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CHAPTER I
INTRODUCTION

The use of war gas in 1915 opened a new field of study in the
chemistry of war, that of war gases. The chemistry of war for many
years was confined to the study of explosives, and it underwent & new
development when substances which had an offensive action on human and
animal organisms were used in war.

This started the study of war gas, which has become one of the
most complex and important depertments of chemistry and chemical
engineering.

As nearly all chemical compounds exert some toxic effects, either
local or general, upon the body, it is impossible to estimate with accu-
racy the total number of toxic substances. However the limited number
of substances which are usefully employed during the war or standard-
ized after testing, in comparison with the huge number of substances
studied for such purposes, gives an indication of the difficulty of this
selection.

This study tries to establish a systematic approach to the study
of a substance to be used as a war ges in an attempt to simplify the
complicated and long-lasted problem of selection. Mustard gas or Bg,B-
dichloroethyl sulfide is thoroughly studied through a systematic approach

that involves several steps:



(1) Theoretical study of the chemical structure of the substances
and their relationship to the physiological properties.

(2) Determination of the ideal properties of a war gas and
comparison of the properties of the substence under study with the
ideal ones.

(3) Ilaboratory and field testing.



CHAPTER IT

REQUIREMENTS FOR A SUBSTANCE USED AS A CHEMICAL AGENT

The principal characteristics to be considered in evaluating
the practical utility of a substance for use as a war gas are as

follows:

A. Physical Properties

Vepor Density.--Vapor density is the ratio of the demsity of a given gas,

generally air, under standard conditions of temperature and pressure.

It is of some velue in providing information as to the probable persis-
tency of a war gas; it is known that the rate of diffusion of a gas is
inversely proportional to the square root of the density. For this rea-
son a war gas of low vapor density will tend to disperse sooner than

one of higher vapor density. However, air currents and other influences
tend to offset any effects of diffusion or vapor density, especially
when the war gas has been diluted by air.

Liguid and Solid Densities.--These densities are of interest only in

computing the chemical efficiency of a munition, that is, the ratio of
the weight of the filling to the total weight of the filled munition.
The higher the density, the higher the chemical efficiency of & munition.

Melting and Freezing Point.--These affect the design, functioning and

ballistics of the munition and also in the case of solid or ligquid agents

it is important to know the freezing and melting point because:



(1) In order to secure unifeormity in ballistic effects and
dispersion of the munition, it is necessery to keep the chemical filler
in one physical state.

(2) The vapor pressure of the solid below the freezing point
is usually too low to permit using the agent for vapor effect.

These considerations are of considerable importance if these
points occur within the range of ordinary atmospheric temperatures.

Boiling Point.--An estimation of the persistency of a war gas may be

made when its boiling point is known. The higher the boiling point

the lower the vapor pressure and the greater the persistency at ordinary
temperatures and the less the pressure generated in the container in
storage. Due to the last fact, a smaller void may be employed in fill=-
ing the shell and loss leakage 1is apt to occur in storage and handling.
It must be considered also that the higher the boiling point, the
greater the explosive charge required effectively to disperse the sub-
stance, using munition to disseminate, and the less chemical will be
contained in the shell.

Vapor Pressure.--=Evaporation is constantly teking place from the exposed

surfaces of all liquids and solids. Because of this tendency a layer

of vapor forms above each substance and exercises a certain pressure whose
magnitude depends on the temperature. This pressure is termed "vapor
tension." When the vapor is in equilibrium with the solid or liquid it

is said to be saturated and the equilibrium pressure is called "the

vapor pressure.” It is one of the most important properties in fixing

the tactical usefulness and persistency of a war gas. This property



has only a minor value in the case cof substances which are used in the
form of aerosols.
Volatility.--This is the weight of vapor present in a unit volume of
air, under equilibrium conditions, at a specified temperature. The
volatility varies with temperature, and Herbst (1) has established the
following approximate relationship between temperature and volatility.
"Between 10°C and 30°C an increase in temperature of one degree causes
an increase in volatility of about ten per cent."

The volatility (v) of a substance at a given temperature may be

easily calculated from the following formula (1):

2T3x106xm:xp
2. x (273 + t) x (60

where

p = vapor pressure at temperature t (mm. of mercury),

m = molecular weight (grems)

t = temperature (°C).
Volatility is also an important property since it determines the maximum
concentration which can exist in the open air at any given temperature.

Iatent Heat of Vaporization.--This is the heat required to change one

gram of liquid into vapor without change of temperature. This property
is very important because it is the main factor in determining the
behavior of certain substances at the moment of release from shells or
bombs. When the munition bursts the contents may be rapidly transformed
into vapor and the heat is absorbed from the surroundings. This results

in the cooling of the war gas, causing the vapor to settle. Since the



heat of vaporization of the different war gases varies somewhat, some
show the desirable settling effect to a greater degree than others,

The grezter the latent heat of vaporization the higher the settling
effect.

Persistency.--This is the time during which a substance can continue to
exercise its action in an open space, that 1s, during which it is capable
of producing casualties among unprotected personnel. The physical
reasons for the great differences in the persistence of war gases are due
to the fact that these substances have very different vepor pressures
and to the degree to which these pressures vary on change of temperature.
The higher the vapor pressure of a substance is at a given temperature

of the air, the less persistent it is at that temperature. The follow-

ing formula has been proposed for calculating the persistency of a war

ges (2).

-— ——
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where
s = ©persistency of the substance,
¢ = velocity of evaporation of the substance at absolute
temperature t,
¢, = idem of water at 1540,

P = vapor pressure of the substance at t,

p, = idem of water at 15°C,

B
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molecular weight of the substance,

m, = idem of water,
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t

absolute temperature of the air,

tl absolute temperature corresponding to 15°C.

Actually this formula gives accurate values for the time which a sub-
stance takes to evaporate compared with the time taken by the same
quantity of water at 15°C in the same conditions.

The war gases are classified according to persistency as follows
(3):

(1) Persistent.--Persistent war gases are those which are effec-
tive in either the liquid or solid form at point of release for more
than ten minutes under field conditilons.

(2) Non-persistent.--Non-persistent war gases are those which
are effective in vapor or aerosol form at point of release for a period
of less than ten minutes under field conditions. The non-persistent gases

exist only as vapor after being released from munition.

B. Chemical Properties

Chemical Stability.--Stability in storage determines the practical useful-

ness of a chemical agent since, if it decomposes in storage, it will have
little value regardless of any other properties which may recommend it.
Hydrolysis.--This is the reaction of any chemical substance with water
whereby one or more new substances are produced.

Rate of Hydrolysis.--This determines the resistance of the various war

gases to decomposition by water., If a compound rapidly hydrolyzes it
not only greatly reduces its effectiveness in the field but seriocusly
complicates itsstorage and loading into munitions. Hence, rapid hydroly-

sis is an important factor in lowering the persistency of war gases.



Hydrolysis Products.~-In certain cases, hydrolysis does not destroy

the toxicity of a war gas because the product of the hydrolysis is also
toxic. With the exception of toxic products, hydrolysis products are
of little importance in the study of war gases.

Action on Metals, Plastics or Fabrics.--The action of a chemical agent

or war gas on certain materials acts as a limitation to use of the
agent. For example if a war gas acts corrosively on commonly used
container metals, it will be difficult and prohibitively expensive to
use it. This corrosive action requires the employment of special exped-
ients such as protection of the metal walls of the container with a
layer of some protective substance or employment of a supplementary

container which isolates the war gas from the walls of the container.

C. Physiological Effects

The one indispensable requisite of & substance for use as & war
gas is that it should have powerful physiopathological qualities. It
may have various types of action, lachrymatory, suffocating, vesicatory,
etc.

In order to express an opinion on the practical utility of a
substance as a war gas on the basis of its physiopethological properties,
it is not sufficient merely to know that the substance has a toxic
effect on the organism but also to know the degree of its ection. It is
therefore necessary to determine the quantity of the substance which
must be present in the air to obtain the desired action on the human or

animal organism exposed during & certain time.



These two factors, concentration of the toxic substance and
time of exposure to the toxic substance determine the effectiveness
of a gas (toxicity). Due to this fact, the degree of toxicity of a
war gas is expressed in terms of dosage (c x t).
Dosage.--This is the concentration of war gas to which a man or animal

is subjected multiplied by the length of exposure (3).
Dosage = e xt

where

¢ = concentration of a war gas (mg/m>),

t = time of exposure (minutes).
Thus the ¢ x t product expresses in a single figure the interrelation-
ship of concentration and the duration of the exposure of war gases
which exert their effects in vapor or aerosol form. Since dosage is
a combination of two factors, for most war gases the same effect can
be attained by exposure to a high concentration for & short time or to
a lower concentration for a longer time. This product varies inversely
as the toxicity of the substance, i.e., the smaller the value of dosage,
the more toxic is the substance (considering the same effect).

As to the effect produced on men or animal body, the following
definitions complete the study of war gases from the point of view of
toxicity.

Median Lethal Dosage.--This is the dosage which will kill fifty per

cent of an exposed group of subjects (usually the term refers to

unprotected man).
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Median Incapacitating Dosage.--This is the dosage required to render

fifty per cent of unprotected individuals exposed incapable of effec-
tively performing their duties.

Actually an individual may receive an amount of war gas that is
less or more than expected for a given dosage, depending upon some of
the following varisbles:

(1) How long the breath was held during short exposures,

(2) Whether the war gas was also absorbed through the skin,

(3) Whether the war gas stimulated rate of breathing,

(4) Amount of physical exertion of the individual at time of

exposure,

(5) Rate and depth of breathing of individual at time of

exposure,

(6) Rate of detoxification, especially if exposure was long.
For purpose of tabulation, such variables are ignored and the dosage
values are assumed to measure the amount of war gas received by an
individual breathing at a normal rate in a temperate climate with
average humidity. These values provide a basis of comparison for the
war gases. The rate of detoxification (rate at which the body is able
to change a poisonous substance into a harmless one or to eliminate it
directly) is an important factor in determining the hazards of repeated
exposure to low concentrations of toxic guses. Some war gases are not
detoxified at any detectable rate by the human body. Such war gases
are cumulative in their effects. For example, an exposure of one hour
to one of these gases, followed within a few hours by another exposure

of one hour has approximately the same effect as & single exposure of



two hours' duration. The disabling or lethal dosage in the case of
such war gases is proportional to the time factor within reasonable
limits. Other substances are detoxified by the human body at a measur-
able rate.

Absorption of the War Gas.--Next to toxicity the manner in which a gas

exerts its action upon the body is the most important consideration.
Many geses have more than one mode of actlon. In general the more

extensive the mode of action and the way of absorption of a gas, the
more valuable it is from a military viewpoint.
Rate of Action.-=-There is a wide variation in the rate of action to the

toxic war gases, even to those of similar classifications. Some substan-
ces act with remarkable speed in producing effects upon the body, while
others act very slowly, and their effects are not noticeable until many
hours after exposure.

From a very general viewpoint and regardless of the type of gas,
it is obvious that the quicker it producee its effects, the sooner it

secures the desired results.

D, Military Properties

Before going on in the study, it is necessary to define the manner
and conditions in which the war gases are employed in the field and the
desired effects (production of casualties). There are two main tactical
situations in the field: the offense and the defense. Since, according
to the tactical situation the requirements which a war gas must meet are
different, we may summarize this subject by stating the qualities and

characteristics of an ideal gas of each type (offensive and defensive).



Offensive gas
Physical properties

(1)
(2)
(3)
(%)
(5)
(6)
(7

(8)

Volatility (maximum field concentration)
Invisibility

Lack of odor

Boiling point as low as possible

High vapor pressure

High solid or liquid density

Melting point above maximum atmospheric temperature
(s0l1d) or freezing point below minimum atmospheric
temperature (liquid).

Low persistency

Chemical properties

(1)
(2)

Chemical stability

Non-hydrolyzable

(3) Withstands explosion without decomposition

Physiological effects

(1)
(2)
(3)
(4)
(5)
(6)

High toxicity

Multiple effectiveness
Effects of maximum duration
Imediate effectiveness
Insidiousness in action

Null or very low rate of detoxification
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Other properties

(1)
(2)
(3)
(%)

(5)

(6)

Penetrability

Ease of manufacture

Aveilability of rew materials

It must be capable of being disseminated from a device
practicable for field use in sufficient concentration to
produce the effect desired.

It should be difficult to protect from it and to detect
by ordinary methods available.

The mechanism of action, protective measures and method

of treatment for the agent should be known.

Defensive gas

The ideal war gas for use on the defensive should also meet the

above requirements except that it should oe persistent rather than non-

persistent and it should be effective in low concentrations.
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CHAPTER III
REIATION BETWEEN CHEMICAL STRUCTURE AND AGGRESSIVE ACTION

A. Influence of Different Atomic Groups and Molecular Structure

The chemical composition of & chemical warfare agent is not
necessarily of interest to the military but to the research worker
it furnishes further opportunity for the study of the relationship
between chemical constitution and physiological properties. Certain
generalizations have been drawn which show that certain chemical
groupings occur frequently among chemical warfare agents.

However, just as the long unsuccessful search by pharmacolo=-
gists for a relationship between structure and physiological activity
that could be used for predicting new types of drugs, so there has
been no success in predicting chemical warfare use of a compound from
its structure.

Once & compound has been discovered that hes suitable toxic
properties, it is true that search of related compounds may yield
certain homologues or analogues that have properties desirable for
certain uses. This is illustrated by the following examples: series
of tri-valent arsenic (methyl dichloro arsine, diphenylchloro arsine,
lewisite or (2-chlorovinyl) dichloro arsine); series of mustard gas
and series of trilons.

Intensive work of molecular groupings have been made, but

owing to the short period which this has been prosecuted, as well



15

as the secrecy which has surrounded the results, it is not yet possible
to state general laws with any certainty.

However, it will be of interest to give an account of the obser-
vations and hypotheses published on the influence of the structure of
these substances and in particular of the introduction of certain etoms
or radicals on the nature of the action exerted.

The majority of the substances employed or standardized as war
gases are organic.

Among the inorganic compounds employed were chlorine, bromine,
arsenic trichloride, etec. These, though having relatively little
aggressive power, were used at the beginning of gas warfare because of
the ease of their manufacture and the simplicity of their application.
Various other inorganic products, such as arsine, stibine or phosphine
although very toxic, have not been used or standardized as war gases
due to their unsuitable physical properties.

The organic substaences having toxic action usuvally contain atoms
of halogen, sulfur or arsenic or radicals such as -N02 or -CN in their
molecules. It is to the presence of these atoms or radicals as well as
to the molecular structure that physiclogical action is nowadays
attributed.

Influence of Halogen Atoms.--The halogens themselves have noxious action

on the animal organism and this diminishes in intensity in passing from
fluorine to iodide; 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.
However, as it has been pointed out above, the truly toxic action varies
inversely as the atomic weight of the halogen.

In considering the influence of the number of halogen atoms
present it is found that while one halogen atom confers predominantly
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. This law does not always hold
true, however, with some substances as mustard gas it is found that the
introduction of further halogens 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 of the original
compound. In the aliphatic series it is found that compounds with the
halogen in the B position are more powerful lachrimatories than their
isomers which have the halogen in the « position. In the aromatic
series 1t is observed that the introduction of a halogen atom into the
side chain of a substance confers lachrimatory properties, while if it
replaces a hydrogen atom from the benzene nucleus, & substance results
which has no physiological properties.

This difference in physiopathclogical properties is probably

connected with a difference in the mobility of the halogen atom.
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The halogen must not be bound in too labile a manner to the
molecule; otherwise it will be attacked by atmospheric agents 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.

Influence of the Sulfur Atom.--Sulfur is not generally considered as a

toxic element in the same way as are the halogens. Nevertheless, its
presence seems to confer on & substance the capability of penetrating
the epidermis, which explains the actual aggressive properties of such
compounds.

An example of this observation is found in a comparison of
substances containing a sulfur atom with their analogues which contain
oxygen (mustard gas and analogue which contains oxygen).

Comparatively few war gases contain sulfur in their molecules.
It is generally observed that the degree of toxicity of the sulfur
compounds varies with the valency of the sulfur atom and with the
pature of the radicals with which the sulfur is united. Among the
sulfur compounds those of the type R,S (divalent sulfur) are more toxic
than those of the type R,SO (tetravalent sulfur) and far more than
those of the type R,SO, (hexavalent sulfur).

Those compounds in which the sulfur has a specific function
also contain halogen atoms.

Little is known regarding the influence on the aggressive proper-

ties of a substance of the introduction of a sulfur atom.
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Influence of the Arsenic Atom.--The arsenic atom also imparts toxic

properties to a higher degree than the sulfur atom. It is a general
rule that substances containing a trivalent arsenic atom have & consid=-
erably greater physiological action than those containing a pentavalent
arsenic atom.

The arsenical war gases contain halogen atoms or organic radicals
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 radicals 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 radical. If the three
valences of the arsenic atom are linked to similar atoms or radicals
the compound has practically no aggressive action.

In particular it mey be observed that arsenic substances with a
single organic unsaturated radical have a more powerful vesicatory
action than those with two or more organic radicels. It may also be
noted that when the arsenic atom is linked to an alkyl or phenyl group,
substances with predominantly irritent action are obtained. This action
is accentuated in compounds containing two such radicals linked to the
arsenic atam.

Influence of the Oxime Group.--The oxime group is generally considered

as having no toxic properties, but of being capable of confering orticant

properties on substances containing it.
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Influence of the -CN Group.=--To the -CN group two different structures

are attributed: one; -C 5 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 iscnitrile
radical liberate hydrocyesnic acid.

The presence of a second CN group generally diminishes the
aggressive properties of a substance and the presence in the same mole-
cule of this group and of other atoms such as halogens while reducing
the toxic action confers highly lachrimatory properties.

Influence of the Nitro Group.--The sggressive properties conferred on

a substance by the introduction of the nitro group depend on whether
the group combines through an oxygen or & carbon atom, that is, whether
a nitrate or a nitro compound is produced. The nitrates have not been
used or standardized as war gases, btut very efficient agents are included
among the nitro derivatives.

In particular the introducticn of the NO2 group confers lachrima-
tory properties or increases any such tendency if it is originally
present in the molecule.

Influence of Molecular Structure.--According to various observations,

the aggressive action of a substance depends not only on the presence
of particular atoms or radicals in the molecule, but also on the molecular

structure and in particular on:
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(1) The presence of unsaturated bonds. This presence usually
involves an increase in the toxic properties (This observation was first
made by Loew (1) in 1893). For example, acrolein (CHé = CH-CHO) has
strongly irritant properties, while the corresponding saturated aldehyde
is innocuos.

(2) The molecular symmetry. It has been observed that sub=
stances with symmetrical molecules generally have a more powerful aggres-
sive action than asymmetrical substances. For example symmetrical

dichloroacetone
CHéCl
Cco

CHéCl

has great irritant power while the asymmetrical compound is almost

completely lacking in irritant properties.

CH3

co

CHCL,

B. Theories of Gemneral Nature

General theories regarding the relation between chemical structure
and physiopathological action have been elaborated with especial refer-
ence to the war gases. From among the many published, the Meyer's
theory and the Toxophor-Auxotox theory are the best known (4).

Meyer's Theory.--According to this theory the physiopathological action

of war gas is attributed to certain atoms or radicals which have a
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tendency to react easily with other substances by addition. This classi-
Tication 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.

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

Toxophor=-Auxotox Theory.-=The theory of toxophors and auxotoxes, first

elaborated by Ehrlich (5) for toxic substances and later applied by
Nekrassov (6) to the war gases, attributes the physiopathological
vroperties of these substances to special atoms or radical in & similar
manner to Witt's theory regarding the color of organic substances.

The war gases, according to Nekrassov, have structures analogous
to those of colored substances. By examining the chemical structures
of the war gases, certain atomic groups are found which confer on sub-
stances the potentiality of becoming war gases, in the same way Witt
found certain groupings common to colored substances. The groupings

found in war gases are called "toxophors" (chromophores).

0,

0: N C;

Such are, for example: co; 8 ; € C ; N
As ; etc.
There also exist other groups careble of communicating the
characteristic toxic functions of the toxophoric, that is of transform-
ing into actuality the latent capacity of the toxophor group. These

groups are named auxotoxes (auxochromes) and may be either atoms
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(halogens, oxygen, etc.) or atomic groups (-NH2, benzil, phenyl, methyl,
ethyl radicals, etc).

According to this theory, just as in colored substances the
introduction of some auxochromic groups changes the color of the sub-

stances, so in the war gases the presence of certain auxotoxes can alter

the type of biological action (for example introduction of halogen into
the hydrocyanic molecule).

Also the auxotoxic group in the war gases, like the suxochromes
in colored substances differ in their action according to their position
in the molecules (for example halogens differ in their influence accord-
ing to whether they are in a methyl or an ethyl group).

However, this theory cannot be applied so generally to the war
gases as Witt's to colored substances. In war gases the auxo group may
function either positively or negatively; increase in molecular complex-
ity does not lead to increase in the toxieity, etc.

Furthermore this theory, like that of Meyer already described,
though having many interesting aspects, does not sufficiently explain

the behavior of some of the war gases.
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CHAPTIER IV
TYPICAL STUDY--8,B8-DICHLOROCETHYL SULFIDE

A. General

The main object of this section is to study g8,p-dichloroethyl
sulfide (mustard gas) making a comparison of its properties with the
ideal properties of a war gas established in the first part of this
work and through this study, determine the feasibility of mustard gas
for use as a war gas.

This section develops a methodical and theoretical study to
qualify a substance as a war gas.

After this step it is necessary to test the substance in the
laboretory and field to check its behavior.

The term "mustard gas" is an unfortunate one, due to the fact
that the chemical agent or war gas is of'ten confused with the true
natural mustard oil which is prepared from black mustard seed and is
chemically allyl isothiocyanate.

It is probable that mustard gas was first made in 1822 by
Despretz (1) in his study of the reacticn between sulfur chloride and
ethylene,but his product was not clearly characterized. In 1860 it
was independently prepared by Guthrie and Niemenn (2) by passing
ethylene into sulfur chloride. In 1866 the Germen chemist Victor
Meyer (2) prepared mustard gas by the action of hydrochloric acid and
thiodiglicol, and described the effect of the product. Finally in
1891 the opthalmologist Theodore Leber made a study of the toxicity

of mustard gas (7).
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Increased knowledge concerning the properties of mustard gas and
of its manufacture took place during the first world war and it was
employed by both Germans (first) and the Allies (later) with great

Success.

B. Physical Properties

Pure g,p-dichloroethyl sulfide is a colorless, neutral-to-litmus,
oily liquid. In the crude state, it is brown and has & characteristic
odor (garlic-like).

Molecular Weight.==159.08

Vapor Density.--{compared to air) 5.4

Liquid Demsity.--1.27 at 68°F (20°C)

Solid Density.==1.37 at 32°F (0°C)

The variation in density per degree between 15°C and 90°C is
0.001058. The variation in volume of one gram per degree between the
same temperature is 0.0006895 cc. The variation in volume in cubic
centimeter per degree is 0.000881 (3).

Freezing Point.-=58°F (14-15°C). It is desirable to add to mustard gas

a small percentage of solvent to keep it in a liquid state for all temp-
eratures ordinarily encountered in the field.

Solubility.--Mustard gas is very sparingly soluble in water, its solu-
bility increasing to a certain limit with increase in temperature.
According to Hopkins (8), the solubility in water is 0.033 per cent at
0.6°C and 0.07 per cent at 10°C. According to French data (2) the
solubility at 25°C is 0.047 per cent; American data (3) gives 0.069

per cent.
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It is very soluble in various hydrocarbons and organic solvents
such as kerosepne (in which it is soluble in all proportions at 26°C),
petrol, carbon tetrachloride, monochlorobenzene, ethyl alcohol, ethyl
ether, carbon disulfide, thiodiglicol, glycerol (9).

It is also soluble in animal and vegetable oils and fats and
only slightly in vaseline and paraffin wax.

To lower its freezing point the following solvents may be used:
some easily volatile solvents (carbon tetrachloride, chlorobenzene, or
nitrobenzene) or chloropicrin, with the additional advantage that the

solvent is toxic.

Boiling Point.--Some authors give 217°C; others 222.5°C (atmospheric

pressure). Its boiling point has been reported as 97°C at 10 mm.;
98°C at 10 mm.; 104-105°C at 13 mm.; 105°C at 14 mm.; 107°C at 15 mm.;
120°C at 34 mm. apd 122.5°C at 37 mm. (9).

Vepor Pressure.--0,072 mm. of mercury at 68°F (20°C)

The vapor pressure of mustard gas at various temperatures may

be calculated from the following formula (1).

log p = 8.397 21%542
where
P = vapor pressure of mustaerd gas at t,
t = absolute temperature.
Volatility.--22 mg/m3 at O°F; 47 mg/m3 at 32°F (0°C); 95.8 mg/m3 at
68°F (20°C); 3,660 mg/m3 at 104°F (40°C) (3).

Flash Point.--221°F
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ILatent Heat of Vaporization.--9L calories per gram

Persistency.--High persistency

C. Chemical Properties
Mustard gas can be the starting material for many syntheses, and
although the literature on the compound is rather extensive, it would
no doubt be larger if it were not for the high toxicity of the substance.
The reactivity of mustard gas is conveniently presented from the
standpoint of its electronic structure as
HH CH,
CICHCH, S CCCl 2 [cicHcES8 CcH,J® o1’
HEH
There is considerable evidence that mustard gas is ionized
slightly as shown above. The hydrolysis to form thiodiglycol can be
completely suppressed by a 17 per cent solution of hydrochloric acid.
Hydrolysis.--It was generally assumed and later proved that the hydrolysis

of mustard gas occurs in two stages.
S(CH20}1201)2 + H0 - CICH,CH,*S<CH,CH,0H + HC1
ClCHéCHé-S'CHQCEQOH + Héo - S(CHéCHQOH)2 + HC1

Wilson, Fuller and Schur (9), showed that the hydrolysis is a
two-stage reaction which affects only the molecules dissolved in the
aqueous phase. The rate of the first stage of the reaction determines
that of the second. Once steady conditions are established, the con-

centration of the intermediate compound automatically increases or
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decreases keeping the rate of the second stage just equal to that of
the first. The amount of intermediate compound present at any time is
extremely small and the time required to build up the equilibrium
concentration is generally negligible. The second stage of the hydrol-
ysis reaction is substantially non-reversible except in very strong
hydrochloric acid solutions. The first stage is, however, reversible
to & considerable extent in the presence of even dilute acids. This
reversibility of one stage serves to retard but not to stop the
reaction, because the intermediate hydrolysis compound is being contin-
ually destroyed by the irreversible second stage.

The velocity of hydrolysis is influenced by various factors such
as the time of contact, the temperature, the water-mustard gas ratio,
the quantities of acid, alkali and hydrolysis products present, as
well as the degree of dispersion of the dichloroethyl sulfide in the
water.

It was found that when one part of the sulfide was dissolved in
two hundreds parts of water, the ratio of the length of time for
complete hydrolysis at 20°C; 50°C and 100°C is 1:7:5:30. A longer time
is required if less water is used (9).

In the following table (Table 1), due to Hopkins (8), the degree
of hydrolysis is given as a function of the time of contact of the
mustard gas with water (20°C is the temperature at which the degree is

given).
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Table 1. Degree of Hydrolysis

Per cent hydrolyzed compared

Time (minutes) with that dissolved

10 50
20 70
30 12
Lo 84
50 85
60 85

Acids and ammonium hydroxide (one mole per liter) slightly retard
the decomposition and Wilson, Fuller and Shur (9) determined the acceler-
ation of the hydrolysis by alkaline colloidal solutions. These have the
effect of increasing the degree of dispersion of the substance.
Stability.--At ordinary temperature musterd gas is a stable compound but
on heating at ordinary pressure it decomposes without distilling. This

decomposition commences at about 150°C and is complete at 500°C.

23(01{2011201)2 ap 52(0H20H2)2 + 2C,H Cl,
This reaction is reversible, so that on heating the reaction

products to 180°C dichloroethyl sulfide is formed.

Action with Metals.--Aluminum, lead, brass, iron, bronze, zinc and tin

are not acted on by mustard gas at ordinary temperatures; with the first
three metals no appreciable action is noted at 100°C, but the others

named are attacked at this temperature; the action being most rapid in
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the case of tin. Then the action on metals or other materials is very

little when pure.

D. Physiological Properties

Mustard gas has a triple effect, being a vesicant, lung injurant
and lachrimator combined. It acts as a cell irritant and finally as
a cell poiscn. ¥

The first symptoms of mustard gas poisoning usually appear in
from four to six hours. The higher the concentration the shorter the
interval of time between the exposure to the gas and the first symptoms.
The physiological action of this compound may be classified as local
and general. The local action results in conjunctivitis or inflammation
of the eyes, erytheme (redness of the skin) which may be followed by
blistering or ulceration and inflammatory reaction of the nose, throat,
trachea, bronchi and lung tissue.

The susceptibility to the toxic action of mustard gas varies with
race and also with individuals.

Injuries produced by mustard gas heal much more slowly and are
more liable to infection than similar burns produced by other means.
This is due to the action of mustard gas in making the blood vessels
incapable of carrying out their functions of repair and by the fact
that dead or dying tissue acts as & good medium for bacterial growth.

Median Concentration Detectable by Odor.--1.2 mg/m3

Median lethal Dosage.=--Inhalation: 1500 mg. min/ms. Skin absorption

(masked personnel): 10,000 mg. min/mB.
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Median Incapacitating Dosage.--Eye injury: 200 mg. min/m3. Skin absorp-

tion (masked personnel): 2000 mg. min/m3 at 70-80°C.

Wet skin absorbs more mustard gas than dry skin does. Above
B80°F perspiration causes increased skin absorption. The incapacitating
dosage drops rapidly as perspiration increases, at 90°F 1000 mg. min/m3
could be incapacitating.

Rate of Detoxification.--Not detoxified. Even small repeated exposures

are cumulative in their effects. Exposure tc spilled mustard gas

(factory or filling plants) causes minor symptoms such as red eye.

Repeated exposures to such vapors produce one hundred per cent disability

by irriteting the lungs and causing chronic cough and pain in the chest.
Eyes are very susceptible to low concentrations; higher ones are

required to produce incapacitating effects by skin absorption than by

eye injury.

Rate of Action.--Delayed. Usually four to six hours until first symptoms

appear. Latent periods have been observed, however, up to twenty-four

hours and even, in rare cases, up to twelve days.
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CHAPTER V
MANUFACTURE OF MUSTARD GAS

A, Processes

Musterd gas may be prepared industrially by several processes,
all of which are based on one of the two methods described: Meyer's
and Niemann-Guthrie's (10). The most successful procedureusing the
Meyer's method is the German process which mey be schematically des-
cribed as follows. Gaseous hydrogen chloride is run into & mixture of
concentrated hydrochloric acid and thiodiglicol at a controlled tempera-
ture, the mustard gas separates as & lower layer and is run off. The
process can be either batch or continuous.

During World Wer I, the Germans made thiodiglicel from ethylene
by converting it to chlorohydrin and treating the latter with sodium

sulfide.

02H50H — H20 + CﬁamCHa

Ca(010)2 + HO + CO, - CaCO, + 2HCIO

E 3
CH2a=CH2 + HCI0O - 010H2'01120H

03201;2031

2OHCHECH201 - SI‘I.‘E!.2 - 8 CH20H20H

+ 2NaCl

CHECHEOH
CHECHEOH

5 + Z2HC1 - S(CHECH.‘,,Cl)2 + 21120.



The German process has two outstanding advantages:

(1) The intermediate products have no dangerous properties and
hence there is no danger to personnel working in the plants on any of
the intermediate steps, and

(2) The yield is relatively high and the product pure.

On the other hand the German process has the objection of being
very complicated and only & chemical technique excellently organized
and backed by a wealth of experience can successfully resolve the
technical difficulties that appear in this method.

Compared with the Meyer process the Niemann-Guthrie method allows
the product to be prepared more rapidly and in better yield with less
technical problems, but it requires careful control during the course of
the reaction.

Several systems of menufacture have been proposed for the prepara-
tion of musterd gas by the Niemann-Guthrie method. The most convenient
procedure is that of levinstein, known as the Levinstein process (7).

This is a batch process run in an iron reactor, fitted with an
agitator, of six tons capacity. The initial charge is about one ton of
product left from the preceding batch; this acts as solvent and a reaction
medium for the ethylene and sulfur monochloride that are run in at a slow
rate, so arranging the speed of their introduction and the cooling that
the temperature of the reaction mixture remsins at 30-35°C. A five-ton
batch is completed in about eight hours.

By distillation Levinstein mustard gas is found to contain

TO per cent pure mustard gas.
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The stoichiometry of the Levinstein process may be schematically

represented as follows.

2CH,=CH, + S,C1, - (ClCHQCIle)aS + S

The raw materials for the manufacture of mustard gas, using this
method, are generally cheap and plentiful. 1In the United States of
America the cost of manufacture was placed at $0.13 per pound in 1945,
The introduction of a distillation step, to remove the impurities,
raised the cost to about $0.35 per pound.

Mustard gas can also be made on a large scale (French process)
by the reaction between ethylene and sulfur dichloride. The reaction is
run in a solvent (chlorobenzene or carbon tetrachloride) and the solvent
subsequently stripped by distillation.

Sulfur dichloride, however, is such an active chlorinating agent
that the resulting product is rather unstable in storage due to the
presence of chlorinated mustard. Such compounds split off hydrogen

chloride quite easily.

B. Composition of levinstein Mustard Ges
In the Levinstein process the reaction between ethylene and

sulfur monochloride is conventionally represented as follows:

2CH,=CH, + S,Cl, - S(CHQCHECl)a + S.
But a large pert of the sulfur indiceted in the equation as becoming
free is, in fact, retained in solution in the resulting liquid, though
more may come out of solution on storage, particularly at elevated

temperatures.
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The apparently capricious reappearance of sulfur has given
trouble in manufacture and to control deposition of sulfur, a full
knowledge of the nature of the solution is desirable. The problem is,
in addition, one of great chemical interest.

The behavior of Levinstein mustard gas and the solubility of
sulfur in B,p-dichlorocethyl sulfide and related compounds rule out the
possibility of the sulfur being retained in simple solution. The
possibility of a so~called colloidal solution of sulfur appears to be
ill-founded as no stable colloidal dispersion of sulfur in & liguid
which is appreciably a solvent for sulfur is known.

A stable trisulfide was isolated by Mann, Pope and Vernon (11),
and evidence that a stable disulfide is present was due to Foster,
Harvey and Hands (12), but these alone cannot account for all the
sulfur present.

Method of Separation of Constituent.--Sulfur is precipitated as a

milky suspension which slowly crystallizes on standing, when Levinstein
mustard gas is dissolved in excess of cold acetone. The amount of
sulfur obtained in this case is only & small fraction of the whole,

and is the sulfur present in true solution.

Thermal decomposition occurs when separation of the higher
boiling fractions of Levinstein mustard gas is attempted by vacuum
distillation. This was traced to the presence of a labile polysulfide
which can be removed by a preliminary reflux with acetone. The
resultant solution, after removal of the sulfur which is set free by

this treatment can be distilled under reduced pressure.



The method used by Kinnear and Harley-Mason (12) involved the
following stages:

(2) Preliminary distillation. This was a low temperature
distillation giving a distillate consisting mainly of B,Bg-dichloroethyl
sulfide, and an oily residue consisting mainly of trisulfide, a labile
polysulfide and a small amount of the disulfide.

(v) Acetone reflux of the above residue to bring about deposi~-
tion of sulfur from unstable compounds.

(e) Vacuum distillation of the acetone solution from stage b.
After removal of sulfur to give disulfide and trisulfide fractions.

(d) Fractionation of the distillate from stage a, giving mono-
and disulfide. The fractionating column used was constructed of twenty
feet of one-inch-diameter glass tubing, coiled into a spiral, the whole
being lugged with glass wool.

The details of the procedure are diagrammatically shown in

Figure 2.

The composition of the sample was approximately the following:

B,B-dichlorodiethyl sulfide 61.4 per cent
B,B-dichlorodiethyl disulfide 4.3 per cent
B,R=dichlorodiethyl trisulfide 17.4 per cent
sulfur free and combined with trisulfide 10.7 per cent
tars and experimental losses 6.2 per cent.

Other Considerations about Composition.=-Exhaustive hydrolysis of

levinstein mustard gas has been found to yield a residue which is

thought to be a mixture of higher polysulfides. The pentasulfide has
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been obtained by subjecting the mixture to steam distillation and to
stripping with Cellsolve or ammonia. The same compound has been made
by sulfurization of the corresponding di and tri sulfides with sulfur
and of the trisulfide with methyl tetrasulfide. The pentasulfide has
been stripped to the trisulfide by ammonis in the presence of Cellsolve
or ether and to the tetrasulfide by boiling acetone. Steam distillation
of the pentasulfide was found to cause its degradation to the trisulfide.
It has been concluded that both the disulfide and trisulfide possess the
linear rather than the angular structure.

The disulfide, known to be linear, takes up an atom of sulfur
only with difficulty. Then two additional atoms of sulfur may be
added with comparative ease to produce the pentasulfide, degradation of

which yields the trisulfide.

ClCHéCHESSCHéCHéCl + 5 = ClCBéCHéSSSCHéCHéCl
The structure of the higher polysulfides could be of the following

type.

S
S

ClCHECHESSSCHBCHéCl
5
S

This type of structure is in accord with the facts that sulfur
atoms are naturally chain-forming and that the polysulfides above the

pentasulfide readily lose sulfur.



39

The gradual conversion of plastic sulfur, Spu, which is supposed
to consist of long sulfur chains to the stable A-sulfur is accelerated
by ammonia. This may be related to the observed stripping of higher
polysulfides to the pentasulfide by ammonia.

Reports of the existence of bis(2-chloroethyl) disulfide in
Levinstein mustard gas are in disagreement (12). This is not at all
surprising due to the tendency of the higher polysulfides to decompose
under the influence of heat to give the trisulfide (and free sulfur)
which is degraded to the disulfide by distillation.

It is apparent that any reliable method for determining the
amount of disulfide present in the lLevinstein mustard gas must involve
only mild conditions.

It was observed that the refractive indices of mixtures of the
disulfide and pentasulfide, and of the disulfide and trisulfide
followed a linear relationship with respect to the mole fraction of
the constituent. Thus, measurement of the refractive indices of the
stripped residue from the hydrolysis of levinstein mustard gas and of
the steam distillated of the residue, indicated the presence of one
to two per cent of the disulfide in the crude mustard gas. This value
is in good agreement with that obtained by MacInnes and Beleher (10)
by analysis of a fraction from the molecular distillation of Levinstein
mustard gas. These considerations explain some of the results of the

method of separation of constituent described.
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C. Mechani smof Formation

The fol | owi ng nechani smhas been suggested by Fuson, Foster and
Li pscomb (10) and accounts satisfactorily for the conposition of nmustard
gas obtained by the Levinstein process.

In 1920 Conant, Hartshorn and Richardson (13)> postul ated a mech-
anismfor the formation of nustard gas fromethylene and sul fur nonochl o-
ride and dichloride. Fromthe evidence then available, they assuned that

2-chl oroet hyl sul fenyl chloride was an internediate product in the process

OS'\CH, " °" O CHyCHgSA 8% ( Cl CHgCB"S.

90Xy

This theory has been substantiated by the isolation of 2-chloro-
et hyl sul fenyl chloride (pure) and by its reaction with ethylene to produce
£, £-dichloroethyl sulfide, and al so nmore recently, evidence that 2-chloro-
ethyl sulfenyl chloride is an internediate has been obtained by using an
equi mol ecul ar m xture of ethylene and cycl ohexene in the Levinstein
process, instead of ethylene alone, ,3,£-&chloroethyl sulfide, bis (2-
chl orocycl ohexyl) sul fide and 2-chl orocycl ohexyl - 2- chl oroet hyl sul fide
wer e obt ai ned.

Ina simlar way an equimolar m xture of ethylene and cycl ohexene
was passed into a solution of sulfur dichloride innustard gas. The sane
three products were obtained, denonstrating that the reaction of ethylene
with sulfur dichloride proceeds in two steps and involves the internediate
formati on of 2-chloroethyl sulfenyl chloride.

Any nechani smwhich is to account for the formation of Levinstein

mustard gas must al so provide a satisfactory explanation for the



