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The probable values of the normal K relative to that of benzene. 
Before closing this series of the viscosity study,(1) we will consult as much as 
available data found in the literature in order to have the probable values of 
the normal K. 

Mixtures adopted here are (1) those the viscosity curves of which are 
convex or quite rarely concave towards the composition axis, and (2) these 
both component K's of which in accord with Ishikawa's theory have already 
been known, although they indicate viscosity maxima or minima. 

The following notations will be used : 

K signifies the ratio of the characteristic constant (ka) of component 2 to 
that of component 1 in formula (1) for chemically indifferent mixtures :

(1).

This normal case is simply denoted by the symbol n. 

In the course of the calculation we have met with cases in which K's 
slightly vary as concentration, and either of the extrapolated values of K at 
zm= 0 or zm= 1 if taken much differs from the probable value of the normal 
K. Such anomaly is observed in the following mixtures : Acetone-
i-propyl alcohol, carbon tetrachloride -tetrachloroethane, &c. However, 
further tests for these mixtures prove that they must be classified into the 
following case. 

K' and K" denote the ratios of the characteristic constant (ka) of 
component 2 to that of component 1 and that of component 1 to that of 
component 2 respectively, more or less differing from K and 11K in formula 

(1) or K'K" > 1 as a result of anomalous changes in molecular association : 

(1) This Bulletin, 4 (1929), 6, 25, 149, 288; 5 (1930), 47, 117; 8 (1933), 280, 293; 9 
(1934), 156; 10 (1935), 153, 248; 11 (1936), 8.
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(2).

This formula for anomalous change in association on mixing holds true 

for the concentration range between the two extremities close to zm = 0 and 
zm = 1, where the numbers of molecules of one component become quite 

enough to change its original association into some other associations ' statist-

ically at extremely low concentration and at extremely high concentration 

diluted with the other component. This anomalous case is abbreviated by 

the symbol a. 

For the case in which the association degree of a component varies as 

dilution with the other, the extrapolated value of K at zm = 0 or zm = 1 gives 

the normal K for the mixture. The mixtures of phenol, guaiacol, or benzyl 

benzoate with benzene or toluene in which the former components suffer 
molecular dissociation are examples of this case. The formulation of the 

viscosity-composition curves of such mixtures cannot be generally done, 
since the decreasing rate of the association degree with dilution depends upon 

its own peculiarity of the associated component against the solventing action 

of the other component, yet a particular case can be solved with a particular 

means, say, taking K or its reciprocal at each composition for test whether 

they are in a linear relationship with composition or not. This variable case 

(3) is briefly denoted by the symbol v, and both extrapolated values at z.= 0 
and zm=1 are written thus: e.g. 0.087-0.227 for C6H6 (1)-C6H5OH (2). 

The mixture phenol-dimethylaniline is considered as one more example 

of the case. The viscosity-composition curves observed by Bramley at the 

temperatures between 10 and 180C. are sinuous nature as seen from Fig. 1 
in which the points are the observed viscosities. Simply judging from the 

curves, one may imagine, as Bramley does, that the mixture appears to have 

a compound, but the freezing-point curve consists of two branches only, the
eutectic temperature being found to be-36.0℃. acccording to Bramley.(2)

Once when we take, however, K as ordinate and zm as abscissa, we readily 
see that the points at each temperature lie on a straight line. This fact 
shows that there occurs the molecular dissociation of phenol but no molecular 
compound just as the freezing-point diagram requires. The curves in Fig. 1 

are traced on thus calculated viscosities (see Table 1). 

(2) A. Bramley, J. Chem. Soc., 109 (1916), 469.



66T. Ishikawa and T. Baba. [Vol. 11, No. 2, 

Table 1. Phenol-Dimethylaniline, (Bramley).

K = 0.25+6.05 zm. K = 0.50+3.36 zm. K = 0.50+1.93 z,.. 

Table 2. Acetone-Phenol, (Bramley).

K = 0.063 (zm = 0.0-0.20) ; 
K = 0.0485+0.079 zm 

(zm = 0-20-0.55); 
K = -0.026+0.228 zm 

(zm = 0.55-1.0).

K= 0.100(zm=0.0-0.20); 
K = 0.077+0.120 zm 

(zm = 0.20-0.55, ; 
K = -0.033+0.316 zm 

(zm = 0.55-1.0).
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Table 2. (Concluded)

K = 0.147 
(zm = 0.0-0.20) K 

= 0.105+0.175 zmL 
(zm = 0.20-1.0).

K = 0.198 
(zm = 0.0-0.20) ; 

K = 0.140+0.220 zm 
(zm = 0.20-1.0).

K = 0.257 
(zm = 0.0-0.20) K 

= 0.177+0.308z. 
(zm = 0.20-1.0).

Another example of this case in which K sometimes occurs to be composed 
of two or more sets of linear functions of zm suggests the molecular dissocia-
tion of one component in two or more stages. For a good example the mixture 
of phenol (2) with acetone (1) measured by Bramley will be adopted here. 
Fig. 2 shows the K's plotted against the composition, in which we make
distinct classifications of the points in three sets of straight lines at 10°and

20℃., and in two sets at 30° and higher temperatures. In Table 2ηcalc . are

obtained by assuming these sets of linear relationship of K with composition. 
As judged from the numerical values of the cutting points of the elongations 
of these sets of lines at each temperature at phenol-pure axis, the degradation 
of phenol-associated molecules is well explained if we assume that the phenol 
in its pure state consists mainly of trimol at low temperatures and of dimol 
at high temperatures ; that is, of the three sets at low temperatures the first 

phenol-rich set indicates the coexistence of trimol and dimol, the second the 
coexistence of dimol and monomol, and the third the existence of monomol 
only, whereas at higher temperatures the first set at phenol-rich solutions 
shows the coexistence of dimol and monomol, and the second the existence of 
monomol only, all in equilibrium with acetone molecules. The above elucida-
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tion, though it indicates no appreciable presence of a molecular compound, 

yet the presence of dynamic equilibrium of dimol and monomol whose relative

Fig.1 Fig.2.

amounts to each other are nearly independent of temperature, is affirmative 
to the melting-point diagram observed by Schmidlin and Lang(3) which 
records a greatly dissociated molecular compound (CH3)2CO.2C6H5OH melting
at 15℃.

v1 and v2 signify the molecular numbers of components 1 and 2 in the 
molecular compound in accord with formula (4) :

(4),

where Co and m are constants independent of the temperature and concentra-
tion. This case in which a compound occurs is denoted by the symbol c (v1 : 

v2)-

(3) J. Schmidlin and R. Lang, Ber., 43 (1910), 2812.
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An interesting system for case (4) is the water -pyridine mixture. The
solvation viscosity δ=η-η0 of this mixture at 0°and 25℃. appears to consist

of two terms up to 30 mol% pyridine, i.e. it is not simply proportional to

(1-zm)3zm or (1-zm)2Zny,but it corresponds to the sum of some or other

Table 3. Water-Pyridine,(Hartley, Thomas, and Applebey).

0℃.

K=1.19.

25℃.

K = 1.19.
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multiples of these concentration factors, which phenomenon undoubtedly 

shows the coexistence of C5H5N.3H2O and C5H5N.2H2O in solution for the 
concentration range. For higher concentrations up to more than 90 mol /o 

pyridine a set of hydrates C5H5N.3H,O and C5H5N.H2O exists, of which the 
former greatly predominates, but the dihydrate disappears. 

Baud(4) has determined the freezing points of the system but found no 
decisive hydrates owing to the existence of hidden maxima. He also points

out that the volume contraction maximum 

occurs at 30 mol % pyridine corresponding 

to C5H5N.2.3H,O, whereas Pariselle(5) has
observed that the density maxima at 17°

and 25℃. correspond to C5H5N.3HzO and

C5H5N.3.3H2O respectively. However, if we

consider the volume contraction per gram at

0°,25°,and 50℃. from the density measure-

ments done by Faust, (15) the points of max-
imum at these temperatures nearly lie at the 
same composition probably corresponding to 
C5H5N.2.3H2O. These results may be fairly 
understood from the present study that the 
two hydrates C5H5N.3H2O and C5H5N.2H2O 
coexist in solution, and the former is more 
stable than the latter as clearly recognized 
from the concentration ranges of their exis-
tence (see Table 3) and also from the amounts 
of m, the stability coefficient, of these com-

pounds, m of the former being estimated to 
be 2.4 up to 30 mol % and 1.8 up to more

Fig. 3.

than 90 mol %o or in the mean 2.1, while m of the latter to be 1.6 between 
Oand30mol %o. 

Fig. 3 shows how the theoretical and observed viscosities compare gra-

phically. 
It rarely happens that anomalous change occurs in association and thence 

follows a further chemical change to form a molecular compound. For such 
a case, the formula in combination of formula (2) with the second term of 
formula (4) may suffice to express the nature of the viscosity- composition 
curve. Mixtures as that of formainide with i-butyl alcohol or with i-amyl 

(4) E. Baud, Bull. soc. chim., [4], 5 (1909), 1022. 
(5) Pariselle, Compt. rend., 172 (1921), 673. 
(6) O. Faust, Z. physik. Chem., 79 (1912), 104.
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alcohol where both a maximum and a minimum display themselves at low 

temperatures belong to this case :

(5).

The calculation by this formula which appears to be difficult will 
become easy, if we remember that K' or K" is often nearly equivalent to K 
or its reciprocal as in the mixtures of higher alcohols with benzene, together 
with the presupposition for the values vi and v2 from the position of a maxi-
mum point in the actual curve. For example, the mixture of i-amyl 
alcohol (1) and formamide (2) as determined by Drucker and Kassel will be 
considered in the following. Since K of formamide is 0.34 and that of i-amyl 
alcohol is nearly 0.30 as supposed from K (0.29) of r-amyl alcohol, the prob-
able value for Kin this mixture may be nearly 1.17 at an extremity. From
the maximum points of the viscosity curves at 0°and 76.5℃., the case for

which vl = 1 and v2 = 2 is highly- probable. After a few trials we have the 

following equations which are good enough to represent the nature of the 

curves :

The calculated viscosities show no functional divergence from the observed 

viscosities as seen from Table 4 and also Fig. 4 in which the curves are drawn 
with the calculated values. 

Peculiar systems for which the viscosity maxima often display themselves 
as hundreds times greater than the component viscosities are also understood 
as special cases of formula (4). 

Acetic acid-stannic chloride and ethyl formate-stannic chloride are 

good examples of such cases. For the former pair a molecular compound 
SnCl4.3CHsCOOH is pointed out by Stranathan and Strong with the viscosity 
courves the maximum points of which exactly correspond to this molecular 
ratio, probably independent of temperature. For the latter pair a molecular 
compound SnCl4.2HCO2C2H5 has been confirmed by Kurnakow from the
measurements of the viscosities at 30°,40°, and 50℃. and of the fusion

curve.
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Table 4. i-Amyl alcohol-Formamide, (Drucker and Kassel).

Since the viscosities of both components in this type of mixtures are 

negligibly small as compared to the viscosity of the solution, the consideration 

of the true value of K is not useful for the approximate estimation of vi and

112 in formula (4). In the following calcu-
lation, therefore, viscosity deviations are 
taken from formula (1) in which K is 

put as unity. 
As clearly indicated in Table 5, a 

molecular compound SnCl4.3CH3COOH 
exists as some multiple of the simplest 
molecular ratio, 2-fold up to 5 mol %, 
7-fold up to 17 mol %, and 14-fold for 
higher concentrations. 

Similar phenomena are also seen from 
Table 6 for the mixture of ethyl formate 
and stannic chloride. In this mixture 
a molecular compound SnCl4.2HCO2C2H5 
exists as a great molecule of 30-fold of 
the simplest ratio at concentrations up to
ca 36 mol % at 30°,40°, and 50℃.,

Fig. 4.

but exists as a greater molecule of 60-fold at the concentration range from

32to 36 mol % at 30℃., under which temperature an enormous crystalliza-

Lion of this compound begins, the melting point of it, however, being at

49℃.according to the same observer.

One more molecular eompound SnCl4.HCO2C2H5 may probably exist at ca

7-fold of the simplest ratio, though the eonstancy of δ/{(1-zm)zm}v is not

sufficiently good.
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These studies suggest that the multiple number of the simplest ratio of 
a molecular compound at sufficiently low temperature as crystallization begins 
may be in close relationship with the crystal structure or probably with the 
dimension of the secondary structure of a crystal as judged from the magni-
tude of thus estimated multiple of the supposed molecular volume of the 
molecular compound.(7)

Table 5. Acetic acid-Stannic chloride,25.2℃.,(Stranathan and Strong).

Table 6. Ethyl formate - Stannic chloride, (Kurnakow).

30℃.

(7) This Bulletin, 10 (1935), 248.
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Table 6. (Concluded)

40℃.

50℃.

General Conclusions. The validity of the above formulas is acknow-
ledged from a great deal of calculations already made (see Table 8). It may 
fairly be said that formula (1) deserves to be an ideal mixture law which has 
long been aimed at. The consideration of the viscosity deviation from the 
ideal mixture law in case where viscosity exhibits a maximum, which idea 
was introduced by Findlay(8) and by Denisiont9) but failed owing to the lack of 
the true law of ideal mixtures, proves to be true in our case not only in 
determining the composition of a molecular compound but also in estimating 
its stability in solution. 

The second term of formula (4) or (5) contains two factors, one being 

concentration function (1-zm)v1zmv2 , the other main corresponding to the 
viscosity of a molecular compound. One may readily understand that the 
former is at once deduced from the law of probability by considering the 

(8) A. Findlay, Z. physik. Chem., 69 (1909), 203. 
(9) R. B. benison, Trans. Faraday Soc., 8 (1912), 20.
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number of encounter between reacting molecules, but one may throw doubt 
on-,the form of the latter in which Go is independent of concentration and 
temperature ; that is, formula (4) or (5) the second term of which appears to 
superpose on the first term with respect to composition cannot be elucidative 
by the classical treatment of chemical equilibrium. If the viscosity of liquids

is defined by cmv/σ as Andrade(10)proposes where m is a mass of a molecule,σ

the distance between the centres of molecules, v the vibration frequency, and 

c a constant, the number of molecular encounter or collision is proportional to

v which is of the order of some 1020 per second. Although the collision
v/σ

probability between v1 molecules of kind 1 and v2 molecules of kind 2 to form 
a molecular compound is much less than this amount, the time of such 
encounter may be beyond comparison with the time ordinarily required for 
viscosity measurements, so long as a molecular compound is only statistically 
recognized as such the component molecules of which are freely interchangable 
with the same kinds of molecules outside of its reaction sphere. Hence the 
fact that the viscosity of chemically reactive mixtures strictly obeys formula 

(4) or (5) leads to the conception that a molecular compound is not a fast-
combined molecule but a molecular grouping in a statistical meaning. 

Formula (4) when applied to the viscosity which exhibits a very marked 
maximum at low temperature may afford a clue to the study on the mechanism 
of crystal formation. 

Formula (1) is also valid for ideal solutions of solids in liquids. 

For a strong electrolyte solution (i) where there occurs no solvation or
hydration, the viscosity difference(η**)between the observed specific viscosity

(η*)and the viscosity eaused by the inter-ionic forces according to the Falken-

hagen-Vernon theory(11) obeys formula (1) as expressed in specific quantity :

or 

or

(6),

(10) E. N. Da C. Andrade, Nature, 128 (1931), 835; Phil. Alag., 17 (1934), 497. 
(11) H. Falkenhagen and E. L. Vernon, Phil. Mag., 14 (1932), 537.
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in which H is the specific solutional viscosity of the solute, the viscosity of 
solvent being taken as unity, s the density of the solution at concentration c 

(g. mol/litre soln.), Ml and M2 the formal molecular weights of the solvent 
and the solute, and A the Falkenhagen-Vernon constant. 

For a strong electrolyte solution (ii) where there forms a solvated or 
hydrated compound, formula (2) for which the Falkenhagen-Vernon effect 
is taken into account holds true for concentrations up to saturation :

(7)

where C* is a constant independent of concentration. 
The solutional viscosity of a solid in a liquid in accord with formulas (1), 

(6), and (7) is the viscosity probably due to the block of a secondary structure 
in accordance with the secondary structure theory on crystals when the 
substance is an organic non-electrolyte or is the viscosity due to the ionic pair 
when the substance is an ionic crystal. 

At very dilute solutions where the solvation or hydration, though it 
happens, is not appreciable and the Falkenhagen-Dole-Vernon equation 
holds, formula (6) or (7) becomes

(8),

whence it readily follows that the 

theoretically as yet unknown factor B 

of the Falkenhagen-Dole-Vernon 

equation is defined by

Quite recently Suiston has made 
careful measurements on the tempera-

ture variation of B for aqueous solu-

tions of KC1 and K2SO4. As we have 
had for KCl H,8=0.9471, H25=0.9765, 

and K = 40.39 and this K may be 

regarded to keep constancy for higher 
temperatures, we can estimate the

Table 7. The Solutional 

Viscosity of KCl.

(12) W. J. Sulston, Proc. Phys. Soc., 47 (1935), 657.
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Table 8. I. Mixture.
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I. Mixture. (Continued)
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solutional viscosity or the viscosity of ionic pair of KCl. Column 3 in Table 7 

shows thus estimated solutional viscosities, the viscosities of water at the 

corresponding temperatures being adopted from Internat. Crit. Tables, V. 
By simple calculation, we see that these viscosity values are quite suffi-

ciently expressed by the quadratic equation :

The fact that the equation of this type has been proved by Thorpe and 
Rodger(13) to reproduce very closely the viscosity of numerous organic liquids 
without molecular complexity, and further that the magnitudes of these here 
obtained coefficients also are reasonably acceptable as compared with those 
for such liquids as ethylene chloride, carbon tetrachloride, and acid anhydrides, 
draws the conclusion that the solutional state of an electrolyte which is 
composed of its ionic pairs behave, as would be expected, like a liquid contain-
ing no molecular aggregates. 

In conjunction with our study hitherto made some inquiry about the 
characteristic constant K along quite different lines, which we earnestly hope, 
may afford a clue to unvail the mysterious nature of liquids. 

The Institute of Physical and Chemical Research, 
Hongo, Tokyo.

(13) T. E. Thorpe and J. W. Rodger, Phil. Trans., A, 185 (1894), 397.


