two-neck flask /; which is half filled with uranium turnings.
These turnings must also be prepurified by treatment with dilute
HNO, (to remove the oxide film), washing and drying. Flask fis
heated either with a nitrate-nitrite saltbathor an electric furnace.
The temperature in the flask is 250°C. Two wash bottles, one empty
and one filled with concentrated H_SO,, are attached to flask /.

5 S

50y

NN\
i

DN
Fig. 88. Preparation of uranium hydride and purifica-
tion of hydrogen. b) tube filled with copper shavings;
c) tube filled with Mg(ClO,),; d) tube containing
uranium powder supported and covered by glass wool
plugs ¢ and e¢’; /) flask withuranium turnings; g) heat-
ing bath; 84, 83) ground glass joints.

The apparatus must be thoroughly purged with hydrogen prior
to the rum, i.e., prior to heating b, @ and /. The reaction is com-
pleted when the HzSO, in the riser of the last wash bottle is no
longer pulled upward by suction upon interruption of the H,
stream.

The UH; product is a brown-black, spontaneously igniting powder.
Very pure hydrogen may be liberated from it by heating, possibly
at reduced pressure, to 400°C (or to a somewhat lower tempera-
ture). The uranium powder residue remaining after the decom-
position reacts vigorously with H, at room temperature. The
react(i)on is still quite vigorous at —80°C and ceases only at
—200°C.

IV. DECOMPOSITION OF TITANIUM HYDRIDE

-—

ZiceN

Titanium hydride is well suited for the production of larger
quantities of very pure hydro%en. It has a relatively low decom-
position temperature (400-900°C), a relatively high hydrogen con-
tent, and is easily regenerated. Aside from this, titanium oxide
and nitride are completely stable at the required decomposition
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temperatures. The decomposition is endothermic. Thus, the evolu-
tion of gas ceases whenever the flow of heat is reduced, and a con-
tinuous, well-controlled gas stream is obtained. It is advisable
to use the apparatus shown in Fig. 89, so that the very pure H,
product may be immediately used in hydrogenation reactions, which
may be conducted in the space provided at g.

1
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Fig. 89. Preparation of very pure hydrogen from titanium
hydride., @) quartz reactor tube; ») molybdenum boat con-
taining Ti; ¢) heating winding; d) radiation shield; e) radia-
tion shields for protection of stoppers; /) glass wool; 9)
apparatus for conducting reactions with the very pure
hydrogen product; the tube contains a boat for the reactants
and is surrounded by an electric furnace. This part may be
omitted if the hydrogen product is to be used elsewhere;
m) pressure-sensing switch; ) relay.

A quartz reactor tube @ (O.D. 34 mm., I.D. 30 mm., over-all
length 1500 mm.) is wound over a length of 650 mm. with a heating
coil ¢, which is cemented to the tube with a thin quartz-waterglass
slurry. Molybdenum boat b is placed inthe heated zone. The radia-
tion shield 4 retards heat loss to the outside. Switch m controls
the heat input to the winding, sensing the pressure developed by
the hydrogen product stream.

The titanium hydride is prepared as follows: commercial
titanium sponge of usual purity and medium grain size is placed
in the molybdenum boat and dried in a stream of commercial hy-
drogen at 400°C. This step may sometimes be omitted. Following
this, the temperature is raised to 700°C. The material is then heated
for 30 minutes while maintaining the gas flow. Then, after thorough
evacuation of the apparatus, the product (titaniumhydride) is heated
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until a pressure of 0.1 atm. gauge is registered on switch m, at
which point the current is shut off. The pressure decreases due
to the rapid drop in temperature and consequent gas volume con-
traction (and/or use of the gas for hydrogenation at g). When the
control point pressure is reached, the current is again switched
on. Despite this simple “on-off” control, pressure fluctuations are
small.,

After the desired amount of hydrogen has been liberated, the
titanium hydride may be regenerated by heating in commercial
hydrogen and subsequent cooling. A charge of 500 g. of titanium
sponge will liberate 100 liters of pure H; per run.

V. ELECTROLYSIS IN THE ABSENCE OF AIR

An apparatus for electrolytic preparation of Hzor Oz (depending
on polarity) in complete absence of air is described in the section
on Nitrogen, The product gas contains less than 4 - 10789 air.

PROPERTIES:

Formula weight 2.016. Colorless, odorless, tasteless gas. Its
reducing action is especially apparent at high temperatures. For
this reason, hot H; should not be passed through concentrated
H_SO,, since it then becomes easily contaminated by SO_.
M.p. —259.2°C, b.p. —252.8°C; tor —239.9°C, por 12.8 atm,
gauge; d (liquid) 0.070; weight of 1 liter H, at STP = 0.08987 g.
Solubility in water at 760 mm.:0.021 vol./vol. at 0°C, 0.018 vol./vol.
at 20°C, 0.016 vol./vol. at 100°C. Solubility in other liquids is
also very small.

REFERENCES:

A. Klemenc. Die Behandlung und Reindarstellung vonGasen [Treat-
ment and Purification of Gases], Leipzig, 1938, p. 97.

I. L. Moser. Die Reindarstellung von Gasen [Purification of
Gases], Stuttgart, 1920, p. 37.

II. R. Schafer and W, Klemm. J. prakt. Chem. (4) 5, 233 (1958);
J. L. Snoek and E. J. Haes. Appl. Sci. Res. A 2, 326 (1950);
see also: E. R. Harrison and L. C. W, Hobbis. Rev. Sci.
Instruments 26, 305 (1955).

ITI. F. H. Spedding, A. S. Newton, J. C. Warf, O. Johnson, R. W.
Nottorf, I. B. Johns and A. H. Daane. Nucleonics 4, 4
(1949).

IV. B. Lux. Planseeber. Pulvermetallurgie 4, 7 (1956).

V. F. Paneth and K. Peters. Z. physik. Chem. 134, 364 (1928);
G. Brauer. Z. anorg. Chem. 255, 105 (1947).
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Pure Water

The usual laboratory distilled water contains considerable
amounts of dissolved CO, and, occasionally, traces of NHgand
organic substances.

This distilled water may be purified with CO,~- and NHs-free
air, which is allowed to bubble through at 90°C for 24 hours. The
air should be drawn from outside the building, since laboratory
air is often quite badly contaminated. Before contacting the water,
the air passes successively through a wash bottle filled with con-
centrated H_ SO, two bottles with NaOH, and one filled with pure
water. Avoid long rubber tubing connections.

This prepurified water is then doubly distilled, first with addi-
tion of some NaOH and KMnO, and then in the presence of a small
quantity of KHSO,, The condenser and its connections should be
of Sn, Pt or quartz. Glass condensers must be avoided. It is
advisable to bend the condenser outlet at a right angle and insert
the leg directly into the neck of the receiver, using no sealing
materials (see Fig. 90). To avoid condensate spraying, a vapor
trap is installed before the receiver, as shown in the figure (b).

quartz

60-ohm
a) Z

ground joint
adapter

ST

Fig. 90, Distillation of
pure water, Adapters
for transition from
condenser to the re-

celver; a) simple and  pyo 97 pigtillation of “conductivity”

inexpensive; b) witha  L.ter ST are standard ground joints.
vapor trap,

heating grid

The receivers should be of quartz, Pt or Pyrex and must be
thoroughly steamed out before use. The distillation should be slow
and large volumes of forerun and residue should be discarded.
Contact with laboratory air should be avoided as much as
possible.

The product may be tested for purity by the conductivity
method. The freshly distilled product should have a conductivity
of about 10~¢/ohm™*cm7!. It may be tested for CO, with Ba(OH),
solution and for NH; with Nessler’s reagent.
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Very pure water is stored in quartz or platinum containers.
Pyrex vessels may be used, if properly steamed out and if employed
only for water storage. The receiver neck should have a male
ground joint and be closed by a cap with a female joint.

REFERENCES:

O. Honigschmid and R. Sachtleben. Z. anorg. allg. Chem., 221 65
(1934); Ostwald-Luther. Hand- und Hilfsbuch zur Ausfuhrung
physikochemischer Messungen [Handbook and Manual for
Making Physicochemical Measurements], 5th Ed., Leipzig,
1931, p. 633.

"CONDUCTIVITY" WATER

Extremely pure water for conductivity measurements is ob-

tained through very careful distillation of already thoroughly
purified material. This prepurified water (conductivity at 25°C:
1-2 - 107® ohm=!) is obtained either via the method described
above or through another double distillation procedure [the first
distillation with KMnO, + H_SO,, the second with Ba(OH) ,, using
a Pyrex apparatus with a tin condenser].
I. Single-step distillation according to the method of Kortum is
done in the apparatus shown in Fig. 91. Except for the short
quartz condenser, the apparatus is made of Pyrex. All con-
nections are made with ground joints, except where indicated.
The section between the reflux condenser and the quartz con-
denser is wound with a 60-ohm heating coil and heated to 100°C
in order to avoid creepover of liquid water. The Pyrex reflux
condenser is of the internal helix type. A ground joint adapter
connects the condenser and the receiver. This adapter and the
receivers must be thoroughly presoaked in hot, dilute acids
(several days) to remove any impurities which may increase
the conductivity of the product.

The pure water charge is distilled in a stream of air. Com-~
pressed air from a cylinder flows ataslow rate of 1 bubble/second
through seven wash bottles. In succession, these are filled with
concentrated H_SO, (1 bottle), 50% KOH (3 bottles) and “con-
ductivity” water (3 bottles, preferably with glass frits). The
same compressed pure air is used to transfer the product water
from the receivers to storage vessels. The three grids heating
the distillation flask consume about 300 watts. In order to im-
prove the rate and uniformity of heat transfer, the space be-
tween the heating grid and the distillation flask is filled with
ceramic beads. The center tube of the distilling flask permits
charging and emptying the contents.

A conductivity cell is attached to the three-way stopcock at
the outlet of the condenser. The distillate is discarded until
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its conductivity matches the desired value. Only then is the
system connected to the receiver.

The apparatus delivers 100 ml./hr. of water having a x (25°C) =

2-10"7 ohm™!, At very low distillation rates, water with a
% (25°C) = 10~ ohm ™! may be obtained.
II. “Conductivity” water with » (25°C) =6-8 - 10"8ohm™?, in volumes
larger than those provided by the apparatus of method I, can be
obtained with the installation of Thiessen and Herrmann. This
two- or three-step distillation does not require excessively com-
plex equipment and is capable of.delivering 400 ml./hr. of pro-
duct.

REFERENCES:

I. G. Kortum. Chem. Fabrik 13, 143 (1940).
II. P. A, Thiessen and K. Herrmann. Chem. Fabrik 10, 18 (1937);
Z. Elektrochem. 43, 66 (1937).

"pH-PURE" WATER

The method for obtaining large quantities of water with pH =
7,00 is based on addition of NaOH and KMnO, during the first
distillation and HaPO, (to combine the NH;) in the second dis-
tillation step. A third distillation in quartz apparatus (to re-
move traces of alkali) follows.

REFERENCE:

E. Lux. Z. Elektrochem. 48, 215 (1942).

Deuterium and Deuterium Compounds

Deuterium and the simpler inorganic deuterium compounds
are commercially available. Nevertheless, the research chemist
may occasionally be called upon to prepare some of these com-
pounds, starting with D jO—the most available of the deuterium
compounds.

Heavy water is manufactured in concentrations ranging from
5 to 99.5% D_-O and is sold in sealed glass ampoules. Pure heavy
water is very hygroscopic; i.e., it loses D O vapor while simul-
taneously absorbing air moisture. Therefore, certain precautions
must be taken when filling or emptying D, O ampoules.

If only a portion of the ampoule content is to be used, the
pointed end of the ampoule is heatedina small flame and drawn out
to a capillary with tongs. The capillary end is then broken off
and the desired quantity of D O driven out by gentle heating,
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e.g., by hand. The receiver is closed off as soon as possible and
the ampoule is immediately resealed with a flame. It is best to
store it in a desiccator.

The D O contents of an ampoule may be preserved from con-
tact with air moisture and still utilized only partially in the
following way: the entire contents of the ampoule are trans-
ferred by the method given below to an elongated flask, closed off
by a piercable, membrane-type rubber stopper, such as used
for serum vials. Then the desired amounts of D O can be withdrawn
from the closed flask by means of a hypodermic syringe and in-
jected into other vessels, which can also be closed off with
the same type of stopper. The very fine capillary produced in
the rubber stopper by the needle closes immediately upon with-
drawal of the latter.

If the entire contents of an ampouleareto be used in a reaction,
it is best to break and empty it inside the reactor itself, thus
avoiding transfer operations. To accomplish this, the ampoule is
placed in a snugly fitting vessel, such as shown in Fig. 92. This
vessel is then melt-sealed to the reactor. The apparatus is then
connected to a high-vacuum system. If avoidance of dilution of
the D O content is critical, the entire apparatus is heated by
fanning with an open flame to remove the film of “light” water
accumulated on the internal surfaces. The vacuum is then dis-
connected, the apparatus is closed off, and the vessel containing
the ampoule is rapidly immersed in liquid nitrogen. The sudden
freezing of the D O causes the ampoule to shatter. Cooling with
an acetone-Dry Ice mixture is not sufficient, because the solidi-
fication of the D_ O tends to be slower and its crystals begin to
grow mostly in the upper, empty part of the ampoule. Alternatively,

to the ampoule may be broken by a sudden move-

freactor ment of a glass-enclosed iron bar, suspended

inside the reactor and set in motion by an
electromagnet.

All substances to be reacted with D, O must
be carefully freed of all traces of water. Hy-
groscopic compounds, in which the uptake of
small amounts of H_O during charging of the
reactor is unavoidable, must be re-dehydrated
in the reactor itself. This is done by heating
(in high vacuum, if possible), distillation or

N4 resublimation, where applicable. Again, such

hygroscopic compounds may be enclosed in

Fig. 92. Break- sealed glass ampoules immediately after their

ing DO am- preparation. These ampoules may then be in-

poules by freez- serted into the reactor and broken with a

ing with liquid magnet-operated iron bar, as described
nitrogen. above.

t0,0
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As far as possible, the apparatus should have fused connec-
tions and contain a minimum of stopcocks. If this is not possible,
special care should be taken in sealing all possible leaks. Drying
tubes should be inserted between the apparatus and its connec-
tions to the pumps (vacuum) or to the atmosphere. Better still,
liquid-nitrogen-cooled gas traps should be used toprevent entrance
of atmospheric moisture. Since in the presence of H,O most in-
organic D compounds exchange part of their D content for H, these
precautions must be observed in all reactions described in later
sections.

Large amounts of deuterium compounds are expensive. It is
therefore advisable to practice each reaction with “light” starting
material before attempting to use the D compounds,

REFERENCES:

1. Catalog of the Norsk Hydro-Elektrisk Kvaelstofaktieselskab,
Oslo, Solligaten 7, Norway.

2. I, Wender, R. A. Friedel and M, Orchin. J, Amer, Chem, Soc.
71, 1140 (1949); M, Orchin and I, Wender. Analyt. Chem. 21,
875 (1949).

3. J. W. Knowlton and F, D, Rossini. J, Res, Nat. Bur, Standards
19, 605 (1937).

Deuterium
D:

L 2D,0 + 2Na = D, + 2NaOD
40.06 4599  4.03 82.02

Flask Z of the glass apparatus shown in Fig. 93 contains an Al
crucible with excess metallic sodium. Vessel I contains the
D_O reagent. The latter is introduced (as described above) in
the absence of atmospheric moisture. After cooling V with
liquid nitrogen, the apparatus is carefully evacuated, with stop-
cocks 1 and 2 open. Stopcock 2 is then closed and the DO is dis-
tilled slowly onto the Na by cooling £ with liquid nitrogen. To
complete the reaction, Z is then heated for several hours to 350°C.
After opening stopcock 2, the D, produced is transferred for
purification into a receptacle filled with degassed charcoal and
left there for some time at —196°C. If fresh Na is used, the D,
product will still contain some few percent of H after the puri-
fication (this H, was dissolved in the metal and existed as NaOH).
Pure D, containing less than 0.2% H, and other foreign gases,
is only obtained in the second run with the same piece of Na.
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high vacuum

2

fo

Fig. 93. Preparation of D, from
D;O and Na.

The gas is tested for purity by measurement of the thermal con-
ductivity or vapor pressure. The yield of D, is quantitative.

The method is especially suitable for the preparation of small
amounts of D, (up to one liter).

1. D:O + Mg = D, + MgO
20.03 24.32 4.03

In an elongated flask of a Pyrex apparatus, pre-evacuated to
10™* mm., 20 g. of D,O is slowly evaporated. The vapor passes
through the reaction tube, set vertically on top of the flask. The
tube (I.D. 2.4 cm. and 55 cm. long) contains 130 g. of Mg shavings
of various sizes, with coarse particles on the bottom and loose
powder on top. The column filling is supported by a perforated
platinum disk which rests on glass lugs inside the tube. The Mg
is heated to 480°C by a tubular furnace.

After an extended period of time, some magnesium silicide
will form on the walls of the heated glass tube. To avoid this,
it is suggested that the Mg be placed in a tube of unglazed hard
porcelain which is then inserted into a Pyrex or Vycor tube and
melt-sealed to the latter at one end. With such an arrangement
the Mg may even be heated to a somewhat higher temperature and
its reactivity thus enhanced.

For purification, the D, product passes through a trap filled
with glass wool and kept at —196°C. It is taken out from the
generator as quickly as possible, either by condensation with
liquid H, or by forcing it into an attached storage container. An
in-line flowmeter and a manometer allow constant checking of
pressure. The rate of evolution can be controlled by varying the
supply of heat to the D_O flask. A maximum flow of 0.5 mole
of D /hour may be obtained. Since the first D, fraction may be



1. HYDROGEN, DEUTERIUM, WATER 123

contaminated with some H, from the Mg and from the apparatus
walls, it is advisable to collect some of the first D, fraction in a
separate vessel. The D, formed later is very pure. The yield is
quantitative.

This method allows rapid production of large amounts of D,
and utilizes the entire D content of the heavy water.

1. a) 2D,0 + U =UO, + 2D,
4006  238.07 27007  §.06

b) 3D, + 2U = 2UD,
12.09 476.14 488.23

This method is especially useful in that it makes possible both
the preparation (Eq. a) and the storage (as UDz—Eq. b) of Dg.
High-purity D, can then be liberated by thermal decomposition of
the UD;. Any desired quantity of very pure D, can thus be ob-
tained when needed.

The highly endothermic reaction of D,O vapor with U may be
carried out slowly and safely inthe apparatus of Fig. 94. The 50-ml.
flask @ is connected by stopcock A, with manometer » and quartz
reaction tube d. Reactor 4 is heated with an electric furnace to
600-700°C and is connected to a liquid-nitrogen-cooled trap f.
The latter is, in turn, connected to a high-vacuum pump and a
flask ¢ which may be heated to 250°C.

Flask @ is about half filled with D O and 4 and ¢ with uranium
shavings (the uranium is pretreated with dilute HNO, to remove
all oxide, then washed and dried). The shavings in reactor 4 are
supported on and covered with glass wool plugs ¢; and ¢, The
D;0 in @ is then frozen with a Dry Ice-methanol bath; this must
be done slowly to avoid cracking the flask. The entire apparatus
is then evacuated, while ¢ and d are heated. The DO is then care-
fully melted and the reaction is slowly started by allowing the
vapor to penetrate to the uranium in d. The first Dy evolved is
used to flush the apparatus, with stopcock A5 closed. Only then
is h, closed and 25 opened. During the reaction, @ is kept at about
30 C The Dy product passes through trap f, in which any entrained
traces of D O are frozen out, and is absorbed by the uranium
shavings in @, forming UDs;. When all of the U is finally converted
to UD,, the excess D causes an increase in pressure which
suppresses the evaporation of D O and thereby prevents any
further D, formation. Thus, once started, the process is self-
regulating and requires no special attention. Several grams of
D0 can be converted into UD; in one hour.

The UD3; is a brown-black, spontaneously igniting powder. To
prepare very pure D, it is thermally decomposed either at at-
mospheric or reduced pressure (see also H: above: III). The U
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Fig. 94, Preparation and storage of deuterium. @) D;0

reservoir; ») manometer;c,, ¢ ;) ground joints;d) quartz

tube containing U turnings; f)trap;g) reaction flask con-
taining U turnings; h,-h ) stopcocks,

powder thus formed (at 400°C or lower temperatures) reacts
vigorously with H, (or D) at room temperature and still quite
vigorously at —80°C. Only at —200°C does the reaction cease.

IV. ELECTROLYSIS OF D20

An electrolytic cell, holding 60 ml. of liquid and made from a
standard ground glass joint, is shown in Fig. 95. The male part
of the ground joint continues into a cylindrical water jacket (only
partly shown in the diagram) which surrounds the cathode. The
Pt electrodes are also cylindrical and are prepared by fusing
together a Pt wire with a Pt foil. The D O electrolyte is acidified
with 25% D,SO,. (If no DSO, is available, carefully dehydrated
K SO, or Na,CO; can also be used.) After evacuation of the cell
at 4 and B, electrolysis is begun at a low current to prevent
foaming at low pressures. After a shorttime, however, the current
can be increased to 5 amp. The temperature of the electrolyte
must not be allowed to rise. If the D, product gas is to overcome
the pressure drop due to narrow tubes and a liquid head in the
attached purification apparatus or reactor, the pressure in the cell
must be maintained at a higher level by means of a throttling
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Fig. 95. Electrolysis of D 0.

valve in the O, outlet. The D ;product still contains small amounts
of O, and DO vapor. Very pure gas may be obtained by heating
the electrolysis product over platinized asbestos, followed by
drying with liquid nitrogen. At 5 amp., two liters of D, per hour
is obtained.

Small quantities of D, are stored in sealed glass flasks or over
mercury. Distilled water can also be used as a sealing liquid.
Larger amounts may be condensed in a metal flask cooled with
liquid H,. The liquid is then heated and thus forced through metal
tubing into small steel cylinders.

Other equipment for electrolysis of D, O, some of which is
applicable to small-scale operation, is described by: F. Norling,
Physik. Z. 36, 711 (1935); C. M. Slack and L. F. Ehrke, Rev. Sci.
Instruments (N.S.) 8, 39 (1937); A. Sieverts and W. Danz, Z.
Phys. Chem. B 38, 46 (1937); M. M. Winn, J. Sci. Instruments
28, 152 (1951); J. T. Lloyd, J. Sci. Instruments 29, 164 (1952);
R. W. Waniek, Rev. Sci. Instruments 21, 262 (1950).

V. Other preparalive methods: Reduction of D,O with Fe or
W at high temperatures,
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SYNONYM:
Heavy hydrogen.
PROPERTIES:

Colorless, odorless gas. Chemical properties analogous to H,
but somewhat less reactive. In the absence of catalysts, mixtures
of D, and H_ are stable to about 500 °C. In addition, no exchange
with H 0 occurs at room temperature. M.p. —254.6°C, b.p.
—249.7 C d (lig.,, —253.1°C) 0.171. Very slightly soluble in

water and other liquids.

REFERENCES:

I. G. N. Lewis and W, T. Hanson. J. Amer. Chem. Soc. 56, 1687
(1934).

II. J. W. Knowlton and F, D, Rossini. J. Res. Nat. Bur. Standards
19, 605 (1937); unpublished experiments of G, Brauer.

I0. F. H. Spedding, A. S. Newton, J. C. Warf, O, Johnson, R. W.
Nottorf, I. B, Johns and A. H, Daane, Nucleonics 4, 4 (1949).

IV. C. L. Wilson and A, W, Wylie. J. Chem. Soc. (London) 1941,
596.

V. E. Zintl and A. Harder. Z. phys. Chem. B 28, 480 (1935);
A. Farkas and L., Farkas. Proc. Roy. Soc. London 144,
469 (1934).

Hydrogen Deuteride
HD

LiAlH, + 4D;0 = LiOD + Al(OD); + 4 HD
37.94 80.12 24.96 81.02 12.09

This reaction is conducted in a 250-ml. two-neck flask pro-
vided with a reflux condenser and a magnetic stirrer. The other
neck of the flask is closed with arubber cap. The reflux condenser
is connected to a receiver and a diffusion pump via cold traps,
where the entrained liquid is condensed. Gas inlet lines with stop-
cocks allow each part of the apparatus to be evacuated separately
or, if desired, to be filled with air or N ..

About 150 ml, of n-butyl ether, dried over Na, is distilled into
the reaction flask and 5,75 g, of LiAlH , (40% excess) is then added
under a nitrogen blanket. The mixture is frozen with liquid N .
The apparatus is then evacuated, and the flask contents are
brought to boiling by careful heating. After 1.5 hours, it is again
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cooled with liquid N_, the evacuation is repeated, and 5 ml. of
99.5% DO (see above, D ;O) is added to the solidified mixture, using
a hypodermic syringe to pierce the rubber cap. The gas evolution
is started by melting the mixture and agitating with the mag-
netic stirrer. Because of the low reaction temperature, the flask
becomes coated with ice on the outside. By repeated immersion
in liquid N, the temperature is controlled so that the ice on the
outer wall of the flask does not melt. As soon as the reaction
subsides somewhat, two additional portions of 6.5 ml. of D;O
each are added (for a total of 18 ml. or 150% excess). The yield
is 10 liters of HD. The purity is 97-99%.

PROPERTIES:

Colorless, odorless gas. B.p. —251.02°C; triple point —256.55°C
(92.8 mm.).

REFERENCES:

A. Fookson, P. Pomerantz and E. H, Rich. J. Res. Nat. Bur.
Standards 47, 31 (1951); Science (New York) 112, 748 (1950).

J. Wender, R, A. Friedel and M, Orchin. J. Amer. Chem. Soc. 71,
1140 (1949).

R. B. Scott and F. G. Brickwedde. Phys. Rev. (2) 48, 483 (1935);
55, 672 (1939).

Deuterium Fluoride
DF

L D, + 2AgF = 2DF + 2Ag
4.03 253.76 42.03 215.76

Some dry AgF is charged into a silver reaction flask provided
with a manometer and an inlet tube that can be closed off. The
AgF can also be produced by the action of F, on the inner walls
of the flask itself. After evacuation, pure, carefully dried D
(see above, D) is admitted into the flask. The latter is then
closed and heated to 110°C until the pressure ceases to change.
The DF formed is frozen out of the reaction mixture by cooling
with liquid nitrogen, and excess D, is drawn off by suction after
opening the flagsk. The. product is purified by high-vacuum distilla-
tion in which all connections and receivers must be of Ag or Cu.

To date, this method has been used only for producing small
amounts of DF, Deuterium fluoride may be storedin vessels made
of platinum, silver or copper.
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248.22 20.03 226.22 42.03

The reaction is carried out in the apparatus shown in Fig. 96.
The latter is flushed out with dry N, and atmospheric moisture
is strictly excluded.

Silver flask @ is charged with 168 g. (1.5 moles) of benzoyl
fluoride and chilled with Dry Ice-acetone freezing mixture. Then 5 g.
(0.25 mole) of 99.5% DO is added all at once under N ,. The flask
is then attached to the silver distillation apparatus. Brine at
—15°C is circulated through the condenser ¢, and the quartz re-
ceiver is cooled with Dry Ice-acetone to —80°C. Cooling of

Fig. 96. Preparationofdeuterium fluoride,

a) Silver flask; b) thermometer well; ¢)

jacketed glass condenser;d) paraffin-coated

stopper; e) calcium chloride tube; ) quartz
receiver.

flask @ is then ceased and the latter is slowly heated to room
temperature the evolving DF is then distilled on a water bath at
80-90°C. To achieve analytical purity and separate entrained
benzoyl fluoride, the distillation is repeated twice. The yield is
9.7 g. of DF (92% of theoretical).

III. Larger quantities of DF can be prepared by synthesis from
the elements according to a method described by H. von Warten-
berg for the production of HF; however, this requires extensive
equipment.

IV. Aqueous solutions of deuterated hydrofluoric acid can be
prepared by the condensation of DF in D_O or by the reaction of
very pure CaF, with D SO, (see also preparation of pure hy-
drofluoric acid, p. 145 ff,).
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PROPERTIES:

Formula weight 21.01. Colorless, waterlike liquid; pungent odor;
fumes in moist air. The vapors are very toxic. Chemical properties
analogous to HF. The deuterium is exchanged for hydrogen in the
presence of H*. B.p. +18.6°C. Very readily soluble in water.

REFERENCES:

I. W. H. Clausen and J, H, Hildebrand. J. Amer. Chem,. Soc.
56, 1820 (1934).

II. G. Olah and S. Kuhn. Z. anorg. allg. Chem. 287, 282 (1956).

III, H, von Wartenberg and O, Fitzner, Z, anorg, allg. Chem,
151, 313 (1926).

Deuterium Chloride
DCl1

L 2 CeH;COC! + D,O = (CeH;CO):0 + 2 DCl
281.13 20.03 226.22 74.94

The apparatus shown in Fig. 97 may be enlarged if larger
amounts of DC1 are desired. The long capillarytube from dropping
funnel %, which reaches into the reaction flask » through the con-
denser %, ensures uniform addition of D;O to the benzoyl chloride
in the flask in spite of small fluctuations of pressure during the
reaction. In order to trap any benzoyl chloride entrained through
the condenser by the DCl gas, trap / is cooled in an ice bath,
Manometer m (with one arm open to the air) serves both as a safety
valve and as a means for following the course of the reaction
(if the outlet tube is closed off, the manometer will show whether
the gas continues to evolve).

As an example of DClpreparation, 5 ml. of 99.6% DO is allowed
to react with 210 g. of benzoyl chloride (2-3 molar excess) con-
taining some porous boiling chips. At first, only a few drops of
D,O are added, while the mixture is carefully heated. This is
continued until a moderate gas stream is developed. This tem-
perature is maintained until all of the D, O is added. By varying
the heat input, gas formation can easily be regulated. As the
flow decreases, the temperature is slowly increased to the
boiling point of benzoyl chloride (197°C) and kept there until no
further gas is evolved. At the end of the reaction, a stream of
dry air is slowly introduced into the apparatus through the drop-
ping funnel, without interrupting the refluxing, to expel all the
DCl. The product is analytically pure and the yield is almost
quantitative.
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II.  S8iCl; + 2D,0 = 4DCI + SiO,
169,89  40.06 149,88

Two thin-wall, vacuum-sealed
ampoules containing 18 g. of care-
fully purified SiCl, and 1.8 g. of
D_O are shattered by shaking in an
evacuated five-liter flask provided
with a glass stopper with a stopcock
sealed in. After 24 hours the flask
k f m is sealed to a high-vacuum system
and the crude gas condensed in a
liquid-nitrogen-cooled trap. The
product may be further purified as
in I or, even better, with a low-
temperature distillation column (see
original literature for details).

Liquid deuterium chloride can
be stored at low temperature. The
gas may be stored in a sealed glass
flask or over mercury.

Other preparative methods:
benzoy! chloride. /) Con- I1I. Reaction of anhydrous MgCl,

. e}

densation trap; #4) reflux with DZ0 at 600°C:
condenser; m) open arm MgCl, + D,0 = 2DCl + MgO.
manometer; r) reaction
flask; ?) dropping funnel Yields very pure DClondistillation.

with capillary stem. IV. Reaction of very pureNaCl with

D _SO,.

V. Aqueous solutions of heavy hydrochloric acid are prepared by
condensation of DCI in D O.

L

J

Fig. 97. Preparation of
DC1 from heavy water and

SYNONYM:

Heavy hydrogen chloride.

PROPERTIES:

Formula weight 37.47. Chemical properties analogous to HCI.
In the absence of moisture and catalysts, no deuterium exchange
occurs in gaseous mixtures of HCl and DCl. However, an ex-
change reaction occurs instantaneously in solvents containing
H*. M.p. —114.8°C, b.p. —81.6°C, tgy +50.3°C.

REFERENCES:

I. H. C. BrownandC, Groot. J. Amer. Chem. Soc. 64, 2223 (1942).
II. K. Clausius and G. Wolf. Z. Naturforsch. 2a, 495 (1947).



1. HYDROGEN, DEUTERIUM, WATER 131

III. G. N. Lewis, R. T. Macdonald and P. W. Schutz. J. Amer.
Chem. Soc. 56, 494 (1934).

IV. A. Smits, G. J. Muller and F. A, Kroger. Z. phys. Chem.
B38, 177 (1937); see also O. E. Frivold, O. Hassel and S.
Rustad. Phys. Z. 38, 191 (1937).

Deuterium Bromide
DBr

1. Dg + Bl’z = 2DBr
4.03 159.83 163.86

The glass apparatus shown in Fig. 98 is used. Prior to the run,
it is evacuated for a considerable time via P, Flask C is charged
with carefully purified Br, from D (see section on Br ;) by moving
the plug S of the droppin§ funnel (which has no stopcock). The
flask is then heated to 48°C. Dry D, (see p. 121) enters at 4 at
a rate of about two liters/hour and passes through stopcock 7
(lubricated with phosphoric acid-graphite and sealed with mercury)
into C', where it mixes with the bromine vapor which is replenished
during the reaction from the dropping funnel. The Dy-Brp mix-
ture flows into the Vycor combustion tube 7, which is filled with

80° R 700°

Fig. 98. Preparation of DBr. 5) Hg seal stop-

cock, lubricated with graphite-phosphoric

acid; D) bromine storage vessel; (') reaction

flagk; R) Vycor tube filled with porcelain

chips; Z, F') condensation traps; &) column
with Cu turnings.
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small pieces of porcelain and wound with heating wire so that
the front part is heated to 80°C and the back to 700°C. Here, 99%
of the D, is converted to DBr. Excess Bris separated in trap
E, kept at —40°C, and in column X filled with clean copper
turnings. The DBr, condensed in the liquid nitrogen-cooled re-
ceiver F, can be purified several times by repeated fractional
distillation in high vacuum (see purification of DI, p. 133, as
well as method II). The yield is almost quantitative.

II. PBr; + 3D,0O = 3DBr + DyPO;
270.73  60.09 245.79 85.02

The vacuum-sealed ampoules with the starting materials are
broken by vigorous shaking in an evacuated 5-liter flask closed
by a ground glass stopper with a stopcock. To complete the
deuterolysis, the mixture is left standing in the dark for two days,
with occasional shaking. The reaction should not be accelerated
by heating or disproportionation (4 D;POs = 3 D3PO, + PDg) will
occur, and the DBr will be contaminated with PDs. After sealing
the flask to a high vacuum system, the impure gas is condensed
in a receiver cooled with liquid nitrogen and purified by frac-
tional distillation, using a low-temperature distillation flask
(see Part I, p. 69),

Unlike method I, only half of the deuterium feed is converted to
desired products.

Deuterium bromide is stored either as a liquid at a low tem-
perature or as a gas in a sealed glass flask., Pure DBr reacts
with Hg only on long exposure.

III. Aqueous solutions of heavy hydrobromic acid can be obtained
by condensation of DBr in D 0.

SYNONYM:

Heavy hydrogen bromide.

PROPERTIES:

Formula weight 81.93. Chemical properties analogous to those
of HBr.0 In the presence of H*, exchange occurs. M.p. —87.5°C,
b.p. —67°C; top +88.8°C.

REFERENCES:
I. C. L. Wilson and A, W. Wylie. J. Chem, Soc. (London) 1941,

596.
II. K. Clusius and G, Wolf. Z, Naturforsch. 2a, 495 (1947).
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Deuterium lodide
DI

L D. + 1, = 2DI
4.03 253.84 257.87

The glass apparatus of Fig. 99, in which all the joints are
fused, is used. The 5-liter flask 4 contains some platinum sponge
or platinized asbestos (see section on Platinum Metals) which
is initially calcmed for a few hours in high vacuum (evacuate
through C) at 450 °C. Dry, Ha-free air (in order to prevent ad-
sorption of light hydrogen on the platinum) is allowed to flow in
and 35 g. of carefully purified iodine (see that section) is added
to the flask through C'. Evacuation is then resumed until all of the
air is displaced by I, vapor. Pure D (see above) is then introduced
by means of a Toepler pump, until a pressure of 120 mm, is
reached. The system is then melt-sealed at C. The flask is
heated in an air bath for six hours at 370 C over 90% of the
D, is converted to DI. The impure gas is separated from the

to pump

Fig. 99. Preparation of DI, 4) 5-liter

flask with catalyst; 5) break-sealvalve;

K) seal breaker; £E,F) condensation
traps; 1,2) sealing points,

unconverted starting materials by fractional distillation. For this
purpose, the right part of the apparatus, separated from the re-
actor by the seal B, is evacuated with stopcocks # and D open.
Then D is closed and the tip at B is broken by moving the glass-
covered iron slug A with an electromagnet. Trap Z is chilled
with liquid nitrogen and D can then be opened. With stopcock
H closed, the contents of 4 are distilled into Z. Next, the sys-
tem is melt-sealed at 1 and evacuated briefly through #, and dlstil—
lationfrom £ to 7' is repeated, whereupon Z is warmedto —79°C with
a Dry Ice bath and # is cooled with liquid nitrogen. Finally, the
tube is sealed off at 2, The DI contained in 7 is pure white, i.e.,
completely free from elemental iodine,
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Deuterium iodide can only be stored in condensed form
at low temperature.

Othev preparative methods:
II. P + 58I + 4 DO = 5 DI +D3PO,. The readily formed side
products PD, and PD, contaminate the DI. The method utilizes
only about half of the deuterium introduced.
III. Solutions of heavy hydriodic acid are obtained by reaction
of D,S with iodine in the presence of D,O: DS +I,=2 DI +8.

Deuterium sulfide is introduced with shaking into an ice-
cooled suspension of I in D O placed in a closed recirculating
glass apparatus with all joints melt-sealed. Unconverted DS
is reintroduced into the reaction mixture. The heavy hydriodic
acid formed is separated from the precipitated sulfur by filtra-
tion (in the absence of air) and separated from the dissolved
D5S by prolonged evacuation.

PROPERTIES:

Formula weight 128.93. Chemical properties analogous to HI.
Deuterium is replaced by hydrogen in the presence of H*.
M.p. —52.0°C, b.p. —36.2°C; tor +H148.6 °c.

REFERENCES:

I. D. Rittenberg and H. C. Urey. J. Amer. Chem. Soc. 56, 1885
(1934); J. R. Bates, J. O, Halford and L. C, Anderson. J.
Chem. Phys. 3, 415 (1935).

II. K. Clusius and G. Wolf, Z. Naturforsch. 2a, 495 (1947).

III. H. Erlenmeyer and H. Gartner. Helv.Chim. Acta 19 146 (1936).

Deuterium Sulfide

D:S
L AlLS; + 6D,0 = 3D,S + 2AOD),
150.12 120.18 108.27 162.03

To prepare Al .S, (see the sectionon Aluminum), a stoichiometric
mixture of C.P. Al powder and C.P. S is placed in a sulfur-lined
Hessian clay crucible. The commercial Al powder used must
be washed several times with pure benzene to remove all oils;
it is then heated for some time to 150°C in high vacuum. The
reaction mixture is ignited with the help of a Mg strip (caution—
very violent reaction!) and the crucible is covered. The Al.S;
product is crushed while still hot, placed in ampoules, and de—
gassed for several hours in high vacuum at 150 to 180 °C. The
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ampoules are sealed in vacuum. The D O reagent is also placed
in small ampoules and carefully degassed in vacuum, and the
ampoules are sealed.

To make D,S, 20 g. of Al;S; and 7 g. of D30 in sealed ampoules
(the excess Al_S; is an excellent drying agent for the product gas)
are placed in a 5-liter flask with a ground glass stopper pro-
vided with a stopcock. After evacuation to about 10~4 mm., the
stopcock is closed and the connection to the vacuum source is
sealed off. The ampoules are broken by shaking the flask, start-
ing evolution of the gas. Heavy water vapor, which may condense
in the uppper part of the flask, is made to react by warming the
walls or by coating them with unreacted Al,S,. The flask is left
standing in the dark, with occasional shaking, for about one week.
After this, it is sealed to a vacuum system provided with several
traps for fractional condensation (see Part I, p. 67 f.). Small
amounts of D, are separated from the impure gas by condensing
with liquid nitrogen and fractionating by repeated slow distillation
(bath liquids: Dry Ice mixture and liquid nitrogen). The DS is
then pure enough not to attack metallic Hg even after several
weeks of contact. The yield is somewhat lower than stoichiometric,

The product may be stored in condensed form at low temperature
or as a gas over dry paraffin oil. :
II. Other preparative methods: Decomposition of CaS with D50 in
the presence of MgCl,.

PROPERTIES:

Formula weight 36.10. Chemical properties analogous to H_S.
In solvents contamm% H*, deuterium is replaced with hydrogen.
M.p. —86°C, tor 199.1°C.

REFERENCES:;

I. M, Fonzds-Diacon. Comptes Rendus Hebd, Séances Acad, Sci.
130, 1314 (1900); preparation of A1,S;: A. Kruis and K. Clusius.
Z. phys. Chem, B38, 156 (1937); see also H, Erlenmeyer and
H. Gartner. Helv. Ch1m. Acta 19, 146 (1936); O, E. Frivold,
O. Hassel, et al. Phys. Z. 39, 224 (1938); 38, 191 (1937).
OI. T. Larsén. Z, Phys, 111, 391 (1938)

Deuterosulfuric Acid
D,SO,
DO + SO; = D,SO,
2003 80.06  100.09

All joints of the glass apparatus, shown schematically in Fig. 100,
are fused. Two ampoules, 7, and F',, contain SO, carefully pre-
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purified by sublimation. The ampoules are placed in glass vessels
A, and A4 o on top of sealed-in test tubes Sy and S, so that their
tips are directly below the glass-covered slugs X, or K, This
placement of ampoules on “stems” eases the job of the glass
blower who must fuse the joints of the apparatus. After evacuation

pz”

(glass véool)

Fig, 100. Preparation of DgS. F,, Fp)
ampoules containing SO, 4,, 4 con-
tainers for SO 4 ampoules; X, & 5, £,) seal
breakers; M,, M, M) electromagnets;
H) break-seal valve; C, D, E) receivers
(can be cooled); G, L) sealing points,

and sealing off at P,, ampoules 7, and Fz are broken by manipu-
lation of X5 and X, with the electromagnets #, and #;. The SO,
passes through two U tubes filled with P;Og-glass wool and is
condensed in C' by means of a DryIce bath. During this sublimation
the left part of the apparatus, which is separated by the glass
barrier #, is filled with D,O through ¢ and that inlet sealed, and
the D,O is frozen in Z by means of a Dry Ice bath. The system
is then evacuated at P, and sealed off by fusion. After the sub-
limation of the SO, the tubing is also fused at L. The barrier
H is now broken with the glass-encased iron slug X; moved by
electromagnet /, with the glass splinters falling into receiver
D. The SO, is then condensed on the D,O in Z by slow heating of
C. After careful melting of the reaction mixture, deuterosulfuric
acid of anydesired concentration is obtainedin#. The concentration
is regulated by the proportion of D,O and SO,. The yield is
quantitative, based on D_,O.
The product is stored in glass vessels.
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PROPERTIES:

Colorless liquid, with an oily consistency. Chemical properties
analogous to H,SO,; the deuterium is ionic and exchangable with
light hydrogen. This should be kept in mind when mixing with sol-
vents containing H*. Miscible with water in all proportions.

REFERENCE:

F. Fehér. Ber. dtsch, chem. Ges. 72, 1789 (1939).

Deuteroammonia

ND;,
100.98 120.18 40,11 181.05

The one-piece glass apparatus shown in Fig. 101 is used. The
three U tubes are filled with 30 g. of MgsN, (see section on
Magnesium for preparation), sealed to each other, and degassed
at 400°C for some time in high vacuum. Meanwhile, flask P,
separated from the rest of the apparatus by the glass wall D,

to
pump

to pump

Mgz H,

Moz My

Fig. 101. Preparation of ND,. P, §,R,T)re-
ceivers (can be cooled); D) break-seal valve;
K) seal breaker; M) electromagnet.

is filled with 7 g. of DO which is freed of air by repeated freezing
and melting in high vacuum. An excess of MgsN » will thoroughly
dry the product gas. After both vacuum connections are fused,
@ 1is cooled with liquid nitrogen and barrier D is broken by
moving the glass-encased iron slug X with the electromagnet.
Reaction between D_ O and Mg,N, starts immediately, and the
ND; formed condenses in §. When the D_ O from P is completely
evaporated, the U tubes are heated for some time by fanning
with a flame. The product collected in ¢ is sublimed twice in high
vacuum to free it from D_,O. To accomplish this, 7 is cooled
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with liquid nitrogen and ¢ is warmed in a Dry Ice bath to —78°C.
Then the connection between § and A is sealed off, R is warmed
to —78°C, and T is cooled with liquid nitrogen. The yield is al-
most quantitative, based on D O.

The product may be stored in condensed form at low tempera-
tures or as a gas over Hg.
II. Aqueous solutions of heavy ammonia are prepared by con-
densing ND, in D O in high vacuum.

PROPERTIES:

Formula weight 20.05. Chemical properties analogous to NHj.
In the presence of solvents contamm% , deuterium is replaced
by hydrogen. M.p. —73.6°C, b.p. —31.1°C, tcr +132.3°C.

REFERENCES:

A. Smits, G. J. Muller and F. A, Kroger. Z. phys. Chem. B38,
177 (1937); see also A, B. Hart and J. R. Partington. J. Chem,
Soc. (London) 1943, 104; O. E. Frivold, O. Hassel and S.
Rustad. Phys, Z. 38, 191 (1937); J. M. A. de Bruyne and
C. P. Smyth. J. Amer. Chem. Soc. 57, 1203 (1935).

Deuterophosphoric Acid
D,PO,

P,O; + 3D,0 = 2D,PO,
141.95 60.09 202.04

In the Simon and Schulze method, heavy phosphoric acid is

prepared via the gas-phase reaction of pure D O and P 0O;5in
vacuum, using an apparatus consisting of flasks connected with

!

Fig. 102. Preparation of deuterophos-
phoric acid solution.
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ground joints. The approximately 53% D,PO, solution formedin the
process is refluxed for 6.5 hours to produce orthophosphoric
acid. Atmospheric moisture is blocked by a PyOg tube on the
condenser, The escaping D_O is recovered by freezing it out in
a trap cooled with a Dry Ice-ether bath, which is inserted be-
tween the condenser and the P ;O tube.

The condenser is then replaced with an adapter provided with
an inlet and an outlet tube (see Fig. 102) and O, is passed through
the acid solution for one hour. Duringthis treatment, the flask is kept
in warm, 70°C water. Most of the D ;O vapor produced is retained
in the flask by chilling the neck with a condenser coil. Small
amounts of vapor which escape are condensed in a trap. Two
tubes filled with P, O; shield against atmospheric moisture.

The purified 53% D,PO, solution is concentrated to 83% at 45°C
in the apparatus shown in Fig. 195 (p. 543). No pyro acid should
be produced at this temperature. The course of the concentration
is observed by weighing the cooling trap. Further concentration
by evaporation is impossible because partial conversion to the
pyro acid occurs.

The purity of the acid thus prepared may be ascertained from
a pure yellow precipitate of silver phosphate, which does not dis-
color even upon boiling.

REFERENCE:

A. Simon and G. Schulze. Z. anorg. allg. Chem. 242, 326 (1939).



SECTION 2

Hydrogen Peroxide
M. SCHMEISSER

Hydrogen Peroxide
H.O:

Staedel [1] was the first to describe a method, later altered in
various ways by others [2-6], according to which 30% H,O, solution
is distilled to remove most of the water, the residual H,O, is
crystallized by cooling, and the crystals are separated from the
mother liquor,

A 500-ml, distilling flask is provided with a standard male
ground joint, onto which is placed a female glass cap, equipped
with a distillation capillary. The side tube of the capillary is
connected with ground joints to a spiral condenser, which empties
into a receiver of about 200-ml. capacity, After the introduction
of 180 ml, of Perhydrol (stored in bottles coated with paraffin
wax), the flask is placed on a water bath (45 to 50°C) and the
material is distilled over a period of about 3.5 hours at a pressure
of 16 to 22 mm, Thus, about 150-160 ml. of water and some H,O,
are removed, The residue contains approximately 98% H,O,. The
volume of water to be distilled may be marked off on the previously
tared receiving flask. (If the temperature of the water bath rises
above 52°C, the concentrated H,O, turns yellow and should be
discarded.) The concentrated product may be removed from the
flask without any danger of decomposition. (If a female ground
joint were to be used at the neck of the flask, the decomposition
on the rough surface would be appreciable.)

Further work-up to obtain 100% H,O, is carried out in the
following manner: A short, large-diameter test tube of 25-30 ml.
capacity, coated inside with paraffin or ozokerite wax, is half filled
with concentrated H,0,, closed off with a paraffin-coated rubber
stopper, and cooled at —35°C for half an hour. Meanwhile, seed
crystals are prepared by freezing about 1 ml. of the same H,O, in
liquid nitrogen, (For the melting-point diagram of the system
H,0,-H,0, see [7].) Colorless, needle-shaped crystals form
immediately after seeding. After waiting for about a minute, the

140
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crystals are quickly transferred to a precooled (—30°C) centrifuge
tube such as that shown in Fig. 103, Following a brief centrifugation
(either by hand or in a manually operated centrifuge) the crystals
are transferred into another large-diameter testtube and remelted.
In order to shorten the melting process, the tube
with the H,O, is placed in a beaker of warm
water (30°C). When all the crystals have melted
the peroxide is again cooled to —35°C. On
standing in the cold bath for about 10 minutes,
the colorless, needle-shaped crystals re-form,
usually spontaneously, and are again immediately
separated from the mother liquor by centrifuging
in an identical tube. If crystallization does not

occur spontaneously, seeding is repeated. Fig. 103, Cen-
The resultant crystals decompose very easily trifuge tube for

at room temperature, liberating O,. They are pure hydrogen

therefore stored in closed paraffin-coated con- peroxide.

tainers, which must be kept cold.

The aqueous H,O, solutions separated by centrifuging may be
reconcentrated by distillation.

A single crystallization of the approximately 98% product in the
test tube, followed by separation of the mother liquor, yields a
product which is only about 99% pure.

According to Hurd and Puterbaugh [8], 80-90% H,O, starting
material can also be obtained by mixing 30% H,O, solution with
tw1ce its amount of p~cymene, followed by distillation of the mixture
at 50°C, using anaspirator vacuum, Most of the water and p-cymene
is thus removed. After mechanical separation of the remaining
p-cymene-H,O, mixture, further processing is carried out as
described above,

Additional preparative methods: For the preparation of H;O, of
spectroscopic purity, the process reported by Fehér [9] for D,O,
can be referred to. This process is based on the work of Pietzsch
and Adolph [10] and involves the reaction of persulfate with steam.

A method for the production of single crystals of H,O, has been
described by Fehér [11].

PROPERTIES:

Formula weight 34.016, M,p. —1.7°C, b,p. (extrapolated) 157.8°C;
d(lig.) (0°C) 1.46, d (solid) 1.64.

REFERENCES:

1. W, Staedel. Z. angew, Chem, 15, 642 (1902).,

2. H, Ahrle. Thesis, Darmstadf, 1908; J. prakt. Chem, 79, 139
(1909).

3. J, d’Ans and W, Friedrich. Z. anorg. allg. Chem. 73, 326
(1912).
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(1920).
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F. Fehér. Ber. dtsch. chem. Ges, 72, 1789 (1939).
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SECTION 3

Fluorine, Hydrogen Fluoride
H. von WARTENBERG

Fluorine
F.

Fluorine is produced at present either by electrolysis of molten
KHF,, being liberated at a graphite anode between 200 and 300°C
(slight contamination by CF,,), or from molten KF - 3 HF at a Ni
anode at approximately 100°C, according to the method of Lebeau
(if the melt contains water, contamination by O_). The latter
method is the most tractable and has been tested extensively. The
only suitable vessel materials are Fe (which develops a rust
coating on the surface), Cu and Mg. The salt is available in a pot
made entirely of brazed Cu with about 2-mm, wall thickness
(Fig. 104). The cover rests lightly on three pieces of CaF ., placed
in the upper trough, and held in place by a layer of cement. Alter-
natively, the cover rests on a gasket cut from 5-mm.-thick soft
rubber sheet, which in turn rests on the flat lip of the pot. To slow
down the penetration of humid air into the trough, the latter is
also packed with CaF, powder. The anode, made of 3-mm. nickel
wire, is attacked only at its extreme end. Therefore, greater
service life is obtained by coiling the electrode or attaching to it
a l-cm, nickel rod, Thus, the useful life of an electrode may be
extended to the electrolysis of approximately two complete salt
batches., After that, a new anode can easily be inserted into the
connecting copper adapter. The melt usually spatters and creeps
up the walls. This is the reason for placing the insulation so high
in the thick-wall Cu adapter, which is cemented into the upper
tube with litharge-glycerol. This adapter should preferably be
taken out with strong pliers at the end of each electrolysis cycle
and thoroughly washed. The sturdy fluorite stopper is secured with
the same cement. It is even simpler to use a one-hole rubber
stopper, coated with polytrifluorochloroethylene oil. The anode is
surrounded by a copper or, better, a nickel tube, Three struts
extend downward from the tube and are attached, by keyed copper
connections, to a Cu plate. This plate acts as protection against
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the H, rising from the wall of the pot. The pot serves as the
cathode. This is the best arrangement since it leaves a large free
cross Section for the electrolyte salt. The Cu tube may become
coated with an insulating layer of fluoride, which, however, some-
times dissolves if the temperature rises too high, making it
necessary to replace the tube from time to time. The tube cannot
be replaced with sintered alumina, which dissolves in the melt.
This inconvenience is unfortunately encountered with all apparatus
for production of fluorine. In order to generate the F, under a
pressure of about 10 cm. of water, the pot
is intentionally made tall. The outlet tubing
must be at least 6 mm, inside diameter,
since some electrolyte particles are always
entrained with the gas, A single electrolysis
batch requires 1.2 kg. of difluoride of the
highest purity and 300g, of freshly distilled,
anhydrous HF, The apparatus is puton ahot
plate whichis placed on an ordinary platform
scale, making it easy to determine fromthe
loss in weight (300 g.) whether refilling is
necessary and to avoid unnecessary over-
shooting of the temperature, Atthe beginning
of the preparation a horizontally directed
Bunsen flame is used as auxiliary heat, so
that the salt is melted and heated to 70°C in

T
half an hour (attach a thermometer), No
Fig. 104, Prepara- heat is applied during the electrolysis,
ation of fluorine. which proceeds at about ten volts and about

4-5 amp, (with Ni rod anodes, 6 amp. yields
40 ml, of F;/min.). The hot plate serves only to keep the contents
of the pot in the liquid state during interruptions in the run, After
electrolyte depletion, the cover is removed and the residual salt
is allowed to solidify while the container is being rotated, thus
creating a cavity (work under a hood, wearing goggles; pyyp at
150°C is 130 mm.)., Fresh HF is added to the cavity, the vessel is
covered with a piece of Cu sheet, and the HF is left to be absorbed
by the salt overnight. After heating to 90°C, the cover with the
anode can be replaced. In order to remove the small amounts of
HF, the product gas is first led through a 10 X 50 mm., Dry Ice-
cooled Cu bottle brazed to a tube of poorly heat-conducting nickel-
silver alloy (pyg ~ 1 mm.) and then through a Cu tube filled with
granular NaF and provided with copper plug valves. Detection of
F, in the exit stream (as well as at leaks) is easy, A jet of
illuminating gas or a rag soaked in machine oil and attached to a
wire will ignite on contact with F,, If the salt mass has been well
dried, the traces of water disappear completely after the first
hour of electrolysis. Any O, which may be formed cannot be
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separated from the F,; it may be determined, although not con-
veniently, by shaking with Hg [2].

With the packing materials now on the market, for example,
Teflon, it is easy to build similar equipment made of somewhat
thicker sheet copper or of cast magnesium by using Teflon-
insulated gaskets and tightening the apparatus with screws. When
a Cu pot with 5-mm,-thick walls, 35 cm. high and 15 cm, in
diameter, containing 5 kg. of KHF;, is used, a current of 5 amp.
may be applied. The HF gas can then be fed almost continuously
to the outer chamber, thus replacing the raw material as it is
consumed.

PROPERTIES:

Atomic weight 19,00, M.p. —223°C, b.p. —187°C;d (liq.)1.11,
d (gas)1.31 (air = 1). Fluorine does not attack quartz and very dry
glass. For heating in a F, atmosphere, Pt tubes are used, or even
better, sintered alumina tubes (up to 600°C), while Cu tubes are
useful up to 350°C and Ni to 600 or 700°C, Teflon or Kel-F is used
as gasketing material and Kel-F grease is used for lubrication of
stopcocks and ground joints.

For commercial apparatus, see [3, 4].
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Hydrogen Fluoride
HF

Precautionary measures: Since hydrogen fluoride solutions,
particularly when concentrated, cause extremely painful and pro-
tracted burns, a paste made of magnesium oxide with a little
glycerol should be kept on hand when working with larger quantities,
The eyes must be protected and rubber gloves must be worn,

I. CRUDE HYDROFLUORIC ACID [1]
Laboratory preparation of this material will almost never be

undertaken. To obtain 0.25 kg. of HF, 1 kg. of finely pulverized
fluorite or, even better, cryolite (for Si-free HF) is vigorously
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heated with 2.25 to 2.5 kg. of 97.5% As-free H,SO, in a small
autoclave placed on an air bath. A lead tube 1.5 meters long and
2 cm, in diameter, with an attached Liebig condenser, is soldered
to the cover. Run duration, 4 hours. The product is collected in a
copper flask cooled with ice-salt mixture. Impurities: H,SiF,, HCI,
H,S0,4, H,S0,, HSO,4F, Pb,

II. PURE, 35% HYDROFLUORIC ACID

This solution is commercially available in polyethylene bottles
and is already quite pure. For further purification, it is distilled
from a NaF-containing Pt retort into a Pt receiver, leaving behind
the SO%~ and SiF3~ ions. A little PbCO, is added to remove the
Cl™; this yields PbCIlF, which is insoluble in concentrated HF. An
excess of PbCO, does no harm, even in the presence of H,SO,.
Organic material is removed only when KMnO . is added (dropwise),

Vessel materials: Pt, Ag, Cu, Mg (but not Pb), celluloid (may
be easily shaped in warm water), polyethylene, paraffin, metal
dishes coated with Bakelite, Teflon, etc. See also section on F,.

Boiling points of various H,O/HF mixtures are given in [4].

III. ANHYDROUS HYDROGEN FLUORIDE

Distillation of 1.2 kg. of anhydrous KHF, at 500°C yields 250 g.
of HF, Technical grade KHF, is dissolved in warm water, some
PbCO, is added to eliminate Cl-,the K,SiF, and PbCIF are allowed
to settle, and the clear solution is evaporated in Cu or Mg dishes
until crystallization occurs. Alternatively, a quantity of hydrofluoric
acid is divided into two equal parts, one of which is neutralized
with K;CO;, mixed with the other part and evaporated. Filter hot
through a Cu funnel. The crystals which separate on cooling are
allowed to drain and are dried initially on filter paper, at 100°C.
Further drying must be carried out withgreatcare at 130 to 140°C.
A thin layer of crystals is placed on a Mg or Cu sheet turned up
1-2 cm. along the edges, and the sheet is placed on a large hot
plate, After 2-3 days the crystals are ground in a coffee mill and
dried for another day, after which they are stored in paraffin-
coated glass bottles. The dust from the salt is disagreeable. The
compound can be obtained more readily by decomposition of NaHF,,
but the decomposition starts already drying, and NaHF , is there-
fore not recommended as a raw material.

Distillation is carried out in a Cu flask, 24 cm. high, provided
with a conical ground stopper, 4 cm. in diameter, held in place
with screw clamps (Fig. 105). The cone is lubricated with graphite-
paraffin oil or Kel-F grease to prevent freezing of the joint, The
1-m.-long Cu tube must be 2-2,5 cm. in diameter, since salt is
carried over and inconvenient plugging can occur in the middle of
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the run. The glass condenser is gasketed with a piece of rubber
hose, and to slow down the decomposition, a few turns of water-
cooled tin tubing are wound on it. The Cu tube is allowed to
stand in HCl/Br, until it is bright, or the initial HF fraction
will be brown. The retort should be provided with a Cu thermo-
well, projecting upward for 5 cm. from the bottom and ex-
ternally brazed in place, to accommodate a copper-constantan
thermocouple. The retort is heated either on a multiple burner in
an iron jacket or, preferably, in an electric furnace. Before filling
it should be cleaned with HCI until bright and dried carefully in a
stream of CO,. The Cu receiver(250 ml,) is connected by a special
coupling (Fig. 106) and must be cleaned with HC1 until bright, It is
then dried and reduced in a stream of H, at 300°C. During distilla-
tion, use an ice-salt mixture (—10°C) for cooling. A second con-
tainer provides protection against overflow, The retort is first
heated slowly for approximately 3/4 hour to about 400 to 500°C, that
is until HF begins to drip into a Pt dish below (leave the screw
coupling at Z open), Vapor pressures of KF and HF are given
in [6]. After about 10 ml. has been collected, a test is made to
determine whether a strip of filter paper gelatinizes immediately.
If so, the acid is anhydrous. Now the coupling at Z' is tightened
(use pliers and rubber gloves) and the freezing bath is put in
place. Raising of the temperature to 500°C must be accomplished
with great care, since at that temperature KF begins to separate
from the melt and violent evolution of HF also occurs [2]. The
operation is decidedly more convenient if a thick-walled Cu
capillary (shown with dotted lines) is brazed to the Cu tube, The
capillary should dip about 2 cm. into a Hg pool in a Pt dish, If
this is done, the couplings on the receivers may be tightened before
the run and the first few milliliters allowed to drip from the capil-
lary until the paper test shows the absence of water. The capillary
may then be sealed off simply by raising the level of the mercury.
Should the evolution of HF be too violent, excess HF can escape
through the capillary, accompanied, of course, by noxious fumes.

Fig. 105, Distillation of anhydrous hydrofluoric
acid.

A) distillation retort (Cu); 5) condenser (inner

tube of Cu); (') receiver(Cu), —10°C;D) second

receiver, —10°C; £, F') conical screw couplings.
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The evolution subsides after about 3 hours and the heating is
discontinued. Loosen £ and F and close them off with Cu cones. If
the distilled acid is to be stored, the tubes can be closed off at
F and F with solid Cu cones equipped with screw caps. After
cooling, the contents of the retort may be dissolved in boiling
water and regenerated with aqueous HF,

Fig, 106, Details ofthe conical
copper coupling. The cones are
interchangeable.

For regeneration, the solutionistreatedinalarge Cu or Mg dish
with sufficient pure, commercial (35-40%) HF to turn litmus
completely red. The solution is then evaporated over an open
flame but not to the point where spattering occurs. The salt
mass is then crushed and dried as described previously.

The resultant HF still contains traces of entrained KF and can
be redistilled at 30-35°C into the second receiver. For very pure
HF, silver equipment should be used [2]. Since organic substances
are immediately decomposed by HF vapor, joints can be made tight
only by means of the Cuconesdescribed. Alternatively fused sulfur
may be used, with picein or a like substance covering cracks in the
sulfur mass. As a temporary expedient, resulting in not quite
anhydrous acid, the seal can be made with well-dried litharge-
glycerol cement.

Liquid HF is available in steel tanks or cylinders. (Heat gently
with flame to make it flow.)

In order to render the liquid HF completely anhydrous, fluorine
may be bubbled through using a silver capillary. The F, gas
decomposes traces of water. Thus a cylinder HF can be partially
dried by somewhat loosening the main valvewitha wrench in a cold
room and then putting the cylinder in a container of appropriate
height, filled with ice-salt mixture; after the cylinder has cooled
down, the valve is removed completely and F, is bubbled through or
half an hour from a fluorine cylinder through a silver capillary;
the valve isthen screwed back on and tightened with the wrench. The
fluorine pressure produced in the usual laboratory generatorsis not
sufficient for the HF cylinders. For all practical purposes, F, does
not dissolve in liquid HF, Instead of using fluorine, the water may
be removed by dropwise addition of thionyl chloride, which
liberates gaseous HCI, SO, and SOF,, all insoluble in HF (K. Wie-
chert, Z. anorg, Chem. 261, 314 (1950)].
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Pure HF for very small scale experiments be easily obtained
(together with hydrogen) by placing a copper boat with well-
dried PbF, in a platinum or copper tube in front of the compound
to be reacted with the nascent HF, The boat is heated to red heat
in a stream of hydrogen.

Conduits for HF gas are made of well-dried copper tubes
provided with conical copper joints. In such tubes HF gas may be
heated to 1000°C (of course, protection from the atmosphere
must be provided). Sintered alumina tubes may be used up to
500°C. Copper caps, temporarily cemented on with litharge-
glycerol, may serve as closures, but it is better to solder them
onto the alumina tube. To accomplish this, the alumina tube is
electrolytically coated with copper, and soft solder is used for
attaching the caps. Completely anhydrous HF does not attack quartz.
Lead and organic substances are destroyed, except for polymerized
tetrafluoroethylene (Teflon) (5]. Copper (not brass) stopcocks or,
preferably, platinum valves (Bodenstein design) serve to shut off
the flow. It is advisable to make the stopcock body of copper and
to turn out the plug from a Teflon block on a lathe. Such a plug
turns easily and needs no lubrication,

PROPERTIES:

Formula weight 20.01. B,p. 19.5°C;for b.p. at various pressures
see [3]); m,p. —85°C; d (liq.) 0.987. toy 188°C, pop 66.2 kg./cm.2,
dey 0.29.
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SECTION 4

Fluorine Compounds
W. KWASNIK

General Remarks

In view of the special position occupied by fluorine among the
halogens in the periodic system, the preparation of its compounds
is so different from that of the other halogen compounds that it is
fitting to consider the fluorine compounds in a separate section,

Inorganic fluorine compounds are prepared chiefly by the follow-
ing methods:

1. Treatment of the oxides, hydroxides or carbonates with
aqueous hydrogen fluoride. Most binary fluorides that donot under-
go hydrolysis may be prepared in this way (e.g., alkali fluorides,
alkali hydrogen fluorides, alkaline earth fluorides, AlF;, SbF,,
ZnF,, PbF,, HgF, AgF).

2. Treatment of the appropriate anhydrous chlorides with anhy-
droushydrogen fluoride (e.g., TiF,, ZrF,, NbFg, TaFg, VF,, SnF,,
SbFg, POF;, SOF,). This reaction is capable of much wider applica-
tion than that given in the literature until now, This method has
become increasingly important since anhydrous hydrogen fluoride
became commercially available,

3. Treatment of elements, oxides or halides with elemental
fluorine. This method is used chiefly for the preparation of those
binary fluorides in which elements reach their highest valence
(e.g., IF,, ReF,, UF;, SF;, BiFg, CF,, CoF;, AgF,). The halogen
fluorides may often be used instead of elemental fluorine. However,
these fluorides can inturn be prepared only from elemental fluorine.
There is a drawback in the use of halogen fluorides instead of
elemental fluorine in that it is often difficult to separate the free
halogen evolved in the reaction from the reaction product. On the
other hand, most halogen fluorides are easier to handle in the
laboratory (storage, measuring out) than elemental fluorine. Halogen
fluorides are definitely to be preferred when, in addition to fluorine,
one intends to add a second halogen to an unsaturated substance
(e.g., COCIF, COBrF, COIF, SO,BrF). Ingeneral, halogen fluorides
may be either more active (ClF;) or less active (IFg) fluorinating
agents than the element itself.

150
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4, Special reactions. These are so different from each other
and occur so sporadically that they cannot be classified in any sys-
tematic way. For example, NF; may be prepared by electrolysis
of molten ammonium hydrogen fluoride; OF, is produced by attack
of F, on 2% sodium hydroxide solution; and Q,F, is formed from
F, + Oj in a glow discharge tube cooled with liquid nitrogen,

Some fluorine compounds may be prepared by any one of several
methods (e.g., NOF from NO+F; or from NOBF, + NaF), so that the
choice of a method of preparation may be based on the availability
of starting materials or apparatus.

The preparation of organic fluorine compounds also requires
methods different from those used for the other organic halogen
compounds. Because of the high heat of formation of CF, (231 kcal.)
and HF (64 kcal.), the treatment of organic substances with fluorine
results mainly inthe formation of CF,and HF, in addition fo charred
and tarry substances, while no appreciable quantities of normal
substitution products are obtained. This method, which is used in
industry for the production of perfluorocarbons, is not suitable
for work on a laboratory scale, Organic fluorine compounds are
prepared in reasonable yields chiefly by the following procedures.

1. Addition of HF to olefins (e.g., ethyl fluoride),

2. Treatment of a chlorine compound with anhydrous hydrogen
fluoride (e.g., benzotrifluoride). This method is limited to com-
pounds with three fluorine atoms on the carbon atom. Acid fluo-
rides can also be produced from acid chlorides, using anhydrous
hydrogen fluoride.

3. Treatment of chlorine compounds with antimony(III) fluoride
(F. Swarts), This method is especially suited for compounds with less
than three F atoms on the carbon atom (e.g., 2,2-difluoropropane).

4, Treatment of chlorine compounds with anhydrous hydrogen
fluoride in the presence of antimony catalysts. This method is
intermediate between the two mentioned above and is very broadly
applicable (e.g., dichlorodifluoromethane).

5. Treatment of a halogen compound with a metal fluoride,
such as AgF, HgF, HgF, (e.g., fluoroform).

6. Diazotization with nitrite in hydrofluoric acid medium. This
method is used for the preparation of aromatic fluorine compounds
(e.g., fluorobenzene).

7. Thermal decomposition of diazonium borofluorides (G. Balz
and G. Schiemann), This procedure is also applicable to aromatic
fluorine compounds, particularly on the laboratory scale (e.g.,
p-fluorotoluene).

The laboratory equipment of the fluorine chemist is unusual in
that ordinary chemical glassware cannot be used in most cases.
Apparatus made of nickel, iron, copper, lead, silver, platinum,
fluorspar or sintered alumina is used instead. Where transparency
is indispensable, quartz equipment is utilized.
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To be able to produce fluorides at any time and avoid lengthy
preparations, it is advisable to have on hand the following commonly
used pieces of equipment:

several nickel, fluorspar or sintered alumina boats;

a nickel or Monel reaction tube (30 cm. long, 2.5 cm.
diameter) with ground joints at both ends;

an iron reaction tube;

several cylindrical iron vessels;

three to five quartz traps with attached ground joint seals;

three Pyrex glass traps with attached ground joint seals;

several quartz drying tubes;

several quartz U tubes;

two iron condensers;

an iron trap;

several steel cylinders, 0.5- to 5-liter capacity (for
storage of gaseous fluorides).

For work with low-boiling fluorides it is useful to have on hand
a part-glass, part-quartz vacuum system provided with a spiral
quartz manometer.

Connection of the various parts of a quartz apparatus is best
accomplished with normal, ungreased ground joints, whichare made
airtight by an exterior layer of cement (picein). Metal-to-quartz
ground joint connections may also be made airtight with picein,
but to ensure better adhesion of the cement the metal surface
should be very hot. Stopcocks should be greased only lightly,
preferably with viscous fluorocarbons; in difficult cases they may
be replaced by copper diaphragm valves, Metal pieces may be
connected with one another by means of threaded joints, flanges
or ground joints, Lead rings with asbestos inserts or soft iron or
copper washers may all be used as gaskets where flange connec-
tions are used. Needle valves with a steel stem, brass seat
and lead-asbestos packing have proven suitable for use with steel
cylinders and autoclaves,

Fluorspar apparatus is made by the following method: freshly
precipitated CaF, is mixed with water to a thick paste, To obtain
plasticity, hydrochloric acid is added until the acidity of the paste
is about 0.02N. It is then poured into plaster molds. Two-part molds
are used for boats, three-part molds for tubing. After removal
from the molds, the pieces are scraped smooth with a spatula if
necessary and then air dried for a few days. Since the strength
is low, all subsequent handling must be very careful. If the fluor-
spar apparatus cannot be fired together with ordinary ceramic
ware in a tunnel kiln at about 1250°C, then it should be fired in a
Globar furnace, The pieces, embedded in ZrQ,, are placed in a
porcelain tube and the oven is slowly heated to 1250°C. During the
firing, dry nitrogen is passed through the procelain tube to remove
water vapor and carbon dioxide. Fluorspar equipment prepared in
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this way is nonporous and smooth. Itcanbe worked on a wet emery
wheel, In general, however, it is brittle and must be handled with
great care. As a result of drying and firing the pieces shrink by
about 1/3 and this should be taken into account in the design.
Boats can always be made without difficulty, whereas tubes
(say, of 15-cm. length, 1.5-cm. ILD., 2-mm. wall thickness) some-
times undergo deformation if the furnace temperature is some-
what too high. [O. Ruff and A, Riebeth, Z. anorg. allg. Chem. 173,
373 (1928); O, Ruff and J. Fischer, Z. anorg. allg, Chem. 179, 166
(1929); O. Ruff and W. Kwasnik, Z. anorg. allg. Chem. & 113
(1932).]

When quartz or glass equipment is used, one must always bear
in mind that the reaction products may be contaminated with fluro-
silicates or H,SiF;. Under these conditions, gaseous fluorides often
contain SiF,.

Gaseous fluorides condensed by means of Dry Ice or liquid
oxygen* dissolve air in appreciable quantities, as do almost all
low-boiling substances., Care must therefore be taken to remove
the dissolved air by repeated distillation of the product under
vacuum, The air dissolved in these low-boiling compounds may
lower their melting point by as much as 20°.

General equipment of a fluorine laboratory should include large,
high-suction hoods, rubber gloves, protective goggles, a gas mask,
and an Hz-O, torch for work with quartz apparatus. Dry Ice and
liquid oxygen are practically indispensable for the preparation of
low-boiling fluorides. One should have a bottle of 10% ammonium
carbonate solution ready in case of accident. Skin injuries caused
by HF or fluorides should be bathed immediately with this solu-
tion or treated with compresses containing this solution. This
treatment should be administered even before medical assistance
and should be continued for half an hour.

Chlorine Monofluoride
CIF

70.92 38 108.92

A vertical nickel or Monel cylinder encased in a furnace
(Fig. 107) serves as reaction vessel., A metered stream of chlorine
gas is introduced through a nozzle-type tube. Fluorine gas is fed

*Caution: liquid oxygen is dangerous in contact with oxidizable
substances.
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through a side tube, The lower part of the cylinder serves as a
separator for the solid fluorides (NiF,, FeF;) formed by corrosion
of the container walls, so that plugging is avoided. The product
gases are passed through a horizontal, tapwater-cooled iron con-
denser and through an iron trap immersed in Dry Ice (without ace-
tone!), where chlorine and ClF; are condensed, The gases are then
discharged into a second iron trap, immersed in liquid nitrogen.
There the CIF is liquefied, while the excess fluorine escapes into

the hood,
[Y: === thermocouple
5 r“r -
“00°
L] i i
it f‘ y lron .
FY—— > L' Ll to vent
'
789
78 196
Fig. 107, Preparation of chlorine
monofluoride.
1 to spiral quartz manometer
to aspirator
iron quartz and hood
quaru copper
capillary
Dry Ice
lig. N, metal vessel
Fig. 108, Distillation -of chlorine
monofluoride.

The oven is heated to 400°C and F, is permitted to flow through
the system until it is detected at the outlet of the apparatus through
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ignition of an oil-soaked rag. The chlorine stream is then turned
on. For a fluorine cell current of 70 amp., the rate should be
9 liters of Cl/hr.

The chlorine monofluoride, still containing considerable amounts
of CIF; and CL, in solution, is collected in the trap cooled with
liquid nitrogen.

After the fluorination is ended, the CIF is distilled into a steel
cylinder. The arrangement of the distillation apparatus is shown
in Fig. 108. The Dewar flask in which the feed vessel is placed
is lowered away from the feed vessel as far as necessary to start
the product boiling. The small forerun, consisting chiefly of Fs,
is removed by a water aspirator. Then the valve of the steel
cylinder is opened and CIF is condensed at a rate such that the
pressure in the system is maintained at about 1 atm. The distilla-
tion is ended as soon as sizable quantities of condensate (CL,
C1F;) accumulate inthe quartztrap. The residueisalso drawn off
with the water aspirator. Yield 90% maximum, based on chlorine.

PROPERTIES:

Formula weight 54.46. Colorless gas, pale yellow liquid, white
solid. Very reactive, destroys glass immediately and quartz in
the presence of traces of moisture. Reacts vigorously with organic
substances, usually with ignition. Very vigorous reaction with
water, Attacks the bronchi very strongly.

M.p. —155.6°C, b,p. —100°C, t,, —14°C,d. (liq.) (—108°C)1.67.

REFERENCES:

O. Ruff, E. Ascher and F, Laas. Z. anorg. allg. Chem, 176, 256
(1928).
W. Kwasnik (unpublished).

Chlorine Trifluoride

ClFs

Cl; + 3F; = 2CIF,
7092 1140  184.92

Chlorine trifluoride is prepared using the same apparatus and
procedure as for CIF (Fig. 107, with the following exceptions,
1) The second liquid-nitrogen-cooled iron trap may be omitted (or
left in the system without coolant), 2) The furnace is heated to
280°C instead of 400°C. 3) The chlorine flow rate is lower, For a
70-amp. current in the fluorine cell, a chlorine flow rate of
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6.2 liters/hr. is advisable. If the ratio of fluorine to chlorine is too
low, CIF will be the main product and the Cl1F; formed will be
strongly contaminated with Cl,.

After completion of the fluorination, the liquid Cl1F, is poured
from the Dry Ice-cooled trap into a steel cylinder again cooled
with Dry Ice (without acetone!) (use a good hood, protective goggles
and rubber gloves) and a threaded shut-off valve is immediately
screwed on. When the steel cylinder has warmed up to room tem-
perature, an iron manometer and an additional valve are screwed
on and the contents of the cylinder are allowed to escape until a
gauge pressure of 1.2 atm. is reached. The CIlF, CL and F,
are thereby removed,

The yield is 60-80%, depending on the Cl,:F, ratio; the remainder
is always CIF.

Valves used for handling C1F, must be free of all grease. Lead
asbestos is suitable as valve packing, Washers must be of copper.
If liquid ClF; is inadvertently spilled, Dry Ice should be sprinkled
over it; it absorbs the C1F; and dilutes it so as to render it relatively
harmless.

PROPERTIES:

Formula weight 92.46. Colorless gas, suffocating odor; strongly
attacks the bronchi. Extremely reactive, particularly as a liquid.
Immediately destroys glass and, in presence of traces of moisture,
quartz, Organic substances usually react with ignition. The reaction
with water is explosive.

M.,p. —83°C, b.p. 11.3°C, d. (liq.) (—78°C) 2.026.

REFERENCES:

O. Ruff and H, Krug. Z. anorg. allg. Chem. 190, 270 (1930).
W. Kwasnik, Naturforschung und Medizin in Deutschland 1939—1946
(FIAT-Review) 23, 168,

Bromine Trifluoride
BI'F3

2Br + 3F, = 2BrF,
159.82 114 273.82

Bromine trifluoride is prepared by fluorination of bromine at
+80°C. At this temperature appreciable quantities of BrFg are
formed, which then react with the excess bromine according to the
equation
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3 BrF + Br, = 5Br1F,

thereby affording rapid and quantitative conversion of the bromine.

An inclined iron condenser (Fig. 109) serves as the reaction
chamber. An iron tube, to whicha dropping funnel is attached, opens
into the condenser. The lower end of the condenser is joined to a
wye (Y) adapter, preferably made of Monel. The adapter supports an
iron reflux condenser at the top and its lower end is provided with
a ground joint, to which the receiver (quartz) is connected.

Fluorine is passed through the apparatus; water at +80°C is fed
to the inclined condenser and cooling brine at —18°C to the reflux
condenser. Bromine is then added dropwise from the dropping
funnel at such a rate that almost colorless BrF, is collected in
the receiving flask., The reflux condenser prevents BrF, or BrFg
from escaping with the fluorine stream,

At the end of the fluorination the receiver is heated for a short
time to 100°C in order to remove any BrFg which might be dissolved.
After cooling, the BrF, is poured into an iron vessel. The yield is
quantitative, based on bromine, and 90%, based on fluorine. The
purity is 98% (the remainder being BrFy).

iron

Monel adapter

Fig. 109, Preparation of bromine
trifluoride.

PROPERTIES;
Formula weight 136,91. Colorless liquid. Very reactive; fumes

inair and strongly attacksthe skin.
M.p. +8,8°C, b,p.+127°C; d. (liq.) 2.84. Crystal form: long prisms,

REFERENCE:

W. Kwasnik, Naturfor schung und Medizin in Deutschland 1939-1946
(FIAT-Review) 23, 168.
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Bromine Pentafluoride
Bl'Fs

2Br + 5F, = 2BrF;
159.82 190 349.82

An iron reaction vessel is placed in a crucible furnace held at
200°C (Fig. 110). In addition to the inlet tube for F, and the outlet
tube for BrFg, the reaction vessel is provided with a thermometer
well and a central wide T tube adapter, which holds a dropping
funnel and permits the nitrogentoflowinfrom the side. (The nitro-
gen flow serves merely as a purge, tokeep the fluorine penetrating
the dropping funnel.) The gaseous reaction products are con-
densed in an iron condenser. The liquefied BrF collects in an iron
trap, which is cooled with an ice-salt mixture.

As soon as the apparatus is filled with fluorine, dropwise input
of Br,into the reaction vessel is started. About one drop per
second of bromine is introduced at a fluorine cell current of
150 amp. Care must be taken to maintain a steady excess of F,.

iron

to vent

Brf;

Fig. 110, Preparation of bromine
pentafluoride.

The crude product consists of 95% BrF; and 5% BrF,. After the
fluorination is terminated, the product is distilled from an iron
apparatus in a stream of fluorine. Condenser and receiver are
cooled to about —18°C with an ice-salt mixture. The yield is 87%,
based on bromine. Bromine pentafluoride is stored in iron or,
preferably, in Monel vessels.

PROPERTIES:

Formula weight 174.91, Colorless liquid; fumes strongly inair.
Completely stable up to 460°C.
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M.p. —61.3°C, b.p. +40.5°C; d. (lig.) (0°C) 2.57.

Very reactive; reacts with nearly all elements with ignition.
Vigorous, nearly explosive reaction with water, At room tempera-
ture, dry glass is attacked slowly, quartz glass practically not at
all, Mercury becomes coated with a brown film.

REFERENCES:
O. Ruff and W, Menzel. Z. anorg. allg. Chem. 202, 49 (1931).
W. Kwasnik (unpublished).

lodine Pentafluoride
IF;

12 + 5 F 2 = 2 IF5
253.84 190  443.84

An iron drum(seeFig. 111)provided witha cooling jacket serves
as reaction vessel. It connects to an inclined iron condenser, fol-
lowed by two quartz traps.

quartz quartz
to hood

ice ice

Fig. 111. Preparation of iodine
pentafluoride.

The reaction vessel is filled withiodine, and F, (preferably HF-
free) is passed through. The coolant removes the heat of reaction
and prevents conversion of the IF, remaining in the vessel to IF,.
As soon as F, is detected at the outlet of the system, the reaction
should be terminated. Cooling of the reaction vessel is stopped,
heat is applied with a gas burner so that the jacket serves as a
water bath, and IF; is distilled off in a stream of fluorine. Ata
fluorine flow rate corresponding to a cell current of 80 amp.,
10 hours are necessary for the conversion of 250 g. of iodine
(including distillation). The yield is 90%, based on iodine.
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Iodine pentafluoride is stored in iron flasks, It is well suited
for the fluorination of organic compounds.

PROPERTIES:

Formula weight 221,92, Colorless liquid; fumes in air, reacts
very vigorously with water,

M.p. +9.6°C, b.p. +98°C; d. (lig.) (15°C) 3.231,d. (solid) (0°C) 3.75.

REFERENCES:

F. Moissan, Bull. Soc. chim. France [3] 29, 6 (1930).
W. Kwasnik (unpublished).

lodine Heptafluoride
IF;

I. + 7F, = 2IF;
253.84 266 519.84

An iron cylinder provided with a cooling jacket (see Fig. 112)
serves as the reaction vessel. The inlet opening is provided with
a strainer to hold the iodine. The outlet opening has an appr. 30-cm.-
long adapter to which an iron condenser is screwed on. An iron

quartz

quartz

Fig. 112, Preparation of iodine
heptafluoride.

tube leads from the latter to the U-shaped condensation traps, These
are made of quartz and are closed at the top with loosely fitting
quartz ground joints. The first U tube is used to trap the IF,, and
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the second to exclude atmospheric moisture, Both tubesare cooled
with liquid nitrogen.

The screen-type strainer in the reaction vessel is filled with
iodine, and fluorine is passed through the system. The F, must be
HF-free. This can best be achieved either by passing it through a
DryIce-cooled iron coil or over freshly dehydrated KF. In the
first stage of the reaction the iodine burns in the reaction vessel
to IF,. While the reaction is in progress, a high water flow rate
must be maintained in the cooling jacket. As soon as fluorine
appears at the outlet of the system, the flow of water through the
jacket is shut off, and the jacket is heated from the outside with a
gas flame so that it acts as a water bath. The adapter above the
reaction vessel is now electrically heated to about 300°C. The
fluorine stream converts the IF; into IF,, whichescapes through the
vertical condenser into the quartz trap. This condenser must be
very efficient so as to retain the unconverted IF,. At this stage of
the reaction, fluorine must be present in excess.

The solid product collecting in the arms of the U tubes is melted
down from time to time or pushed down with an iron wire. To
do this, the ground stoppers must be removed for a few seconds.

The IF., is purified by distillation at atmospheric pressure and
+40°C and is collected in quartz traps at —196°C. The small resi-
due is IF g which is returned to the reactor. The IF, is then dis-
tilled into a steel cylinder. When the filled cylinder reaches room
temperature, the valve is carefully opened, and the gas (chiefly
SiF,) is vented until a wad of alcohol-soaked cotton wool is ignited
by the escaping IF.,. The yield is 83%, based on iodine.

Ground joint connections easily freeze on contact with iodine
fluorides. They should therefore be moved a little from time to
time. The joints should not be greased nor should they be sealed
with picein; they should only be loosely fitting,

PROPERTIES:

Formula weight 259.84. Colorless. In the solid state it appears
as a loose powder, sometimes in the form of small crystals.

M.p. 5.5°C, subl, p. 4.5°C; d. (liq.) (6°C) 2.8.

Very reactive. Similar in properties to Cl1F,, but considerably
less reactive, Water dissolves gaseous IF, without detonation,
Sodium hydroxide solution absorbs it with evolution of a large
amount of heat, Sulfuric acid foams when IF, is bubbled through it.
Attacks glass and quartz. Musty, acidic odor.

REFERENCES:

O. Ruff and R. Keim. Z. anorg, allg. Chem. 193, 176 (1930).
W. Kwasnik (not yet published).
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Dioxygen Difluoride
O.F,

O; + F; = O:F,
320 380 700

The gases areelectrically excited ina discharge tube cooled with
liquid nitrogen, and the unstable O;F, thus formed is frozen out.

The fluorine is stored ina quartztrap cooled with liquid nitrogen
and is aspirated into the apparatus through a copper diaphragm
valve, If available, a steel cylinder with fluorine may be connected
directly, The oxygen is also taken from a steel cylinder, which is
connected to the system through an iron or copper capillary. The
reaction vessel is a glass flask (see Fig. 113) immersed in a
Dewar flask filled with liquid nitrogen; provisions are made for
generation of a brush discharge, Copper wires, tightly cemented
with picein into narrow glass tubes projecting about 10 cm,
outside the apparatus, serve as electrodes, The gas discharge is
generated by a large induction coil with either a Wehnelt interrupter
or an a.c. transformer, whose secondary supplies 0.05 amp., at
about 5000 v, A wide-arm quartz U tube is attached to the dis-
charge tube. After completion of the reaction it serves as distilla-
tion receiver and storage container. A quartz trap, cooled to —196°C

glass

to water aspirator

lig. Ny lig, N,

Fig. 113, Preparation of dioxygen
difluoride.

to prevent access of atmospheric moisture, is attachedto the U tube.
A metal aspirator is best for the generationof a vacuum, A manom-
eter for the measurement of the vacuum is not necessary, since
the shape of the gas discharge givesagood indication of the vacuum
attained. The best operating pressure range is 10-20 mm, In
this range the discharge takes on a brushlike shape,

As soon as the Dewar flagks have been placed under the corre-
sponding parts of the apparatus and the aspirator has been started,
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the spark coil is switched on. The diaphragm valve is then care-
fully opened to allow fluorine to pass into the system. Only then
is oxygen allowed to flow in, but at a lower than stoichiometric
rate, for otherwise solid ozone (violet to blue) may form in the
receiving flask. The O,F, separates out on the walls of the dis-
charge tube as a red-brown solid. From time to time the electric
discharge is interrupted for a few minutes and the Dewar flask
is lowered. This allows the O,F, to melt and flow down into the
lower tubular extension of the reaction vessel. If solid ozone is
present, the melting should be done very carefully since explosions
may sometimes occur.

As soon as enough Q,F, has accumulated in the bottom tip of
the discharge tube, the spark coil is disconnected and the oxygen
and fluorine streams are turned off. The U-shaped storage vessel
is cooled with liquid nitrogen and the Dewar flask is removed from
beneath the discharge tube, The O,F, distills over(at about 15 mm.,)
with partial decomposition, To minimize decomposition, care should
be taken not to let the O,F, temperature exceed —60°C for more
than a short time during the distillation. The O,F, may be redis-
tilled several times in this manner to ensure purity. The first
cuts are mainly ozone and SiF,. Since the distillation always re-
sults in accumulation of O, and F,, the aspirator should be kept
continuously in operation. For the same reason, difficulties are
encountered in the distillation of O,F, into ampoules.

After distillation is completed, the U-shaped storage vessel
is melt-sealed at the bottom sections of the arms. Dioxygen
difluoride can be stored only in liquid nitrogen. In emergencies,
Dry Ice may be used.

PROPERTIES:

Brown gas, cherry-red liquid, and orange solid.
M.p. —163,5°C, b,p. —57°C;d(liq.) (—57°C) 1,45, d(solid)(-165 C)
1.912,

REFERENCES:

O. Ruff and W, Menzel. Z., anorg. allg, Chem. 211, 204 (1933),
O. Ruff and W. Menzel, Z, anorg. allg. Chem. 217, 85 (1934).

Oxygen Difluoride
OF.

2F, + 2NaOH = OF, + 2NaF + H,O
76 80.0 54 83.99 18.01

Fluorine gas is bubbled at a rate of 1 to 3 liters/hour from a
platinum tube of appr. 2 mm. ID, into a 2% solution of NaOH
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contained in a glass reaction vessel. The NaOH solution flows
through the reaction vessel at a rate of 1 liter/hour from an ele-
vated storage container. The platinum tube dips about 2 cm. into
the sodium hydroxide solution (Fig, 114),

The output gas mixture flows through wash bottle filled with
water, which absorbs the unreacted fluorine. The OF; is then con-
densed in two glass traps immersed in liquid nitrogen.

After completion of the reaction, the crude product, condensed
at —196°C in the traps, is evacuated with a water aspirator to a
pressure of 20 mm,, which removes the major portion of the oxygen
dissolved in the OF,. To prevent simultaneous escape of the OF,
into the atmosphere, a wash bottle containing KI solution is inserted
before the aspirator. The OF, is then fractionated, with oxygen
coming over first. The first distillationgivesa 98,5% pure product.
The yield is 45%, based on fluorine,

Oxygen difluoride is stored in glass flasks or steel cylinders,

glass glass

NaOH | |} to hood

-183° -183°

Fig, 114, Preparation of oxygen
difluoride,

PROPERTIES:

Colorless gas; yellow, brownish-tinged liquid.

M.p. —223,8°C, b.p. —144,8°C; t,,. —58.0°C, p,,. 48.0 abs. atm,
Cor 97.6 ml./mole; d (liq.) (—223,8°C) 1,90, (—145.3°C) 1.521; AH
(formation)—11 kcal, Solubility in water at 0°C: 6,8 ml, of gaseous
OF,/100 ml.

Characteristic odor. Inhalation causes severe breathing dif-
ficulties, which often do not begin until several hours after in-
halation and persist for hours, Doesnotattack glass. Reaction with
water is hardly noticeable. Attacks mercury,

Stable to light, heat and electrical ignition. Remarkably un-
reactive compared to C1,0, Likealllow-boiling fluorides, the liquid
dissolves appreciable quantities of air,



4, FLUORINE COMPOUNDS 165

REFERENCES:

P. Lebeau and A, Damiens, Compt. Rend, Hebd. Séances Acad, Sci.
188, 1253 (1938),
O. Ruff and W, Menzel. Z. anorg. allg, Chem, 190, 257 (1930).

Chlorine Dioxide Fluoride
CIO:F

2CIO; + F. = 2CIO,F
13492 38 172.92

The apparatus, which must be made entirely of quartz, is set up
as in Fig, 115, Fluorine flows at a rate of 500 ml./hr. into the
first trap, in which a few milliliters of liquid C10, at —50 to —55°C
have been placed. The inlet tube dips a few millimeters into the
liquid ClO,. The reaction progresses smoothly and steadily; most
of the C1O,F formed in the reactor remains there and only a small
portion reaches the second trap. When the color of the liquid in
the first trap becomes very faint, the reactor is allowed to warm
and the CIO,F is distilled into the second trap in a stream of
fluorine, with gradually rising temperature. It collects as a pure,
colorless substance requiring no further purification.

According to M, Schmeisser, the
procedure may be advantageously
altered in the following way: ClO, is
dissolved in CCl,F at —78°C and
fluorinated, The ClO,F formed sep-
arates as a denser liquid phase when
saturation is reached. The mixture
is then cooled to —110°C and the less
dense liquid phase is rapidly re-
moved by vacuum through a capil-
lary. The reaction may be performed
in Pyrex glass apparatus, If abso-
lutely pure ClO,F is required, work-
ing in quartz apparatus without excess
ClQ, becomes a necessity and entails repeated rectification of
the product.

Fig. 115, Preparation of
chlorine dioxide fluo-
ride.

SYNONYM:

Chloryl fluoride,
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PROPERTIES:

Formula weight 86.46, Colorless, very sensitive to moisture,
immediately forms a fog in moistair. Thermally much more stable
than Cl0,.

M.,p. —115°C, b.p. —6°C.

REFERENCES:

H, Schmitz and H. J, Schumacher. Z. anorg. allg. Chem. 249, 242
(1942),

J. E, Sicre and H, J. Schumacher, Z, anorg. allg. Chem, 286, 232
(1956),

M. Schmeisser and F, L. Ebenhdoch, Angew. Chem. 66, 230 (1954).

Chlorine Trioxide Fluoride
CIOsF

KCIO, + HSOsF = CIO,F + KHSO,
138.56 100.07 102.46 186,17

Ten grams of KC10, aredissolved in100 g, of HSO4F in a round-
bottom glass flask provided with stirrer and reflux condenser.
The reaction starts at 50°C and is complete at 85°C. The reaction
gases are allowed to pass over a 10% sodium hydroxide solution
containing 5% Na,S,0, and are then bubbled through a similar solu-
tion, The gas is dried with solid KOH and then condensed in a
trap cooled with liquid nitrogen. During the reactiona stream of dry
nitrogen is bubbled through the reaction mixture, The product
contains 1% air and 0.4% CO,. This procedure is also suited to the
production of CIO4F in kilogram quantities,

SYNONYM:

Chloryl oxyfluoride,

PROPERTIES:

Colorless gas, with a characteristic odor reminiscent of OF,.

M.p. —152.2°C, b.p. —48.1°C. Fairly stable thermally, May be
heated in glass nearly to the softening point. Somewhat soluble in
water. Reacts quite slowly with dilute aqueous alkali.

REFERENCES:;

G. Barth-Wehrenalp. J. Inorg. Nucl. Chem, 2, 266 (1956),
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Chlorine Tetroxide Fluoride
CIOF

100.46 38.0 118.46 20.0

The apparatus (see Fig, 116) is best made of quartz, It consists
of a cylindrical reaction tube appr. 560 cm, high, filled with quartz
Raschig rings. The tube is surrounded by a cooling jacket fed with
flowing water, The fluorine is introduced through a quartz tube
reaching nearly to the bottom of the vessel, and 70% HCIO, is added
from a dropping funnel, The liquid is drained through a siphon,
while the gaseous reaction products are drawn off by suction from
the top of the reaction tube into a quartz trap immersed in liquid
nitrogen. The system ends with a drying tube filled with anhydrous
KF.

2,51,/hr, to hood

tap 5
water JU liq Nz

Fig. 116, Preparation of
chlorine tetroxide fluoride,

The HCIO, input is one drop per second, until the liquid begins to
flow through the siphon., Fluorine is then introduced at a rate of
2.5 liters/hour, InadditiontoOF,,Cl,andSiF,, solid C10,F collects
on the walls of the condensing trap. Because of the high explosion
hazard, C1O,F should never be made in quantities larger than 4 g.
The product is purified by fractional vacuum distillation, It is
stored in quartz ampoules cooled with liquid nitrogen, Explosions
may easily occur when ClO,F is melted and solidified. The yield
is about 60%.

The highest yields (over 90%) are obtained with a platinum re-
action vessel. Glass may be used as the apparatus material if
other material is unavailable, but the product is then quite impure
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and obtained in low yield, Carbon cannot be used as the construc-
tion material, since it catalytically decomposes CIOQ,F,

PROPERTIES:

Colorless gas, very explosive; often explodes during melting or
condensation. Gaseous CIQ,F explodes in a manner similarto NO,F,
through mere contact with dust, grease, rubber or 2N KI solution.
In an open beaker, gaseous ClO,F explodes upon contact with a
flame or spark. It has a strongly acrid odor, irritates the throat
and lungs, and causes persistent respiratory trouble.

M.p. —167.2°C, b.p. —15.9°C.

REFERENCES:
G. H. Rohrback and G, H. Cady. J. Amer, Chem. Soc. 69, 677 (1948).

Sulfur Tetrafluoride
SF,

4CoF; + S = SF, + 4 CoF,
463.76 32,06 108.06  387.86

I. Sulfur (17 g.) is introduced into a quartz flask and covered with
a layer of dry calcium fluoride powder (40 g., 0.025 to 0.05 mm.,
diameter grains), and 270 g. of CoF; is placed on top. The flask is
connected with a short piece of tubing to a trap immersed in liquid
nitrogen. This inturnisconnectedtoa vacuum system, The appara-
tus is now evacuated and the quartz flask is shaken so that the two
raw materials and the calcium fluoride are mixed together. Re-
action begins during the mixing, withevolution of gas, The tempera-
ture is gradually raised to 130°C by means of an oil bath and
maintained for two hours. A colorlessproduct condenses in the trap
during the run, This is subsequently fractionated, using a quartz
spiral manometer to permit control at zero mm. gage, Sulfur
hexafluoride (up to 6% of the total quantity) comes over in the first
cut. The main cut is SF,, which contains small quantities of lower
sulfur fluorides (SF,, S;F,). In order to obtain absolutely pure
SF,, it is shaken with mercury in a platinum (not quartz) flask;
this removes the lower sulfur fluorides. The degree of purity is
ascertained by determining the molecular weight by the vapor
density method. The boiling point is not decisive for estimating
the degree of purity of SF,.

II. SF, may be obtained in smaller yields (40%), according to
F. Brown and P, L. Robinson, by careful fluorination of sulfur with
fluorine at —70°C (F3 : Ny=1 : 3),
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Sulfur tetrafluoride is stored in sealed quartz ampoules.

PROPERTIES:

Colorless gas, thermally stable up to —600°C; reacts vigorously
with water., Decomposed exothermally by concentrated HySO,..
Attacks glass but not quartz or mercury.

M.p. —121,0°C, b.p. —40.4°C; d(liq.) (—78°C) 1,95, (solid)
(—183°C) 2.349. Readily soluble in benzene.

REFERENCES:

I. W, Luchsinger, Thesis, Techn. Hochschule, Breslau, 1936, p. 23,
II. F, Brown and P, L. Robinson. J. Chem, Soc, (London) 1955,

3147.
Sulfur Hexafluoride
SF,
I, S + 8F, = SF,

32.06 114.0 146.06

The reactor is a nickel tube 300 mm, long and 25 mm, I.D. (Fig.
117) containing a nickel boat filled with sulfur, The ground joints of
the reaction tube and of the quartz trap are best left ungreased and
uncemented but only tightly compressed., The iron dryingtube con-
taining freshly dehydrated KF is for exclusion of moisture. The
quartz trap is cooled with liquid nitrogen,

This apparatus is suitable for most fluorinations in which a solid
raw material forms a gaseous fluoride (SeFg, TeF,4, AsF , CF 4,
GeF 4, MoF,, WF,), In the special case of SF, the apparatus may
be made entirely of glass.

The sulfur burns with a bluish flame in the fluorine stream,
The product collects in the condensation trap and is then passed

lig. 0>

Fig. 117, Preparation of sulfur hexafluoride.
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through fritted wash bottles containing hot 10% KOH (not NaOH) in
order to remove impurities (HF, SF,, SF,, SOF,, S, F,;, ). Finally, the
gas is dried in a P,O; tube andis passed at room temperature over
activated charcoal to remove S, F,,. The yield is 87%,

1L . $O; + 3F, = SFy + O.
118.97 40 86.06 72.92

Sulfur dioxide is burned with an excess of fluorine to SFg in
the apparatus described for the preparation of COF, (p. 206 f),
The temperature should be as high as possible, preferably about
650°C, The chief impurity in the crude SF; accumulating in the con-
densation trap is SO,F,. The SF, is passed through several fritted
wash bottles filled with water and hot 10% KOH, and then dried
over P,O.. The yield is 70%, based on SO,.

Sulfur hexafluoride may be stored in a gasometer over water,
in a glass flask provided with a stopcock, or, under pressure, in
a steel cylinder.

PROPERTIES:

Colorless, odorless; thermally and chemically very stable.

M.p. —50.8°C (under pressure), subl, p. —63.8°C, t,,. +45,55°C,
Per 38.33 abs. atm; d (liq.) (—50.8°C) 1,88,

Very sparingly soluble in water, slightly soluble in alcohol,

REFERENCES:

I, W, Klemm and P. Henkel, Z, anorg, allg, Chem,. 207, 73 (1932).
II, German Patent Application I, 72173 IV b/12 i, May 4, 1942;
W. Kwasnik, not yet published.,

Thionyl Fluoride
SOF,

SOCl; + 2 HF = SOF; + 2HCl
118.97 40 86.06 72.92

An iron bottle (Fig. 118) with a gas inlet tube serves as the re-
action vessel, A second bottle is connected to the first, to retain
the unreacted HF, TPris is joined to a glass gas trap immersed in
liquid nitrogen or a Dry Ice-acetone bath. A drying tube filled with
KF is attached to exclude atmospheric moisture.

The reaction vessel is filled with 500 g, of SOCL, and 50 g. of
SbCly (catalyst), and anhydrous gaseous HF is introduced through
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glass glass
.7 —
to hood
iron or copper
capillary
rubber|
’ iron lig. N, or
SOCL, [-50C15] acetone-Dry Ice

Fig. 118, Preparation of thionyl fluoride.

the inlet tube. The HF is thoroughly absorbed, causing a mixture
of SOF, and HCI1 to be evolved, which then is collected in the con-
densation trap, The reaction is so endothermic that the outside
of the reaction vessel gradually becomes covered with ice, When
all the SOCl, has been consumed, more may be added without
further addition of SbCl.

Separation of the SOF, from the HCl1 may be achieved either by
distillation or by rapid bubbling of the gas mixture through ice-cold
water, in which HCl1 is completely absorbed, while the SOF, passes
through with almost no decomposition, The gas is then dried over
concentrated H,SO, or over P,0;.

Thionyl fluoride is stored under pressure in steel cylinders,

PROPERTIES:

Colorless gas, thermally stable upto red heat. Does not corrode
Fe, Ni, Co, Hg, Si, Mn, B, Mg, Al or Zn below 125°C, Doesnot attack
glass. Suffocating odor. Hydrolyzed very slowly in ice-cold water,

M.p. —110.5°C, b.p, —43,7°C, tor +88°C; d.(liq.)(—100°C) 1,780,
d, (solid) (—183°C) 2,095,

REFERENCES:

German Patent Application 1. 53743 IV b/12 i.

J, Soll and W. Kwasnik, Naturforschung und Medizin in Deutschland
1939—1946 (FIAT -Review) 23, 192,

H, S, Booth and F. C. Merciola. J, Amer, Chem, Soc, 62, 640(1940),

U. Wannagat and G, Mennicken, Z, anorg, allg, Chem, 278, 310(1955).

Thionyl Tetrafluoride
SOF,

SOF; + F.; = SOF,
86.06 38  124.06

The apparatus (Fig. 119) is equipped witha nickel T tube for gas
mixing. The T tube opens into a largernickel tube, which is heated
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in an electric furnace, The output reaction gases pass through two
quartz traps. The product SOF, is frozen out in these traps at
—196°C, The system ends in a drying tube filled with freshly de-
hydrated KF to exclude atmospheric moisture,

thermocouple

&

hood

-196° -196°

Fig. 119, Preparation of thionyl tetrafluoride.

This arrangement may be used for most fluorinations involving
participation of two gases (NO + F;, NO, + F,, CrO,Cl; + F,,
PF, + Cl,).

A platinum wire-screen spiral is introduced into the reaction
tube, and the furnace is heated to 150°C. If no screen is available,
the reaction may still be carried out, but the furnace must then be
held at 300°C. The reaction tube may be made of quartz, but nickel
is definitely preferred. Fluorine and SOF, streams are mixed in
a 1,1:1 ratio., An efficient way to do this is to calculate the
quantity of F, per hour fromthe current load on the fluorine genera-
tor and to meter an appropriate quantity of SOF, per hour by means
of a differential manometer flowmeter (cf, Part I, p. 85 or H, Lux,
Anorg. Chem. Experimentierkunst [The Art of Experimentation in
Inorganic Chemistry], Leipzig 1959, p. 450). Concentrated Hz SO,
or, better, liquid paraffin are suitable as manometric fluids., The
SOF, collects as a white solid in the condensation traps.

After completion of the reaction, the SOF, is purified by frac-
tional distillation in a quartz apparatus,

Thionyl tetrafluoride is stored under pressure in steel cylinders
or in glass ampoules cooled with Dry Ice or liquid nitrogen.

PROPERTIES:

Colorless gas, pungent odor., Highly exothermic reaction with
water with formation of SOgF,. Completely absorbed by NaOH
solution, Pure SOF, does not attack glass.

M.p. —99.6°C, b.p. —48.5°C, d(liq.) (—82°C) 1,946, d(solid)
(—183°C) 2.55.
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REFERENCES:

O. Ruff and H, Jonas, Naturforschung und Medizin in Deutschland
1939—1946 (FIAT-Review) 23, 192.

German Patent Application R100449,

H, Jonas, Z. anorg. allg. Chem, 265, 273 (1951).

Sulfuryl Fluoride
SO, F,

208.27 200.14 335.48 72.92

Ba(SOsF), = SO:F, + BaSO,
335.48 102.06 233.42

Barium chloride is dehydrated by heating to 200°C and then pul-
verized, The powder (100 g.) is added little by little to 100 g. of
HSO,F, placed in an ice-cooled iron vessel(about 500-ml. capacity)
with a screwlid and agasoutlet tube, The reaction is very vigorous,
and a stream of HCl is evolved., As soon as all the BaCl; is added,
the lid is screwed on and the vessel heated at 100°C until no more
HC1 vapor escapes. The iron vessel is then connected to a water
aspirator and heated to 120-150°C under vacuum, to remove any
excess of HSO,F and the last traces of HCI,

A glass gas trap is now connected to the gas outlet tube and
immersed in liquid nitrogen while the iron vesselis further heated.
Decomposition of the barium fluorosulfonate begins at 400°C and
becomes vigorous at 450-500°C.

The condensate accumulating in the trap is then passed through
a wash bottle containing warm KMnO, solution (to remove SO,),
then through a second wash bottle with concentrated H,SO,, then
through a drying tube containing PO, and finally is again con-
densed in a trap at —196°C, The product is now distilled,
and the first and last cuts discarded. The yield is 60%, based on
BaCl,.

Slﬁlfuryl fluoride is stored in a gas holder over concentrated
H SO, or compressed into steel cylinders,

PROPERTIES:

Colorless, odorless gas, thermally stable upto 400°C; chemically
very unreactive, not hydrolyzed by water, dissolves fairly rapidly
in alkali hydroxide solution, with complete hydrolysis.

M.p. —121,4°C, b.p. —49.7°C; d. (liq.) about 1.7.
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Solubility at 16.5°C
in water: 4- 5 ml. gaseous SO,F,/100 ml.
in alcohol:  24- 27 ml. gaseous SO, F,/100 ml.
in toluene:  210-220 ml, gaseous SO,F,/100 ml,
in CCl: 136-138 ml, gaseous SO,F,/100 ml,

REFERENCE:

M. Trautz and K, Ehrmann. J. prakt. Chem. (N,S,) 142, 91 (1935).

Trisulfuryl Fluoride
SsO5F,

3803 + BFS = SgOng + BOF
240.618 67.82 262.18 45.82

Liquid SO, is saturated with BF;. The liquid becomes cloudy
due to formation of a precipitate which is difficult to filter. The
reaction mixture is then treated with 70% sulfuric acid, while being
cooled with ice, and a heavy, colorless liquid phase separates.
This is washed with concentrated H,SO,; it isthen of reagent grade,

PROPERTIES:

Fumes in air, insoluble in concentrated H SO, hydrolyzes very
slowly in dilute potassium hydroxide because of formation of a
salt film of K,SO, and KSO,F at the contact area,

B.p. 120°C (dec.);d*= 1.86.

REFERENCES:

H. A, Lehmann and L, Kolditz, Z, anorg, allg. Chem, 272, 73 (1953).

Thionyl Chloride Fluoride
SOCIF

4S0OC], + IF; = 3SOCIF + SOF. + ICl; + Cl,
4759  221.92 307.5 8606 23329 70.92

A flask provided with a reflux condenser and a dropping funnel
(all made of quartz) is filled with 60 g, of SOCL,, and 45 g. of IFg
is slowly added dropwise from the funnel. Heat is evolved and the
color darkens, The gases escaping through the reflux condenser
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arecollectedin aquartztrap immersed in liquid nitrogen, At the out-
let of the system there is a drying tube, filled with anhydrous KF.,

The product condensed in the gas trap is greenish-yellow from
the entrained ICl,, It is distilled over antimony powder or mercury
until colorless, It is then fractionated, with SiF ., HC1 and SOF,
coming over first and SOCL, last. The fraction collected between
10 and 18°C (760 mm.) is SOCIF, The yield is about 42%, based
on SOCL,.

Thionyl chloride fluoride is best stored in glass ampoules
cooled with liquid nitrogen; for short periods it may, if necessary,
be kept at room temperature in glass flasks or steel cylinders,

PROPERTIES:

Colorless gas; decomposes at room temperature into SOCL, +
SOF,; choking odor similar to the sulfur fluorides, Disproportion-
ates at room temperature in contact with Cu and Hg, and with Fe
above 70°C. Water and sodium hydroxide solution cause hydrolysis.
Does not attack glass.,

Broad melting range between —110 and —139°C (mixture of two
isomers), b.p. 12.3°C; d. (lig.) (0°C) 1.576,

REFERENCES:
O. Ruff and H, Jonas, Naturforschung und Medizin in Deutschland
1939—-1946 (FIAT-Review) 23, 192,

German Patent Application R 100449,
H, Jonas. Z. anorg. allg. Chem, 265, 273 (1951).

Sulfuryl Chloride Fluoride

SO.CIF
L 3 SO.Cl, + SbF; = 3 SO,CIF + SbCl,
404.91 178.76 355.5 228.13

The reaction vessel is a one-liter autoclave or steel cylinger
with a screwed-on water-cooled reflux condenser. The condenser
is equipped at its upper end with a spring-type manometer and a
blowoff valve. The equipment must be able to withstand a pres-
sure of 10 atm, gage.

The blowoff valve is connected to two quartz traps immersed in
liquid nitrogen, At the outlet there is a drying tube with anhydrous
KF to exclude atmospheric moisture,

The reaction vessel 1is filled with 220 ml, (365 g.) of
SO,CL,, 187 g. of finely divided SbF,, and 40 ml. of SbCl; (catalyst).
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Heat is gradually applied up to 300°C, whereby a pressure of 7 atm,
gage builds up. The reaction gases are allowed to escape slowly
into the quartz traps by slowly opening the valve until the pressure
in the reaction vessel is 6.3 atm, gage. In this way, about 80 ml,
of condensate collects in the traps within two hours.

The product is then distilled, with HC1 and SO, coming over as
the first fraction while the last cut consists of unconverted SO,CL.
The yield is 50 ml. of pure SOCIF,

IL. SO.Cl; + HF = SO,CIF + HCI
134.97 20 118.5 36.46

Technical grade SO,CL, (900 g.), 130 g, of anhydrous HF, 200 g,
of SbF,, and 40 ml, of SbClzare introduced into an autoclave equipped
with a fractionating column, and the contents are heated to 250-
300°C. A pressure of 40 to 50 atm, gage builds up and is main-
tained by slowly releasing HCl through the water-cooled column,
The reaction is complete after two to four hours of heating, The
SO,CIF is distilled from the autoclave into quartz traps, as
described in method I, The SbCl; catalyst may be reused. The
yield is 80 to 85%, based on SO,CL,

Sulfuryl chloride fluoride is stored in steel cylinders or
glass flasks.

PROPERTIES:

Colorless gas, pungent odor similar to SO,CL,, does not fume
in air, reacts rapidly with water and alkali hydroxide solution, does
not attack mercury or brass., Pure SO,CLF does not attack glass,

M.p. —124,7°C, b.p. 7.1°C; d. (liq.) (0°C) 1,623,

REFERENCES:

I. H, S, Booth and V, Hermann. J, Amer,Chem, Soc. 58, 63 (1936).
II. German Patent Application I. 53743,

Sulfuryl Bromide Fluoride
SO.BrF

Br, + BrFy = 3 BrF
159.82 136.91 296.73

3 BrF + 35S0, = 3 SO:BrF
296.73  192.18 488.94

The rate of SO,BrF formation dependsuponthe rate at which the
following equilibrium is established: Br, + BrF, = 3 BrF,
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Sulfur dioxide (120 g.) is gradually distilled at +12°C into an
iron autoclave containing a mixture of 20 ml. of bromine and
21.2 ml. of BrF,. After letting stand for several days, during which
the autoclave is shaken once daily, the product is distilled from the
pressure vessel and collected in a quartz trap at —196°C For
purification, the SO,BrF is passed through a wash botile filled
with mercury (removal of traces of bromine and BrF,), then over
NaF (removal of HF), and finally over P,O; (removal of water),
The product is then fractionated and the first cut discarded. There
is no residue. The yield is 88%, based on BrF,.

Sulfuryl bromide fluoride is stored by melt-sealing in quartz
ampoules,

PROPERTIES:

Formula weight 162,98, Colorless compound, choking odor simi-
lar to SO,ClL;, thermally stable, reacts slowly with glass at room
temperature, unreactive with quartz, Reacts vigorously with water
(hydrolysis). On contact with moist air, it acquires a slightly
reddish color due to liberation of bromine,

M.p. —86°C, b.p. 40°C;d. (lig.)(0°C)2.17, d. (solid) (—183°C)3.16,

REFERENCES:

O. Ruff and H, Jonas (in collaboration with W, Kwasnik). Natur-
forschung und Medizin in Deutschland 1939-—-1946 (FIAT-
Review) 23, 193,

H, Jonas, Z. anorg. allg, Chem. 265, 273 (1951).

Fluorosulfonic Acid

HSO;F
L 9KHF, + 450, + H,SO, = 4HSO,F + K,SO,
156.20 320.24 98.08 409.28 174.27

Dried, powdered KHF, (20 g.) is added with stirring and in small
portions to 40 ml., of fuming sulfuric acid (about 60% SO;) in a
platinum or aluminum dish well cooled with ice-salt mixture.
A viscous mass is obtained, which fumes in air. It is then slowly
heated to 100°C to drive off unreacted SO, and HF,

The fluorosulfonic acid is then distilled in a glass apparatus
with ground glass joints by gradual heating to 250°C, The acid
is completely pure after a double distillation, The yield is 85%.

IL. SO; + HF = HSO,F
80.06 20 100.07

By means of acapillary made of type 304 stainless steel and dip-
ping below the surface of the liquid, 200 g. of HF is added to 800 g. of
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SO,, kept at 30-35°C in an aluminum vessel, The absorption of HF
is rapid but not explosive., The mixture is then heated to 100°C
to drive off the excess SO, and HF,

The product is distilled twice in an aluminum apparatus.

III. HSO,Cl + HF = HSO;F + HCI
116,53 20 100.06 36.47

A silver distillation flask equipped with a silver dropping funnel
is placed in an ice-salt bath., Anhydrous HF (50 g.) is distilled into
the flask through the side arm, A copperdrying tube filled with KF
is then attached to the side arm, in order to absorb the entrained
HF. Then HSQ,Cl is introduced from the dropping funnel into the
flask, The reaction starts immediately and a uniform stream of
HCl is given off, After completion of the reaction the excess HF
and HCl are removed in a stream of dry air, while slowly heating
to 110°C. The residue left in the flask is chlorine-free HSO,F.

When very pure, HSO,F may be stored by sealing into glass
ampoules, Otherwise, it should be stored in aluminum vessels,

PROPERTIES:

Colorless liquid, completely stable up to 900°C. Reacts ex-
plosively with water, Fumes in air. At room temperature does not
attack S, C, Se, Te, Pb, Ag, Cu, Zn, Fe, Cr or Mn, but does react
with Sn with mild evolution of gas, Mercury is also slightly attacked.
Rubber, cork and sealing wax are rapidly destroyed. Vigorously
attacks S, Pb, Sn and Hg at higher temperatures. Reacts exo-
thermically with acetone to give a dark red-brown color (color
test for fluorosulfonic acid). Reacts with benzene and chloroform,
splitting off HF, Ether reactsexothermically and with effervescence
to form the ethyl ester. If pure, does not attack glass.

M.p. —87°C, b.p. 163°C; d. (liq.)(18°C) 1.740.

REFERENCES:

I. J. Meyer and G, Schramm. Z. anorg, allg. Chem, 206, 25 (1932).
II. German Patent Application I 52953 IV b/12 i, August 6, 1935,
III. H, Weichert. Z. anorg. allg. Chem, 261, 310 (1950).

Potassium Fluorosulfinate
KSO,F

KF + SO, = KSO,F
58.10 64.06  122.16

One kilogram of anhydrous, finely divided KF is slowly stirred
at room temperature for five days with 2 kg, of liquid SO, in a
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4-liter, agitated iron autoclave, Following that, the excess SO,
is flushed out; about 2 kg, of 95% KSO,F is obtained, The procedure
may be altered in the following way: the KF is placed in the auto-
clave, a steel cylinder containing liquid SO, is connected via a
capillary, the air in the autoclave is displaced by SO,, and the out-
let valve of the autoclave is closed, When the agitator is started,
there is vigorous absorption of the SO, by the KF. After about
1 kg, of SO, has beentaken up, the rate of absorption begins to fall off.

Potassium fluorosulfinate may be used as “activated potassium
fluoride.” It reacts with many inorganic and organic acid halides
to give the respective fluorides and may therefore often be used
as a fluorinating agent in place of anhydrous HF (e.g., prepara-
tion of SOF,, PF,, POF,, AsF,, C;H,COF).

PROPERTIES:

Colorless solid, decomposes at 170-180°C, Solubility in liquid
SO, (0°C) 3.85 mg./100 g. Dissolves in water with hydrolysis.
Forms sulfuryl fluoride with CL,, Br, or F,,

REFERENCE:
F. Seel and L, Riehl. Z, anorg, allg. Chem, 282, 293 (1955).

Selenium Hexafluoride
Sng

Se + 3F,; = SeF,
78.96 114 192.96

Selenium is fluorinated in the apparatus described for SFg
(p. 169), which in this case may be made entirely of glass, The
Se ignites in the fluorine stream without external heating., The
reaction tube must be cooled from time to time, The product
that accumulates in the condensation trap at —196°C is then passed
through a fritted wash bottle containing 10% aqueous KOH and is dried
over P,O.. Finally,the SeF, iscompletely purified by fractionation,

Selenium hexafluoride may be stored in glass flasks or ina
gasometer over water,

PROPERTIES:

Colorless gas, thermally very stable., Does not corrode glass,
attacks mercury slightly. When inhaled, causes breathing difficulties
and heart seizures.
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M.p. —34.8°C, subl. t. —46.6°C, tor 72°C; d.(lig.)(—10°C)
2,108, d. (solid)(—195°C) 3.478,

REFERENCES:
W. Klemm and P, Henkel, Z. anorg. allg. Chem, 207, 74 (1932).

Selenium Tetrafluoride
SeF,

Se + 2F2 = SeF4
78.96 76 154.96

Selenium, dried at 200°C, is spread in a shallow layer ina
large-diameter reaction vessel of glass or quartz, The vessel is
ice cooled. A fluorine-nitrogen mixture (1 : 1 ratio) is passed over
the solid at a rate of 1 liter/hour. Efficient cooling and careful
fluorination are important, since otherwise SeF; is formed. Finally,
the liquid product is vacuum distilled.

PROPERTIES:

Colorless liquid, miscible with sulfuric acid, alcohol, ether
and IF_, Dissolves NaF, KF, RbF, CsF and TIF with formation
of the complex MSeF,. Water decomposes SeF, vigorously. Forms
HgSeF , when refluxed with mercury for several hours. Slowly
attacks Pyrex glass,

M.p. —9.5°C, b.p. 106°C;d252,72,

REFERENCES:

E, E, Aynsler, R, D, Peacock and P, L, Robinson., J.Chem. Soc,
(London) 1952, 1231,
R. D. Peacock, J.Chem. Soc. (London) 1953, 3617,

Tellurium Hexafluoride
Tng

Te + 3F, = TeFy
12761 114  241.61

Tellurium is fluorinated in the apparatus described for SFg
(p. 169), which in this case may be entirely of glass, The reaction
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is exothermic, but ignition does not usually occur if the reactionis
moderated with external cooling.

The product collecting in the trap at —196°C is fractionated.
Preliminary washing of the gas with potassium hydroxide solution
is not feasible since TeF; is hydrolytically cleaved by alkali,

Tellurium hexafluoride may be stored in glass flasks,

PROPERTIES:

Colorless gas, unpleasant odor, chemically not quite as inert
as SeF; and SF;. Slowly but completely hydrolyzed by water, Attacks
mercury., Causes breathing difficulties and heart seizures., After
inhalation, the well known disagreeable odor of tellurium is notice-
able,

M.p. —37.6°C, subl. t. —38.9°C, to, 83°C; d.(ligq.)(—10°C)2.499,
d. (solid) (—191°C) 4.006.

REFERENCES:

W, Klemm and P, Henkel. Z, anorg. allg. Chem, 207, 74 (1932).
D. M. Yost and W, H. Claussen.J, Amer, Chem, Soc. 55, 885 (1933).

Nitrogen Trifluoride
NF;

4NH; + 3F, = NF; + 3NHF
68.12 1140 710 111.12

Nitrogen trifluoride is made by electrolysis of molten NH_HF,,
during which NH, is fluorinated by nascent fluorine,

Chlorine-free NH HF,,as dry as possible, is electrolyzed in an
electrolytic cell suchas thatdescribed for the preparation of F, (see
section on Fluorine), The temperature is maintained at 130-140°C.
Acheson graphite is used as the anode. The operating current is
10 amp., resulting in a voltage of 7 to 9 v. The current density
at the anode is 0,05 to 0.1 amp./cm? (The current density does
not influence the yield.)

The reaction gases from the electrolytic cell are passed through
an iron drying tube containing freshly dehydrated KF to remove
entrained HF and water, The apparatus ends in an iron drying
tube containing KH,

After the start of the electrolysis, only solid, partly colorless,
partly violet or blue products (N;O, N;O;, Os) condense in the
traps in the first few hours (or days), depending on the amount
of moisture in the electrolyte, Explosions caused by ozone may
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sometimes occur at the start of the electrolysis, and this must be
taken into account., The rate of deposition of solids drops as the
electrolysis removes the moisture from the melt, and increasing
amounts of colorless, liquid NF, begin to appear. However, the
yield of NF,;, based on the current, never rises above 30% of
theoretical,

It should be borne in mind that the nature of the products of
electrolysis depends strongly on the anode material, Swedish
graphite generates only N,, whereas aluminum carbide or nickel
anodes produce only fluorine gas from the same melt.

American graphite yields a maximum of 30% NF,, arc carbon
16%, and carbon welding electrodes 18%, Various carbon anodes
must be tried before optimum results are obtained,

The reaction mixture, condensed in the traps as a slurry, is
first washed with potassium hydroxide solution to remove acidic
components, The product is then fractionated to separate the greater
part of the N,O. At this stage, the NF,; becomes a colorless liquid
covered with a white layer of solid N;O, In order to remove this,
the NF; must be repeatedly and very carefully fractionated. The
last traces of N,O may be more conveniently separated by filtering
the NF, at —196°C on a low-temperature filter. It is completely
pure after only one filtration, Finally, the air dissolved in the
NF,; is removed, using an oil pump vacuum for several hours,
while the trap with the product is immersed in liquid nitrogen.
Purity is best ascertained by molecular weight determination (vapor
density measurement),

Nitrogen trifluoride is stored in glass flasks, in a gasometer
over water, or under pressure in steel cylinders. It may be used
as filling material for vapor pressure thermometers [W, Menzel
and F, Mohry, Z. anorg. allg. Chem, 210, 257 (1933)].

PROPERTIES:

Colorless, very stable at room temperature. Does not react
with water or KOH solution at room temperature unless a spark
is discharged. Does not attack glass and mercury, Characteristic de-
cay odor., Notdangerous if pure and whennot inhaled in high concen-
trations, Crude NF,, however, has a much more unpleasant effect
because of its impurity content. Causes headache, nausea and
diarrhea,

MB —208.5°C, b,p. —129°C; AH (formation) +26 kcal; d. (liq.)
(—129°C) 1.855.

REFERENCES:

O. Ruff, F, Luft and J, Fischer, Z. anorg. allg. Chem, 172, 417
(1928).
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O. Ruff, Z, anorg. allg, Chem, 197, 273 (1931).

O. Ruff and L., Staub, Z. anorg, allg, Chem. 198, 32(1931).,

W. Kwasnik, Naturforschung und Medizin in Deutschland 1939—
1946 (FIAT-Review) 23, 204,

Ammonium Fluoride
NH,F

L NH; + HF = NH,F
17.03 20 37.03

Excess gaseous ammonia is added to an ice-cooled platinum or
lead dish containing 40% hydrofluoric acid, The ammonium fluoride
that separates is suction filtered.

1. NH,CI + NaF = NH,F + NaCl
53.49 42.0 37.03 58.46

A mixture of 1 part NH,Cl and 2%/, parts NaF is gently heated
in a platinum crucible. Ammonium fluoride sublimes and is collected
on the cooled crucible lid in the form of very small, prismatic,
very pure crystals,

Solid ammonium fluoride cannot be obtained by evaporation of
an NH,F solution, since NH, splits off and NHHF, is formed,

Ammonium fluoride is stored in iron vessels.

PROPERTIES:

White, deliquescent, crystalline flakes or needles, very soluble
in water; decomposes on heating into NH, and HF, Attacks glass,
Solubility in water at 0°C: 100 g./100 ml,

d. 1,015. Structure: hexagonal (wurtzite),

REFERENCE:

J. J. Berzelius, Lehrbuch der Chemie [Textbook of Chemistry],
5th ed., Vol, III, p. 282,

Ammonium Hydrogen Fluoride
NH,F ‘HF

NH; + 2HF = NH,F-HF
1703 40.02 57.04

Gaseous ammonia is added to a platinum or lead dish containing
40% hydrofluoric acid until the color of Congo paper changes to
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brown., The solution is then cooled with ice, whereuponNH HF,
separates out. It is filtered off and dried by suction,

PROPERTIES:

White, rhombic crystals.
M.p. 124.6°C; d 1.503,

REFERENCE:

O, Hassel and N, Luzanski. Z. Kristallogr. A 83, 440 (1932).

Nitrosyl Fluoride
NOF

L. NOBF, + NaF = NOF + NaBF,
116.83 42 49.01 109.82

A nickel tube closed at one end serves as the reaction vessel,
The tube end projecting out of the furnace is wrapped with a lead
cooling coil through which cooling water flows (see Fig, 120), Two

spiral quartz
= manometer, mercury
pump, air inlet

Fig., 120, Preparation of nitrosyl fluoride.

quartz liquid nitrogen-cooled condensation traps are connected
to the outlet of the nickel tube. The reaction apparatus also
includes a spiral quartz manometer and an air inlet protected by
a P,Og tube (stopcock lubricant: vaseline with graphite). The
apparatus is connected to a mercury diffusion pump. A liquid
nitrogen-cooled trap is inserted ahead of the pump to retain un-
desirable acid fumes,

The nickel tube is filled with NOBF, (as pure as possible) and
an excess of dry NaF. This must be done under dry nitrogen, The
quartz traps are then connected. The ground joints are not greased
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but made airtight from outside with picein., Following this, the
mercury pump is turned on and the system is brought down to a
pressure of 0,01 mm, The furnace is then gradually heated to 300°C.
The reaction begms at 100°C, at200°C the rate isalready consider-
able, and at 300°C it proceeds very vigorously., Blue NOF con-
denses in the first and, to some extent, also in the second trap.
About 10 ml, of crude NOF is obtained from 30 g. of NOBF .

After completion of the reaction, the NOF is fractionated and
collected in quartz receptacles, However, only rarely can it be
made completely colorless, and in most cases it retains a slightly
bluish color,

This procedure has the advantage of not requiring the use of
elemental fluorine,

1L 2NO + F, = 2NOF
6002 38 98.02

Dry NO at a rate of 55 ml./min. and fluorine at a rate of
26 ml,/min, are mixed in the apparatus described for the prepa-
ration of SOF 4(p. 172). There should always be excess NO. The
reaction tube need not be heated, since the reaction between the
two gases is slightly exothermic, The quartz traps are maintained
at —120°C and the crude NOF condenses as a blue liquid.

After the fluorination, the crude NOF is fractionated several
times and collected in quartz vessels. The first cuts consist of
NO dissolved in liquid NOF and some SiF, The residue is N,O,.

Nitrosyl fluoride is best stored in quartz ampoules cooled with
liquid nitrogen,

SYNONYM:
Nitrogen oxyfluoride.
PROPERTIES:

Colorless if pure, but owing to impurities the liquid often has
a bluish hue, Dissolves in water, yielding a blue color, but de-
composes rapidly into NO and HNQO,, Reacts vigorously with glass
but less readily w1th quartz.

M.p. —132.5°C, b.p. —59.9°C; d.(liq.)(—59°C) 1.326, d. (solid)
1,719,

REFERENCES:

I. G. Balzand E, Mailidnder. Z, anorg. allg, Chem. 217,166 (1934).
II. O. Ruff, W. Menzel and W, Neumann, Z. anorg, allg, Chem,
208, 293 (1932).
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Nitrososulfuryl Fluoride
FSO,NO

NOF + SO, = FSO,NO
49.01 64 113.01

Sufficient SO, is condensed over NOF so that, after melting, a
suspension of FSO,NO in liquid SO, is obtained. The nitrososulfuryl
fluoride is separated from the mixture by partial evaporation and
condensation,

The compound is synthetically useful since itactsas “stabilized
NOF.” It can easily be prepared in pure form, and may be stored
in glass containers in a Dry Ice chest, Polyethylene has
proven to be an ideal container material for reactions with
FSO,NO,

PROPERTIES:

Colorless, scintillating crystalline flakes, easily sublimed.,
M.p. (under a pressure of 3100 mm, abs,) 8°C, At 19°C, the
compound is 70% decomposed to its constituents.

REFERENCE:

F, Seel and H. Massat. Z. anorg, allg, Chem, 280, 186 (1955),

Nitryl Fluoride
NO,F

I. 2N02 + Fg = 2N02F
92.0 38.0 130.0

Nitrogen dioxide is prepared from NO and excess oxygen. It is
dried over P,Og condensed on an ice-salt mixture, and distilled
once in a stream of oxygen.,

A 25-ml,/min, stream of fluorine and an 18.6-ml./min, stream
of NO, are mixed in the apparatus described for the preparation of
SOF 4 (p.172). The NQ, from the storage vessel is introduced into
the apparatus in a stream of oxygen. The reaction is slightly exo-
thermic, The crude NO,F collected in the condensation traps at
—120°C is colorless, It is purified by fractional distillation and
collected in quartz containers, Thefirst cut consists of F, and some
SiF 43 there is virtually no residue,
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II. N205 + BFs + HF = NOg[BF4] + HNOs
108.0 67.82 20 132.82 63

NO:[BF,] + NaF = NO:F + NaBF,
132.82 42 65.0 109.82

The following procedure is available if elemental fluorine can-
not be used: stoichiometric quantities of anhydrous HF and BF; are
added to a solution of N;O; in nitromethane. Nitryl fluoroborate
precipitates out of the nitromethane solution, The crystals are
filtered with exclusion of moisture and then heated with NaF to
240°C in a platinum or nickel vessel, analogous to procedure I in
the preparation of NOF (p. 184).

Since N;O; decomposes easily, there is an advantage in stabi-
lizing it. Thus, N,;O; and BF; are first allowed to react to give the
compound N,O, . BF;, which is stable at room temperature in a
dry atmosphere, This compound may then be dissolved in nitro-
methane and allowed to react with anhydrous HF.

Nitryl fluoride is best stored in quartz ampoules cooled with
liquid nitrogen.

PROPERTIES:

Formula weight 65,0, Colorless gas and liquid, white solid. Has
a penetrating odor and strongly attacks the mucous membranes., Hy-
drolyzed by water., Absorbs mercury without leaving a residue,
Reacts with most metals and nonmetals, and vigorously with al-
cohol, ether, benzene and chloroform,

M.p. —166.0°C, b,p. —72.4°C; d. (lig.) (—72°C) 1,796, d. (solid)
1.924,

REFERENCES:

I, O. Ruff, W, Menzel and W, Neumann, Z, anorg, allg, Chem,
208, 298 (1932),

II. M. Schmeisser and S, Elischer. Z. Naturforschg. 7 b, 583
(1952),

Fluorine Nitrate
NO,F

HNO; + F, = NOsF + HF
63.01 38 81.01 20

Fluorine, held ready ina quartz trap immersed in liquid nitrogen,
is aspirated into the apparatus through a copper diaphragm valve
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copper dia-
/phragm valve
> quartz
quartz  guartz quartz or glass

lig, N; lig, N, lig. N,
Fig, 121, Preparation of fluorine nitrate,

(see Fig, 121). The fluorine can, of course, also be taken directly
from a steel cylinder. The quartz reaction vessel contains 100%
HNO,, which has been prepared by distilling a mixture of fuming
nitric acid and concentrated sulfuric acid at 20 mm, at room tem-
perature, It is protected from decomposition by storage in liquid
nitrogen. A quartz drying tube containing freshly dehydrated KF
for removal of HF is connected to the reaction vessel. This is
followed by a train of three quartz traps, which are cooled with
liquid nitrogen. The first two serve as receivers; the third merely
to keep out moisture, To help regulatethe vacuum, a glass manom-
eter is included. The system ends in a glass stopcock. A metal
aspirator produces the vacuum,

The fluorine rate is controlled by the diaphragm valve so that
two or three gas bubbles per second are delivered to the reaction
vessel at a pressure of 20 mm. Atthis flow rate there is no notice-
able rise in the temperature, In order to prevent plugging of the
condensation traps, the coolant should be removed for a short
while every 15 minutes, so that the accumulated solid NO,F may
melt and collect at the bottom,

Care should be taken to use completely grease-free apparatus
for this reaction, since otherwise there is a risk of explosion,

After completion of the reaction the NO,F is purified by frac-
tional distillation in a quartz column at a pressure of 100 mm,
The fraction boiling at —79°C (99 mm,) is pure NO,F, The first
cut consists of SiFy; the residue, chiefly of H,SiF; and HF.

Fluorine nitrate may be stored by sealing it under vacuum
(less than 0.1 mm,) into quartz or glass ampoules, but caution is
necessary, since explosions do sometimes occur. The safest
way to store the compound is to keep the ampoules in liquid
nitrogen,

PROPERTIES:

Colorless; has a repellent, musty odor; causes severe irritation
of the respiratory tract, headaches and breathing difficulties, which
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persist for several days., Liquid NO,F explodes when vigorously
shaken, Hydrolyzed by water to OF,, O,, HF and HNO,. Apparently
quite soluble in acetone, Explodes immediately on contact with
alcohol, ether and aniline,

M,p. —175°C, b.p. —45.9°C; d.(liq.)(~—45.9°C) 1,507, d. (solid)
(—193.2°C) 1.951.

REFERENCE:

O. Ruff and W, Kwasnik. Angew, Chem, 48, 238 (1935).

Phosphorus (Ill) Fluoride
PF;

PCl; + 3HF = PFy + 3HCI
187.35 60 87.98  109.38

A 70-cm,-long, 4-cm, diameter quartz or iron tube closed at
one end serves as the reaction vessel (Fig. 122), An iron capil-
lary, reaching nearly to the bottom of the vessel, is inserted
through the rubber stopper. An iron or quartz reflux condenser
is attached above the reaction tube. From there a connection
leads to the condensation trap (quartz or glass), which is cooled
with liquid nitrogen,

The reaction vessel is filled with PCl;, and gaseous HF is
added., At 50 to 60°C the reaction proceeds smoothly, After

Fig. 122, Preparation of phosphorus
trifluoride,
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completion of the reaction the mixture of PF, and HCl collecting
in the condensation trap is rapidly passed through wash bottles
containing ice-cold water (where the HCl is absorbed), dried over
P,O,, and distilled. The yield is greater than 90%, based on PCl,,

For larger-scale preparations, the apparatus shown on p, 171
(SOF,) may be used.

Phosphorus (III) fluoride is stored in steel cylinders or in
glass flasks, It may also be stored in a gasometer over mercury.

PROPERTIES:

Colorless gas, does not fume in air, almost odorless, poisonous
(causes difficulty in breathing, chest pains, nausea). Only slowly
hydrolyzed by water; does not attack glass.

M.p. —151.5°C, b.p. —101,8°C, top —2°C, por 42.7 atm,

REFERENCE:

W. Kwasnik, Naturforschung und Medizin in Deutschland 1939—
1946 (FIAT-Review) 23, 213,

Phosphorus (V) Fluoride
PF;

8PCl; + 5AsF; = 3PF; + 5AsCl,
624.8 659.6 371.9 906.8

Arsenic trifluoride from a dropping
funnel is allowed to flow in drops into a
glass flask containing PClg (see Fig.
123), A trap immersed in liquid nitro-
gen (the PFg receiver) is connected by
a ground glass joint to the outlet of the
flask. At the system outlet there is a
drying tube filled with anhydrous KF for
exclusion of atmospheric moisture.

The reaction starts without warm-
ing, Phosphorus (V) fluoride contami-
nated with AsF, accumulates as a white lig, N,
solid in the trap. After completion of the
conversion the crude PF g is purified by

fractionation,
The product may be stored under Fig, 123, Preparation
pressure in steel cylinders or in glass of phosphorus penta-

flasks. fluoride.
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PROPERTIES:

Formula weight 125,98, Colorless gas, strongly fuming in air;
attacks the skin and lungs. Rapidly hydrolyzed by water. Does not
attack dry glass at room temperature.

M.p. —83°C, b.p. —75°C.

REFERENCE:
O. Ruff, Die Chemie des Fluors [Fluorine Chemistry], Berlin
1920, p. 29,

Phosphorus Dichloride Fluoride
PCLF

PCl; + SbF; = PCLF + SbCIF,
137.35 17876  120.90 195.21

A two-liter, three-neck, round-bottom flask is used as the
reaction vessel (Fig, 124), A vacuum-tight stirring arrangement

manometer
pump

rubber tube

liq. Nz

Fig, 124, Preparation of phosphorus
dichloride fluoride.

is inserted into the middle neck. The first neck is for introducing
SbF,, either by means of a worm-screw conveyor arrangement or,
more simply, by a flexible rubber tube from a round-bottom
flask. The third neck supports a 1-m,-long glass column to which
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a partial condenser is affixed, The reaction gases flow from the
condenser into a trap immersed in liquid nitrogen. Next, there is
a drying tube filled with freshly dehydrated KF, followed by a stop-
cock, which allows the system to be separated from the manometer
and the aspirator,

The reaction flask is filled with 130 g, of PCL, and 2 g, of PCl
(catalyst). The system is then evacuated to 250 mm., and this
pressure is maintained during the entire synthesis. The partial
condenser is fed with flowing water. Then 175 g. of dry, powdered
SbF, is gradually added to the reaction vessel over a period of
three hours., By coolmg or heating, as necessary, a constant tem-
perature of about 40°C is maintained.

The crude PCLF is collected in the trap. After completion of
the reaction, it is fractionated, The yield is 60%.

Phosphorus dlCthI‘lde fluoride is best stored by sealing into
glass ampoules at —78°C; if necessary, it may be kept for short
periods in steel cylinders at room temperature.

SYNONYM:
Dichlorofluorophosphine,
PROPERTIES:

Colorless gas, unstable at room temperature, Does not fume in
air; hydrolyzed by water; absorbed completely by sodium hydroxide
solution with evolution of heat.

M.p. —144°C, b.p. 13.85°C; d 1.507,

REFERENCE:

H, S. Booth and A, R, Bozart. J. Amer, Chem. Soc, 61, 2927 (1939).

Phosphorus Dichloride Trifluoride
PCl.F;

PFg + C12 = PCI2F8
88.02 70.92 158.94

Equal metered volumes of PF, and CL, flow into al-m.-long
quartz tube. This serves as the reaction vessel (the apparatus is
similar to that shown in Fig, 119), where the exothermic addition
of CL, to PF, takes place. The quartz tube is connected via a
ground joint to a quartz trap immersed inliquid nitrogen. A drying
tube with KF isattachedtothe trapto exclude atmospheric moisture.
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The product accumulating in the condensation trap is frac-
tionated after completion of the reaction,
Phosphorus dichloride trifluoride may be stored inglass flasks,

PROPERTIES:

Colorless gas, very pungent odor, attacks the respiratory organs,
forms athick white fog inair. Disproportionates on heating to 200°C,
Excess water absorbs PCLF, without residue, producing H,PO,,
HF and HCl. With little water, POF, and HCl are formed and a
rise in volume is observed, Alcohol solvolyzes the gas.

REFERENCES:

C. Poulenc. Compt. Rend. hebd. Séances Acad, Sci. 113, 75 (1891).
V. Schomaker and J. B, Hatscher. J, Amer,Chem, Soc. 60,1837 (1938),

Phosphorus Oxide Trifluoride
POF;,

POCI, + 3 HF = POF; + 3 HCI
153.35 60 104.0 109.38

Gaseous HF is introduced into the apparatus described for PF,
(p. 189), containing POCl, at 65°C. Antimony pentachloride (5 wt. %)
is added as catalyst,

The product (POF,; + 3 HCl) accumulating in the condensation
trap is separated by repeated fractionation, The yield is greater
than 90%, based on POCL,.

Phosphorus oxide trifluoride is stored in glass flasks or steel
cylinders,

PROPERTIES:
Colorless, g)ungent gas; fumes slightly in air.

M.p. —39.4°C, subl, t. —39.8°C, tor 73.3°C, poy 41.8 atm.
REFERENCE:

W. Kwasnik, Naturforschung und Medizin in Deutschland 1939-
1946 (FIAT-Review) 23, 213,

Tetrachlorophosphonium Hexafluorophosphate (V)
PCl, ‘- PF,

P.Cl;y, + 2 AsF; = PClL-PF; + 2AsCl,
416.53 263.82 317.89 362.46

Phosphorus pentachloride (46 g.) is dissolved in 300 ml. of
AgCl,. The solution is stirred and slightly cooled while 29.8 g. of
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AsF, is added dropwise, The product (PCl, - PF;) precipitates as
fine white crystals, The end point of the reaction is indicated
by the formation of PFg (thick white fog). The precipitate is
filtered with exclusion of moisture on a fritted glass filter,
washed with AsCl,, and freed of adhering AsCl, in a stream of
dry air, The yield is 35 g. (quantitative).

The compound is a convenient starting material for the prepara-
tion of hexafluorophosphates (hydrolysis with the respective hy-
drox1des see p. 196 under KPF;) and of PF, (thermal decomposition
at 80 C)

PROPERTIES:

White, hygroscopm salt, very shghtly soluble in AsCl,.
M.p. 160°C (partial dec.), subl, t, 135°C (partial dec.).

REFERENCE:
L. Kolditz. Z. anorg, allg, Chem. 284, 144 (1956).

Phosphonitrilic Fluorides

(PNF3); , (PNF3),

(PNCly); + 6KSO:F = (PNFy); + 6KCl + 650,
347.7 732,96 248.94 447.36 384.36

(PNCly), + 8KSO,F = (PNF;), + 8KCl + 850,
463.6 977.28 331.92 596.48 51248

Powdered trimeric or tetrameric phosphonitrilic chloride is re-
acted with potassium fluorosulfinate at 120 to 150°C. The degree
of polymerization is not altered by the reaction,

PROPERTIES:

Both phosphonitrilic fluorides are solid, colorless, volatile sub-
stances at room temperature, They are thermally stable up to
300°C. The trimer boils at 51.8°C and crystallizes in monoclinic
prisms, Triple point 27.1°C, It polymerizes to a rubbery form by
heating for 15 hours at 350°C. The tetramer boils at 89.7°C and
forms triclinic-pinacoidal crystals, Triple point 30.4°C.

REFERENCE:

F, Seel and J, Langer. Angew, Chem, 68, 461 (1956),
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Ammonium Hexafluorophosphate (V)

NH,PF,
L. PCl; + 6 NH,F = NH,PF; + 5NH,CI
20831 22294 163.06 267.45

A mixture of 9.4 g. of PCl; and11.6 g, of dry NH,F is prepared
by shaking in a test tube. The open test tube is fastened to a stand
in near-horizontal position and the mixture is heated with a small
flame near the open enduntil the reaction starts (use hood, goggles).
The reaction then progresses spontaneously until the bottom of the
test tube is reached and fuming, heavier-than-air vapors are liber-
ated. After cooling, the solid mass formed in the test tube is
dissolved in two liters of water. An acetic acid solution (100 ml.)
containing 9 g. of nitron is slowly poured with stirring into the
solution, so that nitron hexafluorophosphate precipitates out.

After cooling with ice for two hours the salt is filtered, washed
several times with a little ice-cold water and, while still moist,
shaken with chloroform and 25% ammonia solution in a separatory
funnel, After the nitron hasthus been removed, the aqueous solution
is evaporated to dryness in a platinum dish on a water bath, The
yield is 4 g, of NH,PF,,

For purification the salt isdissolved ina small amount of water,
filtered and reevaporated in a platinum dish, but only until a wet
mass of crystals appears. This is spread in a clay dish and left
to dry in the air.,

1. (NPCly)n + 6n HF = n NH,PF; + 2n HCI
236.06 120 163.06 73

Phosphonitrilic chloride is wetted with hydrofluoric acid in a
platinum dish. An exothermic reaction occurs. The mixture is
evaporated to dryness on a water bath, The yield is quantitative,
In comparison with method I, this procedure has the advantage that
it leads directly to a pure product. The purification using nitron
hexafluorophosphate is therefore omitted,

This compound may be used for the preparation of many salts
of hexafluorophosphoric acid.

PROPERTIES:

Colorless, mostly square, rarely rectangular flakes or thick
plates, readily soluble in water; also soluble in acetone, methyl
and ethyl alcohols; decomposes on heating to a relatively high
temperature without prior melting. Does not attack glass at room
temperature., Slowly hydrolyzed by boiling with strong acids.

di® 2.180. Solubility in water at 20°C: 74.8 g./100 ml. Structure:
cubic,
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REFERENCES:

I. W, Lange and E, Miiller, Ber, dtsch, chem. Ges. 63, 1063
(1930); W, Lange and G. v. Krueger. Ber, dtsch, chem. Ges,
65, 1265 (1932).

II, H, Bode and H, Clausen., Z, anorg. allg. Chem. 265, 229 (1951).

Ammonium Difluorophosphate (V)
NH,PO;F,

2P,0; + 6NH,F = 2 NH,POF, + 2(NH,);PO;F
284.08 222.24 238.12 268.2

Phosphorus pentoxide (23.5 g.) is heated with 185 g, of NH,F
in a 300-ml, nickel or copper crucible until the reaction starts.
It progresses by itself, but the mixture should be well stirred.
After cooling, the mass is pulverized and boiled in a glass flask
with 600 ml. of absolute alcohol. The mixture is filtered hot through
a fluted filter; the filtrate is immediately cooled and neutralized
with ammoniacal alcohol, Ammonium difluorophosphate (V) (8.3 g.)
separates out and is removed by filtration. The filtrate is evapo-
rated to dryness in a platinum dish on a water bath, The yield is
11.6 g. (70% of theoretical) of crude salt, This NH, PO4F; is still
contaminated with NH_F but is suitable for many purposes.

The salt is purified by rapid recrystallization from 6 ml, of
hot water and drying over H,SO,. The yield is 3.2 g. (20% of theo-
retical) of analytically pure salt, It is stored in a glass container
with exclusion of atmospheric moisture,

PROPERTIES:

Formula weight 134.1, Colorless; gives a neutral reaction in
water at first but hydrolyzes with time, Readily soluble in water,
ethyl and methyl alcohols and acetone.

M.p. 213°C without decomposition, Structure: rhombic.

REFERENCE:

W, Lange, Ber. dtsch, chem. Ges. 62, 790 (1929).

Potassium Hexafluorophosphate (V)

KPF;
PCL - PF, + 7KOH = KPF, + K:HPO, + 4KCl + 3 H,O
317.89 392.51 183.98 174.18 298.24 54

Hydrolysis of 0.78 g. of PCl, + PF4 in 20 ml, of 11N potassium
hydroxide yields a solution, which is concentrated under vacuum at
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45°C to 3 ml. The crystalline precipitate that separates out is
filtered, washed with alcohol, and dried.

PROPERTIES:

Square and rectangular thick plates, face-centered cubic lattice,
Melts at red heat with partial decomposition. On heating with
solid NaOH, a vigorous reaction starts above 400°C, giving the
fluoride and the phosphate.

REFERENCE:

L, Kolditz, Z. anorg. allg. Chem, 284, 144 (1956).

Arsenic {lll) Fluoride

AsF,
L. As;O; + 6 HF= 2 AsF; + 3H,O
197.80 120.06 263.82 54.04

At a bath temperature of 140°C, anhydrous HF is fed into As,0,
contained in a distillation apparatus made entirely of iron (see
Fig, 125), The steel cylinder with the HF is immersed in a water
bath at +35°C. The AsF, d1st1111ng off is condensed in a brine-cooled
condenser maintained at —18°C, The rate of HF addition is regu-
lated in such a way that a smooth stream of liquid AsF, flows out of
the condenser.,

After shutting off the flow of HF, the reaction vessel is re-
moved, and 10% of HySO, (by volume) is added to the crude AsF,.
The vessel is then used as a distillation ﬂask and the product is
distilled. The main fraction (between 50°C and about 85°C) is
AsF;. The yield is 80%, based on AsgO,, Six kilograms can readily
be prepared in a day.

110 2A5203 + 6 HSO;;F = 2ASF3 + 803 + 3 HgSO4 + ASgO(SO4)2
395.64 600.42 263.82 80 294.24 358

A mixture of 144 g. of As,O, and 247 g, of HSO,F (40% excess)
is prepared in a glass round-bottom flask provided with a ground-
glass joint. The latter supports a large-diameter, air-cooled re-
flux condenser. An inclined condenser and an ice-cooled receiver
are attached to the reflux condenser. A noticeable temperature
rise results from the mixing, While an air flow into the flask
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(through the reflux condenser) is induced by suction in order to
retain the HSO,F, the flask is heated on an open flame, In less than
1.5 hours, about 60 g. of AsF, distills over at 58 to 62°C, The
yield is 78%, based on As;0,.

oil bath 140°C

-18°
Fig. 125, Preparation of arsenic
(I1II) fluoride.

Arsenic (III) fluoride is stored in iron vessels.

PROPERTIES:

Formula weight 131.9, Colorless, mobile, very poisonous liquid,
Fumes in air, attacks glass. Decomposed by water as soon as the
stoichiometric ratio is reached, Soluble in alcohol, ether and
benzene,

M.p. —8.5°C, b.p. +63°C; d. (lig.) (15°C) 2.73.
REFERENCES:
I. W, Kwasnik, Not yet published.

II. A, Engelbrecht, A, Aignesberger and E, Hayek, Mh, Chem,
86, 470 (1955).

Arsenic (V) Fluoride
Ast

2As + 5F, = 2AsF;
149.82  190.0 339.82

Arsenic is fluorinated in a nickel or alumina boat, using the
apparatus described for SFg (p. 169). The product condensed in the
traps is distilled several times in a quartz apparatus.

Arsenic (V) fluoride is stored in steel cylinders.

PROPERTIES:

Formula weight 169,91, Colorless gas. Forms white clouds
in moist air, Immediately hydrolyzed by water, Soluble in
alcohol, ether and benzene,

M.p. —79.8°C, b.p. —52.9°C; d. (lig.) (—52.8°C) 2.33,
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REFERENCE:

O. Ruff, W, Menzel and H, Plaut, Z, anorg. allg. Chem, 206, 61
(1932),

Antimony (lll}) Fluoride

Sb,O; -+ 6 HF = 2SbF; + 3 H,O
291.52 120 357.52 54.03

I. Antimony (III) oxide is dissolved in excess aqueous hydro-
fluoric acid and the solution evaporated to dryness on a hot
plate.

The product is then distilled in a copper apparatus. The dis-

tillation vessel is conical at the top, and a short, large-diameter
head is used. The head must be kept sufficiently warm during the
distillation to prevent plugging.
II. Gaseous HF is added through a silver capillary tube to Sh,O,
contained in a conical vessel made of Mg sheet and covered with
an Mg cover; the vessel is heated gently with a gas flame during
the addition, When no further HF is absorbed, the heating is in-
creased to evaporate the accumulated H,O, The addition of HF
and evaporation of H,O are repeated until no further aqueous hy-
drofluoric acid is formed. The solid is then melted, poured onto
in Mg sheet, crushed and stored in a tightly closed can., In addi-
tion, SbF, can be distilled as described in method I,

Antimony (III) fluoride is kept in glass vessels or iron con-
tainers.

PROPERTIES:

Formula weight 178,76, Colorless, deliquescent crystals, read11y
soluble in water w1th partial hydrolysis. Solubility in water (20°C)
443 g /100 ml.; (30°C) 562 g./100 ml,

M.p. 292°C, b.p. 376°C; d. (solid) (20°C) 4.379.

Structure: rhomb1c

REFERENCES:

I. O. Ruff, Die Chemie des Fluors [Fluorine Chemistry), 1920,
p. 39.

II, J. Soll, Naturforschung und Medizin in Deutschland 1939-1946
(FIAT-Review) 23, 276,
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"~ Antimony (V) Fluoride
SbF;

SbF; + F, = SbF;
178,76 38  216.76

Fluorine is fed into a quartz apparatus aluminum
(Fig. 126) containing gaseous SbF,. The 7
apparatus is heated with a Bunsen burner
to bring the SbF,; to gentle boiling, A

fluorine stream of at least 10 g./hour
is added through an aluminum tube.
The antimony (V) fluoride reacts, at
times igniting, and SbFg distills, It
can then be fractionated in a quartz
apparatus,

Antimony (V) fluoride is kept in seal-
able Al bottles or, if necessary, in quartz
vessels, Platinum bottles canalso be used.

250

PROPERTIES:

Colorless, viscous liquid; very re-
active, Fizzes when poured into water;

is caustic to the skin, Attacks glass, Fig. 126, Prepara-
but is only slightly corrosive to Cu and tion of antimony (V)
Pb, Inert to quartz, Pt and Al, fluoride.

M.p. 6°C, b.p. 150°C; d.(liq.)(22°C)
2,993,

REFERENCE:

J. S6ll, Naturforschung und Medizin in Deutschland 1939-1946
(FIAT-Review) 23, 276,

Antimony Dichloride Trifluoride
SbClL,Fs

SbF; + Cl; = SbCLF,
17876 7091  249.67

A weighed amount of SbF, is placed in a steel cylinder equipped
with a manometer and a needle valve., The container is evacuated,
its valve closed, and the container weighed, A Cl; cylinder is then
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connected through a steel capillary, the valve is opened, and ClL
is allowed to enter the reaction vessel. The Cl, is quickly absorbed
by the SbF,, with evolution of heat, From time to time the connec-
tion with the CL, cylinder is loosened and the reaction vessel is
shaken., The CL, addition is then resumed. The reaction is termi-
nated as soon as the calculated amount of Cl, has been ab-
sorbed.

Antimony dichloride trifluoride is stored in ironvessels,

Useful as a catalyst for the preparation of numerous organic
fluorine compounds,

PROPERTIES:
Viscous liquid.
REFERENCE:

A, L, Henne, Organic Reactions II, p, 61.

Bismuth (lll) Fluoride
BiF;

Bi(OH); + 3HF = BiF; + 3 H,O
260.01 60.03 266.0 54,04

Freshly precipitated bismuth hydroxide is evaporated todryness
several times in a Pt dish, using an excess of hydrofluoric acid,
It is then calcined in a covered Pt crucible until the HF has com-
pletely evaporated., A grayish product remains,

Chemically pure BiF,; is white, Such high-purity material can
be obtained by the reduction of BiFg with hydrogen. The H, is
greatly diluted with CO,; the reaction takes place in a Pt tube at
80-150°C.

Use: Preparation of BiF;.

PROPERTIES:

Heavy, white (gray if impure) crystalline powder, practically
insoluble in water.

M.p. 725-730°C; d, 8.3, Cubic (dimorphous).

REFERENCES:

Muir, Hoffmeister and Robb, J, Chem, Soc, (London) 39, 33 (1881),
H, v, Wartenberg, Z, anorg, allg, Chem, 244, 344 (1940).
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Bismuth (V) Fluoride
BiF;

BiF; + F, = BiF;
266 38 304

A boat made of sintered alumina and containing BiF, is pushed
with a nickel wire into a sintered alumina tube (see Fig. 127).

N1 w1re
seallng-off point /

glass cap storage
ampoule

Fig, 127, Preparation of bismuth (V)
fluoride,

Both ends of the tube are covered with copper caps, which are
water cooled and sealed on with picein, The apparatus is best
arranged in such a way that it can be rotated approximately 90°
into a position perpendicular to the axis of the furnace, The
F, is added through a flexible, 5-m.-long copper capillary, A
fluorine stream ispassedthroughthe tube atthe rate of 20 ml./min,,
while the oven is heated to about 550°C. At 460°C the BiF, starts to
sublime from the boat and crystallizes at the end of the reaction
tube in thin white needles about 3 mm, long, The sublimation pro-
ceeds best at 500°C, since at higher temperatures it is so fast
that BiF; diffuses upstream and crystallizes even at the inlet to
the tube.

After the fluorination is finished, the Fy4 streamis replaced with
a stream of CQ, or oxygen-free N,. The boat is removed from
the reaction tube by pulling it witha Ni wire in the direction opposite
to the gas flow and placed in the Cu cap. The Cu cap at the other
end is replaced by a glass cap (see Fig, 127), The apparatus is
now rotated 90°, so that the far end is at the bottom and the gas
inlet on top, The clumps of BiF; needles in the reaction vessel are
scraped off with a Ni wire, They fall through the glass cap into
the collecting ampoule, which is then melt-sealed,

The material is best analyzed by reduction of a weighed amount
with H,. The hydrogen is greatly diluted with CO, and the reaction
proceeds at 80-150°C (1 hour) in a Pt tube, The freshly formed
BiF, is weighed.
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PROPERTIES:

White crystals, highly sensitive to moisture., In humid air
immediately turns yellow-brown. Reacts with water, sometimes
with ignition, forming ozone and BiF,. Reacts with kerosene above
50°C. Subl. t. appr. 550°C.

REFERENCE:
H, v, Wartenberg. Z. anorg. allg, Chem. 224, 344 (1940),

Carbon Tetrafluoride

CF,
L C + 2F, = CF,
12 76 88

Degassed activated carbon or carbon black, contained in a
nickel boat, is burned in a F, stream in the apparatus described
for SF; (pagel69). The reaction must be externally controlled
by cooling, The crude CF 4 collects asaliquid in the liquid-oxygen-
cooled quartz trap. After the fluorination, while the trap remains
cooled with liquid O,, the product is removed by suction, using an
aspirator, Most of the dissolved gases are thus removed. The
product is then passed through a series of fritted gas scrubber
bottles containing 20% KOH solution (not NaOH); this extracts
COF;, SiF, and HF. Finally, the CF, is passed over P,O; and re-
condensed with liquid O,. The liquid is carefully fractionated to
remove the higher homologs of CF, (C,Fs, C3Fg). Then the last
traces of dissolved air are removed, using an oil pump, while
the trap is cooled with liquid O,.

All the apparatus used for the operations following the fluori-
nation can be made of glass,

II. 2CO+4F2=2CF4+02
56 152 176 32

This preparation of CF, from CO and F, has the advantage
over method I that the CF, obtained is completely free of higher
homologs. The preparation is the same as described for COF,
(page 207), To obtain good yields of CF, and as little COF; as
possible, the CO must be preheated to as high a temperature as
possible (appr. 400°C). With a 1000-amp, current in the fluorine
cell, the yield is 80-85%, based on CO., With considerably lower
currents, for instance, with a current of 10 amp.,, the yield of CF,
is no greater than 15%.
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The crude CF, is purified in the same way as described above,
The degree of purity of the product can be easily checked by the
melting point since this is considerably lowered by dissolved air
or C,F,.

Carbon tetrafluoride is stored in glass or steel cylinders. It
can be used in vapor-pressure thermometers [W, Menzel and F.
Mohry, Z. anorg, allg. Chem. 210, 256 (1933)].

PROPERTIES:

Colorless, odorless, thermally very stable gas, Chemically
very inert at room temperature,

M.p. —183.6°C, b.p. —127°C; d. (solid)(—195°C) 1.98, d. (lig.)
(—183°C) 1.89.

REFERENCES:

I, O, Ruff and R, Keim, Z. anorg. allg. Chem, 192, 249 (1930);
201, 255 (1931).

II, W, Kwasnik, Naturforschung und Medizin in Deutschland 1939-
1946 (FIAT-Review) 23, 168; J, Goubeau, W, Bues and W,
Kampmann, Z. anorg, allg, Chem, 283, 123 (1956).

Trifluoromethane

CHF,
L. CHJ; + 3 HgF = CHF; + 3 Hgl
393.76 685.83 70.0 982.59

Iodoform, and powdered CaF, (as diluent) are ground together
in a 20 : 33.4 : 40 ratio and placed in a 100-ml, glass flask, the
outlet of which is joined to a liquid nitrogen-cooled trap, which
in turn is connected to a drying tube containing P,O..

The flask is now heated by means of a sulfuric acid bath, The
exothermic reaction starts at appr, 80°C and the temperature
rises to appr. 180°C. Crude CHF,, colored by iodine, is collected
in the trap.

After completion of the reaction, the product is fractionated.
The cut coming over at a bath temperature between —40 and —30°C
is practically pure CHF,., It is washed with 2N NaOH and dried
over P,O.. The yield is 45%.

1L, CHC], + 3 HF = CHF, + 3 HCI
119.39 60 70.0 109.41

A stirred stainless steel autoclave, equipped with an iron re-
flux condenser, is filled with 360 g. of CHC]; and 600 g. of SbClg
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(catalyst)., Then 200 g. of anhydrous HF is mJected under pressure
and the system is heated for 1.5 hours at 130°C, The pressure in-
creases to 75 atm, gage. The pressure is now gradually released
through a valve above the condenser, The vented gases are passed
through ice water and dilute NaOH, dried over P,O., and frac-
tionated,

The experiment can be repeated with the same catalyst if
each charge subsequently added to the autoclave consists of 360 g.
of CHCL, and 60 g, of HF, The yield is 95%.

This fluorination method, in which the catalyst is SbF,CL, . 2HF,
formed as an intermediate, is widely applicable. It can also be used
for the preparation of CClIF,, CCl3F,;, C,CL,F;, C,CLF, and
C,HCLF,.

Trifluoromethane can be stored in a glass flask or a gasometer
over water,

SYNONYM:
Fluoroform
PROPERTIES:

Colorless gas, thermally stable up to 1150°C, Chemically un-
usually stable,
M.p. —160°C, b.p. —84.4°C;d. (lig.) (—100°C) 1.52, d. (solid) 1.935.

REFERENCES:

I. O. Ruff, Ber. dtsch, chem, Ges, 69, 299 (1936),
II. B, Whallay, J. Soc. Chem. Ind. 66, 429 (1947).

Trifluoroiodomethane
CIF,

L 5CI, + 8IFs=5CIF; + 91,
5-519.68 3-221.92 5-195.92 18-126.92

A glass flask provided with a gas outlet is filled with 80 g,
(0.153 mole) of CI, and 30 g. (0.135 mole) of IF;. The gas outlet
is connected via short rubber tubes to several gas traps cooled
with liquid nitrogen. Agitation of the vessel produces vigorous
evolution of gas, When the reaction subsides, the system is
heated for 30 min, at 90-100°C. The condensate in the gas traps
is then washed with 5% NaOH and fractionated. The yield is 90%.

IL CF;COOAg + I, = CF,! + Agl. + CO,
220.89 25384 195.92 234.80 44.01

The starting material, silver trifluoroacetate, is first pro-
duced by adding Ag,O to 50% trifluoroacetic acid solution and
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evaporating the mixture to dryness under vacuum,

The powdered silver trifluoroacetate (100 g.) is mixed with
110-300 g. of powdered iodine and poured into a glass tube closed
at one end. The tube is placed horizontally and the open end con-
nected to a trap cooled with ice water; this in turn is connected to
two Dry-Ice-cooled traps and a water-filled bubble counter, The
mixture is then gradually heated with a gas flame to above 100°C;
the rate of heating should be controlled by observing the flow
through the bubble counter, Iodine collects in the first trap; CIF,
in the last, The latter is washed with dilute NaOH and purified by
fractionation, The yield is 80-959%.

Trifluoroiodomethane is stored in glass ampoules,

PROPERTIES:

Colorless, light-sensitive gas. Evolves CF,+ radicals when
heated or irradiated with UV light and is therefore useful in the
synthesis of numerous compounds of the type CF (CFy), *X,as
well as organometallic and organometalloid compounds.

REFERENCES:

I. A. A. Banks, H, J. Emeléus, R. N, Haszeldine and V, Kerrigan.
J, Chem. Soc. (London) 1948, 2188,

II. R, N, Haszeldine, J., Chem, Soc. (London) 1951, 584; A, L.
Henne and W, G, Finnegan, J. Am, Chem, Soc. 72, 3806 (1950).

Carbonyl Fluoride

COF,
I. CO + F; = COF,
28 38 66

A copper cylinder, equipped at the bottom with a detachable
burner, is used as the reaction vessel, Two observation tubes,
each consisting of a 30-cm.-long copper tube with a quartz window
(rubber gasket seal), allow observation of the flame, The vessel
is wrapped with towels or muslin bandages to permit thorough
wetting of the apparatus wall by the cooling water running over it,

The reaction products pass through a short condenser for
initial cooling, This in turn is connected to two quartz traps
cooled with liquid O, (Fig, 128).

The input CO is purified by washing with pyrogallol solution
and concentrated H,SO,; it is then passed through a P G; drying
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Fig. 128, Preparation of carbonyl
fluoride.

tube and a flowmeter, Finally a safety relief vessel to accomodate
excess pressure is connected to help recognize immediately any
plugging of the apparatus.

The F, is taken directly from an electrolysis cell and passed
through an iron condenser coil, cooled to —78°C with Dry Ice in
order to separate any HF,

To starttheoperation, F, is passed through the entire apparatus
until a gas flame or, better, an oil-soaked piece of fabric can be
ignited by the exit gases, Then the burner is quickly unscrewed and
the CO stream ignited. The burner is replaced in the reactor with
its flame adjusted to a small size so that the CO continues to
burn in the fluorine stream., The CO and F, streams are then con-
trolled to give a constant excess of fluorine, A CO flow of
2,5 liters/hour per 10 amp, of current in the fluorine cell is
optimum,

If the opposite procedure is used and the F, stream is burned in
a CO atmosphere, there is a risk of a violent explosion should
the flame go out unexpectedly.

Carbon tetrafluoride can be prepared in the same apparatus
(see page 203). However, to obtain high yields of CF,, a high flow
rate of the input gasesis necessary (for instance, 1000 amp. current
in the F, cell and 250 liters of CO/hour) and the CO must be pre-
heated to appr. 400°C, This is best accomplished by heating the
CO inlet tube with a Bunsen burner.,

At the temperature of liquid Og, the product condensed in the
first quartz trap is part solid and part liquid (CF,). To isolate the
COF,, the product should be distilled into a small steel cylinder
after stripping from it the major part of the dissolved gases (Fa,
air) at —183°C for 1/2 hour with a water aspirator. Following the
distillation the cylinder is turned upside downand the liquid portion
(CF,) pumped out with an oil pump. The solid COF, remains in the
steel container. This procedure is accomplished in appr. two min-
utes and yields 85% pure COF,., If a low-temperature filter is
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available, the separation of COF; and CF,canalso be accomplished
at —183°C. Finally, the material isfractionated ina quartz appara-
tus. A 97% pure product is obtained.
Carbonyl fluoride is stored in steel cylinders.
II. COF; is also conveniently prepared in a completely CF, -free
form via the reaction of BrF,with CO. This procedure is described
in detail under the preparation of carbonyl bromofluoride (p. 210).
To isolate the COF,, the reaction product, which is colored
yellow by the bromine, is passed over Sb powder and recondensed.
The mixture is then fractionated at atmospheric pressure, and
pure COF, comes over between —85 and —60°C, This procedure
is very convenient since it can be left virtually unattended,

SYNONYM:
Fluoroformy! fluoride, carbonyl difluoride.
PROPERTIES:

Colorless gas, very hygroscopic, pungent odor. Instantly
hydrolyzed by water,

M.p. —114.0°C, b.p. —83.1°C; d(solid) (—190°C) 1.388, d(lig.)
(—114°C) 1.139.

REFERENCES:

I. O, Ruff and G. Miltschitsky. Z. anorg, allg., Chem, 221, 154
(1935); W, Kwasnik, Naturforschung und Medizin in Deutsch-
land 1939—1946 (FIAT-Review) 23, 168,

I, W, Kwasnik, Naturforschung und Medizin in Deutschland 1939—
1946 (FIAT-Review) 23, 242,

Carbonyl Chlorofluoride
COCIF

CIF + CO = COCIF
5446 28 82.46

Streams of CIF and CO are mixed at —18°C in an iron reaction
vessel (see Fig. 129), The CO must always be present in excess,
The slower the rate of reaction the greater the yield of COCIF,
The reaction gases are condensed in a quartz trap at —196°C,
The second quartz trap is used to exclude atmospheric moisture,

After the reaction is finished, the yellow product is repeatedly
passed over Sb powder and finally distilled over the Sb. The white



4. FLUORINE COMPOUNDS 209

lig, O, 1ig, N,

Fig, 129, Preparation of carbonyl
chlorofluoride,

product is then fractionated at atmospheric pressure., The first
cut is COF,, the last COCL. The middle fraction (—50° to —30°C)
is COCIF, It can be made extremely pure by repeated fractionation,
The yield is 85-90%, based on Cl1F,

Carbonyl chlorofluoride is preferably stored in quartz
ampoules cooled in liquid nitrogen. It can also be stored
under pressure in cylinders made of type 316 stainless
steel,

SYNONYM:

Chlorofluorophosgene,

PROPERTIES:

Colorless, Odor almost indistinguishable from phosgene.

M.p. —148°C, b.p. —47.2°C; d (lig. )( —78°C) 1.506, (0°C) 1.323,
(18°C) 1.277, V. p. (19°C) 12 atm. gage; t,;. +85°C.

Stable at room temperature both as a gas and a liquid. Hy-
drolyzed by water within half an hour. Absorbed immediately by
NaOH solution, evolving heat and leaving no residue, Glass is
stable to it for weeks but becomes covered with a cloudy film,
Quartz is more stable but is is also slowly covered with a cloudy
film, Attacks Hg, After exposure for a week, rubber becomes some-
what hard., Stainless steels 304 and 316, brass and aluminum are
inert to COCI1F; Ni, Monel, Sn, Zn and electron (Mg—Al) alloys
have moderate resistance; Fe, Cu, Pb and Ag show little re-
sistance,

REFERENCE:

W. Kwasnik, Naturforschung und Medizin in Deutschland 1939--
1946 (FIAT-Review) 23, 242,
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Carbonyl Bromofluoride
COBrF

BrF; + 2CO = COBrF + COF,
136.9 56.0 126.9 66

An iron wash bottle (Fig. 130) with a screw cap is filled with
BrF,;, the cover is screwed on, and the vessel is cooled with ice
water. Two quartz traps cooled withliquid Npare then connected to
it. Thefirsttrap istheusual condensationvessel; the second is used
solely to exclude atmospheric moisture. The CO, which has been
purified by passage through pyrogallol solution, concentrated HzSO,4
and PO, is bubbled through the BrF,. The system evolves heat,
The CO flow is so regulated that the temperature of the BrF, is
kept between +8 and +30°C. The BrF, freezes below 8°C and the
reaction proceeds explosively at too high a temperature. The
product condensing in the first trap is yellowish., After the re-
action is complete the product is passed over Sb powder to re-
move the Br and then fractionated in a quartz apparatus. Pure
COF, comes over in the first fraction (seep. 208) between —85 and
—60°C, and COBrF is collected from —30 to —15°C, The latter
can be purified by refractionation. The yield is greater than 90%.
based on BrFs.

iron quartz quartz

to ho—c;d

8rf;
ice water
lig.'N, 1lig, N,
Fig, 130, Preparation of carbonyl
bromofluoride,

Carbonyl bromofluoride is preferably stored inquartzampoules
kept in liquid nitrogen. It can also be kept at room temperature in
quartz containers or type 304 stainless steel cylinders, but it be-
comes yellow-brown with time and must be redistilled before use.

SYNONYMS:

Bromofluorophosgene.

PROPERTIES:

Colorless gas.
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M.p. —120°C, b.p. —20.6°C; v.p. (18°C) 3.65 atm. gage; ter
+124°C, per appr. 61 atm.; d (lig.) (0°C) 1.944.

Gaseous COBrF is thermally stable up to 125°C, Liquid COBrF
decomposes slowly at room temperature, Water causes quantitative
hydrolysis to CO, + HBr + HF in appr. 30 minutes. Instantly ab-
sorbed by NaOH solution, Glass is stable to it for some time,
Attack by liquid COBrF causes rubber to become black and brittle.
Attacks Fe and Hg.

Odor similar to that of phosgene, but with some experience it
can readily be differentiated.

REFERENCE:

W. Kwasnik, Naturforschung und Medizin in Deutschland 1939-
1946 (FIAT-Review) 23, 242,

Carbonyl lodofluoride
COIF

IF; + 3CO = COIF + 2 COF,
221.93 840 173.93 1320

A one-liter rocker bomb is charged with 50 g, of IF; it is
pressurized to 120 atm. with CO and rocked in an inclined position
for a week, The pressure is then relieved until atmospheric pres-
sure is reached, thus removing the COF, and the excess CO, Next,
a quartz trap containing some Sb powder and cooled with liquid
N, is connected at the valve of the autoclave, The system is
evacuated for an hour to about 200 mm, The COIF thus distills
over and is condensed inthe trap. The autoclave can then be refilled
with CO without recharging the IF..

The collected condensate is distilled from the Sb in the trap,
The COF, is removed below —15°C. The distillation is then con-
tinued at reduced pressure (appr. 300 mm,) because of the in-
stability of the COIF, It comes over between —15 and +20°C,
It is redistilled at reduced pressure over Sb, The main products
of this reaction are L, and COF,. The yield is 12%, based on
IF..

° Carbonyl iodofluoride can be stored only in quartz ampoules under
Dry Ice or, better, liquid nitrogen.

SYNONYM:

Iodofluorophosgene,
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PROPERTIES:

Colorless if pure., Choking odor, similar to COBrF, quite dis-
tinct from COClz.

M.p. —120°C, b.p. —20.6°C; v.p. (18°C) 3.65 atm. gage; top 124°C,
Per appr. 61 atm,; d (liq.) (0°C) 1.944,

Above —20°C, COIF decomposes perceptibly with liberation of
iodine, Gaseous COIF also decomposes at room temperature.
Slowly hydrolyzed by water, similarly to COBrF. Absorbed com-
pletely by NaOH, Quartz and glass become coated with a yellow
substance on contact with the liquid at room temperature,

REFERENCE:

W. Kwasnik, Naturforschung und Medizin in Deutschland 1939-
1946 (FIAT-Review) 23, 242,

Silicon Tetrafluoride
SiF,

L 9 CaF, + 2H,S0, = 2 CaSO, + 4 HF
156.14 196.15 272.25 80.04

4 HF + SiO, = SiF, + 2 H,O
80.04 6005 104.06  36.03

Powdered calcium fluoride is fumed with HF in a Pt dish in
order to remove carbonates,

A stoichiometric mixture of calcium fluoride powder, an ex-
cess of quartz sand of highest purity (99.9%), and concentrated
H,SO, are placed in the reaction flask of an all-glass apparatus
(see Fig., 131), and gently warmed on a sand bath, The evapo-
rating SiF, passes through a vertical water-cooled condenser and
a trap cooled with Dry Ice-acetone mixture to remove possible im-
purities (HF), and is finally condensed in a trap cooled with liquid
nitrogen. In order to exclude moist air, a P,O; drying tube is con-
nected to the system. The product can be purified by sublimation
in a closed glass vessel or distillation under slight pressure, in
which case the first and last cuts can be discarded.

1. H,SiF; (+ conc. H,SO,) = SiF, + 2 HF
144.06 104.06 40

An iron vessel (Fig. 132) is substituted for the glass reaction
flask of method I, The wrought-iron container holds one liter of
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AN
1450,

~78°  -196°
Fig, 131, Preparation Fig. 132, Preparation
of silicontetrafluoride of silicontetrafluoride

(I). (II).

60% H5SiF g. Two liters of concentrated H,SO, are added dropwise
through a dropping funnel inserted into the container via a rubber
stopper. The iron extension tube of the funnel extends into an
iron tube which is closed at the bottom and from the top of which
the H,SO, overflows., The HF formed during the reaction is com-
pletely retained by the concentrated H,SO,.

Silicon tetrafluoride can be stored inaglass flask with a stop-
cock, in gasometers over Hg or concentrated H,SO,, or in steel
cylinders.

SYNONYM:
Tetrafluorosilane,
PROPERTIES:

Colorless gas, very hygroscopic, forms a dense fog in humid
air, is rapidly cleaved by water, does not attack stopcock
grease,

Subl. t. —95°C, m.p. (under pressure) —90,2°C; d. (lig.) (—88°C)
1.590; to, —1.5°C; poy 50 atm, gage.

REFERENCES:

I. L, Lebouché W, Fischer and W, Biltz, Z. anorg. allg, Chem.
207, 64 (1932); O, Ruff and E., Ascher, Z, anorg. allg, Chem,
196, 413 (1931).

II. J, Soll, Naturforschung und Medizin in Deutschland 1939-—
1946 (FIAT-Review) 23, 257,
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Trifluorosilane
SiHF,

4 SiHCl; + 3 TiF, = 4 SiHF; + 3 TiCl,
541.76 371.7 344.28 569.19

Trichlorosilane and TiF, areheatedfor 18 hours in an autoclave
onan oilbathat100-200°C. If necessary, the reaction can be carried
out in a sealed pressure tube, After cooling, the autoclave is slowly
vented and the exit gases are collected in a quartz or glass trap
cooled in liquid N,. The mixture is then fractionated. The residue
in the autoclave consists of TiF, and TiCl,. Since pure SiHF,
decomposes slowly even at room temperature it should be kept
in Dry Ice or liquid N,

SYNONYM:
Silicofluoroform,
PROPERTIES:

Formula weight 86,07, Colorless, flammable gas; forms an ex-
plosive mixture with air, Decomposes slowly at room temperature;
decomposes rapidly to H,, Siand SiF, if heated to 400°C, Hydrolyzed
by water., Decomposes alcohol and ether; reduces concentrated
nitric acid.

M.p. —110°C, b,p. —80°C.

REFERENCE:

O. Ruff and C, Albert, Ber, dtsch. chem. Ges, 38, 56 (1905),

Hexafluorosilicic Acid
H,SiF,

120 60.06 144.03 36.03

I. Small portions of quartz powder (99.9%) are added to 70-95%
hydrofluoric acid, containing a smallamount of H,SiF,. The addition
is carried out in an iron vessel and proceeds until no further dis-
solution of the quartz occurs. The reaction must be moderated
by cooling with ice, The addition of H,SiF, is necessary for a smooth
initiation of the reaction. After the reaction is terminated, the
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excess of quartz powder is left to settle and the 60-70% H,SiF, is
decanted. The material is best stored in iron containers., Con-
centrated hexafluorosilicic acid solidifies at appr. 19°C; the
tetrahydrate crystallizes out and must be melted by gentle
warming before the container can be emptied.

Other preparative methods: 1, Addition of SiF, to water,
III. Reaction of concentrated H,SO, with BaSiF,.

Use: Preparation of fluorosilicates and SiF,,

SYNONYMS:
Fluosilicic acid, fluorosilicic acid, silicofluoric acid,
PROPERTIES:

Colorless liquid, Anhydrous H,SiF, is 50% dissociated to SiF,
and HF even at room temperature. Can be distilled without de-
composition only as a 13,3% aqueous solution, Aqueous H,SiF,
does not attack glass.

Specific gravity of aqueous solutions at 17.5°C:6%, 1.049; 20%,
1.173; 34%, 1.314.

REFERENCES:

I, J, Soll, Naturforschung und Medizin in Deutschland 1939-—
1946 (FIAT-Review) 23, 257,

II. W. Hempel. Ber. dtsch, chem, Ges. 18, 1438 (1885),

III, E, Baur and A, Glaessner, Ber, disch. chem, Ges. 36, 4215
(1903).

Ge rmanfu m Tetrafluoride
GeF4

BaGer = CeF4 + BaFg
323.96 148.60 175.36

The complex salt BaGeF, is precipitated in a Pt dish by adding
BaCl, to a solution of GeO, in hydrofluoric acid. The granular
precipitate is washed, dried, placed in a quartztube and heated in a
N, stream., Formatlon of GeF, starts at appr, 500°C and proceeds
vigorously at 700°C (apparatus for SF,, p.169). The tempera-
ture is slowly increased to 1000°C. The exit gases are passed
through a quartz trap cooled with liquid N, so that the GeF, con-
denses and solidifies. The product is then fractionated in a quartz
apparatus; the first cut is SiF ,. The yield is 87%.
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Germanium tetrafluoride is stored in glass bottles or, better,
sealed under pressure in quartz ampoules.

PROPERTIES:

Colorless gas, thermally stable to 1000°C; fumes strongly in
air; has a pungent garlic odor; attacks the respiratory organs
and causes hoarseness, Hydrolyzed in water to GeQ, and H,GeF,.
Attacks Hg, but not glass, if absolutely anhydrous. Attacks stop-
cock grease,

M.p. —15°C, subl. t. —36.5°C; d(liq.) (0°C) 2.162, d(solid)
(—195°C) 3.148,

REFERENCES:

L. M. Dennis and A, W, Laubengayer. Z, phys. Chem. 130, 520
(1927).

L. M. Dennis, Z, anorg, allg. Chem. 174, 119 (1928).

L. Le Boucher, W, Fischer and W, Biltz. Z. anorg. allg. Chem,
207, 65 (1932),

Potassium Hexafluorogermanate
K,Gng

GeO; + 6 HF + 2KCl = K,GeF; + 2HCI + 2H,0O
1048 120.0 149.1 2648 - 729 36.0

Two parts of GeQ, are dissolved in 12 parts of 20% HF in a
Pt dish and 3 parts of a concentrated KC1 solution are added.
The liquid solidifies to a gel which on stirring again becomes liquid
and precipitates as a dense crystalline powder, The solid is filtered,
washed consecutively with small amounts of water and alcohol,
and dried. A solution of K,CO, can be employed instead of KCI.

PROPERTIES:

White crystalline powder, nonhygroscopic. Recrystallization
from water yields plates.

M.p. ~730°C; b.p.~835°C;Solubility: 1g.in184.6g,H2O (18 °C),
in 34,0 g. H,O (100°C) Crystalline form: hexagonal,

REFERENCES:
C. Winkler, J. prakt. Chem. [2] 36, 199 (1887).

J. H, Muller J. Amer, Chem, Soc. 43, 1089 (1921).
G. Kruss and O, Nilson, Ber. dtsch. chem. Ges. 20, 1697(1887).
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Tin (Il) Fluoride
San

SnO + 2HF = SoF; + H,O
143.70 40 156.70  18.01

Tin (II) oxide is dissolved in 40% HF in a Pt dish and evaporated
to dryness with exclusion of air,

Better defined crystals are obtained if 67.4 g, of SnO (0.5 mole)
is dissolved in 15-20 ml, of degassed water in a 200-ml. polyethyl-
ene beaker, The contents are heated on a steam bath to 60°C in
an O,-free nitrogen atmosphere and 46 g. of 48% hydrofluoric
acid (1.1 moles) is added slowly and dropwise while the beaker
is rotated. The reaction evolves heat, When all the solid is dis-
solved, the beaker is placed in a desiccator and cooled, so that
crystals separate. After two hours, the mother liquor is decanted
into a second beaker. Both beakers are then placed in a desic-
cator over a mixture of CaCl, and KOH (1 : 1), After two days,
this drying agent is removed and Mg (ClO,), is substituted. After
an additional four days, the mother liquor is again decanted and a
second crop of crystals thus obtained. It is dried in the same
manner as the first. The yield is 86%.

PROPERTIES:

Colorless prisms, soluble in water, yielding a clear solution,
Crystal structure: monoclinic.
M.p. 210-215°C,

REFERENCES:

J. L, Gay-Lussac and L. J, Thénard, Mém, phys. Chim, 2, 317
(1809).

H. Nebergall, J, C, Muhler and H, G, Day. J. Amer, Chem, Soc,
74, 1604 (1952),

Tin (IV) Fluoride
SnF‘

SnCl; + 4HF = SnF; + 4 HCI
260.53 80 1947  145.84

In the same way as described for TiF, (page 250), SnCl, is
added dropwise to double the theoretical amount of anhydrous HF,
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thus forming the complex SnCl, - SnFg A copper reflux condenser
(ice-salt mixture is used as cooling agent) is attached to the re-
action vessel and the system is heated in the presence of excess
HF until HC1 ceases to evolve, The HF is then distilled off through
an inclined condenser. The temperature is finally raised to 130-
220°C so that the complex SnCl, - SnF, is cleaved and SnCl, dis-
tills over. A distillation head is then placed on the reaction vessel
and SnF, is sublimed at red heat. The inclined section of the head
should preferably be covered with wet asbestos paper. The SnF,
is immediately charged into closed Fe or Cu containers,

PROPERTIES:

Snow-white, starlike crystal clumps; extremely hygroscopic;
dissolves in water with vigorous fizzing,
Subl. t. 705°C;d(19°C) 4.78.

REFERENCE:

O, Ruff and W, Plato, Ber, dtsch, chem, Ges, 37, 673 (1904).

Lead (ll) Fluoride
PbF,

267.21 40 245.21 18.01 44.00

Small portions of nitrate- and acetate-free PbCOs; are addedto
hydrofluoric acid contained in a Pb or Pt dish, The HF must be
present in excess. The mixture is heated for about one day until
CQ, ceases to evolve, The excess of acid is then decanted and the
residue evaporated to dryness on a hotplate. The product is then
rapidly melted by placing the Pt dish for a few minutes in an
electric furnace which is preheated to red heat. The lead hydro-
fluoride is thereby decomposed.

Because of its impurities, this PbOis less suitable as a starting
material for PbF,; than Pb(OH),.

PROPERTIES:

White crystalline powder. Dimorpheus; rhombic ¢-PbF, (lead
chloride typeg changes above 316°C into cubic B-PbF,; (fluorite type).

M.p. 824°C, b.p. 129°C; d 824, Solubility in water (0°C), 0.057
g./100 g, Hg0;(20°C), 0,065 g./100g, HzO. The presence of HNOs
or nitrates increases the solubility,
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REFERENCE:

O. Ruff, Die Chemie des Fluors [Fluorine Chemistry), Springer,
Berlin, 1920, p, 33.

Lead (V) Fluoride
PbF,

PbFz + F2 = PbF4
245.21 38 283.21

The apparatus describedunder BiF g (p. 202) contains an alundum
boat used for fluorination of PbF, at 300°C, The F; is initially
diluted with CQ, or N, but its concentration in the gas mixture is
slowly increased while thetemperature isgradually raisedto 500°C.
The major portion of the PbF, remains in the boat in the form of
1-2 mm, -long needles.

After the fluorination is terminated, the boat with the PbF, is
pulled into the glass cap placed on the reaction vessel, and the
product is scraped out with a Ni wire, The solid drops into the
glass ampoules, which are immediately sealed off,

PROPERTIES:

White crystalline substance, very sensitive to moisture, im-
mediately discolors in air yielding brown PbQ,.

M.p. 600°C; d 6.7; tetragonal crystals.

REFERENCE:

H. v. Wartenberg. Z, anorg. allg. Chem. 244, 339 (1940).

Boron Trifluoride

BF,
L KBF, + 2B;0; = BF; + KF-B,O;
12592 13928  67.82 197.38

A mixture of 80 g. of dried or, preferably, melted KBF, and
30 g. of B,O, is heated to about 600°C in an inclined iron ! tube
(40 cm. long, 3 cm. diameter), which is sealed at one end, The
other end of the iron tubeis closed by a flange sealed with a copper
gasket., An appr. 10-mm, -diameter iron tube is welded into an
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opening in the flange and is connected to a drying tube filled with
glass wool, which acts as a dust filter. The drying tube is in turn
joined to a quartz or glass trap cooled in liquid nitrogen., The
apparatus ends in a drying tube filled with freshly dried KF. The
yield is 17 g, of BF,. This can be purified by repeated fractional
distillation,

1L, 6 NaBF, + B;0; + 6 H;SO, = 8 BF; + 6 NaHSO, + 3 H;O
658.92 69.64 588.40 542.56 720.36 54.04

A mixture of 300 g, of NaBF 4, 50g. of B3O3 and 300 ml. of con-
centrated H,SO, is carefully heated in a one-liter flask provided
with a ground-glass joint (see Fig., 133) until gas evolution starts,
Only then can more heat be applied. The exit gas passes through
a condenser, then through an absorption tube filled with B,O,
which has been interspaced with glass wool, and finally it is con-
densed in a trap at —196°C. A KF drying tube is placed at the end
of the system in order to exclude moisture.

liq, Nz

L

7l

Fig, 133, Preparation of boron
trifluoride.
The advantage of this method of preparation isthat the residues
are water soluble and the reaction vessel can be easily cleaned.
According to Ryss and Polyakova, the best BF; yield (80%) is
obtained at 180°C with 105,9% sulfuric acid (oleum) in a 200%
excess.

IIL. H,BO, + 3 HSO,F — BF, + 3 H,SO,
61.84 30022  67.82  204.24

Concentrated H,S0,is placed in an iron reaction vessel, which
has one gas and two addition nozzles on top and one outlet nozzle
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(with a valve) at the bottom. A solution of 20-25% boric acid in
concentrated H,SO, and HSO,F is added at 85 to 135°C, The BF,
is slowly liberated. The H,SO, which accumulates may be removed
from time to time at the bottom and may be used to dissolve the
boric acid.

Further preparative methods: IV, Thermal decomposition of
diazonium fluoroborates [G. Balz and G. Schiemann, Ber, dtsch.
chem Ges., 60, 1186 (1927)],

V. A mixture of 40 g. of KBF,, 8 g. of Bz0Os; and 120 ml, of
concentrated sulfuric acid is heated to 270°C on a sand bath in a
300-ml. flask equipped with ground-glass joints [P. Baumgarten
and H, Henning, Ber, dtsch, chem. Ges. 72, 1747 (1931)].

The older method for preparing BF, starting with CaF, is not
recommended, since the yields are low and the product is con-
taminated with SiF,,

The product is stored in glass containers over Hg or in steel
cylinders.

Derivatives: BF; - (OC,H;),p. 786

BF, + NH, p. 785

BF, « 2H,0 p. 784

H[BF,(OH),] p. 784

n-C,HgBF, p. 802
PROPERTIES:

Colorless, asphyxiating gas, fumes in moist air, thermally
very stable.

M.p. —128 C, b.p. —101°C; tep —12 25°C;por 50.2 atm, gage;
d (lig.) (—128°C) 1.769; d (sohd) (—150°C) 1,87.

Hydrolyzes in water to give H;BO, and HBF,. The gas attacks
rubber., Rubber tubing and stoppers should therefore be avoided in
apparatus used in its preparation,

REFERENCES:
I. W, Hellriegel, Ber. dtsch. chem, Ges. 70, 689 (1937).

O. H. S. Booth and K. S, Willson, J, Amer, Chem. Soc. 57, 2273
(1935); I.G. Ryss and Y.M. Polyakova, Zh, Obshch. Khim.
19 (81), 1596 (1949) (Chem. Zentr. 50. II, 1329),

III. U. S. Patent 2,416, 133,
Fluoroboric Acid

HBF,

H;BO; + 4HF = HBF, + 3H,0
61.82 80.04 87.82 54.04

A slightly larger than stoichiometric quantity of H;BO, is added
in small portions to an ice-cooled iron reaction vessel containing
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70-90% hydrofluoric acid. The reaction is highly exothermic, After
the reaction is completed, the excess H;BO, is allowed to settle
out and the pure HBF, is decanted,

Fluoroboric acid is stored in glass containers,

PROPERTIES:

Colorless liquid, does not attack glass at room temperature,
Decomposes on heating with water, forming oxyfluoroboric acids,
Toxic and inhibits fermentation even when present in traces.

REFERENCES:

Mathers, Stewart, Housemann and Lee. J. Amer. Chem, Soc, 37,
1516 (1915).
F. Fichter and K, Thiele, Z. anorg, allg. Chem, 67, 302 (1910),

Sodium Fluoroborate
NaBF,

2H3B03 + 8HF + Na2003 = 2NaBF4 + 7H20 + COz
123.64 160.08 105.99 219.63 126.1 440

Boric acid (6.2 g.) is added, with cooling, to 25 g, of 40% hydro-
fluoric acid contained in a Pt dish, The mixture is left standing for
six hours at room temperature, then cooled with ice, and 5.3 g of
dry Na,CQO, is added. The solution is then evaporated until crystal-
lization starts. The salt can be recrystallized from water, whereby
large, beautiful single crystals can be obtained. The NaBF, is
finally dried under vacuum.,

SYNONYMS:

Sodium fluoborate, sodium borofluoride,

PROPERTIES:

Formula weight 109,815, Colorless salt; crystallizes in the
anhydrous form as clear, orthogonal, stubby prisms, Anhydrous
NaBF, does not etch glass, Readily soluble in water, Rhombic
crystals, isodimorphous with NaClQ,.

REFERENCE: ’

G. Balz and E. Wilke-Dorfurt. Z, anorg, allg. Chem, 159, 197(1927).
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Potassium Fluoroborate
KBF,

H;BO; + 4HF + KOH = KBF, + 4H,0
61.82 80.04 56.11  125.92 72.05

Boric acid (6.2 g.) is added to 25 g. of 40% hydrofluoric acid
solution contained in an ice-cooled platinum dish, The solution is
allowed to stand at room temperature for six hours. At the end
of this period it is again chilled with ice, and 5N KOH solution is
added with constant stirring until the color of methyl orange changes,
Crystalline KBF, precipitates out at the same time. The mother
liquor and subsequent water washings are decantedand the crystals
dried under vacuum, The yield is 90%.

PROPERTIES:

White, crystalline salt, nonhygroscopic,

M.p. 530°C, d3° 2,505, Solubility in water (20°C) 0.45; (100°C)
6.3 g./100 ml, Dimorphous; rhombic-bipyramidal and cubic
structures (trans, temp. 276-280°C).

REFERENCES:

D. Vorlander, J. Hollatz and J, Fischer., Ber. dtsch, chem,
Ges. 65, 535 (1932).

Potassium Hydroxyfluoroborate
KBF;0H

2KHF: + HsBO; = KBF;OH + KF + 7 H,O
156.22 61.84 123.96 58.1 36

Technical grade KHF, (100 g.) is dissolved in 250 ml, of water
contained in a polyethylene beaker, The K,SiFy and the undissolved
KHF, are filtered off after several hours of standing; the clear
solution is placed in an ice-cold water bath and 40 g. of boric acid
is added with stirring, Rapid dissolution occurs, Small crystals
separate from the solution within an hour, They are suction-
filtered on a fritted glass filter, washed with a small amount of
ice-cold water and with 95% methanol solution and acetone, The
salt is then dried at 120°C.

PROPERTIES:

Melts without decomposition, Less soluble in water than KBF,.
Yields no precipitate with nitron acetate; hydrolyzed by KOH
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more readily than KBF,. Recrystallizable from water without
decomposition,

REFERENCE:

C. A, Wamser, J, Amer, Chem. Soc, 70, 1209 (1948),

Nitrosyl Fluoroborate
NOBF,

2HBF; + N;O; = 2NOBF, + H,O
175.65 76.01 233.65 18.01

Dry N,O, (prepared by the action of concentrated nitric acid on
As,0;) is introduced into a platinum dish containing highly concen-
trated fluoroboric acid (see p. 221) until the dish contents thicken
almost completely to a thick slurry and no longer absorb N,O,.
The translucent crystalline slurry is suction-filtered on a platinum
filter crucible and the remaining liquor separated by pressing. The
mother liquor is concentrated in the platinum dish until the ap-
pearance of a pronounced white vapor, following which more N,O,
is introduced. In this way additional crystals are obtained.

The suction-filtered NOBF, + H,O is vacuum-dried over P,O
for two days. It is then transferred to a thick-wall glass tube,
where it is sealed off under liquefied N,O, at —150°C. After several
hours of standing the tube is opened and the excess N,O, is allowed
to escape. Finally, the preparation is left standing under vacuum
and over P,O; and CaO for a period of several days,

In order to obtain pure NOBF, the product is vacuum-sublimed
at a pressure of 0,01 mm, The sublimation apparatus consists of
a glass tube sealed at one end, with an inserted water-cooled cold
finger. A connecting tube, emerging from the side, leadstoa
mercury pump, Heating to 200-250°C is effected by means of a
paraffin bath, The NOBF , is collected onthe cold finger as a color-
less, hard, crystalline deposit and may be scraped off with a knife,

Nitrosyl fluoroborate may be stored in glass bottles, Used to
prepare NOF,

PROPERTIES:

Formula weight 116,83, Colorless, birefringent, hygroscopic
flakes, crystallizing in rhombic form, which are decomposed by
water, releasing nitric oxides, The dry compound does not attack
glass,

d 352,185,
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REFERENCES:

E. Wilke-Dorfurt and G, Balz, Z. anorg, allg, Chem, 159, 219 (1927);
G. Balz and E, Mailander. Z. anorg. allg, Chem. 217, 162 (1934).

Aluminum Fluoride

AlF3

(NH4)3A1F3 = AlFs + 3NH4F
195.09 83.97 111.22

The (NH4)3AlFg, contained in a small platinum vessel, is heated
to red heat in a nitrogen stream until constant weight is attained,

Dehydration of AlF, . 3H,O does not produce completely oxide-
free AlF,.

PROPERTIES:

White powder, sparingly soluble in water, acids and alkalis;
resistant even to fuming with concentrated H,SO, but may be hy-
drolyzed with steam at 300-400°C,

Solubility in water (at 25°C): 0.559 g./100 ml,

M.p. above 1260°C, subl, t, 1260°C; d 2.882, Hexagonal crystals.

REFERENCE:
W, Blitz and E. Rahlfs. Z. anorg. allg. Chem, 166, 370 (1927).
AlF; - 3 H:O

Al + 3HF + 3H,O = AlF;-3H,0 + 1'/: H,
270 600 54.0 138.0 3.0

Aluminum foil is added piece-by-piece to 15% HF solution con-
tained in a platinum dish. The reaction temperature is maintained
below 25°C by periodic dipping of the dish in an ice-water bath,
After some time, the initial rather vigorous reaction virtually
ceases even upon addition of further quantities of aluminum, The
solution is filtered through a polyethylene filter into a polyethylene
dish; additional pieces of aluminum foil are added to the filtrate,
and the latter is allowed to crystallize in a refrigerator for 24
hours. The crystals are washed with some water and dried at room
temperature on a clay plate.

If AIF, . 3 H,O isnotcrystallizedat 0°C, but instead the solution
is evaporated on a steam bath until crystallization begins, a second
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modification of AlF, + 3 H,O is obtained, This differs from the
previously described product with regard to water solubility and
powder diffraction pattern.

PROPERTIES:

White crystalline compound. Drying down to the trihydrate
stage may be effected only slowly, Two moles of water of crystal-
lization can be removed on the water bath, yielding the mono-
hydrate.

REFERENCES:

W, F. Ehret and F. J, Frere. J. Amer. Chem, Soc. 67, 64
(1945),
W, Fischer and E, Bock, Z, anorg. allg, Chem. 262, 54 (1950),

Ammonium Hexafluoroaluminate
(NH4)3 AlF¢

6 NH,F + Al(OH); = (NH,)sAlF, + 3 NH,OH
222.24 77.99 195.06 105.15

Freshly precipitated hydrated aluminum oxide is introduced
portionwise into a hot, rather concentrated NH,F solution. A
gelatinous precipitate results which settles easily when the solu-
tion is boiled down. The supernatant liquid is decanted or suction-
filtered, and the precipitate is washed with an alcohol-water solu-
tion and dried at 105°C,

SYNONYMS:
Ammonium cryolite, ammonium aluminum fluoride,
PROPERTIES:

White, fine crystalline powder, thermally stable to over 106°C,
Solubility in water: (0°) 4 g.; (25°C) 7.7 g./liter. Does not attack
glass,

d 1.78, Cubic crystals.

REFERENCES:

H. v. Helmolt, Z, anorg, allg. Chem, 3, 127 (1893),
E, Petersen, J. prakt. Chem. (2) 40, 55 (1889).



4. FLUORINE COMPOUNDS 227

Ammonium Tetrafluoroaluminate
NHy4A1F 4

(NH,);AlF, = NHLAIF, + 2NH,F
195.1 1210 74.1

I, Under specific conditions, the thermal decomposition of
(NH,);AlF; to AlF, and NH, F proceeds throughthe intermediate stage
of NH,AlF,. A nickel or copper boat containing (NH,);AlF; is placed
in a quartz or glass tube. Dry nitrogen gas is introduced on one
side, and the whole device is heated in a furnace to 300°C, The
subliming NH,F is collected either inthe cooler part of the reaction
tube or in a receiver attached to the latter, Pure NH,AlF, remains
in the boat. Raising the reaction temperature above 350°C results
in further decomposition to AlF;, Moisture must be carefully
excluded in all these preparations.

II. The ammonium tetrafluoroaluminate may also be produced via
the wet route by precipitation of a concentrated hydrofluoric
acid-AlF, solution with NH,.

PROPERTIES:

Crystallizes in the tetragonal system and is isomorphic with
TI1AlF,.

REFERENCES:

E, Thilo, Naturwiss, 26, 529 (1938).

C. Brosset, Z, anorg. allg, Chem. 239, 301 (1938).

Gallium () Fluoride
GaF;

May be prepared via thermal decomposition of ammonium hexa-
fluorogallate.

(NH4)3(G&F5) = Gan + 3NH4F
237.84 126.72 111.12

An alundum boat containing (NH,),GaF, is placed ina nickel tube
and heated for several hours in a stream of F, gas at 400°C.

Dehydration of GaF, - 3 H,O, either under vacuum or in a fluorine
stream, does not produce oxide-free GaF,.
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PROPERTIES:

Colorless compound, stable to cold and hot water, In contrast
to GaF; « 3 H,0, GaF, is very sparingly soluble in water. May be
sublimed without decomposition in a nitrogen stream at tempera-
tures above 800°C,

M.p. >1000°C, b.p. ~950°C, d ~3; after heating in a fluorine
stream to 630°C, d 4.47. Solubility in water (room temperature)
0.0024 g./100 ml.; in hot hydrochloric acid, 0.0028 g./100 ml,

REFERENCE:
O. Hannebohn and W, Klemm. Z, anorg. allg. Chem, 229, 342 (1936).

Ammonium Hexafluorogallate

(NH,)5(GaF,)
Ga(OH); + 3HF + 3NH,F = (NH,);(GaFs) + 3 H,O
120.74 60.03 111.12 237.84 54.05

Twograms of Ga (OH)z are dissolved in 40% HF solution contained
in a platinum dish and the solution evaporated almost to dryness.
The residue is dissolved in the least possiblequantity of water, and
cold, saturated solution of 6 g, of NH,F is added. The (NH,),GaFg
settles out immediately in well-formed crystals.

PROPERTIES:

Colorless crystalline salt, converts to Ga,O, on heating in air;
heating in vacuum at 220°C results in formation of GaN, pro-
ceeding through several stages, Crystallizes in octahedra,

REFERENCE:

O. Hannebohn and W, Klemm, Z, anorg, allg. Chem, 229, 341 (1936).

Indium (Ill) Fluoride
InFa

I, Thermal decomposition of (NH,),InF, in a stream of fluorine gas,

(NH,)s(InFg) = InFy + 3 NH,F
282.88 171.76 111.12

A small sintered corundum vessel containing (NH,),InFs is placed
in a nickel tube and heated in a fluorine stream to constant weight.
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II. 2111203 + 6F2 = 4IHF3 + 802
555.04 228 637.04 96

A small sintered alumina vessel containing In,O, is fluorinated
in a quartz tube (in an apparatus similarto that used for the prepa-
ration of T1F3). After gentle initial heating, the reaction proceeds
(occasionally with incandescence) without additional supply of heat,
The progress of the conversion may be checked since the yellow
oxide becomes colorless and an increase in volume takes place
simultaneously. To obtain a completely oxide-free preparation the
product must b