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I. INTRODUCTION

The phenomenon of electrolytic dissociation in aqueous
solution has been thoroughly studied, the number of papers
on the electrical conductivity and the electrolytic dissocia-
tion of various electrolytes in aqueous solution having now
reached several thousands. These papers are mainly
concerned with extremely dilute solutions, the usual pur-
pose of the work being to confirm the Debye-Hiickel theory
of electrolytic solutions. As a result , excessive atten-
tion has been paid to dilute aqueous solutions, whereas
for a long time non-aqueous electrolyte solutions remained
undeservedly outside the circle of interests of investigators.
In this connection Lewis and Randall1 correctly write:
"Dilute solutions have played an extremely important part
in the development of physical chemistry. Therefore
exceptional, and perhaps even somewhat excessive, atten-
tion has been paid to very dilute solutions in both theo-
retical and experimental investigations".

Conant and Hall2 in turn consider that "many chemical
phenomena are obscured by our slavish devotion to water".

Thus comparatively little attention has been paid in the
past to non-aqueous electrolyte solutions, although the
study of electrolytic dissociation in non-aqueous media
is not only of very great theoretical significance but also
of great practical value in connection with the vigorous
development of the electrochemical industry, especially
the electrical synthesis of various substances from non-
-aqueous solvents.

It is sufficient to mention that in Brockman' s monograph3

alone/ published as early as 1926, several hundreds of
methods are described for preparing various organic com-
pounds by anodic oxidation or cathodic reduction in organic
solvents.

At the present time a vast literature has arisen on elec-
tr ical synthesis in non-aqueous solvents4"7 .

As Antropov5 correctly points out, however, in order
that organic compounds can be obtained by electrical syn-
thesis in non-aqueous solvents, the solutions employed
must be good conductors; moreover, the mechanism of
electrolytic dissociation of the substances forming the
electrolyte in these non-aqueous solvents should be known.
With most organic electrolytes, no data are available on
their dissociation mechanism.

- - - o O o - - -

Non-aqueous electrolyte solutions attracted the attention
of individual workers a comparatively long time ago8"20.
However, a more detailed study of such solutions was
started only at the beginning of the present century.

In particular, Plotnikov concluded from an analysis of
published data and his own results that the dielectric
constant of the solvent is not the decisive factor in the dis-
sociation of electrolytes. In support of this thesis he cited

numerous data on the relation between electrical conduc-
tivity and the dielectric constant of the medium which
contradict the Nernst-Thompson rule. Thus, for example,
according to Plotnikov's results PBr5 is non-conducting
in water, but is a good conductor in bromine solution21.
Cases are also known in which substances such as HC1 and
HI, which are strong electrolytes in water (D = 80), are
not electrolytes in liquid HF, with the still higher dielec-
tric constant of 84. On the other hand, many alcohols,
carbohydrates, ketones, and other organic compounds,
which are not electrolytes in water, behave as strong elec-
trolytes in liquid HF. 22>23

As a result of Plotnikov's work, it became generally
recognised that in non-aqueous systems the dielectric con-
stant of the medium is not the decisive factor (the "dis-
sociating force") in the electrolytic dissociation of mole-
cules.

Plotnikov's views were subsequently developed in
numerous papers by Usanovich24,25 who, following Kono-
valov10, concluded, from an analysis of all the accumu-
lated experimental results mainly on non-aqueous systems
and from his own investigations, that the appearance of
conduction in non-aqueous liquid systems produced from
non-conducting components is due to the formation of electri-
cally conducting complexes, not to the "dissociating power"
of the solvent. This view was subsequently confirmed by
other workers26"28, and is now generally accepted, at least
for systems formed from non-conducting components. The
literature on this subject will be briefly surveyed below,
the present Reviewer's researches on systems formed by
organic isothiocyanates, thiocyanates, and various amines
also being covered. More detailed attention will be paid
to work on the mechanism of dissociation in the electro-
lytes formed. The present paper does not, of course,
claim to cover fully the vast amount of experimental and
theoretical work which has now been done on this problem.

II. ORGANIC ACID-AMINE SYSTEMS

Systems of this type were first studied by Konovalov10.
On mixing pure acetic, propionic, and butyric acids with
various amines (aniline, methylaniline, dimethylaniline,
and o-toluidine) he obtained electrically conducting solu-
tions, whose conductivity exceeded in individual cases
3 x 10"3 ohm"1 cm"1. Separately, the components of these
systems were practically non-conducting. Thus the con-
ductivities of the acids and amines used did not exceed
10"6 ohm"1 cm"1, so that the mixtures were better con-
ductors than the components by a factor of 1000.

The conductivity isotherms of the binary systems formed
from an acid and an amine passed through a maximum,
which occurred at different ratios of the components in dif-
ferent systems (Fig. 1). Konovalov assumed that these
maxima corresponded to a chemical compound formed when
the components were mixed. A more detailed study of the
acetic acid-aniline system, as well as the use of other
methods of physicochemical analysis29»30 has shown, how-
ever, that in the case of irrational systems! the maxima
on the conductivity isotherms do not generally correspond
in composition to the compounds which are formed in the
system.

t The term "irrational system" is used in the Soviet literature
apparently to denote a system in which chemical compounds are
formed whose composition does not correspond, to simple stoichio-
metric proportions of the components (Ed. of Translation).
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Systems comprising an organic acid and an amine have
formed the subject of many subsequent investigations 28~36,
in all of which conductivity isotherms having a maximum
have also been obtained. The absolute value of the con-
ductivity is comparatively high, quite often exceeding
that of 0.01 Ν potassium chloride solution at 18°. Such
considerable conductivity in solutions formed from non-
- conducting components is undoubtedly due to the formation
of a new compound which is an electrolyte.

In several cases conductance may not appear in the solu-
tions when non-conducting components are mixed, as occurs
very often with, for example, organic compounds (benzene
and toluene, alcohols, etc.), but if the system does become
conducting, an electrolyte must necessarily have been
formed in it.

Apart from possible participation in the formation of
chemical compounds, the role of non-conducting com-
ponents consists mainly in the transfer of the compounds
to the liquid state ("dissolution") if the latter are solid
under the experimental conditions. This results in in-
creased mobility of the ions.

Trifonov showed that, in the case of rational systemsj,
the conductivity isotherm passes through a minimum at the
composition of the compound which is formed28»37, this
minimum being caused by the high viscosity of the com-
pound.

The view prevails in the literature that conductivity iso-
therms of rational systems formed from non-conducting
components must necessarily have a minimum — if con-
ducting compounds are formed — at the composition cor-
responding to such a compound. It appears to the Reviewer
that this applies only to systems in which the viscosity of
the compound is considerably greater than those of the
components, as occurs, for example, in systems formed
by mustard oil and piperidine28· When an electrolytic
compound is formed in a system by interaction of the com-
ponents, the conductivity isotherm should usually have one
maximum, which does not always occur at the composition
of the compound.

Investigation of Conducting Systems in a Third Component

Holzl was the first to investigate the reaction of weak
bases with organic acids in alcoholic solution38.

Subsequently Izmailov demonstrated the advantage of
investigating binary systems in a third, inert solvent39»40.
He showed, in particular, that, when the components of a
system are associated, physicochemical analysis of binary
systems gives no positive indication of the presence or
absence of interaction between them, whereas in a third
component curves are obtained which may show not only
interaction but also the composition of the compound which
is formed. Any physical property (viscosity, refractive
index, etc.) can be used for this purpose. More distinct
maxima or inflections indicating compound formation appear
on the conductivity isotherms for the ternary systems than
on the diagrams of other properties, since in this case the
conductivity is not appreciably affected by changes in the
viscosity and the dielectric constant of the solutions.

The value of studying reaction between two components
in a third, inert solvent has been shown also in a study41

of the quino line-acetic acid system. Although this sys-
tem has been studied by various physicochemical methods,
the number and the composition of the compounds formed
between these components have not been finally estab-
lished42"44.

The above work and the present Reviewer's researches4 1

show that two compounds, 1 :1 and 2 :1, are formed together
in this system. Both are well revealed on the conductivity
isotherms (20°, Fig. 2) obtained at equal concentrations of
this system in a third component (methanol). These
results again confirm the advantage of physicochemical
investigation of the interaction of substances in a third
component.

A study of solutions of amine-acetic acid binary systems
in water45 clarified the mechanism of the electrolytic dis-
sociation of the resulting compounds and explained the
origin of the high conductivity of some mixtures in these
ternary systems. For example, results on electrolysis

ο α to so to si

Fig. 1. Conductivity of binary systems formed
by acetic acid with: 1) aniline; 2) methylani-
line; 3) o-toluidine.

% A "rational system" appears to be one in which a chemical
compound of simple stoichiometric composition is formed (Ed. of
Translation).

O SO Wf SO SO WO
soln. mole % soln.

CHjCOOH C3H7N

Fig. 2. Conductivity isotherms for the
quinoline—acetic acid system in methanol:
1) 0.1 Μ solutions; 2) 0.01 Μ solutions.
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have suggested the following scheme for the dissociation
of the complex compounds formed between acetic acid and
aniline

C,H5NHi.2CH3COOH £ C«H,NH+S + CHSCOOHCH,COO- ,

C,H5NH2-CH3COOH tt C,H5NH+

3 + CHjCOO".

III. METAL HALIDE-ORGANIC COMPOUND SYSTEMS

Systems formed from metal halides and organic com-
pounds attracted the attention of investigators a long while
ago. Thus as early as 1902, for example, Plotnikov13

studied the conductivity of solutions of aluminium bromide
in ethyl bromide, and concluded that the components inter-
act to form a conducting complex.

The conductivity of the solutions exceeds many times
those of the pure components at the same temperature.
Subsequently Plotnikov and his pupils studied a series of
systems formed by phosphorus and antimony halides in
bromine and other non-aqueous media4β~50. Complex for-
mation was invariably observed, which, as is now known,
is the reason for the high conductance of the solutions con-
sisting of practically non-conducting components.

Systems formed from metal halides and organic com-
pounds, principally ethers, have been studied in special
detail by Usanovich and his coworkers 51~53. Thus among
others they studied54 the antimony trichloride-diethyl ether
system. From results on the conductivity and electrolysis
of one such solution they conclude that the electrolyte here
is a complex compound formed by interaction of the com-
ponents

H A SbCl3y
H 6 C 3 SbCla

HSC2 SbCl3

y
H 6C 2 SbCl2

+2C1-.

This compound resembles the oxonium compounds formed
by the hydrogen halides with ether, discovered by Kablu-
kov55,

H5Qss

In aqueous medium it gives [(C2H5)2OH]+ ions, analogous to
H3O

+ ions.

Formation of such a compound in this system is con-
firmed by physicochemical data. In particular, the vis-
cosity isotherm obtained by Kurnakov56 has a maximum at
67 mole % of antimony trichloride. Usanovich and his
coworkers have similarly studied other systems 5 7"6 0.

In the opinion of Usanovich58 ethereal solutions are very
convenient materials for study, since many substances are
completely soluble in ethers with the formation of conduct-
ing solutions. This allows the examination of conductivity
to be extended beyond a narrow concentration range, so
that the system can be investigated as a whole with all pos-
sible proportions of the components.

Many workers have subsequently investigated systems
formed by metal halides with esters. In 1936, for example,
Kurnakov and Shternin studied the SnBr4-CH3COOC2H5 and
SnCl4-CH3COOC2H5 systems by measuring the conductivity
as well as the viscosity and melting point61. According to
their results, compounds SnX4.2CH3COOC2H5 are formed
in these systems. The conductivity isotherm passes
through two maxima and one minimum which occurs at the
composition of the compound (67 mole % of the ester). This
minimum is caused by the high viscosity of the compound.
Hence if the effect of viscosity is eliminated, the solution
containing 67 mole % of the ester will possess the maxi-
mum conductivity. This indicates that the compound is an
electrolyte.

Several papers have been published on the mechanism
of the electrolytic dissociation of this and other similar
compounds. Thus the Reviewer was the first to try to
elucidate the mechanism of electrolytic dissociation of the
compound formed in the tin (IV) chloride-ethyl acetate sys-
tem 6 2. For this purpose the two solutions of maximum
conductivity (containing 20 and 60 mole % of stannic chlor-
ide) were electrolysed in a vessel having separate cathode
and anode compartments. On the basis of analyses of
catholyte and anolyte, together with measurements of
several of their physical properties, the following scheme
was suggested for the dissociation of the compound formed

(SnCl4 · aCHjCOOCjH,), i . Sn(CHsCOOC2H,)4Cl J + + SnClJ";. ( 1 )

Cryoscopic measurements of the molecular weight of the
compound by VoPnov63 confirmed that its composition cor-
responds to the doubled formula (SnCl4.2CH3COOC2H5)2.

Subsequently Usanovich and his coworkers also studied
the structure of several complexes, including SnCl4.
.2CH3COOC2H5, formed by metal halides with esters and
other organic compounds64. Mainly on the basis of the
results of electrolysis, it is considered64 that the only
electrolytes in this and similar systems are the compounds
SnCl4.3RCOOR' and SnCl4.4RCOOR', where R' is a proton
or an aliphatic radical. The mechanism of the electro-
lytic dissociation of these compounds must be represented
as follows

SnCl4.2RCOOR' + RCOOR 7t [SnCl4(RCQO),]ll'" + RCOOR'+, ( 2 )

SnCl4.2RCOOR'+ 2RCOOR' ^t [SnCl4(RCOO)2]
2" + 2RCOOR'+. ( 3 )

It is seen from this scheme that stannic chloride occurs
only in the anion, while the organic molecules occur both
in the anion and in the cation. In the Reviewer's scheme
the organic molecules are present only in the cation.

The experimental results obtained by Usanovich and his
coworkers64 on the electrolysis of these complex com-
pounds of stannic chloride and ethyl acetate agree in the
main with the Reviewer's results6 2, but, as is evident
from a comparison of Eqns. (2) and (3) with (1), their
scheme of electrolytic dissociation differs fundamentally
from the latter's.

The weak point in the Usanovich scheme of dissociation
seems to be, as these workers themselves point out6 4, that
no data have been published indicating the existence of 1 :3
and 1 :4 compounds of stannic chloride and ethyl acetate.
Furthermore, the explanation of the formation of metallic
tin and of tin (II) chloride at the cathode lacks adequate
experimental basis, and is therefore unconvincing.

Recently Vol'nov has repeated the electrolysis of the
series of complex compounds formed by SnCl4, SnBr4, and
Snl4 with various alcohols, organic acids, and esters, in-
cluding ethyl acetate, and reached the conclusion that the
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experimental results cannot be explained by the Usanovich
scheme. He considers that the Reviewer's scheme
involving electrolytic dissociation of the compound SnCl4.
^d^COOCHs is the most probableβ3.

Reference must also be made to a series of interesting
papers by Sumarokova and her coworkers on the reaction
between stannic chloride and estersβ 5.

Other investigators have studied the interaction between
metal halides and various classes of organic compounds.
Gorenbein and his coworkers88"88 have studied the con-
ducting systems formed by AlBr3, A1C13, and other metal
halides in nitrobenzene, ethyl bromide, and other organic
substances. They have shown in particular that alumin-
ium bromide in nitrobenzene forms, according to conduc-
tivity data, three compounds, which are arranged in the
following sequence of decreasing electrical conductivity67

(AlBr,),-.C,H,NO, > AlBrs.2C,H,NO, > AlBrs.C,H,NOa.

Usanovich and Sumarokova have studied systems formed
by SnBr4, SnCl4, SbCl3, and AsCl3 with acetic acid and its
chlorinated derivatives 70~73 and also with other acids 74~76.
These systems have attracted attention because SnCl4 on
Lewis and Randall's views, and SbCl3 and ASCI3. on the
views of Usanovich, are aprotic acids. On the other hand,
the acetic and chlorinated acetic acids which they used
should act as oxonium bases towards these aprotic acids,
and react with them by a kind of acid-base interaction.
The isotherms for viscosity, conductivity, and other pro-
perties obtained by these workers support this hypothesis.

These investigators also studied several other electri-
cally conducting systems formed by halides of metals in
Groups IV and V of the Periodic System with various
classes of organic compounds. For example, Usanovich52

studied the conductivity of the systems formed by arsenic
trichloride with nitrobenzene and with pyridine. The aim
of this work was to prove that arsenic trichloride behaves
towards nitrobenzene and pyridine as a substituted hydro-
chloric acid, somewhat as it behaves towards esters as
an acid52.

Interesting work has been done by Osipov and his co-
workers on systems formed by the halides of titanium,
zirconium, and germanium with esters and organic acids.
They have made a detailed study, for example, of the con-
ducting systems formed by the non-conducting components
titanium tetrachloride with ethyl acetate7 7, n-propyl acetate,
and η-butyl acetate7 8.

On the basis of physicochemical data (from diagrams of
viscosity, heats of mixing, electrical conductivity, and
other properties) they established that with esters titanium
tetrachloride forms conducting complexes TiCl4.E and
TiCl4.2E, where Ε represents a molecule of an ester of a
monobasic acid. Electrolysis showed that these complex
compounds dissociate according to the scheme7 8

(TiCl4.E), ^ [TiCl2.2E].TiCl6 S [TiCl,.2E]a

(TiCl4.2E), ^ [TiCl,.4E].TiCl6 :2 [TiCl2.4E]2
TiClJ"·

As the authors7 9 themselves remark, this is analogous to
the Reviewer's scheme of electrolytic dissociation for the
complex compound SnCl4.2CH3COOC2H5.

62 Osipov and his
coworkers have published many other papers on the reaction
of zirconium halides with various organic compounds80»81.

Recently Kudra and Ternovaya have studied the con-
ducting systems formed by aluminium chloride with n-butyl
ethyl ether and di-n-butyl ether 8 2.

IV. OTHER ELECTRICALLY CONDUCTING NON-
-AQUEOUS SYSTEMS FORMED FROM NON-
-CONDUCTING COMPONENTS

Among other electrical ly conducting non-aqueous sys-
t e m s , mention must f i rs t be made of those formed by the
halogen compounds of iodine with various c lasses of
organic compounds. Walden was one of the first to study
the e lectr ical conductivity of solutions of iodine mono-
chloride, monobromide, and tr ichloride in liquid sulphur
dioxide, sulphuryl chloride, and arsenic t r i c h l o r i d e 8 3 .
According to his re su l t s these solutions a r e comparatively
weak electrolytes.

Later B r u n s 8 4 and B r u n e r 8 S measured the conductivity
of iodine monochloride and tr ichloride in acetic acid and
in nitrobenzene.

Further investigation of systems formed by iodine
halides with organic substances showed the comparatively
high conductivity of their solutions to be due to the forma-
tion of conducting complexes of the iodine halides with the
solvent. For example, the complex compound formed in
the highly conducting pyridine-iodine bromide system
dissociates according to the s c h e m e 8 6

C,H,N.IBr •£ [C,H,Nl]Br ϊζ [C,J3,Nl]+ + Br",
C.H.NIj ^ [C,H,NI]I •£_ [C.H.NlJ* + I"".

Systems consisting of iodine halides and acid amides also
form highly conducting solut ions 8 β . The conductivity of the
systems formed by iodine monochloride with acetamide and
benzamide in nitrobenzene has also been s tudied 8 6 .

Among conducting systems formed from non-conducting
components, reference must be made to those formed by
phosphorus pentachloride and pentabromide with the iodine
halides, which have been well studied by Fialkovand his co-
workers . It is interest ing that, as Fialkov and Kuz'menko
have shown 8 8 , phosphorus tr ihal ides do not yield compounds
and do not form electrolytic sys tems with iodine. • But
PC1 5 and P B r 5 behave differently, oxidising iodine to its
monochloride and monobromide, and thereby being reduced
to PC1 3 and P B r 3 respectively. The iodine halides com-
bine with stil l unchanged PX 5 molecules to form the com-
plexes PCl e I and P B r e I , which a r e strong electrolytes,
the maximum conductivity in these systems reaching
0.04 ohm" 1 cm" 1 .

The nature of the ions was established by studying their
t ransport in nitrobenzene solutions of PCl e I and P B r e I . On
the basis of the resu l t s , the following scheme of e l e c t r o -
lytic dissociation is suggested

PC1.I -Z [PC14]
+ + ICli: PBr6I •£ [PBr4]

+ + IBr,".

Like the phosphorus t r iha l ides , those of antimony also
interact neither with bromine nor with iodine, whereas
antimony pentachloride r e a c t s readily with iodine to form
the electrically conducting complexes SbCl5.2ICl and SbCl5.

At 45° systems formed by different aluminium halides
with iodine halides arrange themselves in the following
sequence according to their conductivity in the region of
the maximum

IC1-A1C1, >ICl-AlBr s> IBr-AlBr,90.

The acetic acid-acety l chloride system, which was
also investigated by Usanovich 9 1 , forms conducting solu-
tions. Its conductivity i s due to the formation of the com-
plex compound (CH3CO)2OH.C1. Acid-base interaction
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i s assumed to take p lace, CH3COC1 being the acid, and
CH3COOH the base . F r o m the r e s u l t s of e lect ro lys i s , the
following scheme is suggested for dissociation of the con-
ducting complex

(CH3CO)2OH • Cî (CH3CO)2OH++Cl-.

Finally, re ference must be made to s y s t e m s formed by
organic thiocyanates and amines , which have recent ly been
studied by Konovalova and Ust 1 -Kachkintsev 9 2 . They
investigated the s y s t e m s formed by ethyl thiocyanate with
piperidine, aniline, dimethylaniline, and pyridine. In al l
these s y s t e m s the solutions were good conductors, and the
conductance increased on prolonged s torage .

The Reviewer has also studied a s e r i e s of s y s t e m s 9 3

formed by benzyl thiocyanate with var ious amines (aniline,
benzylamine, piperidine, and pyridine), which also a r e all
good conductors. A high concentration of NCS" ions can
be detected in them by the usual qualitative t e s t s . If this
concentration i s determined quantitatively (ca lor imetr i -
cally) as a function of composition, the result ing curve
p a s s e s through a maximum at 50 mole %, which coincides
with the maximum on the conductivity curve corrected for
viscosity. Hence interaction of the components has yielded
an electrolyt ic compound in which the anion i s NCS". A
detailed examination of these s y s t e m s by various physico-
chemical methods and e lementary analysis of the react ion
products showed that two electrolyt ic compounds a r e formed
from benzyl thiocyanate with p r i m a r y and secondary amines
depending on the proport ions of the components.

It has been e s t a b l i s h e d 9 3 that the following react ions
may occur on t rea tment of benzyl thiocyanate with aniline
and with benzylamine

in excess of beniyl
thiocyanate

ΓΟ,Η6ΝΗ2 CH2C,HS] [NCS-]

It
C,HSCH2SCN + C,H 6 NH 2 — [C,H5NH 2CH aC,H 6]+ + NCS-

C,H 5CH aNHC eH 5 + CeH6NH2HSCN

[C,H 6NH 3]+ + NCS- ,

in excess of benzyl

thiocyanate ^ [ C | H i . C H i ! N H 2 C H 2 C , H 5

II. C,H6CH2SCN + C,H 6CH 2NH 2—
[C e H 6 CH 2 NH 2 CH 2 C,H 5 ] + + NCS~

+ C eH 5CH 2NH 2 · HSCN
amine Jf

[C,H 6CH 2NH 3]+ + NCS".

Benzyl thiocyanate reacts with piperidine according to the
following scheme

in excess of benzyl
thiocyanate

- [C e H 5 CH 2 N + HC 6 H 1 0 ] [NCS-]

it
C,H6CH2SCN + C 5 H, 0 NH—

excess of
amine

[C,H5CH2NHC5H1 0]+ + NCS"

CeHsCHjNCuHio + C5H1 0NHHSCN

[C 6 H 1 0 NH 2 ] + + NCS-.

Tertiary amines react with benzyl thiocyanate accord-
ing to the same general scheme. In particular, pyridine
forms one electrolytic compound, independently of the
proportions of the components

C4H6CHiSCN + CBHSN ^ [C,H6CH2NC5H6] [NCS-] ^ [C e H 5 CH 1 NC 5 H s ]
+ + NCS".

The saltlike compounds which are formed are responsible
for the high electrical conductivity of the mixtures.

V. MUSTARD OIL-AMINE SYSTEMS

Zinin showed long ago9 4 that, when mustard oil reacts
with an amine, the corresponding substituted thiourea is
obtained. Subsequently the interaction of mustard oils
and various amines was more fully studied by Hofmann95,
Baxter96, and other workers, who also found that substi-
tuted thioureas are formed. Kurnakov and his coworkers,
who used various physicochemical methods to study a series
of systems formed by mustard oils and amines, also con-
firmed that chemical reaction takes place with the forma-
tion of substituted thioureas in most cases of the mixing of
mustard oils with primary and secondary amines9 7.

Fig. 3 shows summary diagrams of the properties of
the mustard oil-piperidine system taken from a paper by
Trifonov37. These diagrams concern the formation of a
thermally undissociated compound having the composition
C5H10NH.C3H5NCS tf-allyl-JV'-pentamethylenethiourea.

A considerable number of analogous systems formed by
mustard oil and amines have been studied, among them
being those formed by methylaniline97»98, ethylaniline28,
etc.

CjH,0NH

6000-

4000-

2000 -,

10'K

0 50 WO
C,H,NCS, mole %

Fig. 3. Summary diagram of properties
of mustard oil—piperidine system:
η) viscosity; a) temperature coefficient
of viscosity; P) polarisation; κ) con-
ductivity; a) conductivity coefficient;
σ) surface tension; e) dielectric con-
stant.
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The conductivity isotherms of systems comprising a
mustard oil and an amine show that the solutions possess
considerable conductivity, which may sometimes exceed
those of the components by factors of the order of 104.

Trifonov and Voskresenskaya studied the conductivity of
many systems formed by mustard oil with various amines such
as aniline, methylaniline^ ethylaniline, σ-toluidine, etc. 8 9

Fig. 4 shows conductivity isotherms for systems com-
prising mustard oil and various primary and secondary
amines. They all have two maxima and a minimum which
occurs at 50 mole %, i.e. at the composition of the com-
pound which is formed. As Trifonov28 first established,
such conductivity curves are characteristic of rational
systems. If the effect of viscosity is eliminated, i.e. Μ
the conductivity is corrected for viscosity and the result
plotted against composition, a maximum is obtained in the
place of the minimum. This indicates that in such sys-
tems the compound which is formed is actually the elec-
trolyte.

H, however, it is supposed that a substituted thiourea
alone is formed in the reaction of mustard oil with piperi-
dine or other amine, in the present case ΛΓ-allyl-W-penta-
methylenethiourea, it is difficult to imagine that this sub-
stance would be an electrolyte and decompose into ions.
It is still less likely that either the mustard oil or the
piperidine itself is an electrolyte. Trifonov calculated
the equivalent conductance for piperidine in mustard oil
as electrolyte, and for mustard oil in piperidine, and
showed that in both cases the variation of equivalent con-
ductance with dilution is anomalous28. In the opinion of
Rabinovichw this indicates that the substances are not
electrolytes.

We shall assume that in these systems the electrolyte
is not the main product (substituted thiourea) formed by
interaction of the components but a product of some side-
- reaction.

[NCS-],%

I

0 gO
amine mole % mustard

ail

Fig.4. Conductivity and corrected conductivity
isotherms for systems formed by mustard oil
with amines: 1) aniline; 2) anisidine;
3) piperidine; 4) [NCS~] in aniline system;
5) reduced conductivity in anisidine system.

A preliminary search for the ions into which this
byproduct decomposes showed that the NCS" ion can be
detected in solution by qualitative tests on many systems
formed by a mustard oil and an amine. This gave grounds
for assuming that formation of the substituted thiourea was
accompanied by that of a second compound, containing
NCS" as anion.

Further work by the Reviewer completely supported this
hypothesis. It was therefore of interest to study in detail
a series of such systems in order to establish the chemical
nature of the compounds responsible for the comparatively
high conductivity of these systems, and also to study the
mechanism of electrolytic dissociation and measure the
dissociation constants of the compounds in various solvents.

Systems formed by mustard oil with tertiary amines
(pyridine, quinoline, dimethylaniline, etc.) are of especial
interest. According to published data, tertiary amines do
not interact with mustard oil. However, Voskresenskaya
established that the conductance isotherm has a well-defined
maximum, the conductivity of individual solutions exceeding
those of the components by factors of the order of 104.

If no chemical reaction takes place between the com-
ponents, the question arises as to what is the electrolyte
in the system. It is quite improbable that the components
of the mixtures would conduct the current1 0 0. In searching
for the ions responsible for conduction in suclrsolutions,
the Reviewer also has detected the NCS" ion. As will be
shown below, in these systems, too, reaction of mustard
oil with tertiary amines yields a saltlike compound having
NCS" as anion.

1. Mustard Oil-Primary Amine Systems

The mustard oil-aniline system has been studied by
many workers2 8 '9 7. The conductivity isotherms for 100°
and 125° have two maxima and one minimum, which occurs
at the composition of the compound (see Fig. 4). This
is not because mixtures close to 1:1 in composition
contain a lower concentration of electrolyte, but because
these solutions are very viscous97. Indeed, if the effect
of viscosity is eliminated — by measuring the conductivity
in a third component (ethanol) or calculating the conducti-
vity corrected for viscosity — the minimum is replaced by
a maximum (see broken curve in Fig. 4). The conductivity
of individual solutions in the system reaches 0.0043 ohm"1 x
x cm' 1. The occurrence of such a high conductivity cannot
be explained on the assumption that allylphenylthiourea is
the sole product of interaction of the mustard oil with the
aniline, since -it is difficult to accept that this substance
would undergo electrolytic dissociation. It therefore
appears to the Reviewer that, in this and analogous sys-
tems, the electrolyte is not the substituted thiourea but a
compound formed by some side-reaction. The NCS" ion
has been detected in all solutions in this system by the
usual analytical methods (reaction with FeCl3, etc.) 1 0 0. It
was therefore decided to measure the NCS" concentration
(by a colorimetric method) as a function of composition.
The resulting curve (Fig. 4, curve 4) runs roughly parallel
to the curve for the corrected conductivity of this system.
This indicates that the electrolyte is a compound having
NCS" as anion.

The Reviewer has been able by extraction with aqueous
ammonia to isolate crystalline NH4SCN from this system,
which provides incontrovertible proof of the presence of
NCS" ions. From these and several other results it has
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been shown that the aniline-mustard oil system contains,
together with the substituted thiourea (a non-electrolyte)
allylanilinium thiocyanate, which is the electrolyte respon-
sible for the high conductance of the solutions:

C e H 6 NH 2 +C 3 H 5 NCS •

. N H - C 6 H 6

. C = S

[ C 6 H 6 N H 2 - C , H 5 ] [NCS-]

IT
+ NCS-.

Reaction of o-toluidine with mustard oil also yields a
substituted thiourea94, which, according to the results of
the Reviewer100, is practically non-conducting (κ100. = 2 x
x 10~6 ohm"1 cm"1). However, as Trifonov28 showed long
ago, solutions of this system possess considerable conduc-
tivity (κ m a x = 10"3 ohm"1 cm"1). The Reviewer has estab-
lished that, in this system too, the comparatively high
conductivity is caused by the formation, together with the
main reaction product (allyl-o-tolylthiourea) when the com-
ponents are mixed, the electrolyte allyl-o-toluidinium thio-
cyanate

.ΝΗ-Ο,Η, (CH,)

- ^ c = s

C,H4 (CH,) NH2+C,H6NCS •

[C eH4 (CH,) Ν Η 2 - Ο , Η 6 ] [NCS-J

It
[C4H4 (CH3) NH,C 3 H 6 ] + + NCS-.

The Reviewer has also proved that this electrolytic
compound is formed in this and similar systems by study-
ing ionic transport in a special apparatus 10°. As a result
of electrolysis, NCS" ions accumulate in the anode com-
partment, and [C6H4(CH3)NH2C3H5]

+ ions (in the form of the
hydroxide) in the cathode compartment.

The concentration of this electrolytic compound in the
system increases both on prolonged storage and especially
on heating, as the Reviewer's experiments have shown.
It was found that part of the substituted thiourea was con-
verted, on being heated, into the allylammonium thiocyanate
according to the equation 10°

,N

c=
—C,H 4CH 3

[CH4(CHS)NHAH,][NCS-].

This agrees well with published information on the pos-
sibility of such changes101»102.

Systems formed by mustard oil with other primary
amines are not found in the literature, if we do not count
the mustard oil-ethylenediamine system studied by Dianov
and Trifonov103, the conductivity of which has not been
investigated, obviously because the system is not electri-
cally conducting. With the aim of finding new conducting
systems formed by mustard oil with other primary amines,
the Reviewer has studied the reaction of the former with
o- and />-anisidines, benzylamine, and also several ali-
phatic primary amines (methylamine, ethylamine, and iso-
propylamine).

Investigation of the systems containing o- and />-anisi-
dines by physicochemical methods, including conductance104,
showed that mixtures of these systems are also good con-
ductors (Kmlx = 0.0012 ohm"1 cm"1) and contain the NCS"
ion.

The conductivity isotherms also have two maxima and
one minimum, which occurs at equimolecular proportions
of the components, i.e. at the composition of the compound
which is formed in the system (Fig. 4). Curves represent-
ing variation of the corrected conductivity and the NCS"
concentration with composition have well-defined maxima
at 50 mole % of the components, which indicates that the
compound formed in the system is the electrolyte.

On the basis of the property diagrams and several other
results the Reviewer has shown that, in these systems too,
two simultaneous reactions take place, with formation of a
non-electrolytic compound (a substituted thiourea) and an
electrolytic compound, according to the schemes

H3CO

HN-/~\

NH 2

/V-OCH,

V
c=s
I

HNC,H,

NH 2

V

ΗΝ-<ζ ^>-OCH3

c=s

+C,H6

OCH3

^ [CH3OC,H4NH2C3HS] [NCS-].

In several cases the Reviewer has been able to isolate
this electrolytic compound and subject it to electrolysis.
Analysis of catholyte and anolyte showed that NCS" migrates
to the anode, and the complex ion [R'NH2R]+ to the cathode.
This confirms the above scheme of electrolytic dissocia-
tion of the compounds.

Study of the reaction of mustard oil with aliphatic amines
was of considerable interest, since they are more strongly
basic than are aromatic amines. No information on sys-
tems comprising mustard oil and aliphatic amines were found
in the literature, and the Reviewer has therefore made a
detailed physicochemical examination (by determining crys-
tallisation temperature, density, viscosity, electrical con-
ductivity) of the mustard oil-isopropylamine system1 0 5. The
curves for all these properties have singular points at the
composition of the 1 :1 compound, a crystalline substance
being formed. Elementary analysis showed it to be a sub-
stituted thiourea, i.e. allylisopropylthiourea. However,
the high conductivity of this system (κ̂ °Ιχ = 0.0016 ohm"1 x
x cm"1), as well as the considerable concentration of NCS"
ions in these mixtures, indicates the simultaneous forma-
tion of allylisopropylammonium thiocyanate, according to
the scheme

/ N H — C — Η

c=s

CHs-CH-NHj+QHsNCS^ X NH-C 3 H 6

CH, \
*[(CH3)2CHNH2-C3H5] [NCS-].
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When this system is heated, both the conductance and
the NCS" concentration increase rapidly, owing to partial
conversion of the substituted thiourea into the thiocyanate
at the high temperature.

The Reviewer has also studied the interaction of mustard
oil with methylamine, ethylamine, and allylamine106. Here,
too, simultaneous reactions take place, with formation of a
substituted thiourea (non-electrolyte) and of an allylammon-
ium thiocyanate according to the scheme

NHCH,

C=S

(I) CH3NH,
I C \ rac"H

fCH3NH,-CsHBl [NCS-] £ [CH,NH»-C,H»]+ + NCS" .

NH—C

(II) CH,CH,NH,

ώ
NH-C,H,

NHC 3 H S

(III) + CSH6NCS

c4
< ^ NHC 3 H S

-] ϋ [CaH11NH tCsH,]+ + NCS-

-] -£ [C3H l lNH,C3H i]+ + NCS".

Summarising the reactions between mustard oil and
primary amines, we can conclude that they form mainly
non-conducting crystalline substances — substituted thio-
ureas — but that a simultaneous side-reaction results in
the formation of an allylammonium thiocyanate, which is
an electrolyte and responsible for the high electrical con-
ductivity of these systems. In individual cases the con-
tent of this electrolytic compound is 3% (in the mustard
oil-isopropylamine system), increasing after heating to
24%.

Thus the Reviewer has succeeded in showing that con-
duction in these systems is not due to the principal reac-
tion product (a substituted thiourea), as had previously
been assumed28»29, but to an electrolytic compound formed
by a side-reaction.

2. Mustard Oil-Secondary Amine Systems

Among systems formed with secondary amines, the
mustard oil-piperidine system has been very thoroughly
studied. It was assumed on the basis of viscosity, density,
refractive index, and other measurements (see Fig. 3) that
the compounds interact completely to form allylpenta-
methylenethiourea

C=S

NH-Q,H5

However, as measurements by Trifonov and his co-
workers2 8 '1 0 7 showed, mixtures in this system possess
comparatively high conductivity (κ^χ = 0.0014 ohm"1 cm"1),
and its conductivity isotherm has the form typical of
rational systems, i.e. with one minimum and two maxima,

the minimum occurring at the composition of the compound.
Trifonov showed that neither component is an electrolyte28.
He therefore assumed that allylpentamethylenethiourea was
the electrolyte. It seems to the Reviewer highly impro-
bable that a substituted thiourea would break down into ions,
especially as Trifonov gave no experimental evidence.

As early as 1953 the Reviewer was able to show, on the
basis of experimental results1 0 8, that here, too, a parallel
reaction takes place, with simultaneous formation of a sub-
stituted thiourea and allylpiperidinium thiocyanate, the
latter of which is the electrolyte and is responsible for the
high conductivity of the system

N H - C J H J

} [NCS-] [C sH1 0NHC3Hi]+ + NCS".

Later the Reviewer again studied this system, by elec-
trolysing the electrolytic compound and also measuring the
e.m.f. of the voltaic cell comprising glass and calomel
electrodes109. The resulting e.m.f.-composition curve
for the system resembles a potentiometric titration curve
for a strong acid with a strong base, indicating the acid-
base character of the interaction between the components
with formation of a salt-like compound. This is consistent
with the above scheme of interaction between the components
with formation of allylpiperidinium thiocyanate.

The system formed by mustard oil and methylaniline
has also been well studied by many physicochemical
methods28'97»98. The isotherms of all properties are singu-
lar in character, and indicate the formation of a substituted
thiourea, allylmethylphenylthiourea. Thus Voskresenskaya
found99 that the system possesses considerable conductivity.
The Reviewer's investigations of this system1 1 0 showed
that here, too, the main reaction product (allylmethyl-
phenylthiourea) is accompanied by allylmethylanilinium
thiocyanate, dissociation of the latter being responsible for
the conductivity of mixtures in the system

C H 3

κ Ν -

,C=S

C0H5NH (CH,) + QHjNCS

»[C,H»NH-C3H6] [NCS-] •

CH,

. [C e H 5 -NHC 3 H 6 ]+ + NCS- .

CH 3

The curve obtained by the Reviewer for variation of the
concentration of NCS" ions with the composition of the mix-
tures show a parallel variation to the corrected conduc-
tivity isotherm, which indicates that the electrolyte is in
fact allylmethylanilinium thiocyanate.

The viscosity, density111, and surface tension28 of the
mustard oil-ethylaniline system have been studied. The
diagrams of these properties have a singular maximum and
indicate the formation of allylethylphenylthiourea. Trifonov
and Cherbov34, as well as Voskresenskaya99, measured the
conductivity of this system, and also obtained a "double-
-humped" isotherm, the maximum conductivity of individual
solutions reaching 0.0013 ohm'1 cm"1. The high conducti-
vity was attributed to the reaction product, allylethylphenyl-
thiourea. The Reviewer's investigations of this system
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showed that the electrically conducting compound is not
the substituted thiourea but allylethylanilinium thiocyanate
[C6H5NH(C2H5)C3H5][NCS"], which is formed in consider-
able quantities (up to 25%), especially on heating.

It was of interest to investigate the nature of the reac-
tion of mustard oil with aliphatic secondary amines, since
the latter are stronger bases than the corresponding aro-
matic amines. No data on such systems were found in the
literature, and therefore the Reviewer112 has studied the
melting point, viscosity, and density of the mustard oil-
diethylamine system. The diagrams of all the properties
indicate formation of a 1 :1 compound, confirmed by the
precipitation of crystals. The measurements showed that
this system, too, is a good conductor (κ^ χ = 0.0015 ohm"1 x
x cm"1).

All solutions in this system give an intense reaction for
NCS", the concentration of which varies with composition
in the same sense as the isotherm for the reduced conduc-
tivity (corrected for viscosity). From these and other
experimental results the Reviewer has shown that simul-
taneous reactions take place in this system, too, with the
formation of a substituted thiourea and of allyldiethyl-
ammonium thiocyanate (an electrolyte)

C=S

NH+CsH6NCS( ^NHCsHj

H.C·
[NCS-1.

3. Mustard Oil-Tertiary Amine Systems

As already stated above, there are indications that
tertiary amines do not react with mustard oil. Thus
Kurnakov studied viscosity and density in the mustard oil-
pyridine system97, and obtained smooth isotherms for the
former, slightly concave to the concentration axis. Such
curves are known to be obtained in the absence of inter-
action between the components of a system. A similar
conclusion was reached by Fialkov and Muzyka113 from a
cryoscopic study of this system, and also by Sheka and
Karlysheva114, who investigated dielectric constant and
polarisation.

According to Voskresenskaya", however, this system
possesses high electrical conductivity, which increases on
storage. The conductivity isotherm for the mustard oil-
pyridine system after standing for a month (Fig. 5 ) " shows
that the maximum conductivity reaches 0^0016 ohm"1 cm"1

at 50° and occurs at about 50 mole % of the components.
This seems to the Reviewer to contradict the results of
physicochemical analysis, since it is impossible to explain
the occurrence of such a high conductivity if it is accepted
that the components do not interact. There are no grounds
for assuming that either of the components is an electro-
lyte. The Reviewer therefore assumed that in this case
the mustard oil nevertheless reacts with pyridine to form
a conducting complex. Obviously, the fact is merely that at
room temperature this reaction takes place to such a slight
extent that it cannot be detected by the viscosity method or
other methods of physicochemical analysis owing to their
relative insensitivity.

Ο 20 Μ 60 80 WO
C S H S N

Fig.5. Conductivity (κ) and NCS" con
centration in the mustard oil-pyridine
system.

Electrical conductivity is known to be one of the most
sensitive properties, and therefore its isotherm shows a
clearly defined maximum. Further investigations- by the
Reviewer on the mustard oil-pyridine system1 1 5 showed
also that mixtures contain the NCS" ion (see NCS" curve in
Fig. 5), the concentration of these ions increasing very
rapidly and exceeding 60% on heating, while the viscosity
isotherm shows a sharp maximum. All these and other
experimental results undoubtedly indicate that a Menshut-
kin type of reaction is taking place here between the com-
ponents u e

C»H4N+C,H,NCS = [NCS"] · + NCS- .

The saltlike compound which is obtained is known to be a
strong electrolyte and is responsible for the high conduc-
tance. This reaction is analogous to the well-known reac-
tion between methyl iodide and pyridine

C,H,N + CHJ = [C,H,NCHjr.

The Reviewer has shown U 7 analogously that, in the
mustard oil-quinoline system at room temperature, inter-
action between the components is too feeble to be detected
on the viscosity and density diagrams. However, here,
too, the conductivity isotherm passes through a maximum,
approximately at 50 mole % of the components, which indi-
cates that very weak interaction between the components is
taking place at this temperature. On heating, this reaction
becomes very vigorous, and then the viscosity and density
isotherms show well-defined maxima at the same composi-
tion. All these and other results show that here, too, an
electrically conducting saltlike compound is formed, as a
result of interaction between mustard oil and quinoline

C,H7N+C3 HjNCS = [C,H7l!rc1H.l]{NCS-];=m [C,H7NC,H5]
+ •+ NCS" .

Subsequently the Reviewer a l so studied the m u s t a r d o i l -
diethylnicotinamide' s y s t e m , the second component in which
is also a cyclic tertiary amine. The viscosity and density
isotherms obtained curve smoothly from one component to
the other without passing through any extremal points, which
indicates that interaction is either absent or very weak. How-
ever, the mixtures conduct an electric current, although
only slightly, and give a positive reaction for the NCS" ion.
After heating, the viscosity and density isotherms show
well-defined maxima, while the conductivity and the NCS"
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concentration in the mixtures increase markedly. The
Reviewer has shown that, in this system, too, an electro-
lytic complex compound is formed by the reaction118

/ \ -CN (C.H.), + C,H6NCS-*

Ο

- N (C a H s ) 2

[NCS"

Finally, the Reviewer has also studied one system com-
prising mustard oil and triethylamine, which is an aliphatic
tertiary amine. The viscosity and conductivity isotherms
show that the components react feebly at room temperature
(more strongly than in the case of cyclic tertiary amines),
but the reaction becomes vigorous on heating, with forma-
tion of a conducting compound

N+C,H 6 NCS = NC 3 H 5 ] [NCS~]". [(C s H l l ) 3 NC 3 H i ]+

Thus the results of these investigations disprove the
statement by several authors that tertiary amines do not
react with mustard oil. According to these data, inter-
action takes place even at room temperature, with the for-
mation of electrically conducting solutions.

Summarising, we can state that reaction of mustard oil
with primary and secondary amines yields, together" with
substituted thioureas (non-electrolytes), allylammonium
thiocyanates (electrolytes) according to the following
general scheme

NHR

(I) RNH,

(II)

c(s

< ^ NHG,H6

[ R N H a - C 3 H 6 ] [NCS-] ί [RNHaC sH8]+ + NCS"

NR2

4
NHC 3 H S

[RN

With tertiary amines only the one, electrolytic compound
is formed, according to the general scheme

R.N + C,H6NCS=[R3l5csH5] [NCS"] £ + NCS~.

] ^ [R2NHC3H,1+ + NCS".

The Reviewer has confirmed this by a spectrophoto-
metric method119.

4. Dissociation Constants of the Electrolytic Compounds

Most of these saltlike compounds were isolated120, and
their electrolytic dissociation constants measured by the
conductivity method in various solvents (water, methanol,
and ethanol). The results are summarised in the accom-
panying Table, in which all the saltlike complex compounds
obtained by the Reviewer are arranged in order of increas-
ing basic dissociation constant of the amine (third column).

The dielectric constants of the solvents used differ con-
siderably among themselves, which makes it possible to
trace their effect on the dissociation constants of the elec-
trolytes. From the data in the Table it is seen that:

1. The dissociation constants of the electrolytes in water
decrease with decrease in the dissociation constant of
the amine which they contain. This generalisation does
not apply when the solvent is methanol or ethanol.

2. The dissociation constants of the salts increase with
decrease in the dielectric constant of the medium,
whereas the equivalent conductance at infinite dilution
increases with increase in the dielectric constant.

These results are not consistent with the Nernst-Thompson
rule, according to which the dissociation power of a solvent
should increase with increase in the dielectric constant of
the medium.

It seems that this is associated with hydrolysis of these
substituted ammonium thiocyanates, resulting in the appear-
ance of more mobile ions. At very high dilutions in aqueous

TABLE.

Formula of thiocyanate

[CSH1ONHCSHS][NCS"]

[(CH s) sNC sHj[NCS"]

[C,H,NCsHj[NCS"]

[C.H.NCC.H.JHCaHjCNCS-]

[C,H,NC,H,][NCS"]

[CeH,N(CH s)HC sHj[NCS"]

[CH,OC6H,NH2C,H,][NCS"]

[(C.H^NCOCjl^NCjHjNCS"]

Name of cation

allylpiperidinium

allyltriethylammoniuio

allylpyridinium

allylethylanilinium

allylquinolinium

allylmethylanilinium

allyl-o-anisidinium

l-allyl-3-diethylcarbamoyl-
pyridinium

Dissociation
constant of

amine

1.6 χ 10"3

5.6 X 10"*

1.7 X 10"'

1.3 X 10"'

6.3 X 10"l°

5 Χ 10"10

2.5 Χ 10"10

-

Water

λ «

85

225

232

220

228

220

245

255

D = 81

l° 4 *diss

3.8

2.0

1.51

1.3

0.89

0.74

0.39

0.31

Methanol, D = 35

94

180

127

110

192

140

130

184

1 0 4Kdiss

33.1

11.0

3.16

5.62

2.88

4.36

7.08

1.90

Ethanol. D = 25.4

λ*,

38

65

60

52

66

44.5

48

58

' o 4 * d i s s

50.1

20.0

7.94

10.4

11.2

10.0

13.5

13.8
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medium it is possible that these salts are completely hydro-
lysed with the formation of hydrogen ions, which possess
the highest mobility, according to the scheme

IRNHr-QH,] [NCS"] + H*O ] [OH-] + HSCN

+ H.OJT
H+O+NCS-

This hypothesis is supported by the fact that the equivalent
conductance of these salts at infinite dilution in aqueous
solutions reaches values of 220-225 ohm'1 cm2.

Similar phenomena were observed also by Burmistrova m

in a study of the electrolytic dissociation of quaternary
ammonium salts in methanol and ethanol. She found that
on dilution the equivalent conductance of such salts at first
increases steadily though not greatly, but when a concen-
tration of about ΙΟ-4 Μ is reached, a rapid rise in equiva-
lent conductance begins with most salts. She observed a
similar phenomenon in aqueous solutions of quaternary
ammonium salts too. She regards the great increase in
equivalent conductance at high dilutions as being due to
interaction between solvent and electrolyte, i.e. to sol-
volysis·

According to Burmistrova's results, solvolysis is
greater in methanol than in ethanol. Values obtained by the
Reviewer for the equivalent conductance at infinite dilution
of the salts which he studied were also considerably greater
in methanol than in ethanol. This indicates that these salts,
too, undergo stronger solvolysis in the former solvent.

Burmistrova also assumes that a proton can be split off
more readily from an allyl than from a benzyl group. The
salts examined by the Reviewer contain an allyl group, which
makes his explanation involving hydrolysis (solvolysis) of
the salts probable.

Of all the salts studied by the Reviewer, only allylpiperi-
dinium thiocyanate has a relatively low value of λ«, in all
solvents, especially water. This is probably because,
owing to its stability, this compound is hydrolysed less
or not at all in water. This agrees with Burmistrova's
experimental results1 2 1, showing that λ» for solutions of
NaBr in ethanol does not increase so rapidly as for salts
of quaternary ammonium bases even at very high dilutions.

It is possible that the presence of such a strong base as
piperidine in a salt confers stability on the latter and pro-
tects it from hydrolysis (solvolysis).

- - - o O o - - -

There is no doubt that study of the electrical conducti-
vity of non-aqueous solutions will continue in the future to
make a great contribution to the formulation of a single,
generally applicable theory of electrically conducting solu-
tions. Attempts have already been made to work out such
a theory. An example is provided by Izmailov's theory of
solutions122-124, which takes into account the properties of
non-aqueous conducting solutions.
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1. INTRODUCTION

There have been various fundamental changes in views
on the structure of linear polymers and the nature of
plasticising which have not found their way into the reviews
on the subject (see e.g. Tager1). We thought it desirable·
to collect the main facts about the plasticising of polymers
by low-molecular-weight plasticisers without considering
the questions of chemical and mechanical plasticising and
the plasticising of polymers by high-molecular substances.

Polymers without additives are comparatively rarely
used in technology because of their considerable brittleness,
their tendency to crack during storage and use, the
difficulty of forming them into articles, and various other
deficiencies; the polymers are therefore modified, i. e.
their properties are changed (improved).

One of the most important methods of modifying the pro-
perties of linear polymers is to plasticise them with low-
- molecular-weight substances. This type of plasticising
can be considered as the combination of the polymers with
certain low-molecular-weight substances of a definite
chemical structure to form, because of steric effects and
the altered energy relationships, polymeric materials which
are usually more plastic and more elastic. The substances
producing this effect are known as plasticisers.

For a long period the problem of plasticising has been
solved purely empirically. A theoretical founding of this
effect became possible only after the basic kinetic features
of the behaviour of polymers had become evident, and after
the discovery of the relaxation mechanism of the deforma-
tion of polymeric materials and the introduction of the
concepts of the macromolecular and then of the globular-
-packet structure of high-molecular-weight compounds.

It has been shown2 that the extent of highly elastic de-
formation has a clearly expressed relaxation (retardation)
character, i.e. it depends on the period over which deforma-
tional stresses act on the polymer. Brittleness appears in
polymers when the increase in stress in specimens sub-
jected to deforming forces is not accompanied by macro-
molecular rearrangements leading to stress-relaxation3.
Hence it is concluded that the brittleness of polymers can
be reduced by the introduction of plasticisers, since in their
presence the rates of relaxation processes are increased
and the growth of cracks is stopped or greatly reduced.

The mechanical properties of polymeric materials have
been determined as a function of the period over which
external forces act upon them4; the strength of polymers
and similar materials depends greatly on the duration of
deforming stresses on the specimen, and all polymeric
materials have such a strength US. time relationship5"7.

X-Ray and electron diffraction of amorphous polymers8"1 0

have clarified the structure of such substances and allowed
the orientated state of the chains to be considered as an
enforced and unstable state of the polymeric system.
Similar conclusions were reached from an investigation of
the differential heats of sorption of polymeric materials n .

The change in views of the structure of polymers has
enabled knowledge of their behaviour on deformation to be
expanded. In linear polymers under certain conditions
there is movement of the chains as a whole, causing the
plastic properties (flow) of polymers, and movement of
individual segments of the chains, producing flexibility and
elasticity of the polymeric material1 2. The flexibility of
the macromolecular chains is in its turn determined by the
potential barrier, i. e. the energy required to pass from
one conformation to another. The potential barrier depends
on the chemical nature and structure of the chains producing
the intramolecular and intermolecular interactions, and
on the temperature and various other factors. Depending
on the temperature, polymers can exist in three main
physical states 13~15: vitreous, highly elastic, and viscous
liquid; the length and flexibility of the macromolecules
play a significant part in these transformations. Further
studies led1 6 to a theory of the mechanical properties of
amorphous linear polymers and to two mechanisms for
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