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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.
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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.




