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P R E F A C E T O T H E F I R S T I T A L I A N

E D I T I O N

T H E world conflict of 1914-18 opened a new field of study in
the Chemistry of War : that of the war gases. Thus the Chemistry
of War, which had for its cradle the chemical laboratory in Turin
where Ascanio Sobrero discovered nitroglycerine and which for
60 years was confined to the study of explosives, underwent a
new development and a new orientation when substances which
had an offensive action on the human and animal organism were
first used on the field of battle. Then commenced the study of
war gases which has become one of the most complex and
important departments of chemistry.

Our present knowledge of most of these asphyxiating gases is
very superficial and even inexact, which is the reason that while
some merit the importance given to them, others tend to be
overvalued. Books are therefore necessary to give information
as to what has been published of the constitution, the methods of
preparation and the properties of these substances.

While many German, American and Russian treatises elucidate
this subject, which is of such great and present interest, in a wide
and complete manner, few publications exist on the subject in the
Italian language. Dr. Sartori's book therefore fills a lacuna in
our scientific bibliography.

This book by my pupil, which I present to the Italian public,
is a complete account of the information and facts obtained with
scrupulous diligence from very various sources, explained with
clarity and scientific precision, so that it constitutes a trustworthy
and practical work of reference for chemists and of information
for students of this subject.

PROFESSOR GUIDO BARGELLINI.



I N T R O D U C T I O N

T H E date of the commencement of scientifically organised
chemical warfare is universally fixed at April 22nd, 1915, when
the Germans launched the first cloud of chlorine gas in the region
of Ypres.

It may be said that on the same date the study of the war gases
commenced. In the literature of the pre-war period, occasional
notes appear concerning the physical, chemical and biological
properties of most of the substances which were employed in the
European War as war gases. These notes, however, were not the.
result of systematic researches, at any rate from the biological
side, but of inquiries into accidents.

A complete study of only a few substances was in existence,
but these were more properly poisons, such as the alkaloids and
the arsenic-containing Pharmaceuticals, etc., and cannot be
included among the war gases.

The employment of noxious substances as munitions of war
imposed on chemists of all nations the necessity of co-ordinating
and adding to the existing data concerning substances which were
both toxic and also had the necessary physical, chemical and
technical properties. These researches were concerned both
with the manufacturing processes best suited to the national
resources and with the most efficient methods of employing
substances already known to be toxic. Furthermore, the biological
properties of known substances were denned so as to correlate
offensive action with chemical structure, and finally, especially
at the end of the war and in the post-war period, new war gases
were synthesised whose employment would surprise the enemy
and which would also be superior in some respects to those
already in use.

In these researches several thousand substances were examined
during the war, and Edgewood Arsenal, U.S.A., alone examined
some 4,000. But, of all these, only 54, according to American
data, were tried in the field, and only 12 were being actually
used at the end of the war.

This selection, which was made on the basis of the actual
conditions in which the substances were employed, shows how
rigorous are the physical, chemical and technical requirements
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of a substance for it to be utilisable in the field. Substances
which are satisfactory from the biological point of view must also

(i) Be capable of being manufactured by practicable and
economical methods with due regard to national resources.

And (2) possess physical and chemical properties which render
them utilisable in the field.

Studies carried out during and since the war have shown that
(a) Not all substances harmful to the human organism can be

used as war gases.
(b) The most efficient war gases are organic compounds,

the inorganic compounds which have great toxicity being
unsuitable for use owing to their physical and chemical properties.

The war of 1914-18 thus initiated a new branch of chemistry,
predominantly organic, which only to a limited extent borders on
toxicological chemistry.

Work in this new field of study is characterised both by
experimental difficulty and by the necessity of co-ordinating
chemical facts with physiopathological data and techno-military
requirements.

I t is with the confidence of being able to contribute modestly
to a wider knowledge of the war gases and in the hope of satisfying
requests for a book which should contain all the purely chemical
data, at present published in the various manuals of chemical
warfare in fragmentary or summary form, that I have collected
in this volume all the best and most recent work published up to
the present on the chemistry of the war gases.
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2 PRINCIPAL PROPERTIES OF THE WAR GASES

The degree of toxicity is usually expressed by the following
characteristics :*

(1) The lower limit of irritation.
(2) The limit of insupportability.
(3) The mortality-product.

1. The Lower Limit of Irritation

The lower limit of irritation of a gas, also termed " the threshold
value of pathological sensitivity," 2 is the minimum concentration
provoking a painful sensation at those surfaces on which it acts
in its characteristic manner. The surfaces are the conjunctiva,
the nasal mucosa and the pharynx, the skin, etc. Experiments
are made on human subjects and are continued until the appear-
ance of signs of the specific action of the gas, generally lachryma-
tion or sneezing, on all or nearly all the persons taking part in the
experiment.

The lower limit of irritation is generally expressed in mgm. of
substance per cubic metre of air.

In Table I the values of the lower limit of irritation are given
for several substances.

TABLE I. Lower Limits of Irritation

WAR GAS MGM./CU. M.
Diphenyl chloroarsine . . . . o-i
Chloro acetophenone . . . . . 0-3
Ethyl dichloroarsine . . . . . 1
Chloropicrin . . . . . . 2
Phosgene 5
Trichloromethyl chloroformate . . . 5
Dichloromethyl ether . . . 14

It will be seen from this table that the lower limit of irritation
of the war gases may vary between fairly wide limits. The
substance with the greatest irritant power known to the present
is diphenyl chloroarsine.

2. The Limit of Insupportability
The limit of insupportability is the maximum concentration

which a normal man can support for 1 minute without injury.
This characteristic can only be determined for those war gases
which have a predominantly irritant action. In the case of

1 Detailed accounts of the methods of determining these characteristics are
given in LUSTIG, Patologia e clinica delle malattie da gas di guerra, Milan, I937,
and in AKSENOV, Metodika Toksikologii boevikh otravliajuscisch vescestv, Moscow,
I93i-1 FERRI and MADESINI, Giornale di Medicina Militare, January, 1936, 36.
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lachrymatories, it is usual after abundant lachrymation to arrive
at a condition of photophobia, burning of the eyes and inability
to keep the eyes open, and this stage is considered that of the
limit of insupportability. In the case of sternutators, in-
supportability is taken to be the stage when, after the production
of sneezing, other symptoms such as coughing, retrosternal pain,
headache, etc., appear and produce the sensation of having
reached a limit beyond which it would be unwise to proceed.

In Table II the values of the limits of insupportability are
given for several substances :

TABLE I I . Limits of Insupportability

WAR GAS
Diphenyl chloroarsine
Chloroacetophenone .
Ethyl dichloroarsine .
Dichloromethyl ether
Trichloromethyl chloroformate .
Chloropicrin . . . .

MGM./CU. M
I
4-5

10
. 40
. 40
. 50

The substance having the lowest limit of insupportability is
diphenyl chloroarsine, and that having the highest is chloropicrin.

3. The Mortality-product

The mortality-product, also termed the Lethal Index, or the
Haber Product, W, is given by the product of the concentration, C,
of the substance in air (expressed in mgm. per cu. m.), by the
duration, t, of its action (expressed in minutes) sufficient to cause
death. It is normally expressed by the following equation :

C x t = W

The mortality-product gives the toxic power of the asphyxiants
and of those poisons absorbed through the skin. It cannot be
experimentally determined on the human subject, and experiments
are normally made on animals, cats, rabbits, cavies or dogs.

It is inversely proportional to the toxicity of a substance :
the lower the value of the index, the greater is the toxic power.

According to Flury,1 the formula quoted above gives values
sufficiently accurate for practical purposes when working with
concentrations insufficient to cause the death of the animals in a
few minutes and not so low as to need less than several mgm. of
the substance.

American workers have generally determined the mortality-

1 FLURY, Z. ges. expt. Med., 1921, 13, 1, and Gasschutz und Luftschutz, 1932,
149.



4 PRINCIPAL PROPERTIES OF THE WAR GASES

product at two different durations : at an exposure time of
10 minutes (short exposure) and at an exposure time of 30
minutes (long exposure).

The values of the mortality-products are referred to the
species of animal used in the experiments and are valid only
under the same experimental conditions. They are thus not
applicable to man. However, they give comparative data of
great importance for the evaluation of the relative toxic power of
substances.

Table III gives values of the mortality-product for several
substances.

TABLE III.

WAR GAS

Phosgene . . . .
Trichloromethyl chloroformate
Dichloromethyl ether
Chloropicrin
Ethyl dichloroarsine
Diphenyl chloroarsine .
Chloroacetophenone

Mortality-product

GERMAN DATA
ON CATS 1

450
5OO
5OO

2,OOO
3,OOO
4,000
4,OOO

AMERICAN DATA
ON DOGS AND

MICE2

5,000
5,000
4,700

20,000
5,000

15,000
8,500

The difference between the German and the American results
in Table III is attributable to various causes 3 : the German
values were obtained with cats, and the American with dogs and
mice; cats are more sensitive to some toxic substances and less
to others; the German values were obtained during the war,
when the cats used in the experiments were suffering from
malnutrition.

(B) PHYSICAL PROPERTIES

The principal physical properties to be considered in evaluating
the practical utility of a substance for use as a war gas are as
follows :

1. Vapour Tension
All liquid and solid substances possess a definite tendency to

pass into the gaseous condition. Because of this tendency, a
layer of vapour forms above each substance and exercises a certain

1 MEYER, Die Grundlagen des Luftschutzes, Leipzig, 1935.2 PRENTISS, Chemicals in War, New York, 1937. The values quoted refer to
an exposure period of 10 minutes.

3 FLURY, loc. cit., and WIRTH, Gasschutz und Luftschutz, 1936, 250.
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pressure whose magnitude depends on the temperature. This
pressure, termed the vapour tension or vapour pressure, is
expressed in mm. of mercury.

In the case of the war gases, this physical constant has an
especial interest. In order to be of use in warfare, at least as a
toxic agent on the respiratory tract, a gas must have a vapour
pressure high enough at ordinary temperatures to supply enough
gas to the atmosphere to produce useful physiopathological
effects. However, this property has only a minor value in the
case of substances such as diphenyl dichloroarsine, which are
used in the form of aerosols.

There are various methods (static, dynamic, etc.) of determining
the vapour tension of a substance, but it is not proposed to
describe these here, as they may be found in special treatises.1

Moreover, various formulae may be employed to calculate the
vapour tension of a substance at different temperatures. That
in most general use is the empirical formula of Regnault 2 :

logp = a + b p( + c y '

This may also be used in the following shorter form 3 :

B
logw/> = A H —

273 + *
In this formula A and B are two constants which vary from

substance to substance and whose values may be calculated from
the boiling points of the substance, tx and t2, at two different
pressures, px and p2. Two equations are thus obtained with two
unknowns :

B
loSuPi = A H

logl0 p2 = A +

273 +

B

273 + k

from which the values of A and B may be obtained.
Research carried out by various workers has demonstrated

that this formula gives values sufficiently concordant with those
obtained experimentally by the dynamic method. In calculating

1
 OSTWALD-LUTHER, Physico-chemischen Messungen, Leipzig, 1925.

2
 WINKELMANN, Handbuch der Physik, III, 1906, 950.8
 BAXTER and BEZZENBERGER, / . Am. Chem. Soc, 1920, 42, 1386 ; HERBST,

Kolloidchem. Beihefte, 1926, 23, 323 ; MUMFORD and coll., / . Chem. Soc, 1932,
589 ; LIBERMANN, Khimija i Tecnologija Otravljajuscikh Vescestv, Moscow, 1931.
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the values of the two constants it is necessary, however, to employ
two boiling points at temperatures at least 70° C. apart.

Baxter, Mumford and others,1 applying this formula to the
determination of the vapour tension of war gases, have determined
the values of A and B for various substances as follows :

TABLE IV. Values of Constants A and B

Phosgene . . . . .
Chloropicrin . . . .
Cyanogen bromide
Dichloromethyl sulphide
Methyl dichloroarsine .
Diphenyl chloroarsine .

A.

7-5595
8-2424

10-3282
8-3937
8-6944
7-8930

B.

— 1,326
- 2,O45-I
- 2,457-5
— 2,734-5
— 2,281-7
- 3,288

By substituting the values of Table IV in the formula already
given, the vapour tensions of the various substances may be found
at different temperatures.

In Table V the values of the vapour tensions of several
substances are given in mm. of mercury at 20° C.

TABLE V. Vapour Tension at 20° C.

Bromobenzyl cyanide .
Dichloroethyl sulphide
Chlorovinyl dichloroarsine .
Trichloromethyl chloroformate
Chloropicrin
Cyanogen chloride
Phosgene . . . .

MM. MERCURY
O-OI2
0-115
O-395

10-3
16-9

1,001-0
i,i73-4It is seen from this table that the variation in the vapour

tensions of the war gases is very great. For example, some of these
substances have a vapour tension greater than one atmosphere
(phosgene, cyanogen chloride), while others (dichloroethyl
sulphide, bromobenzyl cyanide) have an extremely low vapour
tension, and for this reason special methods are necessary in
order to obtain efficient results in using them in warfare.

2. Volatility
By the term volatility is meant the weight of the substance

contained in 1 cu. m. of saturated vapour at a certain temperature.

See the preceding note.
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The volatility is usually expressed in mgm. of the substance
per cu. m. of air, though occasionally also in cu. mm. per cu. m. of
air. From the latter value the weight per unit volume may be
calculated from the formula :

mgm. = cu. mm. x d

in which d is the density of the substance.
The volatility is one of the most important factors in the

selection and evaluation of war gases.
The volatility V of a substance at a certain temperature t may

be easily calculated from the following relation :

M • 273 • i> • i o 6

V
22.4 (273 + t) 760

in which M = molecular weight of the substance, in gm.
P = vapour tension in mm. of mercury of the substance

at the temperature t.
In the following table, values of the volatility are given in

mgm. of substance per cu. m. of air of some war gases at 20° C.

TABLE VI. Volatility at 200 C.

MGM./CU. M.
Diphenyl cyanoarsine . . . . 0-17
Diphenyl chloroarsine . . . . o-68
Dichloroethyl sulphide . . . 625-00
Benzyl bromide . . . . . 2,400-00
Trichloromethyl chloroformate . . 26,000-00
Methyl dichloroarsine . . . . 74,400-00
Chloropicrin . . . . . 184,000-00

As is seen from Table VI, the values vary over a wide range ;
while diphenyl chloroarsine at 20° C. has a volatility of only
o-68 mgm. per cu. m. of air, at the same temperature the volatility
of chloropicrin is 184,000 mgm. per cu. m. of air. Because of
these differences in volatility, the various war gases are used for
different types of objective and applied by different methods.

As already noted, the volatility of the war gases varies with
temperature. Herbst* has established the following approximate
relationship between temperature and volatility :
.. Between io° and 30° C. an increase in temperature of 1° C. causes
an increase in volatility of about 10%.

Experimental values of the volatility of dichloroethyl sulphide

1 HERBST, Kolloidchem. Beihefte, 1926, 23, 340.
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between 15° and 25° C. are compared in the following table with
values calculated from Herbst's rule :

TABLE VII.

TEMPERATURE

°C.

15
16
17
18
*9
20
21
22
23
24
25

Volatility of Dichloroethyl Sulphide

VOLATILITY IN MGM./CU. M.

FOUND

401
439
480
525
573
625
682
743
810
881
958

CALCULATED

4OI
441
482
528
577
630
687
750
817
891
969

The increase in volatility caused by increase in temperature
is very effective in bringing about useful effects from the offensive
point of view, especially in the case of relatively involatile
substances.

3. Boiling Point

The boiling point of a substance is that temperature at which
its vapour tension attains the value of the atmospheric pressure.
The lower the boiling point of a substance, the higher is its
vapour tension and its volatility.

TABLE VIII . Boiling Points of some War Gases at a
Pressure 0/760 mm. of Mercury

Chlorine . . . . .
Phosgene . . . . .
Hydrocyanic acid . . . .
Cyanogen bromide . . . .
Monochloromethyl chloroformate
Chloropicrin . . . . .
Dichloroethyl sulphide
Chloroacetophenone

• —33-5
8-2

26-5
61

. 107
112

. 217
• 245

The war gases have very varied boiling points, as is seen from
Table VIII . This variation in the boiling points, together with
the differences in physiopathological action, explains the variation
between the types of employment which the war gases find in
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warfare. Thus substances with a relatively low boiling point are
employed in the field when a high gas concentration is required
for a short time, while those with a rather high boiling point are
used when a prolonged action is desired.

According to Herbst, a knowledge of the boiling point of a
substance enables deductions to be made regarding its volatility.
In the following table volatilities at 20° C. are given corresponding
with a series of boiling points.

TABLE IX. Relation between Boiling Point and Volatility

B.P. AT 760 MM.
°C.

3OO
29O
28O
27O
26O
25O
24O
23O
22O
2IO
2OO

VOLATILITY AT 2O°
MGM./CU.M.

3
6

12
25
5O

100
200
380
630

1,000
i,55o

B.P. AT 760 MM.
°C.

I9O
l8O
I7O
l6O
I5O
I4O
I3O
I2O
n o
100

VOLATILITY AT 2O°
MGM./CU.M.

2,000
4.5OO
9,OO0

I4,OOO
21,000
31,000
46,OO0
68,OO0

100,000
I55,OOO

From these values, Herbst* deduces the following rule concern-
ing the relation between boiling point and the volatility at 20° C.

(a) For boiling points between 300° and 230° C , a diminution
in boiling point of 10° C. corresponds to a doubling of the
volatility.

(b) For boiling points below 230° C , a diminution in boiling
point of 10° C. corresponds to an increase in volatility of 1-5 to
i-6 times.

The boiling point is an important characteristic of a war gas,
not only because of its connection with vapour tension and there-
fore with the tactical aims attainable in warfare, but also because
of its influence on the ease of storage and transport of the
substance. A war gas whose boiling point is lower than ordinary
temperatures, as, for example, phosgene, is difficult to pack and
necessitates the use of refrigerating apparatus during transport
in order to keep it below its boiling point.

The preference of the Germans during the war of 1914-18 for
employing trichloromethyl chloroformate (diphosgene) rather than

1 HERBST, loc. cit.
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phosgene was due to the difficulties of manipulating the latter
gas, owing to its low boiling point.

4. Melting Point

The melting point of a substance is the temperature at which
the solid and the liquid phases of the substance are in equilibrium.

TABLE X. Melting Points of some

Chlorine . . . . .
Chloropicrin . . . .
Trichloromethyl chloroformate
Hydrocyanic acid
Dichloroethyl sulphide
Chloroacetophenone

War Gases

C.
. — IO2. - 69

• - 57
• - 15
• + 14-4
. + 58

The melting point is an important factor in the use of a gas in
warfare, for on it depends the practicability of its employment.
It is easily understood that substances which are quite suitable
for use with respect to their action in the vapour state cannot be
efficiently employed in cold regions if they have a high melting
point, without having recourse to special methods such as
admixture with other substances so as to reduce the melting
point. Thus in the case of dichloroethyl sulphide, which in the
pure state melts at about 14° C , a solution of this substance in
chlorobenzene was widely used during the war. The melting
points of mixtures of dichloroethyl sulphide (of 94-95% purity ;
m.p. 13-4° C.) with chlorobenzene and with carbon tetrachloride
in various proportions are given in the following table :

% Solvent

0
IO
20
30

Chlorobenzene

m.p.
13-4°
8-4°
6-4°

— I-O°

Carbon
tetrachloride

m.p.
13-4°
9-8°
6-6°
3-i°

As will be seen, chlorobenzene, which was more commonly
employed for this purpose, forms mixtures whose melting points
are lower than the corresponding mixtures containing carbon
tetrachloride.

5. Persistence
The persistence is the time during which a substance can

continue to exercise its action in an open space.
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Among the numerous factors which influence the persistence
of a gas, the most important are the speed of evaporation of the
substance, the temperature of the air and the chemical and
physical nature of the ground.

Leitner 1 has proposed the following formula for calculating the
persistence of a war gas :

C

in which :

5 is the persistence of the substance.
C is the velocity of evaporation of the substance at absolute

temperature T.
Cj is the velocity of evaporation of water a t 15° C.
p is the vapour tension of the substance at T.
Pi is the vapour tension of water a t 15° C. = 127 mm.
M is the molecular weight of the substance.
Mx is the molecular weight of water = 18.
T is the absolute temperature of the air.
Tt is the absolute temperature corresponding to 15° C.

This formula gives accura te va lues for t h e t ime which a
subs tance t akes t o evapora t e compared wi th t h e t ime t a k e n b y
t h e same q u a n t i t y of w a t e r a t 15° C. in t h e same condi t ions.

I n t h e following t ab le t h e values of t h e persistences of several
war gases a re given a t var ious t e m p e r a t u r e s (persistence of w a t e r
a t 15° C. = 1) ca lcula ted according t o Le i tner ' s formula :

TABLE

Phosgene
Chloropicrin .
Trichloromethyl

chloroformate
Lewisite
Dichloroethyl

sulphide (liquid).
Dichloroethyl

sulphide (solid) .
Bromobenzyl

cyanide .

XI .

— IO

0014
1-36

27
96
_

2,400

6,93°

Persistences of some War Gases

— 5

0012
098

19
63-1

1,210

4,110

Temperature °

0

001
072

14
42-1

630

2,490

+ 5

0008
°-54

I-O
28-5
_

333

i.53°

+ 10

_
0-4

07
196
_

181

960

C.

+ 15

_
°'3

°'5
136
103

—

610

+20

_
023

0-4
96

67

—

395

+ 25

_
0-18

03
69

44

—

260

+ 3°

0-14

O-2
5

29

—

173

LEITNER, Militdrwissensch. u. Techn. Mitteil, 1926, 662.
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However, Nielson's work * shows that these data have only an
approximate value and indicate merely the order of magnitude
of the persistence. Nielson observed, inter alia, that in Leitner's
formula the time of evaporation of a substance is compared with
that of water into a dry atmosphere, whereas in practice the
atmosphere always contains a certain amount of water which
retards the velocity of evaporation. Nevertheless, the data for
persistence obtained from Leitner's formula, though they have
only an approximate value, are of interest from the practical point
of view, for they allow values of the persistences of different gases
to be compared. For example, from Table XI it is seen that the
relative persistences of dichloroethyl sulphide and lewisite at
25° C. are as 44 is to 6-9, and this signifies that at this temperature
dichloroethyl sulphide is about six times as persistent as
lewisite.

These values, it will be understood, indicate only the persistences
independently of the atmospheric conditions, and of the stability
of the substances to humidity, and to the physical structure and
condition of the ground.

With regard to the last factor, Leitner has specified that the
values of the persistences given above refer to substances spread
on " open flat land in dry weather." They may be doubled if
the substance lies on " broken ground " and tripled if it is in
" wooded country."

(C) CHEMICAL PROPERTIES

The most important chemical properties to be considered in
evaluating the practical possibilities of a substance for warfare
are :

1. Stability to Atmospheric and Chemical Agencies

From the chemical point of view a war gas must be sufficiently
resistant to the various agents into which it may come into
contact in practice. I t is especially important that it should be
indifferent to atmospheric agencies. In the first place, all these
substances must be indifferent to atmospheric oxygen. However,
a large number are decomposed more or less rapidly by the action
of atmospheric humidity, and almost all are decomposed in time
by rain.

Rona 2 has made some experiments on the decomposition of
war gases by water. He has demonstrated experimentally that
some substances are rapidly decomposed by water (phosgene,

1 B. NEILSEN, Z. ges. Schiess.-Sprengstoffw., 1931, 26, 420.
2 RONA, Z. ges. expt. Med., 1921, 13, 16.
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dichloromethyl ether, etc.), others decompose slowly (dichloroethyl
sulphide), others only very slowly (benzyl bromide, benzyl iodide,
xylyl bromide, etc.), while some are practically unattacked
(chloropicrin, chloroacetone, iodoacetone, etc.).

Chlorovinyl dichloroarsine is rapidly hydrolysed by water.
According to Vedder x this substance, though powerfully toxic,
could not be efficiently used in open country because of its high
velocity of hydrolysis.

In general, oxygen-containing compounds are more stable than
the corresponding sulphur-containing ones, according to Meyer,2

who adds that the stability increases with an increase in the length
of a chain of carbon atoms.

With respect to their employment in war a knowledge of the
behaviour of substances towards water is of great importance,
particularly by rendering it possible to define the conditions of
humidity in which a certain substance may be employed,
especially in considering the length of time during which it is
desired to maintain an area in the gassed condition.

The sensitivity to water seriously complicates both the storage
of war gases and their filling into projectiles. Those which are
readily hydrolysed need the employment of special precautions
when they come into contact with air, which always contains
water vapour, and when they are being filled into projectiles or
storage containers, which must be quite dry internally.

War gases must further possess a certain indifference towards
the common chemical agents, as alkalies, acids, oxidants, etc.
Chemical resistance contributes greatly to the aggressive value
of a gas by making its destruction difficult.

2. Stability on Storage

Another type of stability required of a war gas is that it shall
not undergo decomposition or polymerisation during storage.
The decomposition which takes place in some substances, such as
bromoacetone, hydrocyanic acid, etc., may be so inconvenient
that the storage of such compounds is impossible.

Polymerisation usually results in the formation of substances
of little or no toxicity, as happens, for example, in the case of
acrolein.

This form of alteration has raised the problem of stabilisers,
that is, substances which when added in quite small quantity,
preserve the aggressive properties of the gas. For some of these
gases, as acrolein, hydrocyanic acid, etc., efficient stabilisers are

1 VEDDER, Medical Aspects of Chemical Warfare, Baltimore, 1925, 158.
2 MEYER, Der Gaskampf u. die chemischen Kampfstoffe, Leipzig, 1938, 72.
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known, while for others the problem is still being studied, and at
present it is still impracticable to employ some substances which
in other ways present great interest as potential war gases.

3. Stability to Explosion
From the tactical point of view a substance which is to be

employed in projectiles must be stable to the heat and pressure
generated by the explosion of the bursting charge. With regard
to the stability to heating, the substance must be able to resist the
rise in temperature resulting from the explosion of the charge in
the projectile. This is of great importance and limits the number
of useful war gases. Among the substances hitherto considered,
bromobenzyl cyanide shows some sensitivity to a rise in tempera-
ture. Many others, including diphenyl chloroarsine, chloroaceto-
phenone, etc., resist even high temperatures fairly well, while
some, as chloropicrin, trichloromethyl chloroformate, etc., though
decomposing with heat, have the advantage of producing equally
toxic compounds in doing so.

With regard to the resistance to the explosion pressure the
insensitivity of war gases is another condition essential to their
use in projectiles. Chloroacetophenone is practically completely
insensitive.

4. Absence of Attack on Metals

The last requisite of a war gas is comparatively important :
the absence of any attack on the material in which it is to be
stored or used. Some war gases strongly attack the iron which
commonly forms the storage containers and projectiles ; such
are xylyl bromide, the incompletely chlorinated formates,
bromobenzyl cyanide and a few others.

This corrosive action necessitates the employment of special
expedients, such as :

(a) Protection of the metal walls of the container with layers of a
substance which is not attacked, such as shellac, enamel, tin, etc.

(b) Employment of a supplementary container which isolates
the war gas from the walls of the container. (Containers of glass,
lead, etc., are used.)



CHAPTER II

RELATION BETWEEN CHEMICAL STRUCTURE
AND AGGRESSIVE ACTION

T H E employment of toxic substances as a military arm has
added interest to the study of the relation between physio-
pathological action and chemical constitution, which started some
years ago.

This study, particularly important in the case of the war gases
because of the guidance afforded in the discovery of new gases,
has centred around the relation between their chemical structure
and the type of action which they exert (lachrymatory, asphyxiant,
sternutatory, etc.).

The problem has always attracted intensive study and experi-
ment, but owing to the short period during which this has been
prosecuted, as well as the secrecy which has surrounded the
results, it is not yet possible to state the general laws with any
certainty. However, it will be of interest to give an account of
the observations and hypotheses published on the influence of
the structure of these substances, and in particular of the
introduction of certain atoms or radicles, on the nature of the
action exerted.

The majority of the substances employed as war gases during
the war of 1914-18 were organic. Among the inorganic compounds
employed were chlorine, bromine, arsenic trichloride, etc. These,
though having relatively little aggressive power, were used at
the commencement of gas warfare chiefly because of the ease of
their manufacture and the simplicity of their application. Various
other inorganic substances, such as phosphine, arsine and stibine,
although very toxic, have not been used as war gases because of
their unsuitable physical properties.

The organic compounds having aggressive action usually
contain atoms of halogen, sulphur or arsenic or radicles such as
—NO2, —CN, etc., in their molecules. I t is to these atoms or
radicles as well as to the molecular structure that the physio-
pathological action is nowadays attributed.

1. Influence of Halogen Atoms
The halogens themselves have a noxious action on the animal

organism and this diminishes in intensity in passing from fluorine
15
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to iodine, that is, it is less the greater the atomic weight of the
halogen ; the tendency to combine with hydrogen also diminishes
with increase in atomic weight.

The introduction of halogen into the molecule confers aggressive
properties which vary according to the nature of the halogen and
the number of halogen atoms introduced. With regard to the
influence of the nature of the halogen, it has been observed that
the lachrymatory power of halogenated substances increases
with increase of the atomic weight of the halogen present.
Thus, bromoacetone is a more powerful lachrymatory than
chloroacetone:

Br—CH2—CO—CH3 Lower limit of irritation i mgm./cu. m.
Cl—CH2—CO—CH3 „ „ „ 18

Benzyl iodide has a lachrymatory action superior to that of
the bromide :

C6H5—CH2I Lower limit of irritation 2 mgm./cu. m.
C6H5—CH2Br „ „ , , 4 „

However, the truly toxic action varies inversely as the atomic
weight of the halogen. Bromoacetone is less toxic than
chloroacetone J :

Br—CH2—CO—CH3 Mortality-product 4,000
Cl—CH2—CO—CH3 „ „ 3,000

Dibromoethyl sulphide is less toxic than dichloroethyl sulphide :

/CH2CH2Br /CH2CH2C1

CH2CH2Br ^CH2CH2C1
Mortality-product 10,000 Mortality-product 1,500

In considering the influence of the number of halogen atoms
present it is found that while one halogen atom confers pre-
dominantly lachrymatory properties on the molecule, an increase
in the number of the halogen atoms diminishes the lachrymatory
but increases the asphyxiant action. A typical example of this
observation is the series of halogenated esters of formic acid. In
this the first member, monochloromethyl chloroformate, has a
predominantly lachrymatory action, while the last, trichloro-
methyl chloroformate, has an essentially asphyxiant action and
practically no lachrymatory property.

ri rnnrvr r\ J Lower limit of irritation 2 mgm./cu. m.u—LUULii2w 1 L i m i t Qf jnsupportabiiity 5 O

/Lower limit of irritation 5 mgm./cu. m.
\Limit0finsupp0rtability40

1 The mortality products quoted in this chapter are those of German authorities
(op- P- 4).
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Other examples occur in the series of chlorinated nitromethanes,
in which it is found that the dichloro-derivative is less toxic than
the trichloro-compound.

This law is not, however, always applicable. With some
substances, as dichloroethyl sulphide, diphenyl chloroarsine, etc.,
it is found that the introduction of further halogen atoms first
diminishes and then destroys the aggressive properties of the
original compound.

The position occupied by the halogens in the molecule also has
a notable influence on the aggressive properties. In the aliphatic
series, it is found that compounds with the halogen atom in the /?
position,

CH3—CO—CH2—CH2C1 and Cl—CH2—CH2—CO—O.C2H5

/3 chloroethyl methyl ketone and ethyl /3 chloropropionate

are more powerful lachrymatories than their isomers which have
the halogen in the a position,

CH3—CO—CHC1—CH3 and CH3—CHC1—CO —OC2H5
a chloroethyl methyl ketone and ethyl a chloropropionate

In the aromatic series it is observed that the introduction of a
halogen atom into the side chain of a substance confers lachryma-
tory properties, while if it replaces a hydrogen atom from the
benzene nucleus, a substance results which has no physiopatho-
logical properties. Thus, from toluene, benzyl bromide,
C6H5—CH2Br, is obtained in the first case. This has energetic
lachrymatory properties, while bromotoluene, C6H4Br—CH3, has
no toxic action.

This difference in physiopathological properties is probably
connected with a difference in the mobility of the halogen atom.
It is noteworthy that if this is in the nucleus it is less easily
removed than if it is in the side chain.

The degree of mobility of the halogen atom has a great influence
on the aggressivity of the substance. The halogen must not be
bound in too labile a manner to the molecule, otherwise it will be
attacked by atmospheric agencies or by the surface of the
organism before the entire molecule has penetrated the cells.
Neither may it be bound to the molecule in too stable a manner,
otherwise the substance will be practically inert, for the atom
will not even be detached in the interior of the organism.

2. Influence of the Sulphur Atom

Sulphur is not generally considered as a toxic element in the
same way as are the halogens. Nevertheless, its presence seems
to confer on a substance the capability of penetrating the
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epidermis, which explains the actual aggressive properties of such
compounds.

An example of this observation is found in a comparison of
substances containing a sulphur atom with their analogues
which contain oxygen. For example, dichloroethyl sulphide

/CH2-CH2C1
(mustard gas) $( is a powerful vesicant, while the

NCH2-CH2C1 /CH2-CHX1
corresponding oxide, dichloroethyl ether, O \ has

CH2-CH2C1
no such properties.

Comparatively few war gases contain sulphur in their molecules.
It is generally observed that the degree of toxicity of the sulphur
compounds varies with the valency of the sulphur atom and with
the nature of the radicles with which the sulphur is united.
Among the sulphur compounds those of the type R2S (divalent
sulphur) are more toxic than those of the type R2SO (tetravalent
sulphur) and far more than those of the type R2SO2 (hexavalent
sulphur). That is, the higher the valency of the sulphur atom,
the lower the toxicity of the substance. Some studies have been
carried out showing the relation between the decrease in toxicity
observed when the sulphur atom in the molecule passes from the
divalent to the hexavalent state, and the variation in physical
properties, more especially the diminished solubility in lipoids.
Those compounds in which the sulphur has a specific function
also contain halogen atoms. Such are, for instance, dichloroethyl
sulphide, dibromoethyl sulphide, etc.

Little is known regarding the influence on the aggressive
properties of a substance of the introduction of a sulphur atom.
In the particular case of the derivatives of dichloroethyl sulphide,
it has been observed that an increase in the number of sulphur
atoms in the molecule does not notably diminish the vesicatory

S-CH2-CH2 Cl
properties. Dichloroethyl disulphide, e.g., | has a

S-CH8-CH2 Cl
vesicatory power only one-third less than that of dichloroethyl
sulphide.1

3. Influence of the Arsenic Atom
The arsenic atom also imparts toxic properties to a higher

degree than the sulphur atom. It is a general rule that substances
containing a trivalent arsenic atom have a considerably greater

1 BENNETT, / . Chem. Soc, 1921, 119, 418.
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physiopathological action than those containing a pentavalent
arsenic atom.

The arsenical war gases contain halogen atoms or organic
radicles such as —CN, —SCN, etc., besides the arsenic atom.
The nature of the aggressive action depends on the number
and the nature of the organic radicles with which the arsenic
atom is linked.

In general, arsenical compounds have an aggressive action
when two of the three valences of the arsenic atom are linked to
like atoms or groups and the third to a different atom or radicle.
If all the three valences of the arsenic atom are linked to similar
atoms or radicles the compound has practically no aggressive
action. Thus in the series of chlorovinyl arsines, it has been
found that trichlorovinyl arsine has practically no aggressive
action compared with chlorovinylchloroarsine or dichlorovinyl
chloroarsine :

,,CH=CHC1 /CH=CHC1 /CH=CHC1
Asf-CH=CHC1 Asf-Cl Asf-CH=CHCL

\CH=CHC1 XC1 \C1
trichlorovinyl chlorovinyl dichlorovinyl

arsine dichloroarsine chloroarsine

In the series of aromatic arsines there is a great difference in
aggressive action between triphenyl arsine, phenyl dichloroarsine
and diphenyl chloroarsine.

/C 6 H 5 /C 6 H 5 / C 6 H 5

A s f c * H 5 • - / « ' 5 A . / ^ T T 5

triphenyl phenyl diphenyl
arsine dichloroarsine chloroarsine

In particular it may be observed that :
(a) When the arsenic atom is linked to an unsaturated radicle,

the substance has a predominantly vesicatory action, as in the vinyl
chloroarsines, the styryl chloroarsines, etc. This physiopathological
action decreases with increase in the number of organic radicles
linked to the arsenic atom. Thus, substances with a single organic
radicle have a more powerful vesicatory action than those with
two or more organic radicles. A typical example of this observa-
tion is found in the chlorovinyl arsine series, for chlorovinyl
dichloroarsine has a greater vesicatory action than dichlorovinyl
chloroarsine.

(6) When the arsenic atom is linked to an alkyl or phenyl
group, substances with a predominantly irritant action are
obtained. This physiopathological action is accentuated in
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compounds containing two such radicles linked to the arsenic
atom :

Diphenyl chloroarsine : Limit of insupportability,
i mgm./cu. m.

C6H5AsCl2 Phenyl dichloroarsine: Limit of insupportability,
16 mgm./cu. m.

and in compounds containing the phenyl radicle rather than an
alkyl radicle :

C6H5AsCl2 Phenyl dichloroarsine: Limit of insupportability,
16 mgm./cu. m.

CH3AsCl2 Methyl dichloroarsine : Limit of insupportability,
25 mgm./cu. m.

(c) Arsenic compounds containing ethyl radicles are more toxic
than the corresponding compounds containing methyl radicles.
Thus the derivatives of ethyl arsine (the oxide, chloride, etc.)
have a greater toxic action than the corresponding compounds
of methyl arsine :

C2H6AsCl2 Ethyl dichloroarsine: Limit of insupportability,
10 mgm./cu. m.

CH3AsCl2 Methyl dichloroarsine : Limit of insupportability,
25 mgm./cu. m.

(d) The substitution of the phenyl radicle by one of its higher
homologues reduces the aggressive action of the resulting
compound. For example, ditolyl chloroarsine is less irritant in
its action than diphenyl chloroarsine.

The presence of halogen atoms in the molecules of organic
arsenicals usually confers irritant properties. Among these
halogen compounds, those containing chlorine have a superior
irritant power to the analogous bromine and iodine compounds,
e.g., diphenyl chloroarsine has a greater irritant power than
diphenyl iodoarsine.

An increase in toxic power is also found in organic compounds
whose molecules contain a cyanide radicle; thus diphenyl
cyanoarsine is more irritant than diphenyl chloroarsine :

Limit of insupportability, 0-25 mgm./cu. m.

4. Influence of the Nitro Croup

The aggressive properties conferred on a substance by the
introduction of the —NO2 group depend on whether the group
combines through an oxygen or a carbon atom, that is, whether
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a nitrate or a nitro compound is produced. The nitrates have
not been used as war gases, but very efficient agents are included
among the nitro derivatives, e.g., trichloro nitromethane
(chloropicrin), tribromo nitromethane, etc.

In particular the introduction of the NO2 group confers
lachrymatory properties or increases any such tendency if it is
originally present in the molecule.

Typical examples of this are found among the nitro derivatives
of the benzene halides : o-nitro benzyl chloride has a much more
powerful lachrymatory action than benzyl chloride or than the
corresponding bromide or iodide.

C6H5CH2C1 Benzyl chloride: Lower limit of irritation, 77
mgm./cu. m.

C6H5CH2Br Benzyl bromide: Lower limit of irritation, 4
mgm./cu. m.

CgĤ NOjsJCHjjCl o-Nitro benzyl chloride: Lower limit of irrita-
tion, i-8 mgm./cu. m.

With an increase in the number of NO2 groups the augmentation
of the lachrymatory properties is sometimes found to be very
great. Such is the case with tetrachloro dinitroethane, which is
eight times as powerful a lachrymator as trichloro nitromethane.

According to Nekrassov, and Hackmann,1 the introduction of
the NO2 group into the molecule of an aromatic compound
confers vesicatory properties, or increases any which the substance
already possesses.

The influence of the NOH group on the toxic properties of
substances has only recently been studied, derivatives of carbonyl
chloride such as dichloro- and dibromo-formoxime being examined.
It seems that the NOH group causes accentuation of aggressive
properties, in particular conferring " orticant" action (i.e.,
causing skin irritation).

5. Influence of the —CN Croup
To the CN group two different structures are attributed : one,

—C=N, the nitrile, the other —N = C, the isonitrile grouping.
It has been observed that compounds containing the isonitrile
group have more powerful toxic properties than those containing
the nitrile. This difference in biological properties can be
compared with the greater facility with which compounds
containing the isonitrile radicle liberate hydrocyanic acid.

The presence of a second CN group generally diminishes the
aggressive properties of a substance, and the presence in the

1
 NEKRASSOV, Khimija Otravliajuscik Vescestv, Leningrad, 1929 ; and

HACKMANN, Chem. Weekblad, 1934, 31, 366.
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same molecule of the —CN group and of other atoms such as
halogens, while reducing the toxic action of the substance,
confers highly lachrymatory properties. For example, cyanogen
bromide and iodide are much less toxic than hydrocyanic acid
but are powerful lachrymators. The same rule applies in the
case of such aromatic derivatives as bromobenzyl cyanide,
chlorobenzyl cyanide, etc.

6. Influence of Molecular Structure

According to various observations, the aggressive action of a
substance depends not only on the presence of particular atoms
or radicles in the molecule, but also on the molecular structure,
and in particular on

(a) The presence of unsaturated bonds, and
(b) The molecular symmetry.
Influence of Unsaturated Bonds. The presence of unsaturated

bonds in the molecule usually involves an increase in the
physiopathological properties. This observation was made by
Loew in 1893.

Among the war gases various examples occur of the influence
of the unsaturated bond. Thus, acrolein CH2 = CH—CHO,
has strongly irritant properties, while the corresponding saturated
aldehyde, propionaldehyde, CH3—CH2—CHO is innocuous.
Similarly, /? chlorovinyl dichloroarsine, Cl—CH = CH—AsCl2, is
a powerful vesicant, while the corresponding saturated compound,
/? chloroethyl dichloroarsine, Cl—CH2—CH2—AsCl2, has only weak
vesicatory properties.1

Other examples may be found among the mono- and di-
halogenated acetylenes, such as diiodo- and dibromo-acetylene,
CI2 = C and CBr2 = C, which have more interesting
physiopathological properties than the halogenated paraffin
hydrocarbons.

Influence of Molecular Symmetry. The spatial arrangement of
the functional groups in a molecule has a definite influence on
the degree of its toxicity. I t has been observed that substances
with symmetrical molecules generally have a more powerful
aggressive action than asymmetrical substances. Thus,
symmetrical-dichloroacetone,

CH2-C1

io
CH2-(-Cl1 FERRAROLO, Minerva Medica, 1935, 27, II, 30.
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has great irritant powers, while asymmetrical dichloroacetone

CH3

CO

is almost completely lacking in irritant properties.
Another example occurs in the series of halogenated methyl

ethers. When the halogens occupy a symmetrical position, as

/CH2-C1
in sym. dichloromethyl ether, O( the substance has a

CH2—Cl

much more energetic lachrymatory action than that in which
the chlorine atoms are asymmetrically placed, i.e., in asym.

/CH3
dichloromethyl ether O(

NCH-C12

7. Theories of General Nature
General theories concerning the relation between chemical

structure and physiopathological action have been elaborated
with especial reference to the war gases. From among the many
published, an account is given here of two : Meyer's Theory and
the " Toxophor-Auxotox " Theory.

Meyer's Theory. According to this theory,1 the physio-
pathological action of war gases is attributed to certain atoms or
radicles which have a tendency to react easily with other
substances by addition. This classification on the basis of their
ease of reaction should be determined by their combination with
the various biological entities or tissues (as the blood, the nerve
cells, the respiratory epithelia, etc.) which undergo specific and
characteristic alterations.

To one group belong, for example, the halogen atoms, as the
chlorine in phosgene, cyanogen chloride and the chlorovinyl
chloroarsines; the bromine in ethyl bromoacetate, cyanogen
bromide, etc. These atoms are linked in a very labile manner
to the remainder of the molecule and react easily with water and
other substances. Also the oxygen atom is highly reactive when
in the vicinity of a halogen in the halogenated aldehydes, esters
and ethers, such as dichloromethyl ether, trichloromethyl chloro-
formate, etc.

The radicles which react most easily are the NO2— group in
0- nitro benzyl chloride and bromide, the CO— group in the

1 J. MEYER, Der Gaskampf u. die chemischen Kampfstoffe, Leipzig, 1926, 90.
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halogenated ketones and the CN— group in bromobenzyl cyanide
and diphenyl cyanoarsine, etc. All these radicles, which are
notable for their reactivity with water or other substances,
confer a certain degree of toxicity by their presence in the
molecule. However, on considering the structure of the molecules
of the war gases, it is seen that while some of these contain atoms
or radicles of great reactivity, others are distinguished by an
unusual resistance to chemical reagents yet possess a high degree
of aggressiveness.

In such cases, Meyer suggests, the aggressive action may be
attributed to the capacity of the entire molecule of forming
additive compounds with vital constituents of the organism.

Toxophor-Auxotox Theory. The theory of toxophors and
auxotoxes, first elaborated by Ehrlich * for toxic substances and
later applied by Nekrassov 2 to the war gases, attributes the
physiopathological properties of these substances to special
atoms or radicles in a similar manner to Witt 's theory regarding
the colour of organic substances.

Witt 's theory of coloured substances may be summarised as
follows : the presence of colour in a substance depends on the
presence of certain atomic groupings called " chromophores."
For instance, the —N = N— group characteristic of the azoic
colours, the —NO2 group, the = C =• O group, etc. I t is to the
presence of these groups that the more or less intense colouration
of a compound is due. But in order that a coloured substance
may be capable of being fixed on animal or vegetable fibres, it
must have in the molecule not only chromophoric groups, but also
contain other groups, called " auxochromes " which give it the
capability of combining intimately with the fibre. Typical
auxochromic groups are : NH2, OH, etc.

The war gases, according to Nekrassov, have structures
analogous to those of coloured substances. By examining the
chemical structures of the war gases, certain atomic groups are
found which confer on substances the potentiality of becoming
war gases, in the same way as Witt found certain groupings
common to coloured substances. The groupings found in war
gases are called " toxophors." Such are, for example :

/ / °
> C O ; S < ; > C = C < ; - N ( ; -N=C ; - A s < ; etc.

^O
There also exist other groups capable of communicating the

characteristic toxic functions of the toxophoric group, that is, of
1 P. EHRLICH, Deut. med. Wochschr., 1898, 1052.
2 NEKRASSOV, Khimija Otravliajuscikh Vescestv, Leningrad, 1929, 30
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transforming into actuality the latent capacity of the toxophor
group. These groups are named " auxotoxes," and may be
either :

atoms : halogens, oxygen, etc.
or

atomic groups: —NH2 , benzyl, phenyl, methyl, ethyl
radicles, etc.

With the aid of this theory it is explained that just as in
coloured substances the introduction of some auxochromic
groups changes the colour of the substances, so in the war gases
the presence of certain autotoxes can alter the type of biological
action. Thus, for example, halogen introduced into the
hydrocyanic acid molecule reduces the toxicity of the toxophor,
—CN, and confers on the product lachrymatory properties.

Also, the auxotoxic groups in the war gases, like the auxo-
chromes in coloured substances, differ in their effect according
to their positions in the molecules. Thus the halogens differ in
their influence according to whether they are in a methyl or an
ethyl group, at the end or the beginning of a side-chain. It is
easily seen that a halogen atom distant from the end of a side-chain
has little influence on the aggressive power.

/CHBr-CH3
CO<

NCH3

a bromoethyl methyl ketone is less lachrymatory in action than

/CH2-CH2Br

/? bromoethyl methyl ketone.

/CHCI-CH3
Similarly, oca' dichloroethyl sulphide S( has only

NCHC1-CH3

slight aggressive power, while /?/?' dichloroethyl sulphide (mustard

/CH2-CH2C1
gas) S\ has an aggressive action which is well known.

NCH2-CH2C1
However, Nekrassov's theory cannot be applied so generally

to the war gases as Witt 's to coloured substances.
In some cases there are actually strongly marked differences.

Thus in the coloured substances the auxochrome group brings
out the latent colour-potentiality of the chromophore group and
so makes colouration possible, while in the war gases the auxotox
group merely develops the characteristic property of the toxophor
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group. On the other hand, the merest glance at the chemical
structures of the war gases will show that the auxo group may
function either positively or negatively. That is, on its presence
depends the increase or the decrease, or sometimes even the
destruction of the toxicity of the substance (e.g., the introduction
of alcoholic, sulphonic groups, etc.).

In coloured substances, increase in molecular complexity leads
not to a decrease of the colour, but to its strengthening, while it is
observed that an increase in the number of toxophors or auxotoxes
in the molecule does not increase the toxicity. Typical is the case
of )8j8' dichloroethyl sulphide in which the introduction of more
chlorine atoms into the molecule produces the tetra- and
hexachloro- compounds whose aggressive action is practically nil.

Furthermore, this theory, like that of Meyer already described,
though having many interesting aspects, does not sufficiently
explain the behaviour of some of the war gases.

Many gaps still exist in this field of study. The many
discussions and the various theories put forward show merely
the efforts which have been made to solve this important problem.

It must be concluded that only after a long series of studies
and experiments will it be possible to enunciate general and
precise laws on the relation between chemical constitution and
the aggressive action of the war gases. These laws, besides
supplying a profound knowledge of the science of war gases, will
be invaluable in preparing new substances of greater value in
warfare.



CHAPTER I I I

CLASSIFICATION OF THE WAR GASES

T H E classification of the war gases is particularly difficult
because of the many aspects which these substances, some
similar to one another, some completely different, present. The
number of methods of classification which have been proposed
are an indication of this difficulty.

Without entering into unnecessary detail, a few of the more
important classifications in use at present will be given, with
especial emphasis on the chemical nature of the gases.

1. Physical Classification

The physical classification of the war gases has often been
proposed by taking as criterion either their state of aggregation,
or their boiling point.

The method of classification most used to-day is based on their
state of aggregation at ordinary temperatures. According to this
classification the war gases are divided as follows into three
groups:

Gaseous. Chlorine, phosgene, etc.
Liquid. Bromine, chloropicrin, dichloroethyl sulphide (mustard

gas), etc.
Solid. Diphenyl chloroarsine, diphenyl cyanoarsine,

chloroacetophenone, etc.
This classification is altogether too crude, uniting in one and

the same group very varied substances which have only a single
quality in common—one which is not generally considered to be
the most important. Moreover, the one criterion of the classifica-
tion is influenced by temperature, so that by normal temperature
changes of the air a substance may pass from one group to the
other, for example, dichloroethyl sulphide from liquid to solid,
phosgene from gas to liquid.

2. Tactical Classification

This classification is based on the criterion of the tactical
employment of the war gases. From this view-point they are
divided into two groups :

37
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Non-persistent Gases. Including substances which diffuse into
the air in a short time, losing some of their toxic concentration :
chlorine, phosgene, hydrocyanic acid, etc.

Persistent Gases. Including substances which vaporise only
slowly and remain on the ground for long periods in the liquid or
solid state, still retaining their aggressive power : dichloroethyl
sulphide, etc.

This classification also lacks neatness and precision, for the
place of some substances in it is doubtful. I t is proposed
nowadays to add a third intermediate group, to include substances
whose vapour tension lies between the gases of the first group
and those of the second. This third group has been termed that
of the " Semi-persistent Gases."

Another tactical classification which may be mentioned is one
largely employed in text-books on chemical warfare and was in
use in Germany during the war. In this classification the gases
are divided into the following four classes :

Green Cross Gases. This includes substances with a high
vapour tension and great toxic power on the respiratory t r ac t :
phosgene, trichloromethyl chloroformate (diphosgene), chloro-
picrin, etc.

Yellow Cross Gases. This includes substances with a low vapour
tension and high toxic and vesicatory power : dichloroethyl
sulphide (mustard gas), chlorovinyl dichloroarsine (lewisite), etc.

Blue Cross Gases. This includes solid substances with low
volatility and great irritant power: diphenyl chloroarsine,
diphenyl cyanoarsine, etc.

White Cross Gases. This includes the powerful lachrymators :
bromoacetone, chloroacetophenone, etc.

3. Physiopathological Classification

This classification is based on the most characteristic action of
each war gas on the living organism. Various classifications
have been made on this basis (German, English, American, etc.).
The usual method is to divide the gases into the following
classes :

(A) T H E TOXIC SUFFOCANTS (OR LUNG IRRITANTS). These

include those gases which act principally on the respiratory
t rac t : chlorine, phosgene, chloropicrin, etc.

(B) T H E VESICANTS. These include those substances whose
characteristic action is to produce blisters on the skin:
dichloroethyl sulphide, chlorovinyl dichloroarsine, etc.

(C) T H E IRRITANTS. These include substances having lachryma-
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tory power : benzyl chloride and bromide, and those causing
sneezing (the sternutatories) : diphenyl chloroarsine, etc.

(D) T H E TOXIC GASES. These include those gases acting
particularly on the blood, as carbon monoxide, or on the nervous
system, like hydrocyanic acid, etc.

The physiopathological classification of the war gases, though
used very widely, is even less exact than the others mentioned.
In point of fact the biological action of these substances is
extremely complex and in certain concentrations a gas may
change its action to that of another group.

In order to classify these substances accurately on this basis
the new tendency to-day is to regroup them according to the
actual mechanism of their action on the human organism. In
this,, however, there is still so much work to be done that
with regard to a great many substances practically nothing
is known.

4. Chemical Classification
Classification of the war gases according to the characteristic

chemical groups in their molecules has been almost completely
neglected. It is only by taking the chemical characteristics of
the substances as the sole criterion that it will be possible to
elaborate a precise and complete classification of the war gases,
and these chemical characteristics must be quite definite both
as to the nature and the number of atoms in the molecule.

The first attempts at a chemical classification of the war gases
were those of Chugaev * in 1918 and of Zitovic.2 These classifica-
tions are, however, merely schematic and are particularly lacking
in precise and distinctive characteristics.

Later, other chemical classifications were proposed, and two
of these will be outlined here—that of Jankovsky and that of
Engel.

(a) Jankovsky's Classification. In 1925 Jankovsky 3 proposed
a completely new classification, founding it on a study, then in its
infancy, of the relationship between the chemical constitution and
the aggressive action of the war gases. I t was based on the theory
of toxophoric and auxotoxic groups which has been described in
the preceding chapter. In this classification the war gases are
grouped according to the toxophoric group present in their
molecules, being divided in this way into the following six
classes :

1 CHUGAEV, Khimiceski Osnovi gas i protivogas diela, 1918.2 ZITOVIC, Khimiceskaja Promisclennost, 1924, 11, 295.3 JANKOVSKY, Voina i Tecnica, 1925, nn. 220-221, 23.
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CLASS I

Toxophoric Group. Chlorine, bromine, iodine, etc.
Auxotoxic Group. Phenyl, benzyl, etc.
Includes : Benzyl chloride . . . C6H5—CH,C1

CLASS II
Group.
Includes

CLASS III

Benzyl bromide .
Benzyl iodide
o-Nitrobenzyl chloride
Dichloromethyl ether
Dibromomethyl ether

Unsaturated oxides.
: Carbon monoxide
Sulphur dioxide .
Nitrogen oxides .

C6H5—CH2Br
C TT /""XT T

C 6 H 4 — ( N O 2 ) C H 2 C 1

C 1 C H 2 — 0 — C H 2 C 1

B r C H 2 — 0 — C H 2 B r

CO
S02
NO ; N 0 2 ; N2O2O3

Toxophor i c Group . CO.
Auxotoxic Group . Ha logens , or double bonds .

C H 3 — C O — C H 2 C 1

C H 3 — C O — C H 2 B r

C 2 H 8 — C O — C H 2 B r

C 6 H 5 — C O — C H 2 C 1

C 1 C H 2 — C O O — C 2 H 5

C O C 1 2

C H , = C H — C H O

I n c l u d e s : C h l o r o a c e t o n e

B r o m o a c e t o n e

B r o m o m e t h y l e t h y l k e t o n e

C h l o r o a c e t o p h e n o n e

E t h y l c h l o r o a c e t a t e

P h o s g e n e

A c r o l e i n

C L A S S I V

T o x o p h o r i c G r o u p . S ; S = O ; O = S =

A u x o t o x i c G r o u p . H a l o g e n s , m e t h y l , e t c .

I n c l u d e s : P e r c h l o r o m e t h y l m e r c a p t a n . C C 1 3 — S — C l

D i c h l o r o e t h y l s u l p h i d e .

D i b r o m o e t h y l s u l p h i d e .

S u l p h o x i d e s

S u l p h o n e s .

E s t e r s o f s u l p h u r i c a c i d

C L A S S V

T o x o p h o r i c G r o u p . — C ^ ^ N ; — N = C ; — N 0 2 .

A u x o t o x i c G r o u p . H a l o g e n s , b e n z y l , e t c .

3
S(CH2—CH2—Cl)2
S(CH2—CH2—Br)2
O=SR2
O=SR 2 =O
O=S(OR)2=O

Includes: Hydrocyanic acid .
Cyanogen chloride .
Bromobenzyl cyanide .
Chloropicrin . .
Tetrachloro dinitroethane

CLASS VI

Toxophoric Group. —As = .
Auxotoxic Group. Methyl, ethyl, vinyl, phenyl.
Includes : Methyl dichloroarsine . . CH3AsCl

HCN
CNC1
C6H5—CH(CN)Br
CC13—N02
(CC12—NO2)2

E t h y l d i c h l o r o a r s i n e

D i p h e n y l c h l o r o a r s i n e

D i p h e n y l c y a n o a r s i n e

P h e n a r s a z i n e c h l o r i d e

C2H5AsCl2
(C.HJ.AsCl
(C.HJ.ASCN
NH(C6H4)2AsCl



TABLE XII

GROUP

Series

I

II

III

IV

i

Hydrocarbons

CC13NO2
Chloropicrin

C6H6—CH2Br
Benzyl

bromide

2

Alcohols

3

Ethers

,CH2C1

^CHaCl
Dichloromethyl

ether

,CH2CH2C1
g /
\cH2CH2Cl

Dichloroethyl
sulphide

4

Aldehydes
and Ketones

/CH2Br
CO<XCH3

Bromoacetone

/CH2C1

Chloroacetophenone

5

Acids

COC12
Phosgene

<

6

Esters

Cl—COOCCls
Diphosgene

CH2Br—COOC2H5
Ethyl

bromoacetate

7

Amines

C6H5N = CC12
Phenyl

carbylamine
chloride

8

Arsines

CHS—AsCl2
Methyl

dichloroarsine

C2H5—AsCl2
Ethyl

dichloroarsine
>-

(CeH5)aAsCl
Di^enyl

chlor̂ fetrsine

Co

Co

I
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(b) Engel's Classification. Another chemical classification of
war gases is that proposed recently by Engel.1 I t is an improved
version of that published by him in 1928,2 and divides the war
gases into eight groups (see Table XII) . These correspond to
eight of the simplest organic types of compounds, arranged
according to their differing oxygen-content : hydrocarbons,
alcohols, ethers, aldehydes and ketones, acids, esters, amines,
arsines. The two last types—the amines and the arsines—may
be considered as hydrocarbons in which a hydrogen atom is
substituted by an NH2 group or an AsH2 group respectively.

Each of these groups of substances may be sub-divided into
four series: The first three of these comprise the aliphatic
compounds derived from methane (series I), ethane (series II)
and propane (series III) . The fourth series comprises the aromatic
compounds derived from benzene and its homologues.

All the war gases have not been included in Table XI I , but
only the most important. Those not included may be-easily
classified into their proper groups. Acrolein, for instance, in the
aldehyde group, lewisite and diphenyl cyanoarsine in that of the
arsines, methyl cyanoformate and methyl chloroformate in that
of the esters.

According to Engel this classification allows for the allocation
of gases which have never yet been employed in warfare. Stibine
and phosphine, for example, may be considered as arsines in
which the arsenic atom has been substituted by that of antimony
or phosphorus ; similarly dichloroethyl selenide and telluride
may be considered as ethers in which the oxygen atom has been
replaced by that of selenium or tellurium.

This and other classifications of war gases will not be considered
further.

I t is possible to arrange the war gases in the chronological order
in which they were first used in the war of 1914-18. This is the
order employed in Table XIV at the end of this book, where the
physical, chemical and physiopathological properties of the
principal war gases are summarised. In the text, however, it is
considered more convenient to catalogue them according to
chemical relationships and similarity of structure.

1 ENGEL, Gasschutz und Luftschutz, 1935, 239.
2 ENGEL, Z. ges. Scheiss.-Sprengstoffw., 1928, 23, 321.



P A R T II

CHAPTER IV

THE HALOGENS
1. Chlorine. Cl2. (M.Wt.709)

CHLORINE may be considered as the only substance which has
been used in the elementary state as a war gas.

Its asphyxiating properties have been recognised ever since it
was discovered in 1774 by Karl Wilhelm Scheele.

Its use in war was due to its conforming to the principles of gas
warfare : its ease of production, its low cost and also its high
specific gravity, an important characteristic in the forcing of
gases by the wind into the zone to be gassed. I t is more useful
than other agents for employment in wave-attacks. Later it
lost much of its offensive importance, especially when very simple
defensive means were found against it and when the method of
wave-attack was replaced by the use of gas projectiles. However,
this element still retains much interest as it forms the most
important raw material for the preparation of other war gases.

As the various methods of preparing this element are generally
known and will be found in the inorganic chemistry text-books,
it is considered unnecessary to spend time describing them here.
Those physical and chemical properties which have considerable
interest in chemical warfare will be considered instead.

PHYSICAL AND CHEMICAL PROPERTIES

Chlorine is a yellowish-green gas with an irritating and
characteristic odour.

Under normal conditions of temperature and pressure (0° C.
and 760 mm.) a litre of chlorine weighs 3*22 gm.,1 and its density
compared with that of air is therefore 2*49 ( = 3-22 : 1-293).
Because of this high density a cloud of chlorine rises slowly,

1 At other temperatures and pressures, the weight of a litre of chlorine varies
according to the Boyle-Gay-Lussac law. From the following formula the weight
of 1 litre of any gas may be calculated at temperature t and pressure h, from a
knowledge of the value at o° C. and 760 mm. :

h X 273
gr. = gr. X-

t&h 00&760 760 (273 + t)
WAR GASES. 33
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clinging to the earth until an air current blows it away or
dilutes it.

Chlorine is fairly easily liquefiable ; at ordinary temperatures
it can be liquefied by a pressure of 6-8 atmospheres, while at
normal pressure it liquefies at — 40° C.

The critical temperature of chlorine, i.e., the temperature
above which it cannot be liquefied whatever pressure is
applied, is 146° C. The critical pressure, i.e., the pressure
necessary to liquefy chlorine at the critical temperature, is
93-5 atmospheres.

Liquid chlorine is green with a tinge of yellow and is very
mobile. It boils at ordinary pressure at — 33-6° C. The value
of the vapour tension of liquid chlorine at different temperatures
is given in the following table :

PERATURE
°C.

— 2O
— IO

O
IO
2O

3O
4O
IOO

VAPOUR TENSION
ATMOSPHERES

1-8
2-63
3-66
4-95
6-62
8-75
n-5
41-7

From this table it is seen that the pressure in a cylinder of
liquid chlorine at 20° C. is 6-62 atmospheres.

Liquid chlorine has a somewhat high coefficient of expansion :
at 0° C. it is 0-00187 >' a t 2O° C-> 0-00212, and at 50° C, 0-00259.

From this it may be calculated that while 1 kg. of liquid
chlorine at — 35° C. occupies 641-5 ml., at 60° C. it has a volume
of 782 ml., that is, it increases 21-9% in volume.

The specific gravity of liquid chlorine at various temperatures
is as follows :

TEMPERATURE
0 C. S.G.

- 35 1-5589
o 1-4685

20 1-4108
30 1-3799
60 1-2789

One litre of liquid chlorine gives 463-8 litres of gaseous chlorine
at 0° C. and 760 mm. The latent heat of vaporisation of liquid
chlorine at 0° C. is 62-7 calories.
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Chlorine on cooling to — 102° C. solidifies to a yellow crystalline
solid.

It is soluble in water ; at 760 mm. and the temperature stated,
1 litre of water dissolves the following quantities of chlorine l :

TEMPERATURE0 C.

IO
15
2O
25
3O

ML. CHLORINE AT
O° AND 760 MM.

3.O95
2.635
2,26O
1.985
1,769

GM. CHLORINE

9-97
8-48
7-27
6-39
5-69

The solution obtained has a yellowish-green colour and is
termed chlorine water. By cooling this solution to — 8° C. a
crystalline hydrate of the following composition

C12.8H2O

separates ; on heating, it again decomposes.
Chlorine also dissolves easily in carbon tetrachloride (at 13° C.

to the extent of 10% by weight), in sulphuryl chloride, in
tetrachloroethane and in pentachloroethane.2

Chemically, chlorine is one of the most active elements and
combines directly with almost all simple bodies.

It combines with hydrogen under the influence of light and
heat, and reacts energetically with most of the non-metals
forming the respective chlorides. By this method arsenic
trichloride may be prepared and this is employed in the prepara-
tion of the chloro vinyl arsines (Perkins's method) and diphenyl
chloroarsine (Michaelis's method). Sulphur chloride is prepared
similarly, and this is employed in the preparation of dichloroethyl
sulphide by Guthrie's method.

Chlorine combines also with almost all metals. Potassium
placed in chlorine gas inflames with evolution of heat. Mercury
combines at ordinary temperature. Chlorine has no action on
other metals if it is perfectly dry, but reacts vigorously in the
presence of moisture or on heating with sodium, calcium,
magnesium, aluminium and tin (especially if finely divided), but
only slowly with silver, gold and platinum. Among these
compounds of chlorine with metals, aluminium trichloride is

1 L. WINKLER, Die Chemische Analyse, Vol. XXXV. (Ausgewahlte Untersu-
chungsverfahren fur das chemische Laboratorium), Part II, 1936, p. 27.

1 PERKINS, / . Chem. Soc, 1894, 65, 20.



36 THE HALOGENS

important for its use in the syntheses, in industry as well as in
the laboratory, of many substances of application in war, as
chloroacetophenone, the chlorovinyl arsines, etc.

Chlorine can also combine directly with certain compounds,
such as the addition to sulphur dioxide and to carbon monoxide
to form sulphuryl chloride and carbonyl chloride (phosgene)
respectively. The latter has wide application as a war gas.

Other additive reactions take place with the unsaturated
hydrocarbons, such as that with ethylene to form ethylene
dichloride :

Chlorine does not usually react in this manner however.
More frequently the mode of reaction is of a different type.
Thus with binary hydrogen compounds it reacts combining with
the hydrogen and freeing the other element. For example,
bromine and iodine are respectively liberated from hydrobromic
and hydriodic acids.

Water is also decomposed with liberation of oxygen :
Cl2 + HOH = 2HCI + 0.

This reaction is reversible and arrives at a state of equilibrium.
In this condition decomposition is very slow, becoming almost
instantaneous, however, in the presence of easily oxidisable
bodies.

Chlorine reacts similarly with a large number of metallic
oxides, forming the metal chloride and evolving oxygen. In
presence of water and of soluble metallic oxides, oxygen is not
formed, but unites with the chlorine to form salts of the
oxygenated acids of chlorine (hypochlorites or chlorates).

If chlorine is bubbled through a cold, dilute solution of an
alkali hydroxide, chloride and hypochlorite are formed, as, for
example, with sodium hydroxide :

Cl2 + 2NaOH = NaCIO + NaCl + H20.

This mixture is known as " Labarraque Water." The correspond-
ing product obtained from potash is " Javel Water." With lime,
however, there results a compound to which the following
formula is generally given :

/Cl
Ca(

Y)C1

which is the familiar " chloride of lime." This compound is some-
what unstable and has an oxidising and chlorinating action.
Because of this property, chloride of lime is used as a disinfectant,
and especially for the destruction of several of the war gases.
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Chlorine irritates the respiratory tract in a concentration * of
3-6 parts per million of air ( = 10 mgm./ cu. m.). The limit of
insupportability, i.e., the highest concentration which a normal
man can breathe for 1 minute is 100 mgm. per cu. m. of air.2

Haber's product of mortality, or lethal index, i.e., the product of
the concentration of chlorine in the inhaled air (expressed in
mgm. per cu. m.) by the duration of its action (expressed in
minutes) to cause the death of animals, is 7,500 for cats according
to Flury,3 and 56,000 for dogs according to Prentiss.4

2. Bromine. Br2. (M.Wt. 15984)

In the war of 1914-18 this element had a very limited use as a
war gas. I t was only used together with chlorine in order to
increase the persistence of the latter, but according to some
authorities 5 could be used alone if carried in special bombs.

Bromine was discovered in 1826 by Balard, who extracted it
from saline mother-liquors. It has since been obtained also from
the ash of algae, but nowadays is obtained almost exclusively
from the Stassfurt salt deposits and from saline mother-liquors.

PREPARATION

Only the more important methods of preparation of this
element will be given. In the laboratory bromine may be

1 Method of Expressing Concentrations. The following methods are in common
use to express concentrations of gases and vapours in air :

(a) Parts by volume.
(6) Weight per volume of air.

The expression as parts by volume, that is, parts per cent., per thousand, per
hundred thousand or per million, is employed particularly in toxicology. Though
often convenient, it forms a true basis of comparison of the toxicity of substances
only when these have approximately equal molecular weights.

Of more practical use for war gases is the expression of concentrations in weight
of substance per unit volume of air, usually in mgm. per cu. m.

To convert mgm. per cu. m. to parts per million, the following formula may be
used :

mgm./cu. m. x 22-4
—5—[ 3 = ppm. (M = molecular weight)

while to convert parts per million into mgm./cu. m., the following may be
employed :

ppm. x M ,
— = mgm./cu. m.

22-4
By means of Table XIII, at the end of this volume, values of concentrations

in parts per million may be converted into mgm. per cu. m., and vice versa.2 U. MULLER, Die Chemische Waffe, Berlin, 1932, 57.3 F. FLURY, Z. ges. expt. Med., 1921, 13, and Gasschutz und Luftschutz, 1932,
149. The values for mortality-products reported by Flury are considered as
minimum values.

* PRENTISS, Chemicals in War, New York, 1937, l6-6 CHLOPIN, Grundlagen des Gasschutzes. Extract in Z.ges. Schiess-Sprengstoffw,,
1927 and 1928.
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prepared by heating sodium bromide with sulphuric acid and
manganese dioxide :

2NaBr + MnO2 + 3H2SO4 = MnSO4 + 2NaHSO4 + 2H2O + Br2

But more usually it is preferable to purify commercial bromine
for use. This is carried out by washing the bromine repeatedly
with water,1 then dissolving it in a concentrated solution of
calcium bromide and reprecipitating it from this with excess of
water. Bromine is thus obtained free from chlorine and may be
dried over calcium bromide and oxide, shaken with phosphoric
anhydride and then distilled in a current of carbon dioxide.

INDUSTRIAL MANUFACTURE

The bromine industry has grown considerably in recent years
with the utilisation of tha t in the mother-liquors from the
Stassfurt salts in Germany and of that in saline mother-liquors in
America.

The method used in Germany (Pfeiffer process) is based
essentially on the following :

The mother-liquors from washing the salts, in which bromine
exists in the form of bromides, is sprayed in the form of a fine
rain from the top of a tower filled with fragments of a refractory
material, while into the bottom of the tower is led a current of
chlorine and water vapour. By this means bromine is displaced
from the bromide. The liquid which collects at the bottom of the
tower is rich in bromine and passes into another vessel where it
is distilled by means of superheated steam. The bromine which
is vaporised passes from the top of the tower into a lead vessel
where it is purified from the chlorine it contains by heating.

In America bromine is obtained by treating the saline mother-
liquors with dilute sulphuric acid and then adding to the previously
concentrated liquid, manganese dioxide and sulphuric acid. The
mixture is then distilled, when the bromine passes over together
with water and a little bromine chloride.

According to a recent American patent of the Dow Chemical Co.
bromine is prepared by the electrolysis of saline mother-liquors ;
by this means chlorine liberated in a nascent condition displaces
the bromine which is recovered by a current of hot air.

PHYSICAL AND CHEMICAL PROPERTIES

Bromine is a heavy liquid of a dark red colour and an irritating
and repugnant odour, from which it derives its name.

It boils at 59° C. and has a specific gravity of 3-18 at 0°. I ts
1 B. BRAUNER, Monatsh., 1889, 10, 411.
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vapour also has a high specific gravity (about 5-5 times that of
air) and is reddish-brown in colour.

The vapour tension of bromine varies with temperature as
follows (Landolt) :

PEKATURE
° C.

0-13
4

2O-6
30-6
45-6
59-5

VAPOUR TENSION
MM. MERCURY

62
77-3

172
378
487
768

From this table it will be seen that bromine has a high vapour
pressure at ordinary temperatures.

On cooling to — 7-3° C. it is converted into a crystalline mass
of a lead-grey colour and a metallic glint. At 0° C. it forms a red
crystalline hydrate with water of the formula Br2 . ioH2O which
on heating to 15° decomposes into bromine and water.

I t is soluble in water ; the solubility at various temperatures
is given in the following table (Dancer) :

TEMPERATURE PARTS OF BROMINE IN
0 C. IOO PARTS BROMINE WATER
5 3-6oo
IO 3-327
15 3-226
2O 3-2O8
25 3-I67
3O 3-126

A saturated solution of bromine in water has a yellow colour,
an acid taste and irritates like bromine. In the air, particularly
on heating, it loses bromine without becoming acid. In sunlight,
however, hydrobromic acid is formed.

Bromine is soluble in alcohol, ether, chloroform and carbon
disulphide, but alcoholic and ethereal solutions rapidly decompose.
It dissolves more readily in aqueous solutions of hydrobromic
acid, potassium bromide and hydrochloric acid. Solutions in the
last may be obtained containing 13% bromine.

The latent heat of volatilisation of bromine at 58° C. is 45-6
calories.

The chemical properties of bromine are similar to those of
chlorine, but it is less active. Thus, for example, in order to
bring about the reaction with hydrogen it is not sufficient to
expose the mixture to light, but it is also necessary to heat it.

With alkaline reagents it reacts in a similar manner to chlorine.
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With non-metals of the fourth and fifth groups it reacts so
vigorously that they inflame.

Bromine in a dry condition either reacts not at all or only
partially with the common metals, though it attacks aluminium
violently. Magnesium is the most resistant metal. Mercury
reacts directly with bromine to form insoluble mercurous bromide.
The presence of moisture always increases the corrosive action of
this substance on metals.

Commercial bromine usually contains chlorine, iodine and some
organic bromine compounds.

It has a vigorous toxic action on the organism and provokes
irritation of the eyes. The fatal concentration is 220 mgm./cu. m.
for 30-60 minutes' breathing.

Analysis of the Halogens

DETECTION OF CHLORINE

Chlorine may be simply recognised by means of its charac-
teristic pungent odour. According to experiments carried out
by Smolczyk,1 chlorine can be detected by means of its odour
at a dilution of 5 parts per million of air ( = 14 mgm./cu. m. of
air at 20° C) . Confirmation of the presence of chlorine by
chemical methods may be carried out by one of the following
reactions :

Flame Method. Detection of chlorine by this method is based
on the reaction noticed by Beilstein,2 according to which chlorine
burnt at the base of a spiral of copper wire suspended in the
flame of a spirit lamp produces volatile copper chloride which
colours the flame a bright green.

The apparatus usually employed for this test consists of an
ordinary spirit lamp or gas burner carrying in the flame a small
copper spiral. The gaseous mixture to be tested is introduced
into the base and interior of the flame, not merely at the spiral.
In presence of chlorine a change of colour from bluish-violet to
bright greenish-yellow is seen. The limit of sensitivity is 1 in
2O,OOO.3

T h i s r e a c t i o n i s g i v e n a l s o b y b r o m i n e a n d i o d i n e , a s w e l l a s b y

a l l s u b s t a n c e s c o n t a i n i n g h a l o g e n a t o m s i n t h e m o l e c u l e . T h e

s e n s i t i v i t y i n t h e s e c a s e s d e p e n d s o n l y o n t h e q u a n t i t y o f h a l o g e n

p r e s e n t i n t h e s u b s t a n c e u n d e r t e s t .

Decolorisation of Indigo Solution. B y p a s s i n g a g a s e o u s

1 SMOLCZYK, Die Gas-maske, 1930, 27.
2 B E I L S T E I N , Ber., 1872, 5, 620.
3 L A M B , / . Am. Chem. Soc, 1920, 42 , 78 .
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mixture containing chlorine through a solution of indigo, the
blue of the latter is discharged by the oxidation of the indigo to
isatin.

Method with Potassium Iodide. Chlorine may also be detected
by its property of liberating iodine from potassium iodide :

2KI + Cl2 = 2KCI + I2.

The iodine which separates may be recognised either by the
reddish-violet colouration which it imparts to chloroform or to
carbon disulphide, or by the blue colouration which is produced
with starch solution. This latter reaction can be adapted in
practice by employing starch-iodide paper,1 which when exposed
even for a short period to an atmosphere containing chlorine
assumes a blue colour more or less intense according to the
concentration of chlorine present. According to the experiments
of Smolczyk 2 a content of 14 mgm. chlorine per cu. m. of air
produces a change in the colour of starch-iodide paper within
3-5 seconds.

Aniline Method. Chlorine brought into contact with a solution
of aniline hydrochloride produces a wine-red colouration which
becomes blue.3 The aniline hydrochloride solution is prepared
by dissolving 2 ml. aniline in 8 ml. hydrochloric acid and 40 ml.
water.

Reactions of Chlorine Water. Chlorine in gas mixtures can also
be detected by bubbling the gas to be tested through water ;
chlorine water is formed and the presence of chlorine can be
confirmed in this :

(a) With silver nitrate by the formation of a white precipitate
of silver chloride :

3C12 + 6AgNO3 + 3H2O = 5AgCl + AgC103 + 6HNO3.

(b) With metallic mercury by the formation of a grey precipitate
of mercurous chloride :

2Hg + Cl2 = Hg2Cl2.

This last reaction allows chlorine to be recognised in presence of
hydrochloric acid or phosgene as these substances do not react
with mercury.

1 Preparation of the Test Papers. One part of starch is boiled with ioo parts
of water and the solution filtered. To the nitrate 5 parts of potassium iodide are
added and the strips of filter paper are immersed in this. They are then allowed
to dry in the air and kept in a closed vessel. The period during which they may
be stored depends upon the method by which they have been prepared and the
care with which they have been stored. When the papers are prepared according
to the instructions of Storm (/. Ind. Eng. Chem., 1909, 1, 802, or Chem. Zentr.,
1910, 1, 1806) and stored in a glass-stoppered bottle they may be kept for 8 years.

2 SMOLCZYK, Die Gas-maske, 1930, 29.3 GANASSINI, Boll, chim.farm., 1904, 43, 153.
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DETECTION OF BROMINE

Bromine may be detected by the bluish-violet colour which it
imparts to a paper impregnated with Schiff's reagent. This
paper may be prepared by soaking a narrow strip of filter paper
in an aqueous solution containing 0-025% fuchsine decolorised
with sulphur dioxide, and allowing to dry.

The presence of bromine vapour may also be recognised by
bubbling the gaseous mixture to be tested through water and
testing the solution obtained by one of the following methods :

(a) Addition of a solution of potassium iodide and recognition
of the iodine freed by means of starch paste.

(b) Addition of a solution of phenol, which in the presence of
bromine produces a white or faintly yellowish flocculent precipitate
of tribromophenol, C6H2Br3 .OH (m.p. 930 to 94°C) . If the
bromine is in excess, however, a whitish-yellow crystalline
precipitate of tribromophenol bromide (m.p. 132° to 134° C.) is
formed.1

Finally, bromine may be recognised either by the red colouration
which is produced with fluorescein, due to the formation of
tetrabromofluorescein or eosin, or by the fluorescence produced
by passing it through a dilute solution of resorufin in alkali
carbonate. This reaction of bromine also forms the basis of a
method of quantitative determination of the element in air.2

QUANTITATIVE DETERMINATION OF CHLORINE

The quantitative determination of chlorine may be carried
out either by a volumetric or a gravimetric method.

Volumetric Method (Bunsen). This method depends on the
determination of the quantity of iodine freed by chlorine when
brought into contact with a solution of potassium iodide.

In proceeding to analyse a sample of gas, if the concentration
of chlorine is not too great, it is advisable to draw the gas by
means of a pump or an aspirator through an aqueous solution of
potassium iodide3 contained in an ordinary bubble absorber
large enough to ensure the complete reaction of the chlorine with
the potassium iodide. If, however, the gas contains a large
proportion of chlorine it is preferable to introduce it into a glass
globe fitted with a tap and previously evacuated. The volume of
this should be known. A solution of potassium iodide is then

1 KOBERT, Compendio di tossicologia pratica, Milan, 1915, 146 ; BENEDICT,
Ann., 1879, 199, 127.2 H. EICHLER, Z. anal. Chem., 1934, 99, 272.

3 In order to prepare this solution, 1 part by weight of potassium iodide (free
from iodine) is dissolved in 10 parts of water. The solution should be colourless
and remain so when a few drops of dilute sulphuric or hydrochloric acid are
added.
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introduced into the globe, which is allowed to stand. By this
method one equivalent of chlorine sets free one equivalent of
iodine, which remains dissolved in the excess potassium iodide.
Then the amount of iodine in this solution is determined by the
usual method of analysis with sodium thiosulphate.

1 ml. o-i N Na2S2O3 = 0-00354 gm- Cl
= 1-1228 ml. gaseous chlorine

at 20° and 760 mm.
Gravimetric Method.1 This method is based on the determina-

tion of the quantity of sulphuric acid formed by the action of
chlorine on sodium thiosulphate.

In carrying out this analysis a measured quantity of the liquid
in which chlorine is to be estimated is taken. I t should contain
no sulphuric acid. A slight excess of sodium thiosulphate is
added and the whole warmed for a short time in a vessel closed
with a tightly fitting stopper. The odour of chlorine completely
disappears. A slight excess of hydrochloric acid is then added
and the whole heated to boiling to decompose the excess
thiosulphate. The liquid is then filtered and the sulphuric acid
precipitated in the filtrate with barium chloride in the usual way.

For the rapid determination of the percentage of chlorine and
carbon dioxide in air, the following method is recommended 2 :

Two 100-ml. burettes are filled with the gas to be examined ;
in one the chlorine is absorbed with a solution of potassium
iodide and the iodine liberated is determined by titration with a
decinormal solution of sodium thiosulphate; in the second
burette both the chlorine and the carbon dioxide are absorbed
by sodium hydroxide solution, and the difference in the diminu-
tions of volume in the two burettes gives the volume of the
carbon dioxide.

For the determination of chlorine in presence of phosgene
see p. 88.

QUANTITATIVE DETERMINATION OF BROMINE

To determine bromine quantitatively in air a measured quantity
of the gas to be examined is passed through 15-20 ml. of a freshly
prepared potassium iodide solution (10%). By this means one
equivalent weight of bromine liberates one equivalent weight of
iodine, which may then be estimated by titration with a standard
solution of sodium thiosulphate according to the method described
above for chlorine.

1 ml. o-i N Na2S2O3 = 0-00799 gm. bromine.
1 WICKE, Ann., 1856, 99, 99.
* OFFERHAUS, Z. angew. Chem., 1903, 16, 1033.



CHAPTER V

COMPOUNDS OF DIVALENT CARBON

CARBON, like several other elements, exhibits a variable
valency in its compounds. Thus it is tetravalent in the greater
number of organic compounds, trivalent in triphenylmethyl, and
pentaphenylethyl, etc., and divalent in carbon monoxide, fulminic
acid and its derivatives, in the halogenated compounds of
acetylene, etc.

Substances containing a divalent carbon atom have in general
the following properties :

(i) They react with halogens, hydrogen acids of the halogens,
oxygen, etc., forming addition products.

('2) They have powerful and disagreeable odours (with the
exception of carbon monoxide).

(3) They are toxic.
Among these substances, carbon monoxide merits special

attention. According to some authorities it will play a great
part in future warfare.

Several possible methods of using it are at present in the
suggestion stage, but the methods suggested do not seem to have
found practical application.1

The method of applying carbon monoxide which was first
thought of, was in the form of the metal carbonyls—iron-
pentacarbonyl and nickel tetracarbonyl—which in the presence
of catalysts such as the activated carbon used in anti-gas niters
evolve carbon monoxide.

These compounds are unstable, however, and easily decompose,
even by simple exposure to light. For this reason it does not seem
that in practice it will be possible to obtain a sufficient concentra-
tion in the anti-gas filter of these substances to develop by
contact with the activated carbon a dangerous concentration of
carbon monoxide in the respirator.

Another possible mode of using carbon monoxide which has
been suggested is in the form of a solution in a suitable liquid.
Carbon monoxide dissolves to a considerable extent in liquid
gases such as ammonia and can be liberated from these solutions

1 HANSLIAN, Der chemisette Krieg, Berlin, 1937, Part I, 327.
44
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by evaporation. Suitable solvents according to Hanne belong
to the class of amines.1

The last suggestion for applying carbon monoxide is in
admixture with hydrocyanic acid. Such a mixture^ would be
capable of passing through the anti-gas filters in actual use.2

Among the compounds containing divalent carbon atoms the
acetylene mono- and di- halides may be mentioned. These have
a certain interest from the point of view of the chemistry of the
war gases. The following structural formula is given to these
compounds 3 :

/X
c = c (

N x ,
The halogen derivatives of acetylene differ from the halogen

derivatives of the paraffin series in being more toxic, and in
being unstable and spontaneously inflammable. The instability
and inflammability diminish considerably on passing from the
chlorine to the bromine derivatives and are less still in the iodine
derivatives.4

So far as the physiopathological properties have been studied
it has been observed that the iodo- derivatives are more toxic
than the bromo-compounds and are also more poisonous than
hydrocyanic acid. The toxic action exhibited by substances of
this class has been attributed to the presence of the divalent
carbon atom which, as already mentioned, has a greater chemical
affinity than tetravalent carbon.

In spite of the high toxicity, these compounds have not yet
found application as war gases, above all because of their
instability and the difficulty of preparing them on the industrial
scale.

Compounds containing a divalent carbon atom united to a
nitrogen atom are described in Chapter XI I I .

1. Carbon Monoxide. CO. (M.Wt. 28)

Carbon monoxide was not employed during the war of 1914-18
as a war gas, but its toxic action has been established on several
occasions in the field.

Carbon monoxide is formed whenever the combustion of
carbon is incomplete, and from the military point of view is, in
particular, developed during the deflagration of explosive

1 HANNE, Industrie Chimique, 1935, 22, 322.a Instructions sur la difense passive, Lavauzelle, Paris, 1934.
3 J. LAWRIE, / . Am. Chem. Soc, 1906, 36, 487 ; INGOLD, / . Chem. Soc, 1924,

1528.
* STRAUS and coll., Ber., 1930, 63, 1872.
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substances both at the time of firing and on explosion of the
projectile, also in the detonation of mines, etc.

The amount of carbon monoxide formed during these processes
varies notably with the explosive substance, the density of the
charge, the temperature, pressure, etc. The usually accepted
data for explosives of different types are as follows :

i kg. black powder yields 279 litres gas at o° C.
1 kg. nitroglycerine yields 713 ,, ,,
1 kg picric acid yields 828 „ „
1 kg. guncotton yields 859

In normal deflagration the following percentages of carbon
monoxide are formed :

Black powder
Powder B
Dynamite .
Guncotton
Trinitrotoluol

. about
* * 11
* * it
* * it
* * 11

10%
33%
35%
4O%
55%

LABORATORY PREPARATION

Carbon monoxide is usually prepared by the dehydration of
formic acid by means of sulphuric acid * :

HCOOH + H2SO4 = CO + H2SO4.H2O.
Concentrated sulphuric acid is placed in a flask closed with a

three-holed stopper. One of the holes carries a tap-funnel,
another a thermometer and the third a gas delivery tube. The
flask is heated to 100° C. and then industrial formic acid (about
98%) is allowed to flow in slowly while the temperature of the
liquid is maintained at 100° C. From 175 gm. formic acid,
100 gm. carbon monoxide are obtained.

INDUSTRIAL MANUFACTURE

See the usual treatises on inorganic chemistry and the section
" Phosgene " in the present volume (p. 62).

PHYSICAL AND CHEMICAL PROPERTIES

A colourless, odourless gas. B.p., —190° C. Critical tempera-
ture, — 135-9° C. Critical pressure, 35-5 atmospheres. Density,
0-967.

It is only very slightly soluble in water : at 0° C , 1 litre of
water dissolves 32 ml. ; at 200 C , 23 ml. I t dissolves readily in
alcohol and other organic solvents.

I t is absorbed by aqueous ammonia and also by ammoniacal
or hydrochloric acid solutions of cuprous salts.

1 A. KLEMENC, Die Behandlung und Reindarstellung von Gasen, Leipzig,
1938, 122.
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It burns with a violet flame. Mixtures of carbon monoxide
and air in certain proportions are inflammable. The upper and
lower explosive limits at room temperature are respectively
73-4% and 16-2% of CO.1

The chemical behaviour of carbon monoxide depends on the
presence of the divalent carbon atom in the molecule : the
addition of oxygen to form carbon dioxide, the addition of
chlorine to form phosgene, etc.

By heating under pressure with sodium hydroxide sodium
formate is produced :

CO + NaOH = HCOONa

Highly reducing metals like aluminium and (powdered)
magnesium react on heating with carbon monoxide, forming the
corresponding oxide and freeing carbon.

Some metals, as nickel, iron and cobalt, form additive
compounds of the formula: Ni(CO)4, Fe(CO)4, Fe(CO)5, Co(CO)4.

Platinum chloride forms several additive compounds with
carbon monoxide: PtCl 2 .CO; PtCl2 .2CO; PtCl2.3CO, which
are all yellow and which decompose easily by the action of water,
separating platinum in a finely divided state and giving carbon
dioxide and hydrochloric acid.

Oxygen, ozone and hydrogen peroxide do not oxidise carbon
monoxide at ordinary temperatures, but in presence of catalysts,
as, for instance, " Hopcalite " (a mixture of 60% MnO2 and
40% CuO), even atmospheric oxygen will convert carbon monoxide
to carbon dioxide. Because of this behaviour, " Hopcal i te" is
employed in filters for defence against carbon monoxide.

The conversion of carbon monoxide to carbon dioxide is also
brought about by the action of other oxidising agents as silver
oxide, potassium permanganate, iodic acid, chromic acid,
mercuric chrornate, etc.

Carbon monoxide easily reacts with haemoglobin forming
carboxy-haemoglobin. The affinity of carbon monoxide for
haemoglobin is some 200 times as great as that of oxygen.

2. Iron Pentacarbonyl. Fe(CO)5 (M.Wt. 1958)

Iron pentacarbonyl was obtained in 1891 by Ludwig Mond 2

by the action of carbon monoxide on iron, prepared from ferrous
oxalate. The yield obtained was about 1% of the theoretical
from the iron employed.3

1 J. SCHMIDT, Das Kohlenoxyd, Leipzig, 1935, 229.
2 L. MOND and LANGER, / . Chem. Soc, 1891, 59, 1090.
3 BERTHELOT, Compt. rend., 1891, 112, 1343 ; R. MOND, Chim. et Ind., 1929,

21, 681.
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The reaction for the formation is as follows :
Fe + 5CO = Fe(CO)5 + 54-4 cal.

and this takes place more easily at low temperatures and high
pressures.

Carbon monoxide may be prepared by the action of dehydrating
agents on formic acid (see p. 46). The iron may be prepared from
other compounds besides ferrous oxalate, but it must have as
large a reactive area as possible and be of high purity.

Iron pentacarbonyl is formed at a pressure of 100-200 atmo-
spheres in a tube heated externally to a temperature of 150° to
200° C.

The iron pentacarbonyl formed is drawn as vapour with the
current of carbon monoxide out of the reaction tube into a
refrigerant where it condenses. The excess carbon monoxide is
collected in a gas holder and may be returned in cycle.1

The industrial preparation of iron pentacarbonyl has presented
much difficulty from the beginning. The difficulties have been
due to 2 :

(1) The presence of oxygen even in minute quantity, either in
the iron or in the carbon monoxide.

(2) The precipitation of the pentacarbonyl on the iron during
the reaction.

(3) The presence of impurities in the iron.

PHYSICAL AND CHEMICAL PROPERTIES

Iron pentacarbonyl is a liquid boiling at 102-7° C. a* 7^7 m m -
of mercury and having a melting point of — 20° C. (Dewar).
Density, 1-4665 at 18° C. Coefficient of thermal expansion
between 0° and 21° C , 0-00121; between 20° and 40° C , 0-00128,
and between 40° and 60° C , 0-00142. Latent heat of evaporation,
39-45 gm. cals.

In the following table, the vapour tension and the volatility
at various temperatures are given 3 :

TEMPERATURE

°C.

-7
O
18-4
35-o
57-o
78-0

VAPOUR TENSION

MM. MERCURY

14
16
28
52
135
311

VOLATILITY

MGM./LITRE

l6O
l8O
3IO
58O

1 D.R.P., 428,042 ; 436,369 ; 440,770, etc.2 A. MITTASCH, Z. angew. Chem., 1928, 41, 827.
3 J. DEWAR and H. JONES, Proc. Roy. Soc. (Lond.), 1905, 76, 558.
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It is insoluble in water which slowly decomposes it in the cold.
It is soluble in most organic solvents (acetone, benzene, etc.).
The solutions are generally brown in colour and slowly decompose
in the air forming a precipitate of iron hydroxide.

Iron pentacarbonyl when exposed to the action of light
decomposes to form carbon monoxide and a solid crystalline
substance of a golden-yellow colour and the formula Fe2(CO)9,
diferro-nonacarbonyl* :

2Fe(CO)5 = Fe,,(CO)9 + CO

This decomposition does not take place if a solution of iron
pentacarbonyl in nickel carbonyl is exposed to light, perhaps
because of the formation of a stable compound of the formula
NiFe(CO)9 (Dewar).

When mixed with air, iron pentacarbonyl decomposes on
exposure to sunlight in a very few minutes with formation of
carbon monoxide and iron oxide.

It is very sensitive to the action of h e a t ; on warming to about
200° C. under ordinary pressure it decomposes completely to
iron and carbon monoxide.2 This decomposition, however, takes
place at a much lower temperature in the presence of substances
having a porous structure. Thus in the presence of iron, about
60° C. is sufficient and in the presence of activated carbon,
magnesium oxide, etc., it takes place even at ordinary
temperatures.3

The vapour of iron pentacarbonyl burns in the air with a
brilliant flame and a characteristic spectrum (Mittasch). By
directing this flame against a porcelain capsule, a black deposit
of partly oxidised iron forms.

Alcoholic solutions of sodium or potassium hydroxide easily
absorb iron pentacarbonyl * ; the resulting solution has vigorous
reducing properties.

Concentrated nitric and sulphuric acids react with iron
pentacarbonyl according to the equation :

Fe(CO)5 + H2SO4 = FeSO4 + H2 + 5CO.

On shaking iron pentacarbonyl with a dilute solution of
hydrogen peroxide, colloidal ferrous hydroxide separates.

With chlorine it reacts easily, forming ferric chloride and
carbon dioxide. With bromine it reacts similarly ; with iodine
the reaction is much slower (Dewar).

1 SPEYER, Ber., 1927, 60, 1424.
2 DEWAR and JONES, Proc. Roy. Soc. (Lond.), 1907, 79, 66.
3 HLOCH, Gasschutz und Luftschutz, 1933. 180.
« FREUNDLICH, Ber., 1923, 56, 2264 ; Z. anorg. Chem., 1924, 141, 317.
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According to recent researches, by allowing bromine to drop
into a solution of iron pentacarbonyl in pentane, a yellow
precipitate of Fe(CO)4.Br2 is formed.1

Iron pentacarbonyl reacts with mercuric chloride with separa-
tion of a white substance according to the equation 2 :

Fe(CO)5 + 2HgCl2 + H20 = Fe(CO)4.Hg2Cl2 + C02 + 2HCI.

It possesses reducing properties, especially in alkaline solution.
fee nitrobenzene is reduced to aniline, ketones to alcohols,3 etc.
If also has a dehalogenating action, reacting with carbon

tetrachloride to form carbon monoxide, phosgene and hexachloro-
ethane, while the iron is converted to ferric chloride (Mittasch).

It does not react with ammonia, but the basic amines, like
pyridine, react to produce carbon monoxide. With hydrazine
it reacts vigorously, forming a syrupy substance with an intense
red colour; for each molecule of hydrazine, four molecules of
carbon monoxide are set free.4

The vapour of iron pentacarbonyl is absorbed by activated
carbon, which catalytically decomposes it with formation of
carbon monoxide.

Alumina also absorbs iron pentacarbonyl vapour to the extent
of about 2-5% by weight. If the alumina containing the absorbed
pentacarbonyl is exposed to sunlight, it becomes red in colour
and the theoretical quantity of carbon monoxide in the absorbed
iron pentacarbonyl is evolved (Dewar).

According to Mittasch, the toxicity of iron pentacarbonyl is
relatively slight. I t is necessary, however, to take into account
the carbon monoxide formed by its decomposition.

3. Dibromoacetylene. CBr2 = C. (M.Wt. 1838)

Dibromoacetylene was prepared in 1903 by Lemoult 5 by the
action of alcoholic potash on tribromoethylene :

CBr2 /Br
|| - • C = C( + HBr
CHBr xBr

Later, Lawrie 6 also obtained it by the same method, but did
not establish the structure with the divalent carbon atom.

Recently, this compound has been prepared by Nekrassov7 by

W. HIEBER and G. BADER, Ber., 1928, 61, 1717.
HOCK, Ber., 1928, 61, 2097.
D.R.P., 441,179/1925.
W. HIEBER and coll., Ber., 1928, 61, 558.
LEMOULT, Compt. rend., 1903, 136, 1333.
LAWRIE, / . Am. Chem. Soc, 1906, 36, 490.
NEKRASSOV, Ber., 1927, 60, 1757.
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the action of an ethereal solution of cyanogen bromide on
magnesium dibromoacetylene :

CMgBr / B r
ill + 2 CNBr = C=C(
CMgBr V

LABORATORY PREPARATION

26-5 gm. tribromoethylene and 10-5 gm. 82% potasj
hydroxide are placed in a separatory funnel of about 1 litre
capacity. The stopper of the funnel has two holes, through one
of which passes a small tap-funnel and through the other a simple
tap. The contents are treated in an atmosphere of nitrogen with
35-50 gm. alcohol (95%), cooling meanwhile in a stream of water.
After 2 hours, 400-500 ml. air-free water are added. At the
bottom of the separatory funnel an oily layer of dibromoacetylene
collects ; this is run off into a flask filled with carbon dioxide and
distilled in an atmosphere of carbon dioxide by heating in an oil
bath to 100° to 120° C. (Lawrie).

PHYSICAL AND CHEMICAL PROPERTIES

Dibromoacetylene is a colourless heavy liquid which boils at
76° to 76-5° C.,1 has an unpleasant odour and a density of about 2.
It is soluble in most organic solvents.

It is a very unstable substance. I t inflames in the air, burning
with a red flame. On heating it decomposes with explosive force
and deposits carbon. In absence of oxygen it is not a dangerous
substance.

With damp oxygen it reacts to form hydrobromic acid, oxalic
acid and a bromine-compound which has strongly irritating
properties (Lemoult).

It reacts with bromine to form tetrabromoethylene, colourless
crystals melting at 55° to 560 C. It reacts with iodine to form
diiodo-dibromoethylene, crystals with m.p. 95° to 96° C.

At ordinary temperatures, hydriodic acid adds on to the
molecule forming dibromoiodoethylene, Br2C = CHI, a liquid
boiling at 910 C. at 15 mm. pressure. Density, 2-952 at 24° C.
(Lawrie).

Dibromoacetylene is a substance of highly toxic properties.
Inspiration of its vapour causes violent and prolonged headaches
and general debility (Lawrie).

1 LBMOULT, Compt. rend., 1903, 137, 55.
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4. Diiodoacetylene. CI2 = C. (M.Wt. 2778)

Diiodoacetylene was obtained in 1865 by Berend,1 together
with other substances, by the action of an ethereal solution of
iodine on silver acetylide. But it was only in 1885 that Bayer 2

recognised it as an individual substance. He prepared it together
with tetraiodoethylene by the action of iodine on calcium
carbide 3 :

CaC2 + 2l2 - > CI2 = C + Cal2.

According to Biltz 4 a more practicable method is by the action
of acetylene on an alkaline solution of iodine in potassium iodide :

C2H2 + KIO + I2 - > CI2 = C + KI + H20.

Recently 5 a new method has been elaborated, which consists
in bubbling acetylene through a solution of iodine in liquid
ammonia. The yield in this reaction is 90-97%.

LABORATORY PREPARATION

300 ml. of a seminormal solution of potassium hydroxide are
introduced into a flask furnished with a tap-funnel, an electric
agitator and a tube for the introduction of gas. A rapid current
of acetylene, previously washed with a solution of basic lead
acetate, is passed in, meanwhile stirring and cooling strongly and
dropping in from the tap-funnel a solution of 32 gm. iodine and
35 gm. potassium iodide in 25 ml. water until the colour of the
iodine persists in the reaction mixture. This operation lasts
30-40 minutes.

The precipitate obtained is filtered off, washed with water,
dried in a desiccator, and, if necessary, crystallised from ligroin.
Yield almost theoretical (Biltz).

PHYSICAL AND CHEMICAL PROPERTIES

Diiodoacetylene forms white crystals melting at 78-5° C. which
have a strong, disagreeable odour very similar to that of pheriyl
isocyanide. It has a high volatility and is insoluble in water, but
soluble in alcohol, ether, etc. Exposed to light it slowly becomes
red with separation of iodine.

When heated in either a closed or an open tube, diiodoacetylene
decomposes explosively, forming carbon and iodine. The
temperature of decomposition is about 125° C. (Vaughn). I t also
explodes on rubbing in a mortar.

1 BEREND, Ann., 1865, 135, 257.
2 BAYER, Ber., 1885, 18, 2275.3 BIESALSKY, Z. angew. Chem., 1928, 41, 720.
* BILTZ, Ber., 1904, 37, 4415.
6 VAUGHN and NIEUWLAND, / . Am. Chem. Soc, 1932, 54, 788.
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It oxidises slowly in air, especially in neutral solution, forming
carbon monoxide and tetraiodoethylene :

2C = CI2 4- 0 2 = 2CO 4- CI2 = CI2.

This oxidation also takes place if sodium hydroxide is added
to an alcoholic solution of diodoacetylene.1

By passing a current of dry chlorine into diiodoacetylene or
into its solution in chloroform, white needles of hexachloroethane
(m.p. 186-5° C.) are obtained after removing the excess chlorine.

By the prolonged action of bromine on diiodoacetylene
hexabromoethane is similarly obtained in the form of white
crystals, which melt at 210° to 215° C. with separation of bromine.
Under suitable conditions several compounds of bromine and
iodine may be obtained, as dibromodiiodoethylene, triiodobromo-
ethylene, etc. (Berend and Nef).

Concentrated nitric acid or chromic acid in acetic acid solution
reacts to form carbon dioxide and iodoethylene.

With fuming nitric acid a very violent reaction takes place
with evolution of carbon dioxide and separation of iodine and of
triiodovinyl nitrate, which has the formula

?•
CIONO2

and forms yellow crystals (Nef).
It has powerfully toxic properties, the vapour strongly

irritating the mucous membranes and particularly the eyes (Nef).
Iodine separates as it acts on the organism, though it partly
penetrates the tissues without decomposition.2

Analysis of Divalent Carbon Compounds
DETECTION OF CARBON MONOXIDE

The various reactions that have been proposed for the detection
of carbon monoxide depend on its reducing properties and its
power of reaction with haemoglobin.

The following are the principal:
(1) Silver Nitrate. (A solution of silver nitrate to which

sufficient ammonia has been added to redissolve the precipitate
which first forms.) By shaking the gas containing carbon
monoxide with this solution, a black precipitate is produced.3
Sensitivity : 0-04%.

1
 NEF, Ann., 1898, 298, 341.2 BILTZ, Ber., 1897, 30, 1201.8
 KAST and SEIXE, Gas- und Wasserfach., 1927, 69, 812.
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(2) Palladium Chloride. This employs 0-2% aqueous solution
of palladium chloride, or palladium chloride paper.1 The latter
is prepared just before use by immersing a strip of filter paper
in a freshly prepared mixture of equal volumes of a 0-5% solution
of palladium chloride and a 5% solution of sodium acetate.2

Sensitivity 3 : 0-05% CO, in a few minutes.
0-02% CO, in 2-4 hours.
0*005% CO, in 24 hours.

These two reactions, with silver nitrate and palladium chloride,
can only be used to detect carbon monoxide in air which does
not contain hydrogen sulphide, ammonia or unsaturated
hydrocarbons.

Spectroscopic Method. This is the most certain and specific
method of detecting carbon monoxide. The gas to be tested is
passed into a dilute solution (1 in 10, or 1 in 100) of blood which is
then examined spectroscopically. Pure blood gives the spectrum
of haemoglobin with its two absorption bands of which one is
narrow and yellow, near the D line, while the other is less intense
but wider in the green, near to the E line. Carboxyhaemoglobin
also gives two bands in D and E but of equal width and intensity,
somewhat closer together and also displaced towards the violet.

This test is simplified by adding ammonium sulphide to the
solution to be tested, when the spectrum of oxyhaemoglobin is
substituted for that of haemoglobin, and the two bands in D
and E disappear and give place to a single band, less intense and
narrower. The spectrum of carboxyhaemoglobin remains
unaltered. Sensitivity: 0-05%.

DETECTION OF IRON PENTACARBONYL

(1) Method of Pyrogenic Decomposition. The gas to be
examined is passed through a glass tube, similar to that usually
employed in carrying out the Marsh test, and heated by means
of a gas flame. In the presence of iron pentacarbonyl a ring of
iron oxide is deposited on the cold part of the tube. Carbon
monoxide may be detected in the gas issuing from the tube by
one of the methods given above.

(2) Griffith's Method.* The gas to be tested is bubbled through
a wash bottle containing concentrated sulphuric acid. By

1 WINKLER, Lehrbuch d. Techn. Gasanal., Leipzig, 1927 ; BRUNCK, Z. angew.
Chem., 1912, 25, 2479.

2 LJUNGREEN, Eng. Pat., 341269/1930.
8 V. ITALIEN, Toxicologie, 1928, 183.
* GRIFFITH, / . Soc. Chem. Ind., 1928, 47, 311.
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evaporating to dryness and taking up the residue with water,
iron may be detected by the well-known Prussian blue reaction.

QUANTITATIVE DETERMINATION OF CARBON MONOXIDE

Of the various methods suggested, the two described here
enable very small quantities of carbon monoxide to be determined
in air. Other methods (gas-volumetric, gravimetric, by combus-
tion, etc.) may be found in the usual books on chemical analysis.

(1) Iodine Pentoxide Method. This method is based on the
determination of the iodine liberated in the reaction between
carbon monoxide and iodic anhydride according to the equation * :

I2O5 + 5CO = 5CO2 + I2.

Three U-tubes are connected in series, the first filled with
granular potassium hydroxide, the second with pumice impreg-
nated with sulphuric acid, and the third with pure anhydrous
iodic acid which should not liberate iodine when pure air is passed
through.2 This last U-tube is connected by glass-to-glass connec-
tions with a boiling-tube containing sufficient concentrated
potassium iodide solution to ensure complete absorption of the
iodine.

The iodic acid is heated in an oil-bath to about 1500 C , and a
measured volume of the gas mixture to be examined is passed
through at a velocity of about 10 ml. per minute. The iodine
liberated by the carbon monoxide is carried over by the gas
stream and bubbles into the potassium iodide solution. After
the measured volume of gas has been passed, pure air is drawn
through for some minutes to ensure complete absorption of the
iodine which remains in the connecting tubes.

The liberated iodine is titrated with sodium thiosulphate by
the usual method of analysis.

According to Froboese,3 it is preferable to determine, either
gravimetrically or volumetrically, the carbon dioxide formed in
the above reaction rather than to ti trate the iodine.

An apparatus utilising the reaction between carbon monoxide
and iodic acid has been produced by the Mines Safety Appliances.4

This permits the determination of the amount of carbon monoxide
in air in a few seconds with sufficient accuracy for practical
purposes. A measured volume of gas is passed first through a

1 M. NICLOUX, Compt. rend., 1898, 126, 746 ; GAUTIER, Compt. rend., 1898,
126, 793-

* It is best not to use the iodic acid of commerce, but to prepare it by the
action of nitric acid on iodine, as described by NICLOUX, Compt. rend., 1912, 1166.

3 FROBOESE, Z. anal. Chem., 1915, 54, 1.
* " Safety in Mines Apparatus," Jour. Sci. Instrum., 1932, 9, 327.
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layer of activated carbon and then through a tube containing
pumice saturated with iodic anhydride and oleum, known as
" Hoolamite." * In the presence of carbon monoxide the tube
assumes a colour varying from greyish-blue to greenish-blue
according to the amount of carbon monoxide. By comparison
with a standard reference-tube the quantity present in the air
under examination can be determined.

(2) " Hopcalite" Method. This is based on the catalytic
oxidation of carbon monoxide when passed through the oxidising
mixture of manganese dioxide and copper oxide known as
" Hopcalite." 2 Determination of the percentage of carbon
monoxide present is carried out by measuring either the quantity
of carbon dioxide formed 3 or the heat of oxidation.

The " Draeger-CO-Messer" apparatus measures the rise in
temperature of the oxidising mixture mentioned above. This
rise in temperature may be measured either by means of an
ordinary thermometer or registered on a thermograph. From the
increase in temperature the percentage of carbon monoxide may
be obtained from suitable tables.4

QUANTITATIVE DETERMINATION OF IRON PENTACARBONYL

The method of Griffith, already described, may be applied
to the determination of iron pentacarbonyl by colorimetric
determination of the Prussian blue formed.

If the sample has been dissolved in benzine, methyl alcohol,
etc., it is treated with perhydrol and the iron precipitated with
ammonia and determined in the usual way as oxide.5

1 HOOVER, / . Ind. Eng. Chem., 1921, 13, 770 ; KATZ, / . Ind. Eng. Chem.,
1925. 17, 555-

2 LAMB and coll., / . Am. Chem. Soc, 1922, 44, 738. For the composition of
Hopcalite, see p. 47.

3 GRICE, Eng. Pat., 343724/1930.
* STAMPE, Von der Kohlen und Mineralolen, 1931, 3, 227.s MITTASCH, Z. angew. Chem., 1928, 41, 827.



CHAPTER VI

ACYL HALOGEN COMPOUNDS

T H E substitution of carboxylic-hydroxyl in the molecules of
organic acids by halogen atoms or by the CN group, generally
confers toxic properties.

Among the halogen derivatives of acid radicles especial interest
attaches to phosgene or carbonyl chloride because of its great
toxic properties, and it was used in the war of 1914-18.

From its structure it will be seen that phosgene may be
considered as carbonic acid in which both the hydroxyl groups
are substituted by chlorine atoms.

/ O H / O H /Cl
co( co( co(NOH NC1 Vl
carbonic chlorocarbonic carbonyl

acid acid chloride
Analogues of phosgene, such as carbonyl bromide have been

studied at various times,1 but experiments on the chemical and
particularly toxicological properties have only been carried out
in the last few years.2

Carbonyl bromide, because of its boiling point (64° C.) and its
comparative stability to the action of water would be preferred
as a war gas to phosgene were it not for its lower stability to light
and its lesser toxicity.

Recently carbonyl fluoride has also been prepared and studied.
It is a colourless gas obtained by the action of silver fluoride on
carbon monoxide.3 Because of its great sensitivity to water and
its low boiling point (— 83° C.) it appears improbable that it
would give satisfactory service as a war gas.

By the substitution of the halogen atoms in the phosgene
molecule by CN groups it is possible to obtain the following two
compounds :

CO< CO(
XCN NCN

cyanoformic chloride carbonyl cyanide1
 EMMERLING, Ber., 1880, 13, 874 ; BARTAL, Z. anorg. Chem., 1907, 56, 49.2 H. SCHUMACHER and S. LENHER, Ber., 1928, 61, 1671.3 O. RUFF, Z. anorg. Chem., 1934, 221, 154.

57
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The chloride of cyanoformic acid is obtained by the action of
the amide of ethyl oxalate on phthalyl chloride.1 It is an oily
substance with b.p. 126° to 128° C. at 750 mm. of mercury.

Carbonyl cyanide has been obtained 2 from diisonitrosoacetone.
It is a colourless liquid with a boiling point of 65-5° C. at 740 mm.
Density, 1*124 a* 2O° C. By hydrolysis it decomposes forming
carbon dioxide and hydrocyanic acid.

In recent years compounds of the same general type, but
having the carbonyl group C : O substituted by the oximic
group C : NOH, have attracted attention as possible war gases.

(1) Chloroformoxime 3

CK
)C = NOH

and (2) Dichloroformoxime, the oxime of carbonyl chloride,4

CK
)C = NOH

c r

The vapours of these substances even in low concentration are
strongly lachrymatory and produce very painful lesions of the
eyes which may result in blindness. Both in the solid state and
in solution they also cause irritation and blistering of the skin.
This vesicant action results from actual contact of the substances
with the skin and the blisters heal only very slowly. According
to Hackmann,5 very few substances known in the whole of organic
chemistry are capable of exerting on the human organism
physiopathological action that ife as violent as that produced by
these oximes. However, their physical and chemical properties
render them of little use as war gases.

Recently other compounds analogous with dichloroformoxime
have been prepared.6

(1) Dibromoformoxime, crystals with a melting point of
68° to 6o.°C. (Birckenback) or 700 to 7 i °C . 7 Distils between
75° and 85° C. at a pressure of 3 mm.

(2) Diiodoformoxime, crystals with m.p. 69° C.
These two substances have a less powerful toxic action than

1 E. OTT, Chem. Ztg., 1926, 50, 448.
2 MALACHOVSKY and colL, Ber., 1937, 70» IO12-
3
 NEF, Ann., 1894, 280, 307.

* PRANDTL, Ber., 1929, 62, 1766 ; M. SLUNESKO, Vojenske Technicke Zpravy,
1927, 14, 155.5 HACKMANN, Chem. Weekblad., 1934, 31, 366.

B BIRCKENBACH and SENNEWALD, Ann., 1931, 489, 9.7 J. DE PAOLINI, Gazz. chim. ital., 1930, 60, 703.



PHOSGENE 59

the analogous chlorinated derivatives and especially as vesicants,
provoke irritation of minor intensity.

Finally, among the various acyl halogen compounds, formyl
fluoride, oxalyl chloride, oxalyl bromide, etc., are interesting
possibilities as war gases.

Formyl fluoride, H . COF, has been prepared only recently by
Nesmejanov* by the action of benzoyl chloride on a solution of
potassium fluoride in formic acid. It is a mobile, colourless liquid,
b.p. — 26° C. It dissolves in water, slowly hydrolysing. At
room temperature either in the liquid or gaseous state, it decom-
poses in a few hours with the formation of carbon monoxide and
hydrofluoric acid.

HCOF - > HF + CO.

Considered from the physiopathological point of view, formyl
fluoride is about three times as toxic as acetyl fluoride or
chloropicrin.

Oxalyl chloride, (COC1)2, has been obtained by the action of
phosphorus pentachloride on oxalic acid.2 On heating, it
decomposes, forming carbon monoxide and phosgene according
to the equation :

(COC1)2 - > CO + COC12.

Oxalyl bromide, (COBr)2, has been obtained by the action of
hydrobromic acid on oxalyl chloride.3 Heat decomposes it with
production of carbon monoxide and carbonyl bromide. It reacts
easily with water forming carbon monoxide, carbon dioxide and
hydrobromic acid.

The vapours of these two substances violently attack the
respiratory organs.

It has been demonstrated that the stability of the oxalic acid
halides diminishes in passing from the chlorides to the iodides.

(COC1)2 (COBr)2 (COI)2
Temperature of decomposition . 3500 1500 — 8o°

This is analogous to the behaviour of the carbonic acid halides :

COC12 COBr2 COI2
Temperature of decomposition . 400° 100° — 80°

1. Phosgene. COC12. (M.Wt. 98-9)

Phosgene, or carbonyl chloride, was obtained in 1812 by Davy 4

1 A NESMEJANOV and E. KAHN, Ber., 1934, 67, 370.
1 STAUDINGER, Ber., 1908, 41, 3558.
3 STAUDINGER, Ber., 1912, 45, 1595, and 1913, 46, 1431.
« DAVY, Phil. Trans. Roy. Soc, 1812, 102, 144.
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by exposing a mixture of chlorine and carbon monoxide to the
action of sunlight.

CO + Clg = COC12.

This reaction can also be brought about without the influence
of solar radiation by means of catalysts such as platinum sponge,
vegetable carbon, animal charcoal,1 etc.

Phosgene was employed for the first time as a war gas in
December, 1915. I t was used throughout the war alone or mixed
with chlorine by emission from containers, while shells were also
used which contained the same mixture or one including metallic
chlorides as stannic chloride or other war gases such as chloro-
picrin, diphosgene, diphenylchloroarsine, etc.2

LABORATORY PREPARATION

In the laboratory, phosgene may be easily prepared by treating
chloroform with chromic acid mixture 3 :

2CHCI3 + 30 = 2COC12 + H20 + Cl2,

but by this method the product is impure with chlorine and
chloroform (5% about).

Either Erdmann's method, based on the reaction between

FIG. I.

1 PATERNO, Gazz. chim. ital., 1878, 8, 233, and 1920, 50, 30.2 MAMELI, Chimica tossicologica, Turin, 1927, 527.
3 EMMERLING, Ber., 1869, 2, 547.
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fuming sulphuric acid and carbon tetrachloride, or the synthetic
method from carbon monoxide and chloride in presence of
activated carbon is generally used.

Preparation from Oleum and Carbon Tetrachloride.1 ioo ml.
carbon tetrachloride are placed in a flask, A (Fig. i ) , fitted with
a stopper through one of whose three holes passes a tap-funnel, B,
containing 120 ml. oleum (80% free SO3), while a thermometer
and a reflux condenser pass through the other two holes. The
flask A is gently heated, while fuming sulphuric acid is allowed
to enter drop by drop from the tap-funnel, and when this comes
into contact with the carbon tetrachloride it reacts according to
the equation :

SO3 + CC14 = COC12 + SO2C12.

The phosgene formed is first passed through the wash bottle C,
containing concentrated sulphuric acid which absorbs sulphur
trioxide and sulphuryl chloride vapours, and then through two
condensation receivers, D and E, externally cooled with a
freezing mixture of ice and calcium chloride.

After all the oleum has been added, the flask is heated strongly
for about 5 minutes in order to eliminate all the phosgene.

In this way phosgene impure with carbon tetrachloride and
sulphuryl chloride is obtained. According to Popescu 2 it can
be purified by first heating it to its boiling point ( + 8° C.) and
then condensing the vapour again after passing it through
strongly cooled concentrated sulphuric acid.

Preparation by Synthesis from Chlorine and Carbon Monoxide.
A wide-mouthed vessel [A, see Fig. 2) is closed with a stopper

CO

FIG. 2.

pierced with three holes. Through two of these holes glass
tubes (B and C) pass to the bottom of the vessel, while through
the third a very short tube passes and connects with a condenser

1 H. ERDMANN, Ber., 1893, 26, 1993. This method was used in the " Serviciul
de oparare contra gazelor " of Rumania. Antigaz, 1927, 7, 9.

8 POPESCU, Antigaz, 1927, 7, 11.
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(D) filled with granules of activated carbon. The other end of
the condenser is connected with two receivers, E, F, externally
cooled with a freezing mixture of ice and calcium chloride.

Carbon monoxide from a gas holder is passed through a wash
bottle L containing sulphuric acid, and then by means of tube B
into the vessel A where it mixes with chlorine introduced through
the other tube C. The chlorine is passed in at the rate of five or
six bubbles a second and the carbon monoxide at eight or nine
bubbles a second. As the two gases pass through the charcoal,
the latter becomes heated, and water is therefore circulated
through the outer tube of the condenser to cool it. The phosgene
as it forms gradually condenses in the two externally cooled
receivers.1

INDUSTRIAL PREPARATION

In Italy and France phosgene was prepared during t h e first
years of the war of 1914-18 from carbon tetrachloride and
fuming sulphuric acid according to the method of Schiittzenberger2

modified by Grignard.3

This method, though giving a high yield of phosgene (about
90% of theoretical), consumes much chlorine. For this reason,
the method was later abandoned in favour of the synthesis from
carbon monoxide and chlorine which had been used in Germany
from the beginning. Until a few years ago the synthesis from
carbon monoxide and chlorine was carried out in presence of
animal charcoal exclusively, this being conveniently prepared
from bones and washed first with hot hydrochloric acid, then with
water, and finally dried. Later it was discovered that vegetable
carbon prepared from birch wood, lime wood, coconut, etc., had
greater catalytic activity.

The synthetic method is nowadays the most widely used for
the industrial manufacture of phosgene.

The preparation of the chlorine for use in this process involves
no points calling for special mention, except that the chlorine
should be as dry as possible in order to prevent the formation of
hydrochloric acid during the synthesis. Special care is necessary,
however, in preparing the carbon monoxide. The most generally
used process employs the reduction of carbon dioxide obtained
by the combustion of coke and is carried out in the following
manner :

Coke is burned in a special furnace, and the carbon dioxide
1 PATKRN6 and MAZZUCHELLI, Gazz. chim. ital., 1920, 50, 30.2 ScHtiTTZENBERGER, Bull. soc. chim., 1869, 12, 198.
* GRIGNARD, Compt. rend., 1919, 169, 17.
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formed is purified by first washing with water and then passing
it through a series of tubes containing a solution of potassium
carbonate.

The carbon dioxide reacts with this solution to form potassium
bicarbonate according to the equation :

K2CO3 + CO2 + H2O = 2KHCO3.

The solution thus obtained is pumped into a still and heated in
absence of air, so as to liberate the carbon dioxide again together
with water vapour. The latter is removed by cooling and then
passing through concentrated sulphuric acid.

Carbon dioxide alone is left and this is reduced to carbon
monoxide by passage through red-hot coke. In order to prevent
the coke being cooled by the endothermic nature of the reaction
to a temperature at which the combination no longer takes place
or occurs only incompletely and very slowly, the carbon dioxide
is mixed with a definite quantity of oxygen.

In this way carbon monoxide is obtained impure with carbon
dioxide which is removed by absorption in caustic soda :

CO2 + 2NaOH = Na2CO3 + H2O.

After drying, the carbon monoxide is ready for the synthesis.
The plant for the manufacture of phosgene by the synthetic

method is shown diagrammatically in Fig. 3. The carbon

FIG. 3.

monoxide and chlorine are passed into a mixer A, suitably
arranging the proportions to correspond with the synthetic
process which follows. These mixers are simple lead cylinders
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containing perforated diaphragms. The gases enter tangentially
at one end of the mixer by two separate tubes, x, y, then are
mixed in passing through the holes in the diaphragms and leave
from the other end of the mixer to pass directly into the catalyst
chamber, B. This may take various forms, but generally consists
of lead tubes 5-6 m. in height and 1 m. in diameter filled with
active carbon. The gases enter at the bottom of the chamber
at a temperature of about 20° C. As the reaction between chlorine
and carbon monoxide takes place with development of a consider-
able quantity of heat, the temperature is moderated by external
cooling. The optimum temperature for the reaction is about
125° C. and should not exceed 150° C.1

The gas mixture containing the phosgene formed is passed
next through the cooling coils, D, where the greater part condenses
and is collected in the receiver F. The uncondensed portion then
enters at the bottom of the absorption tower G, into the top of
which a fine spray of tetrachloroethane drops, this liquid being
a solvent for phosgene. The solution obtained passes into the
still H, in which the phosgene is recovered by heating and
condenses in the cooler E and collects in the reservoir F, while
the tetrachloroethane freed from phosgene passes into K and by
means of the montejus L is carried again to the top of the
column G. The phosgene obtained in this manner contains
about 1-5-2% free chlorine and traces of carbon dioxide.

American Method. At Edgewood the Americans carried out
the synthesis of phosgene by a method similar to that described
above, employing, however, a special carbon known as " Filtchar "
as catalyst. What is particularly interesting about this method
is the means by which the synthesis from the carbon monoxide
and chlorine is carried out.

The catalyst is placed in special boxes of iron covered with
graphite sheets to protect the iron from the action of the chlorine
and the temperature during the synthesis allowed to rise of its
own accord to at least 250° C. However, as in these conditions
the combination of the two gases is incomplete, in order to prevent
chlorine and carbon monoxide from escaping uncombined, the
gases issuing from the catalyst chambers, containing about 85%
phosgene, are passed into a second series of reaction chambers.
These are constructed like the first and also contain " Filtchar."
They are known as the cold catalysts and are kept at a temperature
of about 950 C.

The resulting gas mixture containing approximately 93-94%
of phosgene is dried by means of sulphuric acid and then cooled

1 CHAPMAN, / . Chem. Soc, 1911, 99, 1726.
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by passing through coils immersed in calcium chloride brine at
— 20° C. At this temperature the phosgene is liquefied, while
the remaining gas which still contains gaseous phosgene is
absorbed in linseed oil in a recovery plant.

PHYSICAL AND CHEMICAL PROPERTIES

At ordinary temperatures phosgene is a colourless gas with a
characteristic odour described as that of mouldy hay. On
cooling to below 8° C. it becomes a colourless, mobile liquid
boiling at 8-2° C. It solidifies at — 1180 C.1 to a white crystalline
mass. The technical product is, however, pale yellow or orange
owing to the presence of coloured impurities, such as chlorine,
ferric chloride, etc.

The critical temperature of phosgene is 181-7° C. a n d the
critical pressure 55-3 atmospheres. A litre of gaseous phosgene
at 0° C. and 760 mm. weighs 4-4 gm., i.e., three and a half times
(3-505 to be exact) that of air (1-293). In the following table the
values of the specific gravity of liquid phosgene are given at
various temperatures, as well as the values of the specific volume
(volume of unit weight of liquid phosgene).

TEMPERATURE SPECIFIC SPECIFIC
0 C. WEIGHT VOLUME

— 40 I -SOU O-6662
— 20 I ' 4 6 l 5 O-6842
— 10 1-4411 0-6939

o 1*4203 0-7041
10 1-3987 0-7150
20 I-376O 0-7260
40 I-3262 O-754I
60 1-2734 0-7853

The vapour tension of liquid phosgene at temperatures between
— 15° C. and + 23° C. can be calculated from the formula :

log # = 7 - 5 5 9 5 - ^ 7

For temperatures between — 13° C. and + 25° C. the vapour
tension is as follows :

TEMPERATURE VAPOUR TENSION
0 C. MM. MERCURY

- 13-7 335
- I© 365
- 5 452

o 555
8-2 760

10 839-8
20 I.I73-4
25 1.379

1 ERDMANN, Ann., 1908, 362, 148.
WAR GASES.
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From these data it will be seen that even at ordinary tempera-
tures phosgene has a high vapour pressure which makes it of low
persistence as a war gas, although its vapour density is much
greater than that of air.

The evaporation of phosgene is also favoured by its low specific
heat (0-243 calorie) and its low latent heat of evaporation (about
60 calories). The coefficient of expansion of phosgene is 0-001225
at 0° C.

Phosgene dissolves readily in many organic solvents, such as
benzene, toluene, xylene,1 etc., as well as in fats and oils. From
these solutions it can be easily removed by a current of dry air.
Use is made of this property in marketing phosgene as a 30%
solution in toluene.

According to Baskerville and Cohen 2 the solubility of phosgene
in some organic solvents at a temperature of 20° C. is as follows :

1 gm. phosgene dissolves in i-o gm. benzene
1-5 „ toluene
1-2
17
3-6

petrol
chloroform
carbon tetrachloride
glacial acetic acid

Phosgene is also easily soluble in arsenic trichloride (1 part
AsCl3 dissolves 100 parts COCla) and in sulphur monochloride.

In the liquid state phosgene dissolves various substances, as,
for example, chlorine in the following proportions : at 0° C ,
6-63% ; at — 15° C , 20-5%, as well as several of the war gases,
such as dichloroethyl sulphide, chloropicrin, diphenylchloroarsine,
etc.

Phosgene is a stable compound at ordinary temperatures and
in absence of humidity. At somewhat elevated temperatures,
however, it dissociates fairly easily into carbon monoxide and
chlorine:

COC12 = CO + Cl2.

Bodenstein and others 3 have observed that this dissociation
has the following values at ordinary pressure :

At 1010

At2o8°
At 3090

At 4000

C. .
C. .
C. .
C. .

- 0-45%
• 0-83%
- 5'6i%
. 21-26%

At 5030

At 553°
At6o3°
At 8oo°

C. .
C. .
C. .
C. .

• 67%
• 80%

. 100%
1 W. KIREEV and coll. have determined the boiling points at ordinary pressure

and the composition of the vapour from solutions of phosgene in xylene and in
ethylene dichloride containing amounts of phosgene varying from zero to 35%
by weight (/. Prikl. Khim., 1935, 949).

8 C. BASKERVILLE and P. COHEN, / . Ind. Eng. Chem., 1921, 13, 333.
8 BODENSTEIN and DUNANT, Z. physik. Chem., 1908, 61, 437 ; BODENSTEIN

and PLAUT, Z. physik. Chem., 1924, 110, 399.
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When phosgene is passed through incandescent carbon, it
decomposes according to the equation * :

2COC12 - > CC14 + C02.

By exposure to the light from a mercury vapour lamp in
presence of oxygen and chlorine, decomposition takes place, and
as an intermediate product, a compound of the formula COC12 is
formed. By exposure to ultra-violet light chlorine and carbon
monoxide are formed.3

Phosgene in contact with water is hydrolysed even at the
ordinary temperature according to the equation :

COC12 + H2O = 2HCI + CO2.

Very divergent values are reported in the literature for the
velocity of this reaction ; according to some workers the hydro-
lysis of phosgene is instantaneous ; according to others it has a
measurable velocity.4 The reaction is strongly influenced by the
physical state of the phosgene when it is brought into contact with
the water and also whether the water is in the vapour state or the
liquid state. Thus, according to Delepine,5 the reaction velocity
is not very rapid if the phosgene comes into contact with the
water vapour normally present in the atmosphere. Experiments
carried out on this have demonstrated that 1 ml. of gaseous
phosgene, placed in a 500-ml. stoppered flask with ordinary air,
still retains the odour of phosgene after 15 days. The normal
humidity of the air, therefore, does not completely decompose
phosgene, though there is present in the air more water than that
necessary for complete hydrolysis. By addition to the flask of a
drop of water, which is more than sufficient to saturate the air,
the odour of phosgene is still perceptible after 4 days, but not
after 12 days. With 2 drops of water the odour disappears in
2 days.

The hydrolysis of phosgene actually in contact with water is,
however, very rapid.6 Patern6 and Mazzucchelli 7 have found
that by placing 100 ml. water together with a small glass bulb
containing about 1 gm. phosgene inside a closed vessel, and after
cooling to 0° C , breaking the bottle and shaking, decomposition
of the phosgene is complete in barely 20 seconds.

1 MELNIKOV, / . Khim. Promiscl., 1932, 9, 20.
2 G. ROLLEFSON and C. MONTGOMERY, / . Am. Ckem. Soc, 1933. 55, 142.
8 COHEN and BECKER, Ber., 1910, 43, 131.
* FRIES and WEST, Chemical Warfare, 1921, 131 : MEYER, Der Gaskampf und

die chemischen Kampstoffe, 1925, 318 ; Handleiding in de Chemische Oorlogsvoe
Ring, Utgave Mavors, 1927, 63.

6 DELEPINE, Bull. soc. chim., 1920, [4], 27, 286.
• S. VLES, Rec. trav. Chim., 1934, 53, 961.
7 PATERN6 and MAZZUCCHELLI, Gazz. chim. Ital., 1920, 50, 30.

3—2
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Although the hydrolytic reaction is irreversible, the products
formed in the reaction retard further decomposition of the
phosgene.

Thus in the case of gaseous phosgene, the carbon dioxide
formed, being sparingly soluble, immediately saturates the
surface layer of the water with which it is in contact and the
greater part remaining in the gaseous state forms an inert layer
over the liquid preventing further attack of the phosgene. In
the case of liquid phosgene, it is the hydrochloric acid which
slows down further decomposition by saturating the water in
immediate contact.

It seems, therefore, that such retarding action depends
principally on the diffusion in the water of the products of
hydrolysis, which by not diffusing rapidly form a sort of protective
layer against further decomposition of the phosgene. As soon
as the products diffuse away into the water, further hydrolysis
becomes possible.

The property of retarding the reaction between phosgene and
water is not specific for hydrochloric acid, but is common to all
acids.

Phosgene, which, as stated on p. 57, may be considered as
carbonic acid chloride, is very reactive, like all acid chlorides.
It reacts easily with bases ; for instance, with sodium hydroxide
it forms sodium chloride and sodium carbonate.

COC12 + 4NaOH = aNaCl + Na2CO3 + 2H2O.

It reacts with calcium hydroxide similarly. Soda-lime is also
a good neutralising agent for phosgene and has been employed
for this purpose in the antigas niters of respirators.

Phosgene does not react with hydrobromic acid even when
heated to 200° C , but hydriodic acid when passed together with
phosgene through a glass tube 6 m. long, reacts at ordinary
temperatures with separation of iodine derived from the
decomposition of iodophosgene.1

In the absence of water, phosgene reacts quantitatively with
sodium iodide in acetone solution according to the equation 2 :

COC12 + 2NaI = CO + I2 + 2NaCl.
This reaction is rapid and makes possible the determination of

small quantities of phosgene in mixed gases (see p. 86).
Phosgene reacts similarly in contact with an acetone solution

of lithium bromide :
COC12 + 2LiBr = CO + 2LiCl + Br2

1 STAUDINGER, Ber., 1913, 46, 1426.
2 Jahresb. der Chem. Tech. Reichsanstalt, 1927, 6, 57.
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and, according to Perret,1 this reaction can be employed for the
quantitative determination of phosgene by measuring the volume
of carbon monoxide formed. In this determination, the bromine
does not interfere as it gradually combines to form bromoacetone

Chlorobromophosgene is formed by the action of aluminium
bromide or boron bromide on phosgene at 140° C. :

CO(
NBr

This is a liquid with a boiling point of 25° C. and specific gravity
1-82 at 150 C.2

Phosgene also reacts with ammonia, aniline, dimethyl aniline,
etc. With ammonia it forms urea.3

/Cl HNH 2 / N H 2
CO( + = CO< + 2 HC1

NC1 HNH 2
 NNH2

With aniline, diphenyl urea is formed 4 :

/Cl 2 HNH-C6H5 /NH-C 6H 5

CO< + = CO( + 2 C6H8NH2 . HC1
XC1 2 HNH-C6H5

 NNH-C6H5

The reaction of phosgene with aniline, according to Kling and
Schmutz 5 takes place more rapidly than that with water, and,
according to Vies,6 phosgene in contact with a saturated aqueous
solution of aniline at 0° C. reacts almost only with the aniline.
A method of analysis of phosgene (see p . 84) has been based on
this reaction.

Phosgene reacts with sodamide even at the ordinary
temperature, according to the equation.7

COC12 + 3NaNH2 = NaCNO + aNaCl + 2NH3.

At a higher temperature, about 250° C , the reaction follows' a
different course :

COC12 + 5NaNH2 = Na2CN2 + zNaCl + NaOH + 3NH3.

Phosgene acts on dimethyl aniline at ordinary temperatures

PERRET, Bull. soc. chim., 1936, 349.
BARTAL, Ann., 1906, 345, 334.
R. FOSSE and coll., Compt. rend., 1936, 202, 1544.
HOFMANN, Ann., 1849, 70, 139.
KLING and SCHMUTZ, Compt. rend., 1919, 168, 773.
S. VLES, Rec. trav. Chim., 1934, 53, 961.
A. PERRET and PERROT, Compt. rend., 1934, 199> 955-
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to give tetramethyl diamino benzophenone, or Michler's
ke tone*:

/Cl C6H5N(CH3)2 /C6H4 . N(CH3)2
CO< + = CO( + 2 HC1

NC1 C6H5N(CH3)2
 NC6H4 . N(CH3)2

This is a crystalline substance, melting at 173° C , insoluble in
water but soluble in the common organic solvents.

In presence of excess phosgene and heating to 50° C , />-dimethyl
amino benzoyl chloride is formed :

/Cl /C6H4 . N(CH3)2

CO< + C6H5N(CH3)2 = CO( + HC1
NC1 Cl

The reaction of phosgene with dimethylaniline when carried
out in the presence of aluminium trichloride or zinc chloride 2

gives Crystal Violet,
With hexamethylene tetramine, or urotropine, an addition

compound of the following formula is obtained 3 :

COC12.2(CH2)6N4.

Phosgene reacts with pyridine forming a yellow crystalline
substance of the formula4 C5H5N(C1) .CO.(C1)NC5H5, which is
decomposed by water with formation of carbon dioxide according
to the equation :

C6H6N(C1).CO.(C1)NC5H5 + H2O = 2(C6H5N.HC1) + CO2.

The course of the reaction of phosgene with alcohols and
phenols is also interesting. With phenols it can react in two
ways, according to the proportions of the two substances present.
With one molecule of phenol and one of phosgene, phenyl
chloroformate is formed :

+ HC1
:i ' H O - C 6 H 5

 No . C 6 H 5

and with two molecules of phenol, phenyl carbonate :

/Cl OH-C6H8 / 0 . C6H5
CO< + = CO< + 2 HC1

NC1 O H - C H 5
 X 0 . C,H5

Because of this peculiar behaviour, sodium phenate is used as
neutralising agent for phosgene in niters. Alcohols react with

1 MICHLER, Ber., 1876, 9, 400.
a HOFFMANN, Ber., 1885, 18, 769.
3 PUSCHIN and MITIC, Ann., 1937, 532, 300.1 D.R.P., 109933/1898 ; Chem. Zentr., 1900, II, 460.
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phosgene in a similar manner to phenols *; for example, with
one molecule of methyl alcohol, methyl chloroformate is formed
(see p. 102) :

/Cl ,C1
C0< + - > C0( •+ HC1

NC1 HOCH3 N 0 CH3

and with two molecules, methyl carbonate :

/Cl HOCH3 /OCH3
C0( + - > C 0 ( + 2 HC1

NC1 HOCH3 NOCH3

The latter is a colourless liquid of agreeable odour, boiling a t
90-6° C. and with a density of 1-065 at 17° C. It melts after
freezing at — 0-5° C. It is stable to water and is miscible with
acids and alkalies. Though insoluble in water, it is soluble in
most organic solvents. I t is transformed into hexachloromethyl
carbonate or triphosgene by chlorinating agents (see p . 115).

Phosgene, when left in contact with acetone for about half an
hour and then distilled, forms isopropenyl chloroformate according
to the following equation, in which acetone is represented by its
enolic formula 2 :

CH3 CH3

C . OH + COC12 = C . OCOC1 + HC1
II II
CH2 CH2

Isopropenyl chloroformate is a liquid, b.p. 93° C. at 746 mm.
density 1*103 at 20° C , having an irritating odour and powerful
lachrymatory properties.

In presence of aluminium trichloride, phosgene reacts with
ethylene dissolved in carbon disulphide, forming /?-chloro-
propionic chloride as well as polymerisation products of ethylene.3

By the action of phosgene on ethylene glycol at ordinary
temperatures, glycol carbonate is formed according to the
equation :

CH2OH CK CHjOv
I + ) c o = 1 )

C H 2 O H c r C H 2 C /
C O = I J C 0 + 2HC1

Glycol carbonate is a liquid boiling at 238° C. at a pressure of
759 mm. and at 152° C. at 30 mm. It is soluble in hot water
and volatile in steam, soluble in benzol, but in alcohol only with

1 DUMAS, Ann., 1835, 15, 39 ; BOSE, Ann., 1880, 205, 229.2 M. MATUSZAK, / . Am. Chem. Soc, 1934, 56, 2007.
3 A. KLEBANSKY, / . Obscei Khim., Ser. A., 1935, 5, 535.
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difficulty, soluble in petroleum ether and also in carbon
disulphide.1

In the presence of substances like pyridine, which are capable
of absorbing the hydrochloric acid formed in the reaction,
phosgene reacts with glycerol to form glycerol carbonate.2

By bubbling gaseous phosgene through ethylene mono-
chlorohydrin at o° C , /?-chloroethyl chloroformate is formed

,C1
co<NOCH2CH2C1

a colourless, irritating liquid, b.p. 152-5° C. at 752 mm. Its
density at 20° C. is 1-3825. Insoluble in cold water; hot water
and alkaline solutions hydrolyse it.3

At ordinary temperatures gaseous phosgene reacts with
oc-monochlorohydrin, forming the corresponding carbonate 4 :

CH2O\
CHO/

CH2C1
a colourless, heavy liquid, b.p. 156-157° C. at 10-12 mm. Density
1-55 at 20° C. Sparingly soluble in water.

In the dry state phosgene has little or no action on most of
the metals,5 but in the presence of moisture it has a powerfully
corrosive action because of the formation of hydrochloric acid.
It is interesting to note Germann's 6 findings with regard to its
action on aluminium. According to this worker, phosgene reacts
with aluminium because the aluminium trichloride which is
formed is soluble in phosgene. Germann was also able to
demonstrate that in the presence of aluminium trichloride those
metals whose chlorides form soluble double salts with aluminium
trichloride also react with phosgene.

At temperatures between 350° and 650° C. phosgene reacts
with metallic oxides, forming carbon dioxide and the
corresponding chlorides.7

Rubber is rapidly attacked by phosgene.
Phosgene is stored in cylinders like liquid chlorine. Iron

containers which have been used for long periods for the storage
VORLAENDER, Ann., 1894, 280, 186.
D.R.P., 252758.
NEKRASSOV and KOMISSAROV, /. prakt. Chem., 1929, 123, 160.
CONTARDI and ERCOLI, Gazz. Chim. Ital., 1934, 64> 522.
MELNIKOV, /. Khim. Promiscl., 1932, 9, 20.
A. GERMANN, /. Phys. Chem., 1924, 28, 879.
CHAUVENET, Compt. rend., 1911, 152, 89.
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or transport of phosgene often contain a small quantity of a
yellowish-red, heavy liquid which has been found to be iron
pentacarbonyl (Patern6).

Activated carbon has a high sorptive capacity for phosgene.1

Its capacity for absorbing such substances from their mixtures
with air depends on various factors : the quality and the quantity
of the carbon, the humidity, the concentration of the gas mixture,
the velocity of the gas through the carbon, etc.

Concerning the influence of the humidity in the air and the
carbon, the following results have been obtained 2 :

Phosgene in contact with carbon is hydrolysed by moisture
with formation of hydrochloric acid.

The capacity for sorption at various phosgene concentrations,
with dry carbon and dry air, follows Freundlich's equation.

With dry carbon and air containing an excessive humidity it
is found that the carbon contains a hydrolysing layer, a
hydrochloric-acid-absorbing layer and a phosgene-absorbing
layer.

The time of resistance of the carbon increases up to a certain
point with the moisture content of the carbon, since it dissolves
the hydrochloric acid which forms. For small amounts of moisture
the carbon layer first absorbs the hydrochloric acid, with high
moisture content the phosgene first.

Dry active carbon has protracted resistance if the air is high
in humidity and low in phosgene concentration.

The values of the sorptive powers for phosgene of activated
carbon of various moisture-contents have been determined by
Engelhardt.3

Materials which have been exposed to phosgene may be
decontaminated by exposure to air and, if necessary, washing
with a 10% solution of soda.4

The action of phosgene on foodstuffs differs according to
whether foods of high water-content, like fresh meat, milk, beer,
wine, etc., are being considered, or those poor in water like wheat,
flour, coffee, etc. Those foodstuffs which are high in water-
content absorb phosgene in large quantities and decompose it
into hydrochloric acid and carbon dioxide. Fresh meat may
remain edible according to the quantity of hydrochloric acid it
contains. The drier foodstuffs can be made wholesome by
exposure to a current of dry, warm air.5

1 H. BUNBURY, / . Chem. Soc, 1922, 121, 1525.
8 I. NIELSEN, Z. ges. Schiess-Sprengstoffw., 1932, 27, 134-284.
8 ENGELHARDT, Z. Elektrochem., 1934, 40, 833.
* J. THOMANN, Antigaz, 1935, 9, n. 3-4, 49.
6 W. PLUCKER, Z. Untersuch. Lebensmitt., 1934, **» 3:7-
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The absorption of phosgene by fats and its energetic action
on the membranes of the lungs is attributed by Kling J to a
possible reaction between the gas and the sterol existing in the
fat of the lungs. In fact, phosgene reacts with cholesterol forming
the chloroformic acid ester, which forms crystals melting at
1080 to n o ° C.

According to the researches of Laqueur and Magnus,2 the
irritating power of phosgene on the mucous membranes and on
the respiratory tract is very small, but the suffocating power
great.

The mortality-product, according to Meyer,3 Hofmann 4 and
others is 450. This value is, however, considered to be too low ;
recent experiments 5 have demonstrated that it ranges for cats
from 900 (Flury) to the figure (obtained by exposure to low
concentrations of 5-7 mg. per cu. m.) of 3,000 (Wirth). This
fact demonstrates, according to Wirth, that phosgene at very
low concentrations behaves like substances of the hydrocyanic
acid type with regard to mortality-product. According to
American experiments, the mortality-product of phosgene is
higher even than those already cited, and for dogs actually
reaches 5,000 for an exposure time of 10 minutes.6

2. Carbonyl Bromide. COBr2. (M.Wt. 1878)

Carbonyl bromide, or bromophosgene, was prepared for the
first time by Emmerling 7 by the oxidation of bromoform with
potassium dichromate and sulphuric acid. Later it was also
obtained by heating boron bromide to 150° C. with phosgene,8

but by this method a mixture with other compounds is obtained :

2COC12 + BBr3 = COBr2 + COClBr + BC13.

It is formed in small quantity also from carbon monoxide and
bromine, in the presence of aluminium trichloride or by the action
of the dark electric discharge 9 :

CO + Br2 = COBr2.

The most suitable method for the preparation of carbonyl
bromide consists in treating carbon tetrabromide with sulphuric

1 A. KLING, Compt. rend., 1933, 197, 1782.
LAQUEUR and MAGNUS, Z. ges. exp. Med., 1921, 13, 31.
MEYER, Grundlagen des Luftschutzes, Leipzig, 1935, 61.
HOFMANN, Sitzb. preuss. Akad. Wiss., 1934, 447'
FLURY, Gasschutz und Luftschutz, 1932, 149 ; WIRTH, ibid., 1936, 250.
PRENTISS, Chemicals in War, New York, 1937.
EMMERLING, Ber., 1880, 13, 873.
BESSON, Compt. rend., 1895, 120, 191.
BARTAL, Ann., 1906, 345, 334.
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acid in a similar manner to Erdmann's preparation of phosgene
(see p. 60).

CBr4 + S03 = COBr2 + SO2Br2.

LABORATORY PREPARATION l

100 gm. carbon tetrabromide 2 are placed in a small flask
fitted with a reflux condenser and warmed until it is completely
melted. Then 90 ml. concentrated sulphuric acid (S.G. 1-83)
are allowed to enter very slowly in drops, and the whole heated
to 1500 to 1700 C. At the end of the reaction the mass is distilled,
and the distillate, which is brown in colour because of the presence
of bromine, is purified by addition of mercury in small portions,
shaking and freezing. A further purification is effected by adding
powdered antimony in small portions. I t is distilled under
reduced pressure in an all-glass apparatus with glass-to-glass
connections. The product obtained is kept over antimony or
silver powder in a sealed vessel. Yield 44%.

PHYSICAL AND CHEMICAL PROPERTIES

A colourless, heavy liquid of characteristic odour perceptible
at great dilutions. I t boils at ordinary pressure at 64° to 65° C ,
with incipient decomposition.

Specific gravity about 2-5 at 15° C.
Carbonyl bromide easily decomposes under the influence of

light and heat, liberating bromine, according to the equation :

COBr2 = CO + Br2.

This decomposition is accelerated by the presence of extraneous
organic substances.

It is hydrolysed by water :

COBr2 + H2O = 2HBr + CO2.

This reaction, according to Schumacher, takes place more
slowly than in the case of phosgene.

I t reacts easily with bases, as, for example, with sodium
hydroxide, to form sodium bromide and carbonate :

COBr2 + 4NaOH = 2NaBr + Na2CO3 + 2H2O.

With dimethylaniline in presence of aluminium tribromide, a
coloured substance of the Crystal Violet type is formed.

The vapour of carbonyl bromide attacks rubber, rendering it
hard and brittle.

I ts physiopathological action is very similar to that of phosgene.

'SCHUMACHER, Ber., 1928, 61, 1671.
2A. BARTAL, Chem. Ztg., 1905, 28, 377.
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3. Chloroformoxime. (M.Wt. 794)
Cl

>C = NOH.
W

This substance was obtained for the first time by Nef x in 1894
by the action of sodium fulminate on hydrochloric acid. I t was
prepared by Scholl2 in a similar manner :

Ck
C=NONa + 2 HC1 = >C=NOH + NaCl

W

LABORATORY PREPARATION

A solution of sodium fulminate cooled to 0° C. is allowed to
drop into 150 ml. of an aqueous solution of hydrochloric acid
(1 part water and 1 of cone, hydrochloric acid) also at 0° C. I t
is immediately extracted three times with ether and distilled
(Nef).

PHYSICAL AND CHEMICAL PROPERTIES

It is obtained in the form of crystalline needles. Its odour is
similar to that of hydrocyanic acid.

It is stable at 0° C , almost insoluble in petroleum ether,
slightly soluble in carbon disulphide and easily soluble in other
organic solvents and in water. The aqueous solution decomposes
in time.

Small quantities completely volatilise at the ordinary
temperature. Large quantities decompose spontaneously with
evolution of heat forming carbon monoxide and hydroxylamine
hydrochloride (Nef).

Treated for an hour with concentrated hydrochloric acid, it
decomposes with quantitative formation of hydroxylamine.

With silver nitrate it reacts according to the equation :

CK
) c = i=NOH -t- 2 AgNO3 = AgNO=C + AgCl + 2 HNO3

H

An aqueous solution of chloroformoxime reacts with sodium
hydrate and with ammonia, forming metafulminuric ac id 3 ;
treated with ferric chloride it gives an intense red coloration.

It possesses lachrymatory and vesicant properties.

1
 NEF, Ann., 1894, 280, 307.

! SCHOLL, Ber., 1894, 27, 2819.
8 WIELAND, Ber., 1909, 42, 1350.
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4. Dichloroformoxime. (M.Wt. 113-9)
Cl

)C = NOH.
CV

Dichloroformoxime, the oxime of carbonyl chloride, was
prepared in 1929 by Prandtl and Sennewald * by the reduction
of trichloro nitroso methane (see p. 164), with hydrogen sulphide
according to the equation :

CK
CCI3NO + H2S = >C=NOH + S + HC1

c/
Instead of hydrogen sulphide, aluminium amalgam may be

employed as reducing agent.
Dichloroformoxime, like the corresponding dibromoformoxime,

can also be prepared by treating fulminic acid with chlorine in
the cold.2

PREPARATION FROM TRICHLORONITROSOMETHANE (PRANDTL)
To a known quantity of trichloronitrosomethane is added a

solution, saturated at ordinary temperature, of hydrogen sulphide
in methyl alcohol (0-25 gm. H2S in 10 ml. alcohol at 15° C),
10 ml. being added for each gramme of trichloronitrosomethane.
The mixture is allowed to stand for several hours in a closed
vessel until the blue colour of the nitroso compound disappears.
If excessive heating takes place during this time, the vessel
should be occasionally cooled by immersion in cold water. At
the end of the reaction the product is treated with water and
filtered from sulphur. It is then extracted with ether, dried over
calcium chloride and distilled under reduced pressure. The
oxime distils between 50° and 70° C. at 20 mm. of mercury.

PREPARATION FROM MERCURY FULMINATE 3

A current of chlorine is bubbled through a suspension of
38 gm. mercury fulminate in 500 ml. semi-normal hydrochloric
acid which is meanwhile stirred for 1 to 2 hours. The product is
twice extracted with ether, the solvent evaporated and the oily
residue distilled under reduced pressure. At a pressure of 15 mm.
the distillation commences at 23° C, and after the first fraction
has come over, the thermometer rises to 30° C. and dichloro-
formoxime begins to crystallise in the condenser. This is then
replaced by a receiver cooled in ice. Dichloroformoxine distils
between 32° and 35° C. at 15 mm. Yield about 65%.

1 PRANDTL and SENNEWALD, Ber., 1929, 62, 1766.2 BIRCKENBACH and SENNEWALD, Ann., 1931, 489, 18.3 G. ENDRES, Ber., 1932, 65, 67.
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PHYSICAL AND CHEMICAL PROPERTIES

Dichloroformoxime forms colourless, prismatic crystals melting
at 39° to 40° C. Even at ordinary temperatures it has a high
vapour pressure. I t boils at normal pressure at 129° C. and at
28 mm. of mercury at 53° to 54° C. It has a penetrating,
unpleasant odour.

It is a relatively stable substance, soluble in water and in the
common organic solvents. Slow hydrolysis takes place in aqueous
solution, according to the equation :

Cl\
>C=NOH + 2 HaO = CO2 + HC1 + NH2OH.HC1

c r
This hydrolysis is accelerated and becomes quantitative in

presence of dilute acids.
On raising to its boiling point under reflux, dichloroformoxime

gradually decomposes to give brown vapours ; cyanogen chloride
and hypochlorous acid are formed in the decomposition.

The alkaline hydroxides and carbonates react energetically
with an aqueous solution of dichloroformoxime, and heat is
evolved, while the solution turns yellow.

It reacts with ammonia even at the temperature of liquid air,
forming ammonium chloride. By the action of aqueous ammonia
on an ethereal solution of dichloroformoxime, cyanamide
chloroformoxime is formed together with other products,
according to the equation l :

CK CN-NH\
6 ^C=NOH + 14 NH 3 = 3 ^ C = N 0 H + 9 NH 4 Cl+3 H 2 O+N a

This substance forms colourless crystals melting at 168° C.;
it has no vesicant power.

By the action of hydrazine on an aqueous solution of
dichloroformoxime, hydrocyanic acid is formed by the following
equation :

CK
2 >/C=NOH + 2 N2H4 = 2 HCN + 2 N2 + 4 HC1 + 2 H2O

With fuming nitric acid it is transformed into dichlorodinitro-
methane • :

)C

a liquid boiling at 40° C. at a pressure of 12 mm.3

1 PRANDTL and DOLLFUS, Ber., 1932, 65, 755.
2 BIRCKENBACH and SENNEWALD, Ann., 1931, 489, 21.3 R. GOTIS and coll., / . Chem. Soc, 1924, 125, 442.
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On treatment with copper acetate a small quantity of a tarry
precipitate forms. Ferric chloride gives no colouration with
dichloroformoxime, unlike chloroformoxime.

Dichloroformoxime, even when stored in sealed vessels of
glass or quartz, decomposes at ordinary temperatures with
formation of phosgene and separation of a liquid compound.
The decomposition is practically complete in 3-4 weeks, but is
influenced by humidity and temperature.1 The vapour of
dichloroformoxime attacks rubber and cork.

It has a violently irritant action on the mucous membrane
of the nose and on the eyes. The vapour of this substance, even
in very low concentrations, provokes lachrymation.

When it comes into contact with the skin it produces
inflammation and blisters, which can be prevented by treating
the affected part immediately with plenty of aqueous ammonia
(Prandtl).

5. Oxalyl Chloride. (M.Wt. 126-9)
CO—Cl

CO—Cl

Oxalyl chloride was prepared by Fauconnier 2 in 1892 by
heating ethyl oxalate with phosphorus pentachloride. The
product obtained in this way, however, is impure with phosphorus
oxychloride.

It is obtained in better yield and greater purity by the action
of phosphorus pentachloride on oxalic acid :

COOH COC1

:oci
I + PC16 = T + POC13 + H2O
COOH CC"

PREPARATION 3

90 gm. anhydrous powdered oxalic acid are mixed with 400 gm.
pulverised phosphorus pentachloride, cooling in ice. The mixture
is allowed to stand for 2 or 3 days at the ordinary temperature
until the mass is completely liquefied. It is then fractionally
distilled ; the portion distilling between 60° and 100° C. contains
the oxalyl chloride. By repeated rectification it is obtained
completely free from phosphorus oxychloride. Yield about
5o%.

1 PRANDTL and DOLLFUS, Ber., 1932, 65, 758.2
 FAUCONNIER, Compt. rend., 1892, 114, 122.3
 STAUDINGER, Ber., 1908, 41, 3558.
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PHYSICAL AND CHEMICAL PROPERTIES

A colourless liquid, boiling at 64° C. It solidifies on cooling
to — 12° C. to a white crystalline mass, soluble in ether,
chloroform, etc.

In contact with water or alkaline solutions it decomposes
quantitatively according to the equation :

CO-C1I + H2O = CO2 + CO + 2 HC1
CO-C1

This reaction can be used for the quantitative determination
of oxalyl chloride by measuring the volume of the carbon monoxide
or by titrating the hydrochloric acid formed.

Like other derivatives of oxalic acid, heating splits off carbon
monoxide. By passing oxalyl chloride vapour through a tube
1 m. long heated to 600° C. quantitative decomposition takes
place :

COC1
= CO + COC12

iociAc
Oxalyl chloride decomposes in a similar manner when exposed

to ultra-violet radiation * or when heated in carbon disulphide
solution with aluminium chloride.

It is stable to fuming sulphuric acid even when heated.
Oxalyl chloride reacts with organic compounds in various

ways :
As an acid chloride, that is, retaining the grouping —CO—CO—,

to form the corresponding ethers2 from alcohols and the
oxamides 3 from amines.
Like phosgene, as in the decomposition by heat or in presence

of aluminium chloride; thus it reacts with dimethylaniline
forming Crystal Violet.4

As chlorinating agent, it chlorinates aldehydes and ketones 5

and reacts with acids in the cold, though better on heating, to
form the acid chlorides,6 etc.

By passing oxalyl chloride vapour through a solution of aniline,
oxanilide is obtained in quantitative yield (Staudinger).

It does not react with zinc, mercury, silver or magnesium.
Oxalyl chloride vapours strongly attack the respiratory organs.

1 K. KRAUSKOPF, /. Am. Chem. Soc, 1936, 58, 443.2
 STAUDINGER, Ber., 1908, 41, 3565.3 STOLL6, Ber., 1913, 46, 3915.* POSTOVSKY, /. Khim. Promscl., 1927, 4, 552.6
 STAUDINGER, Ber., 1909, 42, 3966.• ULICH, /. Am. Chem. Soc, 1920, 42, 604.
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Analysis of the Acyl Halogen Compounds

DETECTION OF PHOSGENE

Phosgene may be recognised by its odour. The minimum
concentration detectable by odour is 4 mgm. per cu. m. of air,
according to Suchier.1

By the use of chemical methods phosgene can also be detected
by one of the usual tests for the hydrochloric acid formed by
hydrolysis of the vapour.

Following are the methods usually adopted for detecting
phosgene :

Method using Dimethyl Amino Benzaldehyde—Diphenylamine
Paper. Phosgene, even if present in traces in the air, can be
detected by means of papers prepared with dimethyl amino
benzaldehyde and diphenylamine.

These papers are prepared by immersing strips of filter paper
in a solution of 5 gm. />-dimethyl-amino-benzaldehyde and 5 gm.
diphenylamine in 100 ml. ethyl alcohol and allowing them to dry
in a dark place, or better still, according to Suchier, in an
atmosphere of carbon dioxide. By exposing these papers, which
are originally white or pale straw-yellow, to an atmosphere
containing phosgene, an orange-yellow colouration is produced in
a few seconds, the intensity of the colour varying with the
concentration of phosgene. This change of colour is also observed
in presence of chlorine or hydrochloric acid.

It is possible to detect phosgene at a concentration of 4 mgm.
per cu. m. of air.2

The test-papers should be kept in a closed container filled with
carbon dioxide and protected from light, as it seems that the
colour changes merely by the action of sunlight.3

Method using Nitroso-dimethylaminophenol Paper. Two
solutions are prepared in xylene :

(a) o-i gm. 1.3.6-nitroso-dimethylaminophenol in 50 ml.
xylene.

(b) 0-25 gm. m-diethyl-aminophenol in 50 ml. xylene.
5 ml. solution (a) are mixed with 2 ml. solution (b) and strips

of filter paper immersed in the mixture and allowed to dry.4

The paper should be damped with 50% alcohol just before use
as the dry paper does not give the test. In the presence of
phosgene the colour changes from white to green.

1 SUCHIER, Z. anal. Chem., 1929, 79, 183.4 This test-paper was employed by Dubinin (/. Prikl. Khim., 1931, 1109) to
determine the duration of protection afforded by anti-gas niters against mixtures
of air and phosgene.

3 N. KOLOBAIEV, Khimija e Oborona., 1934, 10, 12.
* KRETOV, / . Prikl. Khim., 1929, 2, 483.
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These papers are specific for phosgene 1 and are more sensitive
than the dimethyl amino benzaldehyde papers. Sensitivity :
o-8 mgm. of phosgene per cu. m. of air.2

The two solutions (a) and (b) may be kept mixed for not more
than 4 days.

Kling and Schmutz's Method* This method of detection
depends on the ease with which the two chlorine atoms in phosgene
react with the amino group of aniline :

/Cl /NHC6H6
CO( + 4 NHaC6H5 -+CO< + 2 C6H5NH2 . HC1

NC1 XNHCflH8

This leads to the formation of symmetrical diphenylurea in
the form of rhombic prisms,4 with a m.p. 2360 C. This is insoluble
in water. The reaction has the advantage of being specific for
the CO group united to two chlorine atoms.

In practice, in order to detect phosgene mixed with air or
other inert gas by this method, it is sufficient to bubble the gas
mixture under test through a few ml. of water saturated with
aniline in the cold (3 gm. aniline in 100 ml. water). A white
crystalline precipitate forms which can be easily seen, and, if
necessary, confirmed by microscopic examination (rhombic
prisms) or by a determination of the melting point (236° C ) .

According to Kling, by passing 5 litres of a gas mixture
(phosgene and air) through aniline solution at a velocity of about
200 ml. a minute, it is possible to detect phosgene at a
concentration of 40 mgm. per cu. m. of air.5

The sensitivity of this method of detection can be increased,
according to Olsen,6 by employing an aqueous solution of aniline
saturated with diphenylurea.

DETECTION OF PHOSGENE IN PRESENCE OF HALOGENS

If the phosgene is mixed with halogens, e.g., chlorine or
bromine, the latter may oxidise the aniline and so render the
diphenylurea crystals impure. In this case it is necessary to
pass the gas through a reagent which will remove them. This is
carried out by inserting before the vessel containing the aniline
a tube containing cotton wool soaked in a concentrated solution

1 PANCENKO, Metodi Issliedovanija i Khimiceskie Svoistva Otravliajuscik
Vescestv, Moscow, 1934, 91 I STUDINGER, Mitt. Lebensm. Hyg., 1936, 27, 12.2 J. THOMANN, Schweiz. Apoth. Ztg., 1937, 75, 41.

3 KLING and SCHMUTZ, Compt. rend., 1919, 168, 773.
* MEZ, Zeit. Krist., 35, 254.
6 This method was also recommended by GLASER and FRISCH, Z. angew. Chem.,

1928, 41, 264.
' OLSEN and coll., Ind. Eng. Chem. Anal. Ed., 1931, 3, 189.
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of potassium iodide and allowed to dry. In this way the chlorine
and bromine deposit iodine which remains in the cotton wool,
while the phosgene passes on unaltered.

QUANTITATIVE DETERMINATION OF PHOSGENE IN AIR

Kling and Schmutz's Method.1 This method depends on the
reaction between phosgene and aniline, which has already been
described.

In order to carry out this determination, a volume of 1-5 litres
of the gas mixture to be examined is passed through a bubbler
containing water saturated with aniline. With gas mixtures
containing more than 2 % phosgene it is necessary to use a second
bubbler to absorb any slight traces of phosgene which may escape
the first. The precipitate which forms is collected on a small
disc of filter paper supported on a spiral of platinum wire in the
neck of a funnel. I t is washed four or five times with the smallest
possible amount of water in order to remove the aniline and then
dried in an oven at 50° to 60° C. for 2 hours so that the last traces
of aniline are removed.

If the precipitate is large enough to be weighed (more than
10 mgm.), it is dissolved from the filter with boiling alcohol,
collecting the nitrate in a tared platinum capsule. After
evaporating the nitrate on a water bath, the residue is dried
at 50° to 60° C. for 2 hours and weighed. The quantity of
phosgene present in the volume of air taken is obtained by
multiplying the weight of the precipitate by 0-467.

If, however, the precipitate of diphenylurea is too small to
weigh accurately, it is converted to ammonia and determined
colorimetrically by the Nessler method. In this procedure, the
filter paper is removed from the funnel and placed in a small
beaker ; 4 ml. pure sulphuric acid (66° Be) are added, allowing
this to flow slowly over the platinum spiral and through the
funnel so as to wash off all traces of adherent precipitate. To
the mixture obtained in this way 10 mgm. mercuric sulphate are
added and the whole is then kept near boiling temperature for
2 hours. After allowing to cool, 20 ml. distilled water are added
and the mixture is transferred to a 200-ml. flask containing
0-25 gm. sodium thiosulphate dissolved in 100 ml. water to
remove the mercury. The beaker is washed with water which is
added to the contents of the flask until the total volume is about
150 ml. and the ammonia determined in this.

The authors recommend carrying out this determination in a

1 A. KLING and R. SCHMUTZ, Compt. rend., 1919, 168, 891.
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small distillation apparatus (Aubin type) and liberating the
ammonia by means of magnesium oxide. About 70 ml. liquid is
distilled into 25 ml. water containing 1 ml. decinormal hydro-
chloric acid. The distillate is then made up to 100 ml. and the
ammonia determined in it by adding a few drops of recently
prepared Nessler reagent. A solution of ammonium chloride
containing 0-324 gm. NH4C1 per litre is used for comparison.
1 ml. of this solution corresponds to 0-3 mgm. COC12.

This method of determination of phosgene with aniline gives
results which are slightly low because the precipitate of
diphenylurea is slightly soluble in water (5 mgm. in 100 ml.
saturated aqueous aniline solution). According to Olsen,1 more
accurate results may be obtained by employing an aniline solution
saturated with diphenylurea, prepared by passing phosgene into
water saturated with aniline until a slight precipitate forms and
filtering this off so as to obtain a clear liquid.

According to Vies,2 instead of determining the diphenylurea
gravimetrically, the aniline hydrochloride formed in the nitrate
may be titrated :

COC12 + 4C6H5NH2 = CO(NHC6H5)2 + 2C6H5NH2.HC1.

Kling and Schmutz's Method, Modified by Yant.3 A known
volume of the gas mixture to be examined is passed through a
solution of aniline prepared in the following manner : an excess
of aniline is placed in water contained in a flask which is then
stoppered, and, after shaking, allowed to stand for about a week,
shaking two or three times a day. Then phosgene is bubbled
through the solution until a permanent precipitate of diphenylurea
is obtained. A portion of the reagent is filtered through a Gooch
crucible just before the test when the fitrate is ready for use.

Analytical procedure : After passing the desired volume of the
gas mixture through two absorption bottles in series containing
the aniline solution, the latter is allowed to stand for 2 hours
and then filtered through a weighed Gooch. The precipitate
which remains in the bubbler tubes is washed out with hot
alcohol. The alcoholic solution obtained is evaporated almost to
dryness in a small beaker on the water bath, then a few ml. of
water added and the evaporation continued until at last there is
no longer any odour of alcohol. This solution is filtered through
the same Gooch and the entire precipitate washed with normal
hydrochloric acid saturated with pure diphenylurea. Air is

1 OLSEN, loc. cit.
2 S. VLES, Rec. trav. Chim., 1934, 53, 961.
* YANT and coll., Ind. Eng. Chem., 1936, 28, 20.
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drawn through the precipitate for a few minutes and then it is
dried at 70° to 80° C. to constant weight. The precipitate is
then dissolved from the crucible by washing several times with
boiling ethyl alcohol, the alcoholic solution being evaporated
and then dried in an oven at 70° to 80° to constant weight.
From this weight the quantity of phosgene in the gas mixture
may be calculated.

For determining phosgene in the atmosphere after extinction
of a fire by means of an extinguisher of the carbon tetrachloride
type, Yant * has proposed the apparatus shown in Fig. 4. The
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s a m p l e t o b e e x a m i n e d i s p a s s e d first t h r o u g h a p u r i f i e r c o n s i s t i n g

of a U t u b e of 5 c m . d i a m e t e r w i t h o n e a r m 22 c m . l o n g a n d t h e

o t h e r 3 0 c m . T h i s t u b e i s filled a s f o l l o w s : i n t h e m o r e c o n s t r i c t e d

p a r t b e t w e e n t h e t w o a r m s a l i t t l e c o t t o n w o o l i s p l a c e d , a n d

o v e r t h i s , i n t h e s h o r t a r m of t h e t u b e , a l a y e r 12 c m . t h i c k of
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1 YANT and coll., loc. cit.
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Delepine, Douris and Ville's Method.1 This method depends
on the hydrolysis of phosgene by sodium hydroxide and the
titration with silver nitrate of the hydrochloric acid formed.

By means of an aspirator, a known volume of the gas mixture
to be tested (2-5 litres in 4-10 minutes) is passed through 10 ml.
of an aqueous alcoholic solution of soda prepared in the following
way :

Sodium hydroxide, normal solution . . 10 ml.
95% alcohol . . . . . . 50 ml.
Made up with water to 100 ml.

After the passage of the gas the liquid is evaporated in a
platinum (or porcelain) capsule on the water bath to a volume
of 2-3 ml. and then 2 drops of acetic acid are added and the
evaporation continued almost to dryness. The residue is
redissolved in 2-3 ml. water and again evaporated to dryness to
decompose the sodium biacetate which is formed. The residue
is once more dissolved in 2 ml. water, a drop of potassium
chromate solution added and then t i trated with N/40 silver
nitrate. I t is advisable to carry out a blank determination.
The amount of phosgene present in the sample is calculated from
the number of ml. of N/40 silver nitrate solution employed in
titration.

This method can be improved, according to Matuszak,2 by
acidifying the alkaline solution with nitric acid and boiling in
order to remove the carbon dioxide before neutralising and
titrating. Also, according to the same author, in the case of the
analysis of a gas mixture containing halogenated hydrocarbons,
it is advisable to substitute an aqueous solution of sodium
hydroxide. This absorbs the phosgene completely, is more stable
and has the advantage of absorbing less of the halogenated
hydrocarbons than the alcoholic solution.

The Sodium Iodide Method. The determination of phosgene
by this method, due to the Chemisch-Technischen Reichsanstalt,3

is carried out by titrating the iodine liberated when a gas mixture
containing phosgene but free from acid gases, reacts with a
solution of sodium iodide in acetone. The reaction is as follows :

2NaI + COC12 = CO + L, + 2NaCl.

The gas mixture to be examined is passed through a gas pipette
(see Fig. 5) of about 500 ml. capacity until the air in bulb E is
completely replaced by gas. Taps B and C are closed, the bulb D
is completely freed from the gas mixture and 25 ml. of a 2 %

1 DELEPINE, Bull. soc. chim., 1920, [4] 27, 288.
a M. MATUSZAK, Ind. Eng. Chem. Anal. Ed., 1934, 374-
• Jahresb. der Chem. Tech. Reichsanstalt., 5, 1926, 11, 20.
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solution of sodium iodide in acetone are introduced into it. The
tap A is then closed and the sodium iodide solution allowed to
run down into the bulb E after which the liberated iodine is
titrated with N/ io or N/ioo sodium thiosulphate
solution in presence of starch paste.

As the reaction between sodium iodide and
phosgene proceeds quantitatively only in absence
of water, the sodium iodide should be dissolved
in acetone which has been dried for several
days over calcium chloride.

According to Matuszak * it is preferable to use
potassium iodide rather than sodium iodide. (A
saturated solution in acetone contains about
i ' 9% of potassium iodide.)

In order to determine phosgene in a gas
mixture containing chlorine and hydrochloric
acid by this method it is necessary to pass the
gas mixture first through three U tubes. The
first of these (that is, the one which the gas
mixture first enters) contains calcium chloride,
the second metallic antimony, and the third
zinc dust.2

If Ko'lliker's 3 apparatus is used to determine
phosgene in presence of hydrochloric acid, zinc
dust cannot be used as it has too great a resist-
ance. In this case the gas mixture to be tested
is first passed through a wash bottle containing
a sulphuric acid solution of silver sulphate (3 gm.
in 100 ml. sulphuric acid of S.G. 1*84) and then through the
acetone solution of sodium iodide.

\

\
FIG. 5.

DETERMINATION OF PHOSGENE IN INDUSTRIAL PRODUCTS

About 0-2 to 0-3 gm. phosgene is accurately weighed 4 in a glass
bulb sealed in the flame. This bulb is then introduced into a
bottle of 250 ml. capacity in which 150 ml. of an aqueous solution
of aniline have previously been placed (26 gm. aniline in 1 litre
of water).

The bottle is tightly closed and shaken so as to break
the bulb. A flocculent white precipitate of diphenylurea forms
immediately. After allowing to stand for 2 hours, the liquid is

1 M. MATUSZAK, Ind. Eng. Chem. Anal. Ed., 1934, 457-
* BIELASKY, Z. angew. Chem., 1934, 47, 149.3 K6LLIKER, Die Chemische Fabnk., 1932, 5, 1 ; 1933, 6, 299.
* KLING and SCHMUTZ, Co'mpt. rend., 1919, 168, 774.
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filtered through a Gooch crucible, preventing the broken pieces
of the bulb from entering the crucible as far as possible, washed
with 50-60 ml. cold water, dried at 70° C. and weighed.

As this precipitate always contains some fragments of glass
it is advisable to redissolve the diphenylurea from the crucible
with boiling acetone, then drying the crucible in an oven, heating
it to 400° C. and reweighing. The difference between the two
weights, multiplied by 0-467, gives the weight of phosgene
contained in the gas sample employed.

It should be noted that the reaction between phosgene and
aniline takes place only in presence of an excess of the latter.

DETERMINATION OF F R E E CHLORINE IN PHOSGENE

In the synthetic preparation of phosgene from chlorine and
carbon monoxide, some free chlorine may remain dissolved in
the phosgene.

Various methods have been suggested for the determination
of free chlorine in phosgene. The most commonly used method is
that of Delepine,1 in which 500 ml. dilute sodium hydroxide
solution are placed in a vessel closed with a ground-glass stopper,
and a glass bulb containing a weighed quantity of the phosgene
to be tested is dropped in. The bulb is broken, and after a few
minutes an alkaline solution of sodium iodide is added and the
liquid acidified. If the phosgene contains any free chlorine, this
liberates an equivalent quantity of iodine which is ti trated with
thiosulphate solution.2

Recently Nenitzescu 3 has described another method which
allows the simultaneous determination of chlorine and phosgene.
It is based on the separation of chlorine from phosgene by passage
of the mixed gas through metallic antimony and absorption of
the phosgene by an alcoholic potash solution.

The mixture to be examined is passed through a U tube filled
with metallic antimony and previously weighed (about 20 gm.).
The antimony absorbs the chlorine quantitatively without
reacting with the phosgene. The residual gas is passed into a
Fresenius potash bulb containing 20 ml. 10% alcoholic potash,
and connected by glass to glass joints with the U tube. The
bulb tube of the Fresenius potash bulb is connected with a tube
filled with silica gel to catch solvent vapour. The absorption of
phosgene in the alcoholic solution of potash is complete. In order

1 DELEPINE, Bull. soc. chim., loc. cit.
5 This method was also recommended by A. E. KRETOV, / . Prikl. Khim.,

1929, 2, 483.3 NENiTZEseu and PANA, Bull. soc. chim. Rom., 1933, 15, 45.
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to displace all the phosgene from the apparatus a current of dry
air is passed through at the end of the test.

The difference in the weights of the antimony U tube before and
after the absorption gives the amount of chlorine present in the
gas mixture.

The difference in the weights of the potash bulb and the silica
gel before and after the absorption gives the amount of phosgene
in the sample.

DETERMINATION OF HYDROCHLORIC ACID IN PHOSGENE

In the synthetic preparation of phosgene, if the carbon
monoxide is not perfectly dry or contains a trace of hydrogen,
hydrochloric acid will be formed and will remain dissolved in the
phosgene.

If this acid is present in considerable quantity, it may be
determined quantitatively by the gas-volumetric method of
Berthelot,1 which consists in absorbing the hydrochloric acid in a
small quantity of water. Measurement of the volume of the
phosgene before and after the treatment with water gives the
quantity of hydrochloric acid present in the sample. In this
determination the hydrolysing action of the water on the phosgene
may be neglected, for the small quantity of phosgene hydrolysed
produces an equal volume of carbon dioxide.

COC12 + H20 = 2HCI + CO2.

I t is, of course, obvious that this method cannot be employed
for the determination of small amounts of hydrochloric acid in
phosgene.

In this case, use is made of the property of very dilute, gaseous
hydrochloric acid of reacting with mercuric cyanide, liberating
an equivalent quantity of hydrocyanic acid, while phosgene does
not do this.2

Delepine and Monnot 3 have worked out the following method
from this difference in behaviour 4 :

5 gm. powdered mercuric cyanide and a glass bulb containing
the phosgene are placed in a perfectly dry flask of 500-1,000 ml.
capacity which is closed by a ground-glass stopper carrying two
tubes, one leading to the bottom of the flask and the other
projecting only a few cm. inside. The flask is evacuated by
means of a mercury pump, the glass bulb is broken and the whole
allowed to stand for 12-14 hours. At the end of this period, a

1 BERTHELOT, Bull. soc. chim., 1870, [2] 13, 15.
8 BERTHELOT and GAUDECHON, Compt. rend., 1913, 156, 1990.
3 DELEPINE and MONNOT, Bull. soc. chim., 1920, [4] 27, 292.
* This method was also recommended by KRETOV, loc. cit.
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vessel containing about 50 ml. 2 N. sodium hydroxide solution
is connected between the pump and the flask, while the other
tube from the flask is connected with a wash-bottle containing
concentrated sulphuric acid. Dry air is slowly allowed to enter
the flask to bring the pressure to atmospheric and then a current
of air drawn through the whole apparatus at a speed of about
twenty-five bubbles a minute for 8-9 hours. In this way the hydro-
cyanic acid and the phosgene are swept out in the air stream and
bubbled through the alkaline solution which completely absorbs
them.

At the end of the operation, 5 ml. of ammonia are added to the
alkaline solution and 1 ml. 10% sodium iodide solution, after
which the hydrocyanic acid present is titrated with N/20 silver
nitrate solution. The number of ml. of silver nitrate employed,
multiplied by 0-00365 gives the amount of hydrochloric acid
present in the sample of phosgene employed.



CHAPTER VII

HALOGENATED ETHERS

THE war gases belonging to this group may be considered as
true ethers whose alkyl groups have a hydrogen substituted by a
halogen atom.

These compounds are usually prepared by the direct action of
the halogens on the corresponding ethers. For example, from
methyl ether and chlorine, dichloromethyl ether is obtained *:

/CH3 /CH2C1
O< + 2 Cl2 -*O( . + 2 HC1XCHS

 NCH2C1

However, in the particular case of the halogenated methyl
ethers it is preferable, especially in their industrial manufacture,
to commence with formaldehyde (or its polymers) and the
hydrogen halide. In this case the reaction takes place in two
stages ; for instance, in the preparation of dichloromethyl ether,
chloromethyl alcohol is formed first:

CH2O + HC1 ->• Cl—CH2OH,
and then this in the presence of dehydrating agents is transformed
into symmetrical dichloromethyl ether :

/CHX1
2 C1-CH2OH ->H2O -f O( ~

NCH2C1
The compounds of this group furnish a typical example of the

influence exercised by the symmetry of the molecular structure
on the aggressive power of the substances. It has been found
experimentally that while the symmetrical ethers

/CH2C1 /CH2Br
O( and O(NCH2C1 NCH2Br

have a powerful irritant effect, the asymmetric ethers, which
contain the same number of halogen atoms in the molecule

,PTJ PIT
A_.tl3 /V_.tls

O( and O(
NCHC12

 xCHBr,2
1
 MORESCHI, Atti accad. Lincei., 28 (I), 277.
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have no offensive properties whatever. Dichloromethyl and
dibromomethyl ethers were used as war gases in the war of
1914-18, especially by the Germans.

These substances have a high mortality-product, but very low
irritant power. According to some workers, they act on the
semicircular canals and produce staggering and vertigo ; they
have been, therefore, named " labyrinthic gases." They have
had little success, however, more particularly because of their
great sensitivity to the hydrolysing action of water.

Since the war various higher homologues of dichloromethyl
ether have been prepared and studied from the point of view of
their offensive power. Among these, symmetrical dichloroethyl
ether 1 may be mentioned :

/CH2-CH2C1

NCH2-CH2C1

This has a structure analogous to dichloroethyl thioether, or
mustard gas, which has the formula :

/CH2-CH2-C1

' ^CH2-CH2-C1

Dichloroethyl ether, though very similar in its chemical
properties to the sulphur derivative, has very different physio-
pathological properties, being destitute of vesicant power.2

According to Hofmann3 this lack of vesicant power must be
attributed to the fact that dichloroethyl ether, unlike dichloroethyl
sulphide, cannot penetrate the epidermis.

1. Dichloromethyl Ether (M.Wt. 11476)
/CH2C1

NCH2C1

Dichloromethyl ether is employed in war both as a war gas and
as a solvent for other war gases (ethyl dichloroarsine, dichloroethyl
sulphide, etc.). I t was obtained for the first time by Regnault 4

who brought about the reaction between methyl ether and chlorine
by means of diffused sunlight. I t is better prepared, however,
by the action of hydrochloric acid on trioxymethylene 5 :

2(CH2O)3 + 6HC1 = 3H2O + 3C1CH2—0—CH2C1.
1 KAMM and VALDO, / . Am. Chem. Soc, 1921, 43, 2223.
2 CRETCHER and PITTENGER, / . Am. Chem. Soc, 1925, 47, 1173.3 HOFMANN, Sitzb. preuss. Akad. Wiss., 1934, 447.
* REGNAULT, Ann., 1, 292 (3rd edn.).
6 TISCENKO, / . Rusk. Fis. Khim. Ob., 1887, 19, 473 ; GRASSI and MASELLI,

Gazz. Chim. Ital., 1898, 28 (II), 477 ; LITTERSCHEID, Ann., 1904, 334, 1.
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The water produced in this reaction causes the gradual
decomposition of the ether as it is formed, and for this reason,
chlorosulphonic acid l is used to replace the hydrochloric acid.
The reaction is then as follows :

/LI /
CH2O -f SO.( = SO2(

NOH NOH

2C1

,OCH2C1 /CH2C1
2 S02( - > 0< + H2SO4 + S0 3X 0 H NCH2C1

It is also obtained by passing the vapour of monochloroacetic
acid through a red-hot tube 2 :

CH2C1 /CH2C1
2 1 - * ° ( + H - ° + 2 CO

COOH NCH2C1

and also by the action of phosphorus trichloride on trioxy-
methylene in presence of zinc chloride.3

LABORATORY PREPARATION 4

30 gm. paraformaldehyde and 40 gm. 80% sulphuric acid
(S.G. 1-73) are weighed accurately into a flask of about 200 ml.
capacity, which is closed by a two-holed stopper. Through one
of the holes in the stopper a tap-funnel passes, and through the
other a glass tube to lead the gas formed in the reaction to an
aspirator. While agitating and cooling to 0° C. by means of a
freezing mixture, 175 gm. chlorosulphonic acid are added drop by
drop from the tap-funnel, care being taken that the temperature
does not rise above 10° C. At the end of the reaction (1-2 hours)
the product is poured into a dry separatory funnel, the upper
oily layer separated and washed with dilute sodium carbonate,
and finally distilled at normal pressure. Yield 80-90%.

INDUSTRIAL MANUFACTURE

In Germany,5 this ether was manufactured by the same
method as that described above for the laboratory preparation :
by the action of chlorosulphonic acid on formaldehyde. The
reaction is carried out in iron vessels of 5 cu. m. capacity (about
1,100 gals.), coated internally with acid-resistant material and
fitted with stirring apparatus and lead cooling coils.

1 FUCHS and KATSCHER, Ber., 1927, 60, 2288.
2 GRASSI and CRISTALDI, Gazz. Chtm. Ital., 1897, 27 (II), 502.3 DESCUDE, Bull. soc. chim , 1906, 35, 198.
* STEPHEN, / . Chem. Soc, 1920, 117, 510.
5 NORRIS, / . Ind. Eng. Chem., 1919, 11, 819.



94 HALOGENATED ETHERS

1,200 kg. 70% sulphuric acid are first placed in the vessel and
then 600 kg. paraformaldehyde added, continuous agitation
being maintained and the temperature being kept at 5° to 10° C.
The operation takes between 3 and 4 hours. Then 2,400 kg.
chlorosulphonic acid are added very slowly (in about 48 hours),
the agitation being continued and the temperature kept between
10° and 15° C. At the end of the reaction the liquid forms two
layers, the lower consisting of sulphuric acid and the upper the
ether. Yield 90-95%.

PHYSICAL AND CHEMICAL PROPERTIES

Dichloromethyl ether is a colourless liquid, boiling at 105° C.
at ordinary pressure, and at 46° C. at 100 mm. mercury. The
specific gravity is 1-315 at 20° C. The volatility is fairly high ;
at 20° C. it is 180,000 mgm. per cu. m. The density in the gaseous
state is 3-9.

It is insoluble in water, but dissolves in methyl and ethyl
alcohols with evolution of heat. It is also soluble in acetone and
in benzene (Tiscenko).

Heat decomposes it into hydrochloric acid and trioxymethylene.
With water it forms formaldehyde and hydrochloric acid, even
at ordinary temperatures * :

/CH2C1
O< + HOH = 2 HC1 + 2 CH2ONCH2C1

The hydrolysis of 1 gm. of dichloromethyl ether, dissolved in
ethyl ether in contact with 250 ml. water and agitated, is complete
in 95 minutes.2

Even atmospheric humidity causes this decomposition. Alkalies
and carbonates react with dichloromethyl ether forming the
chloride of the metal and formaldehyde. Ammonia, however,
forms hexamethylene tetramine,3

/CH2C1
3 ° V T T ™ + I O N H 3 = (CH*)eN4 + 6 NH4C1 + 3 H8O,

CH2C1
identifiable by its reaction with bromine water to give a
yellow, crystalline substance which is a bromo-derivative of
hexamethylene tetramine.

Dichloromethyl ether is converted by chlorine under the action
of sunlight * into :

1 SONAY, Bull. acad. roy. belg., 1894, [3] 26, 629; Ber., 1894, 27, 336 ;
LITTERSCHEID, Ann., 1901, 316, 177.

2 STRAUS, Ber., 1909, 42, 2168 ; STRAUS and THIEL, Ann., 1936, 525, 161.
* BROCHET, Ann. chim. phys., 1897, [7] 10, 299.
* SONAY, Bull. acad. roy. belg., 1894, [3] 26, 629.
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(1) Trichloromethyl ether: a lachrymatory liquid with a
pungent odour, boiling at 1300 to 132° C. Density, 1-5066 at
10° C. Insoluble in water, soluble in alcohol, ether, benzene,
carbon disulphide.

(2) Tetrachloromethyl ether: a liquid which fumes in air and
has a more pungent odour than the preceding compound. B.p.
I45°C. and density 1-6537 a t 180 C. Unlike trichloromethyl
ether, it is insoluble in alcohol, ether, benzene and carbon
disulphide. By long boiling with water it decomposes into formic
acid and crystals of hexachloroethane.

When exposed to ultra-violet rays and heated to about 8o° C ,
the chlorination of dichloromethyl ether proceeds differently and
pentachloromethyl ether is formed.1

/CH2C1 / C O ,
O< + 3 Cl2 = O( + 3 HC1

NCH8C1 NCHC12

This is a colourless liquid with an odour of phosgene and
b.p. 158-5° to 159-5° C. Density 1-64 at 20° C. I t is stable to
cold water, but on heating with water it decomposes to form
hexachloroethane, hydrochloric acid, carbon monoxide and
carbon dioxide. With an aqueous solution of aniline it forms
diphenyl urea.

Further chlorination causes the substitution of all the six
hydrogen atoms by chlorine and hexachloromethyl ether is
obtained. This is a liquid with an odour of phosgene, having a
boiling point of 98° C , at which temperature it partially decom-
poses into phosgene and carbon tetrachloride. Density 1-538
at 18° C.

By bubbling a current of sulphur trioxide through dichloro-
methyl ether cooled in ice and salt, besides monochloromethyl
chlorosulphonate, dichloromethyl sulphate is formed as follows 2 :

/CH2C1 /OCH2C1
O( + SO3 = SO2(

XCH2C1 NOCH2C1

Dichloromethyl sulphate is a colourless, odourless liquid with
b.p. 96° to 97° C. at 14 mm. of mercury and density i-6o at
ordinary temperatures. It is readily soluble in the common
organic solvents, though only slightly in petroleum ether. Unlike
dimethyl sulphate, it has no physiopathological action.

1 RABCEWICZ and CHWALINSKY, Roczniki Chem., 1930, 10, 686.a Fucus and KATSCHER, Ber., 1927, 60, 2295.
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Boiling with sodium methylate converts dichloromethyl ether
into dimethyl methylal.1 The reaction apparently takes place in
two phases : dimethoxy methyl ether is first formed,

/CH2C1 /CH2OCH3
O< + 2 NaOCH3 = 2 NaCl + O(

NCH2C1 NCH2OCH,

and then this in presence of excess alcohol is decomposed into
water and dimethyl methylal :

/CH2OCH3 /OCH3
O< + 2 CH3OH = H2O + 2 CH2(

NCH2OCH3
 NOCH3

In the presence of dehydrating agents such as zinc chloride,
dichloromethyl ether reacts with benzene to form benzyl
chloride :

/CH2C1
0
 V n + 2 C ( | H 6 = 2

In the absence of moisture most metals are unattacked by
dichloromethyl ether.

I t finds application in the refining of lubricating oils.2

The lower limit of irritation, that is, the minimum concentration
which produces lachrymation, is 14 mgm. per cu. m. The limit
of insupportability is 40 mgm. per cu. m. The product of
mortality is 500 (Miiller).

2. Dibromomethyl Ether (M.Wt. 204)

/CH2Br

xCH2Br

Like the preceding substance, dibromomethyl ether found a
very limited application in the war of 1914-18. It was used both
as a war gas and as a solvent for the chloroarsines.

It is easily obtained by the reaction of trioxymethylene with
hydrobromic acid.3

LABORATORY PREPARATION 4

30 gm. paraformaldehyde are mixed with 80 gm. sulphuric acid
(S.G. 1-84) in a 300-ml. flask. The mixture is cooled in ice and

1 SONAY, he. cit. ; LITTERSCHEID and THIMME, Ann., 1904, 334, 13.
2 French Pat. 748925/1933.
8 TISCHENKO, / . Rusk. Pis. Khim. Ob., 1914, 46, 705.
* STEPHEN, / . Chem. Soc, 1920, 117, 510.
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agitated continuously while 155 gm. finely powdered sodium
bromide are added in small portions. By heating at the boiling
point for 10 minutes, the paraformaldehyde dissolves and an
oily layer of dibromomethyl ether floats to the top. This is
separated and purified by distillation.

INDUSTRIAL MANUFACTURE *

Six parts by weight of 70% sulphuric acid and 1 part of
paraformaldehyde are placed in an acid-resistant vessel, the
mixture stirred and cooled so as to keep the internal temperature
at 15° to 20° C , and then ammonium bromide added slowly in
amount about 10% in excess of that calculated. At the end of
this operation, which requires about 48 hours, the mass is stirred
for a further 5-10 hours at 30° C. and then the dichloromethyl
ether separated. Yield 70-80%.

PHYSICAL AND CHEMICAL PROPERTIES

Dibromomethyl ether is a colourless liquid boiling at 154° to
155° C. and solidifying at — 34° C.2 I ts specific gravity is very
high (2-2) and its volatility at 20° C. is 21,100 mgm. per cu. m.
It has a coefficient of expansion of 0-0009. Though insoluble in
cold water, it dissolves easily in ether, benzene and acetone.

Water decomposes dibromomethyl ether with formation of
hydrobromic acid and formaldehyde, according to the equation 3 :

/CH2Br H x

O< + >O = 2 HCHO + 2 HBr
NCH2Br H '

This decomposition takes place more rapidly in the presence of
alkaline solutions (Tiscenko).

By heating with trioxymethylene and water to 140°, methyl
bromide and formic acid are formed. I t reacts energetically with
alcohols and phenols, but is not attacked at ordinary temperatures
by concentrated sulphuric acid (Henry).

The minimum concentration capable of provoking lachrymation
is 20 mgm. per cu. m. of air. The limit of insupportability is
50 mgm. per cu. m., and the product of mortality is 400, which
is greater than that of phosgene (Muller).

1 NORRIS, loc. cit.a HENRY, Bull, acad, roy. belg. 1894, [3] 26, 615 ; Ber., 1894, 27, 336.
8 P. RONA, Z. ges. exp. Med., 1921, 13, 16.

WAR CASES.
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Analysis of the Halogenated Ethers

QUANTITATIVE DETERMINATION OF DICHLOROMETHYL ETHER

The ether is decomposed by water and the formaldehyde
obtained is titrated iodometrically :

/CH2C1
O< + H2O =-- 2 HC1 + 2 CH,0

NCH2C1

CH2O + I2 + 3 NaOH = HCOONa + 2 Nal + 2 H , 0

0-1-0-15 gm. of the substance to be examined is weighed into
a glass bulb which is then placed in a flask containing ioo ml.
water. After closing the flask with a stopper the bulb is broken,
and the whole allowed to stand for 2-3 hours. 40 ml. N/10 iodine
solution are added from a burette and then an aqueous solution
of sodium hydroxide until the liquid is a clear yellow in colour.
After allowing to stand for 15-20 minutes, 2 N hydrochloric acid
is added to acidify and to liberate the iodine, and excess of the
latter is then titrated with decinormal sodium thiosulphate in
presence of starch.

1 ml. N/10 iodine solution corresponds to 0-002874 gm.
dichloromethyl ether.



CHAPTER VIII

HALOGENATED ESTERS OF ORGANIC ACIDS

(A) THE METHYL FORMATE GROUP

T H E S E compounds form an important group of war gases.
They were employed alone and also mixed with other war gases :
phosgene, chloropicrin, diphenyl-chloroarsine, etc.

Structurally, these compounds may be considered as derivatives
of methyl chloroformate :

Cl

COOCH,

by the substitution of successive hydrogen atoms of the methyl
group by chlorine atoms :

Cl Cl Cl

COOCH2C1 COOCHC12 COOCC13

monochloro methyl dichloro methj 1 trichloro methyl
chloroformate chloroformate chloroformate

or else as derivatives of the methyl ester of monochlorocarbonic
acid:

/OCH3
OC<

NC1

by the progressive substitution of the hydrogen atoms of the
methyl group by chlorine atoms.

They may be prepared by two different methods :
(1) From Methyl Formate.1 By chlorination of methyl

formate, obtained from methyl alcohol and formic acid according
to the equation :

CH3OH + HCOOH = HCOOCH3 + H2O.

(2) From Methyl Chloroformate.2 By chlorination of methyl
chloroformate, obtained from methyl alcohol and phosgene.

CH3OH + COC12 = CICOOCH3 + HC1.

The compounds of this group have a characteristic penetrating
1 HENTSCHEL, / . prakt Chem., 1887, 36, 99.
2 KLING and coll., Compt. rend., 1919, 169, 1046.
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odour and also lachrymatory and asphyxiating properties. It is
noteworthy that as the number of chlorine atoms in the methyl
group increases, the lachrymatory power diminishes and the toxic
and asphyxiating power increases. For example, while the first
member of the series, monochloromethyl chloroformate, has an
essentially irritant action, the last member, trichloromethyl
chloroformate, is essentially toxic and asphyxiating, its
lachrymatory action being weak.

Since the war other analogous compounds have been studied,
especially from the physiopathological point of view. Such are
methyl cyanoformate* and ethyl cyanoformate, which are
powerful lachrymators but are easily decomposed by the action
of water.

Recently some fluorine derivatives have also been prepared 2 :
Methyl fluoroformate, obtained by the action of thallium fluoride

on methyl chloroformate, is a liquid boiling at 40° C. Density
1-06 at 33° C.

Ethyl fluoroformate, obtained by the action of thallium fluoride
on ethyl chloroformate, is a liquid with b.p. 570 C. and density I - I I
at 330 C.

Both of these compounds are powerful lachrymators.

1. Methyl Formate (M.Wt. 60)
/OCH3

CO(
NH

Methyl formate was prepared in 1835 by Dumas 3 by the action
of dimethyl sulphate on sodium formate. Later, it was obtained in
better yield by the reaction between magnesium or aluminium
methylate and trioxymethylene.4

It is usually prepared, however, by the action of methyl alcohol
saturated with hydrochloric acid on calcium formate 6 :

(H.COO)2Ca + 2CH3OH = 2HCOOCH3 + Ca(OH)2.

LABORATORY PREPARATION 5

100 gm. calcium formate are placed in a flask fitted with a
tap-funnel and a reflux condenser, the latter being connected
with a well-cooled descending condenser. 130 ml. methyl alcohol
recently saturated with hydrochloric acid (that is, containing

1 WEDDIGE, / . prakt. Chem., 1874, 10, 197.
2 H. GOSWAMI and SARKAR, J. Indian Chem. Soc, 1933, 10, 537.
3 DUMAS, Ann., 1835, 15, 35.4 TISCHENKO, / . Rusk. Fis. Khim. Ob., 1906, 38, 355 ; Chem. Zentr., 1906

(II), 1309.
6 VOLHARD, Ann., 1875, 176, 133.
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about 40% HC1) are placed in the tap-funnel and allowed to flow
slowly on to the calcium formate, shaking at intervals. When
all the alcohol has been added, the mixture is allowed to stand
for a short time and then distilled from a water-bath. The
distillate is washed many times in a tap-funnel with a little
saturated sodium chloride solution, neutralising with sodium
carbonate. In order to separate water formed in the reaction
and the excess methyl alcohol, the product is placed in a flask
fitted with a reflux condenser and allowed to stand with a large
quantity of fused and finely ground calcium chloride for 24 hours.
The methyl formate and calcium chloride form a crystalline
compound, and when this is distilled on a water-bath pure
methyl formate comes over.

INDUSTRIAL MANUFACTURE

95% formic acid and methyl alcohol without any condensing
agent are placed in an iron still,- coated internally with acid-
resistant material and fitted with copper coils, and heated.
The product obtained is distilled and the distillate then redistilled.

PHYSICAL AND CHEMICAL PROPERTIES

Methyl formate is a liquid boiling at 317° C. at 760 mm.
pressure. It has a S.G. of 0-9745 at 20° C. and on cooling in
liquid air solidifies at — 100° C.

Water or alkaline solutions saponify it. The velocity of this
decomposition has been determined in the presence of various
saponifying agents.1

By exposure to ultra-violet light it decomposes, forming carbon
dioxide, hydrogen and methane.2

Chlorine aided by sunlight transforms it into various chlorine
derivatives : mono-, di and trichloromethyl chloroformates (see
p. 104).

It has been used as a solvent for cellulose acetate. In chemical
warfare it is interesting as an intermediate for the manufacture of
its chloro- derivatives.

2. Methyl Chloroformate (M.Wt. 945)

/OCH3
CO<

NC1

This compound may be obtained by directly chlorinating

1 HOLMES, / . Am. Chem. Soc, 1916, 38, no ; SKRABAL, Monatsh., 1917. 38,
191.

2 BERTHELOT, Compt. rend., 1911, 153, 384.
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methyl formate, but it is more commonly prepared from the
reaction between phosgene and methyl alcohol* :

/OCH3

COC12 + CH3OH = CO< + HC1
NC1

During this reaction it is necessary to keep the temperature
rather low and to be careful to maintain the phosgene always in
excess. This is in order to prevent the following reaction from
taking place and methyl carbonate from being formed :

/OCH3
COC12 + 2 CH3OH = CO( + 2 HC1

NOCH3

This is a colourless liquid, boiling at normal pressure at 90-6° C.
M.p. 0-5° C. Density at 17° C. is 1-065. Insoluble in water ;
soluble in alcohol, ether, etc. Its aggressive power is less than
that of methyl cBlofdformafe. By chicrmation, hexachloromethyl
carbonate i& formed, also known as "-irrphssgene " (see p. 115).

LABORATORY PREPARATION *

A small quantity, about 10 ml., of methyl chloroformate is
placed in a flask fitted with a tap-funnel, a tube to introduce the
phosgene and an exit tube, and after cooling to 0° C. a current
of chlorine-free phosgene is bubbled in. Methyl alcohol is added
from the tap-funnel, after a time, in volume about one-third of
that of the liquid in the flask, this addition being made all at once.
The addition of a fresh quantity of methyl alcohol is made when
it is obvious that the phosgene is no longer being absorbed. The
total quantity of methanol used should preferably not exceed
150 ml.

As soon as the reaction is complete, the product is transferred
to a separatory funnel containing cold water. The oily, colourless,
heavy layer which separates from the aqueous layer is washed
twice with cold water, dried over calcium chloride and fractionally
distilled from a water-bath. The fraction passing over between
690 and 720 C. is collected. Yield about 70% of theory.3

INDUSTRIAL MANUFACTURE

In the French method the reaction between methanol and
phosgene takes place in large vessels fitted with agitators and
cooled externally. The hydrochloric acid which forms is rapidly

1 DUMAS, Ann., 1835, 15, 39.
2 KLEPL, / . prakt. Chem., 1882, 26, 448 ; HENTSCHEL, Ber., 1885, 18, 1177.8 STOLZENBERG, Darstellungsvorschriften fiir Ultragifte, Hamburg, 1930, 42.
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removed either by bubbling a stream of indifferent gas through the
liquid, or by adding calcium carbonate.

In the German plants, however, methyl chloroformate was
made by first introducing into the reaction vessels, which were
of cast iron lined internally with lead and of about 3 cu. m.
capacity (about 660 gallons), a small quantity of the ester and
then liquid phosgene and anhydrous methanol in small portions,
with stirring. The temperature was regulated during the reaction
so that it did not rise above 0° C. Yield about 80% of theory.

PHYSICAL AND CHEMICAL PROPERTIES

Methyl chloroformate is a clear liquid which boils at ordinary
pressure at 71-4° C. The specific gravity at 150 C. is 1-23 ; the
vapour density is 3-9 (air = 1).

I t is fairly stable to cold water,1 but is decomposed by hot
water to form methanol, hydrochloric acid and carbon dioxide 2 :

/OCH3
CO( + HOH - > CH3OH + HC1 + CO2

XC1

Methyl chloroformate does not liberate iodine from sodium
iodide, nor bromine from lithium bromide.3

By the action of methyl chloroformate on methyl sulphuric
acid, dimethyl sulphate is formed in good yield 4 :

/OCH3 /OCH3 /OCH3
CO< + S O 2 ( = S O 2 ( + H C 1 + CO2NC1 NOH XOCH3

Chlorosulphonic acid also reacts with methyl chloroformate 5

to give a good yield of methyl chlorosulphonate (see p. 266).
Methyl chloroformate, when dissolved in methanol and treated

with hot potassium or sodium cyanide, reacts according to the
following equation 6 :

/OCH3 /OCH3
CO< + KCN = CO< -f KC1

NC1 NCN

forming methyl cyanoformate. This is a colourless liquid with
an ethereal odour boiling at 100° C. at ordinary pressure. S.G.
about 1. Soluble in alcohol, ether and other organic solvents.

1 VI.ES, Rec. trav. chim., 1934, 53> 9&4-
2 ROSE, Ann., 1880, 205, 229.3 A. PERRET, Bull. soc. chim., 1936, 958.
1 M. KRAFT and LJUTKINA, / . Obscei Khim., Ser. A., 1931, 63, 190.
5 M. KRAFT and ALEXEJEV, / . Obscei Khim., Ser. A., 1932, 64, 726.6 WEDDIGE, J.prakt. Chem., 1874, 10, 197.
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Water and alkalies decompose it, forming hydrocyanic acid,
carbon dioxide and methyl alcohol*:

/0CH 3
C0( + H , 0 = HCN + C02 + CH3OH

NCN
With aniline, methyl chloroformate reacts as follows 2 :

/OCH3 /OCH3
C0< + C6H5NH2 = C0( + HC1

XC1 NNHC6H5

This reaction forms the basis of a method for the quantitative
determination of methyl chloroformate which consists essentially
in treating the substance to be tested with aniline solution and
titrating the hydrochloric acid formed. In this case it is not
possible to determine the carbamic ester formed gravimetrically
(as in the phosgene estimation), for it is very soluble in water.3

Though methyl chloroformate is a powerful lachrymator, it
was not used alone as a war gas.

Because of its strongly irritant properties, it has been used in
insecticidal preparations : " Zyklon A," which is a mixture of
90% of methyl cyanoformate and 10% of methyl chloroformate,
and " Zyklon B ," a mixture of liquid hydrocyanic acid and
irritant chlorinated and brominated compounds.4

3. Mono-, di- and tri-chloromethyl Chloroformates
These compounds were prepared by Hentschel in 1887 5 by

the action of chlorine on methyl chloroformate.
During the war of 1914-18 they were employed as war gases,

especially :
The mixture of monochloromethyl chloroformate with

dichloromethyl chloroformate, used in 1915 by the Germans
under the name of " K-Stoff," and later also by the Allies,
especially the French, by whom it was called " Palite."

Trichloromethyl chloroformate, used almost exclusively by the
Germans, under the name of " Perstoff" (Meyer).

The manufacture of these substances was carried out by the
formate method or the chloroformate method, as mentioned on
p. 99. The method of chlorination in each of these is similar
and requires a suitable source of light. Many experiments on
this subject have indicated that the Osram | -watt arc lamp and
the mercury vapour lamp are suitable light sources, and the

1
 NEF, Ann., 1897, 287, 290.

2 WILM and WISCHIN, Ann., 1868, 147, 157.
3 VLES, Rec. trav. chim., 1934, 53, 964.
* FRICKHINGER, Gase in der SchddlingsbekSmpfung, Berlin, 1933, 27.s HENTSCHEL, / . prakt. Chem., 1887, 36, 99.
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latter is to be preferred owing to its light being rich in ultraviolet
radiation.1

By this means a mixture of the three chloro-derivatives is
generally obtained, and these may be separated by fractional
distillation :

Monochloro-derivative . b.p. 106-5° to 107° C.
Dichloro-derivative . . b.p. 110° to 111° C.
Trichloro-derivative . . b.p. 127-5° to 128° C.

Separation of the mono- and dichloro-derivatives is difficult
because of the closeness of their boiling points, but the trichloro-
compound is very easily separated from the mono- and dichloro-
compounds.

LABORATORY PREPARATION

Various Chloro-derivatives.2 100 gm. methyl formate are
placed in a 250 ml. flask fitted with a reflux condenser and a
glass inlet tube for chlorine, and the whole weighed. The
contents of the flask are heated to boiling and then a current
of chlorine introduced, exposing the reacting substances to
direct sunlight as far as possible, or to the light from a 500-watt
lamp. By properly regulating the temperature and the addition
of the chlorine and occasionally weighing the flask and its contents
it is possible to obtain any of the chloro-derivatives. The
reaction-product is fractionally distilled under reduced pressure.

Trichloromethyl Chloroformate.3 100 ml. of methyl formate are
placed in a flask connected by a ground-glass joint with a
condenser containing ice and salt. From the commencement
the flask is exposed to a 500-watt lamp, and the current of
chlorine then started and maintained at a very low speed in the
early phase, so that the temperature is maintained at 30° C.
As the reaction proceeds the rate of addition of the chlorine is
gradually increased, so that the temperature finally reaches
about 90° C. The chlorination is complete after about 30 hours.

The product obtained is distilled under reduced pressure in an
all-glass apparatus provided with a fractionating column and a
condenser. The middle fraction, boiling between 50-0° and
50-4° C. at 48 mm., is collected in a receiver containing calcium
chloride. In order to purify the product it is redistilled. Yield
about 70% of theoretical.4

1 GRIGNARD, Compt. rend., 1919, 169, 1074 ; A. KLING and coll., Compt. rend.,
1919, 169, 1046.2 HENTSCHEL, / . prakt. Chem., 1887, 36, 213-305 ; FLORKNTIN, Bull. soc.
chim., 1920, 27, 97 ; BARTHELEMY, Rev. prod, chim., 1922, 25, 685.

3 RAMSPERGER and WADDINGTON, / . Am. Chem. Soc, 1933, 55, 214.
• STOLZENBERG, op. cit.




