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The theory of a constant ionic solubility-product was first advanced by
Nernst,* from the analogy of the laws governing dissociation in gases.
According to the principle of mass action, if the dissociation pressure of a
system in equilibrium be changed by the introduction of an excess of either
of the dissociated gases, combination takes place between them until
equilibrium is restored. Thus, on the addition of either NHjz or HCL
to a system consisting of ammonium chloride in equilibrinm with its
dissociation products, ammonium chloride is produced. For each temperature,
the product of the pressures of NHj; and HCl is a constant. Similarly,
Nernst found that the solubility of an electrolyte in water was reduced by the
addition of any salt containing a common ion. The variations in the
solubility of silver acetate (a sparingly soluble salt) in water containing
known amounts of silver nifrate or sodium acetate were investigated, and the
results obtained confirmed the view that a corresponding equilibrium law
was here applicable. If we confine ourselves to substances of the simplest
type RX, the law may be stated thus: “At a given temperature the solubility
of a sparingly soluble electrolyte is dependent upon a constant, which is pro-
portional to the product of the concentrations of the ions of the electrolyte.”

The fundamental assumption made in the application of this law is that in
a saturated solution of an electrolyte the undissociated salt in solution plays
the part of an intermediary between the ions and the solid, being in
equilibrium with the ions on the one hand and with the solid on the other.
Consequently, so long as the solvent remains the same, the concentration of
the undissociated salt is constant, however much the ionic concentrations
may be separately varied by the introduction of other electrolytes; and the
product of these ionic concentrations is also a constant.

Expressed algebraically, if s be the concentration of the saturated solution
and m the degree of dissociation, m??® represents the solubility-product, and
(1—m)s the “constant undissociated value.” These are connected, by the
law of mass action, through the equation

m2? = (1—m)s.c,
where ¢ is the dissociation constant.
* ¢ Zeits. physikal. Chem.,’ 1889, vol. 4, p. 372.
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The theoretical solubilities of {wo subsfances containing a common ion,
in the presence of each other in agueous solufion, may now he established.
Let o and 2 be their solubility-products, @ and y theiv ionie coneentrations
in simultaneous solution. Then we have

wlety)=a  ylety) =17
(z+y) being the concentration of the common ion. Trom this quadratic
« and y are at once obtained.

If one of the substances is present not as a solid, but as a solution in water

of known concentration s, the equations become

y@e+y) _
s—y

v (oty) =@, :
where ¢ is the dissociation constant of the substance in solution. From these
equations a cubic results, whence « and 7 are obtainable by ftrial.

In the above equations Ostwald’s dilution law has been assumed, namely,
that ¢ is a constant for each particular electrolyte. This is frue only in the
case of weak acids and bases; for the majority of substances, the strong
electrolytes, ¢ is not constant, but increases with increase of concentration.
Thus, with increase of concentration, the ratio of the jonised to the total
substance dissolved becomes greater than the theoretical. The values of ¢
for such a substance, however, can be determined for each concentration,
and the value at saturation used to find the solubility-product. Noyes,*
indeed, has used the values thus found not only for solubility determina-
tions such as are indicated above, but also for the reverse problem of
determining the degree of dissociation of a second substance by the solubility
method.

The above assmmption of a constant undissociated value has been attacked
both theoretically and experimentally by Arrhenius.f Arrhenius showed
that the assumption has no sound theoretical basis, and on determining the
solubilities of silver salts of certain organic acids in water and in aqueous
solutions containing excess of the corresponding sodium salts, he found that
the undissociated value was not constant, but decreased with increase of
concentration.

These results of Axrhenius have been investigated by Stieglitz.f Stieglitz,
comparing this decrease of the undissociated part with the ratio of the ionic
to the total strength, which, as mentioned above, increases beyond theoretical
with increase of concenfration, has formulated the hypothesis that the two

* ¢ Zeits. physikal. Chem.,’ 1892, vol. 9, p. 6G03.
t ¢ Zeits. physikal. Chem.,” 1899, vol. 31, p. 197.
1 “Journ. Amer, Chem. Soc.,’ 1908, vol, 30, p. 946,

i
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effects counterbalance cach other, and consequently restates the theory of
the constant solubility-product in an empirical form. DBut the results of
Arrhenius, as worked out in the above paper, give divergences in the
solubility-product of from 5 to 10 per cent., and so long as such divergences
exist unexplained, the theory can hardly be regarded as even empirically
established ; it remains no more than an approximation.

Previous investigations upon the simultaneous solubilities in water of two
substances containing a common ion have been confined to those cases in
which the substances examined have been of the same type, z.c. either both
strong or both weak electrolytes. The case of two strong electrolytes has
been most frequently examined, the special interest here lying in the
question whether the law of mass action is, or is not, applicable. Fewer
instances of the simpler case of two weak electrolytes have been investigated,
but, in both types, the hypothesis of the constancy of the solubility-product
has Dbeen considered to give vresults consistent with those obtained
experimentally, although, even in dilute solutions, the agreement is only
approximate. For instance, in a solution saturated simultaneously with
thallium chloride and thallium bromate, the product of the ionic concentra-
tions of each was found to be increased by about 5 per cent.* The saturated
solutions of each of the above salts are (approximately) only one-fortieth
normal.

No experiments, however, have been made with two substances of opposite
types—one strong and one weak clectrolyte—and the primary object of the
following research was to supply this deficiency. Here also arises the
question of the applicability of the law of mass action. In preliminary
experiments divergences from the theoretical result of several per cent. were
obtained, similar to that given above. In parallel experiments on the two
types already investigated even larger differences were observed, far
exceeding the limits of experimental error. Finally a series of experiments
on all the possible types of combination of two electrolytes was carried out,
first with dilute and afterwards with more concentrated solutions, in order to
ascertain the cause of these divergences, and more especially to discover
whether they formed an inherent defect in the theory or could be explained
away on other grounds.

EXPERIMENTAL.

The substances used were acids of the simple type HX. Weak
electrolytes : salicylic acid, CyH,(OH).COOH ; ortho-nitrobenzoic acid,
HyNO2).COOH ; hippurie acid, NH(CO.C;H;).CH, COOH ; formic acid,
* A. A. Noyes, ‘ Reports of Congress of Arts and Sciences, St. Louis,” vol. 4, p. 322,

b 2
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H.COOH ; acetic acid, CH;.COOM ; and malonic acid, CHy(COOH).. (The
last named was used only in such concentrations as allowed it to be con-

1 ’

sidered as a monobasic acid, splitting up into the ions OI'IQ<8 OO0H and H*).

Strong electrolytes: hydrochloric acid; pierie acid, CsHx(OH)NOz)3; and

The solid acids were purified by recrystallisation from freshly-distilled
water; small erystals suitable for the experiments being obtained by rapid
cooling from a hot saturated solution. Samples tested gave sharp and
distinet melting points. The liquid acids were purified by distilling, and
rejecting the first and last portions of the distillate. In all cases solutions
were made up with freshly-distilled water, and the glass vessels employed
were well steamed out before first using.

The concentrations of the saburated solutions of certain of the above
acids at 25° C. were first determined. A few grammes of the acid were
placed in a glass-stoppered bottle, half filled with water; over the neck of
the bottle a square of rubber sheeting was tied tightly, and the bottle was
then clamped in the stirrer of a thermostat and rotated for several days.
A measured quantity (25 to 100 c.c., according to the strength of the
solution) was then removed by means of a pipette, the body of the bottle
remaining in the thermostat. To the end of the pipette was fitted a filter-
cover, to prevent the enfrance of any crystals, and the pipette itself, when
not in use, was kept in a glass tube immersed in the thermostat, so that
it was at the same temperature as the solution, and no erystallising occurred
inside it. The solution was titrated immediately against baryta, phenol-
phthalein being used as an indicator. The bottle was again circulated
in the bath, and the solution tested every few days until a steady value
was reached.

Another method, used for single acids only, was to make a saturated
solution above 25° C, add a nucleus of crystals, and rotate in the
thermostat as before until a constant titre was obtained, The true con-
centration of the saturated solution at 25° C. was thus approached from
both directions,

Limits of Error—The above experiments were performed in duplicate ;
divergences rarvely exceeded 02 per cent, and were never greater than
0-4 per cent. The two mefhods also gave results agreeing well within
this limit.

The temperature of the thermostat was maintained within 0°1 C. of
25° C.  The thermostat being very large, any change of temperature was
correspondingly slow.
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The baryta solution used, approximately 1/40 normal, was standardised
against each of the acids. The different values obtained varied by less than
02 per cent. This, besides testifying to the purity of the acids used,
allowed the employment of one mean value, greatly simplifying the calcu-
lations in subsequent experiments. With picric and methyl pieric acids,
the end point was at first difficult to distinguish, owing to the disturbing
colour effect, but after some practice the first permanent change of tint
could be detected quite accurately by using a comparison solution.

In most cases the saturation point was soon reached; methyl pieric acid,
however, attained its full value only after two months, picric acid not even
then. It was found that the presence of a few drops of ligroin or benzene
in the solution shortened the necessary time for methyl picric to a few
days, but the end poiunts reached differed from that obtained with puve
water. Ligroin, in which the acid is moderately soluble, increased its
solubility by 2 per cent.; benzene, in which it is freely soluble, by
6 per cent. A considerable difference was thus caused by the presence of
the extremely small amounts of each in solution in the water. This is note-
worthy in view of results afterwards obtained.

In Table I below the concentrations of the saturated solutions of the acids
are given in normalities ; from these, by means of the dissociation constant,
the solubility-product and the “constant undissociated value” of each acid
are obtained.

Table I.—Solubilities of Single Acids.

o * Constant
Acid. Solubility. Sp‘f:(}’;’;? undissociated
Salieylic I 001634 N 0 -0000130 001273 N
0-nitrObeNZoIC ...vveveriruiiiersenirnrinenes] 004360 N 00001849 003000 N
Mebhyl THEME s o ebntas I 0-01000 N 0 0000846 000080 N
»  (ligroin present) cssssens] 0701019 N - —
_»n (benzene present)................ 0°01059 N — —
HHPPUTES v 002048 N 0 '0000041 0-01846 N |
|

The following dissociation constants* were used above, and in caleulating
the theoretical results of subsequent experiments :—
Salicylic aeid......... 0°00102 Formie acid...... 0000214 Hippurie acid... 0°000222
o-Nitrobenzoic acid 000616 Malonic acid ... 0°00158

It was necessary to determine specially the values given above in the case
of methyl picric acid, since the molecular conductivities of the acid and of
its sodium salt had not been previously tabulated.

* Ostwald, ¢ Zeits. physikal. Chenr.,’ 1889, vol. 3, p. 418,
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Moleeular Conductivity of Methyl Picric Acid.

The sodium salt was first obtained by adding the requisite volume of
sodium hydroxide solution (freshly prepared from metallic sodium and
standardised by methyl pieric acid) to a known weight of methyl picrie acid.
On evaporating the liquid to small bulk erystals were obtained, which were
recrystallised from water and aleohol.  Sodium picrate was also prepared
by a similar method.

The values for the molecular conductivities obtained from these salts,
however, were obviously too low. The salts were finally found to consist of
a hydrate, the water from which could not be expelled under 100° C.  Owing
to their explosive nature it was inadvisable to heat the salts above this
temperature.

By neutralisation, as before, and then direct addition of the requisite
volume of water to bring the solution to N/32, solutions were obtained
giving the following values for the molecular conductivity. Those for
sodium pierate, given for comparison, are practically identical with Ostwald’s
values for that salt.*

v. Sodium picrate. Sodium methyl picrate.
32 729 713
G4 761 73 "4
128 781 752
256 797 769
512 812 786
1024 826 800
Whence—
o 857 83°1

The above results are the mean values of two determinations. Taking the
values Na = 51°0, H = 3495 (the mean of the values given by Ostwald and
Kohlrausch), we obtain, for the maximum molecular conductivities of the
acids, the values 3842 and 3816 respectively.

The molecular conductivities of the acids themselves were then deter-
mined, and are given below, together with the values of the degree of
dissociation () obtained therefrom :—

1
| " Picric acid. . ‘ Methyl pierie acid. .
' i
32 | 3434 0894 | — —
G4 | 35479 0924 —_ —_
128 | 360 -7 0939 3529 0-925
w 3842 10 381 6 10

# ¢ Allg. Chemie,’ 1893, vol. 2, p. 751.

.
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By drawing the curves of the values of m given above we obtain, by
extrapolation, for N/100 methyl picric acid (the saturated strength at 25°C.)
the value m = 092, From this the solubility product and the “constant
undissociated value” are obtained. '

The above values for the molecular conductivities of the acids are in general
agreement with those given for picric acid by Ostwald* and Rothmund i+
but the degree of error may be fully 1 per cent. This would affect the
degree of dissociation to the same extent ; but, by trial from the equations,
it was found that an error of 5 per cent. was required to affect the solubility
determinations, afterwards made with the acids, beyond the limits of
experimental error.

The conductivities were determined with a rotating commutator and
galvanometer, more satisfactory results being obtained with this apparatus
than with the usual induction coil and telephone, especially for the more
dilute solutions.

In the determination of the solubility of one acid in the presence of
another, the method of procedure was exactly similar to that already
described for single acids. The experiments were of two classes: in the
first, two solid acids were taken with water; in the second, one acid was
present as a solid, the other as a solution in water of known strength. In
all cases the end point was quickly reached, even methyl pierie, in the
presence of another acid, attaining the steady state in a few days.

The first investigations were of the simplest type, the two acids obeying
Ostwald’s dilution law. Of these, salicylic and o-nitrobenzoic acids are good
examples, and a full series of experiments with these two acids was carried
out, the results of which are shown in Table IT (p. 207). Since they serve to
illustrate the other cases, they are commented upon in detail.

It will be seen that the amount of acid in solution is in every case in excess
of the theoretical. The divergences in Sections B and C increase with the
strength of the original solution taken,and the greatest divergence is obtained
in Section A, where bofth acids are present in the solid form. All the
diffevences are far beyond the limits of experimental error.

There ave, however, some small corrections to be made in the above figures.
The results are given in normalities, whereas to be strictly comparable they
should be expressed in gramme-molecules in 100 grm. of water. DBut this
correction, instead of explaining the divergences, only increases them, for, as
the solutions bhecome more concentrated, the ratio of the weight of water
present to the total weight becomes less, and the correction is thus a positive

# ¢ Zeits. physikal, Chem,, 1887, vol. 1, p. 77.
+ Jbid., 1903, vol. 46, p. 845,
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Table TL.—Salicylic and o-Nitrobenzoic Acids.

Acid

And, Slasolyes dissolved | Divergences.

Initial state.

(theory). (expt.).
A, Bolid salioyHe ..ovunrisnmennsvrrnerssnans Salieylic = 0°01365 N
Solid o-nitrobenzoic .................. o-Nitrobenzoic= 0 "04314 N

005679 N |0°05843 N | +0°00164 N
B. Known solution salicylic,
Solid ¢-nitrobenzoic—

(@) Sulicylic = 000937 N ...... o-Nitrobenzoic 004328 N |0-04357 N | +0 00029 N
(%) 2 =0'01856N ...... 0°04316N | 004402 N | + 000086 N
(¢f , =001624N ...... 004301 N [0°04413N | +0-00112 N

C. Known solution e-nitrobenzoie,
Solid salieylic—

(a) o-Nitrobenzoic= 001565 N Salicylie  0°01430N |0-01447 N | +0-00017 N
() ,, =0-04310N 0:01366N ' 0-01445 N | +0-00079 N
(e) i = 004358 N 0-01365N 0 101439 N | +0 00074 N

one, and also inecreases with concentration. There must also be taken into
account the increase of the density of the solufion with concentration ; this
enfails a smaller negative correction. The final correction is, therefore, small
and positive, in most cases well within the limits of experimental error, and
so does not materially affect the results. Density delerminations, however,
were always made, and in the table below a typical example of the correction
is given. Another case is shown after Table III ; all other tables give results
in normalities only.
Corrections for Density, ele.

The corrections for Section B of Table IT are here given. Densities were
obtained by means of a 25 c.c. pipette and a weighing bottle, and are liable
to an error of 0-0002.

| Btrength of salicylic e | Final strength (salieylic i
acid solution taken. Dcr_"’lt‘) 7 and ¢-nitrobenzoic acids). Density:
— 00963 004360 N 0-99908
000037 N 09968 005294 N 1-0001
001356 N 0-9970 0-05758 N 1-0009
0°01624 N 0-9973 ! 006037 N 1-0012
i

When we express these strengths in gramme-molecules per 100 grm.
of water, we obtain the following values. The last column shows the
correction necessary to transfer results in normalities to correct results.
(For obtaining, however, the “ effective ” part of this correction, it is necessary
to subtract the initial value of it from its value at the given concentration.
An example is given below.)

.
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Strength of P s o-Nitrobenzoic . |
salicylic solution. Total titre. Jieailoed. Correction. |
— 004392 004392 +0°00032 |
000941 005340 004399 +0-00042 |
001362 005810 004448 +0°00046 |
001632 006093 004461 +0 00048
The “effective” correction is thus, even in the last case, only

(0'00048—0‘00032) = 0:00016. This is less than 0°3 per cent. of the whole
titre.

In Sections B and C of Table II it will be seen that not only does the
divergence from theory increase with increase of concentration, but that
the actual amount of acid dissolved, instead of decreasing, at first rapidly
and then more slowly, as demanded by the theory, either shows an increase -
or becomes practically constant. The divergences from theory are therefore
fundamental. The result of another experiment will show this more clearly.
A saturated solution of o-nitrobenzoic acid, of strength 004358 N, free from
solid, was added to solid salicylic acid and shaken in the thermostat until
constant. The strength was now 005797 N. Since the concentration of
the hydrogen ion had been inecreased, the solution should be supersaturated
with respect to e-nitrobenzoic acid. But on adding solid e-nitrobenzoic acid
to the solution, and shaking again until the titre was constant, the
concentration rose to 005845 N, 4.c. the solufion was not supersaturated, but
unsaturated.

A comparison of the three vesults of Sections A, B (D), and C (d) is
interesting. The concentrations of the solutions originally taken in B ()
and C(b) ave, as nearly as possible, those shown by A to be theoretically
saburated in presence of the other acid. The final titre should therefore be
the same in all three cases. Instead of the theoretical value of 005679 N,
however, the three values obtained are 005843 N, 0°05758 N, and 0:05755 N
respectively, which differ widely not only from the theoretical value but
also from each other. The presence of solid acid allows an excess beyond
theory to be dissolved; this is allowed in the case of both acids in A, in
the case of o-nitrobenzoic only in B (), and in the case of salicylic only in
C ().
approximation, to the sum of the divergences in B (6) and C (). The
experimental results are 0400164 N and (0:00086 N +0-:00079 N) = 000165 N.
(See Table I1.)

In Sections B (¢) and C (¢) saturated solutions (free from solid) of the one
acid were taken, and treated with the other solid.

Hence we may expect the divergence in A to be equal, as a first

Further consideration
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of the results is left over until the remaining experiments on this and other
types are given.

The results of other experiments with two weak acids are given in
Table IIT, which shows the solubilities of salicylic and o-nitrobenzoic acids
in known solutions of formic and malonie acids. In all cases the differences
from theory are small and negative, but by making the corrections for
density, ete., such differences are either destroyed or converted into small
positive divergences, in all cases within error limits of the theoretical result.
A typical series of corrections is given in Table TTIA.

Table IIL.—Remaining Experiments with Two Weak Acids.

Initial state. Acl&]‘ll;;f;l)“'“d Aml}eil;;?}_‘ o Divergences.
; : I
A. Known solutions formie,
Solid salicylic— Salieylic
(«) Formic = 005168 N .................. 0-01539 N 001531 N | —0-00008 N
(b) s =0 00T Wi iwavisuagasivns 001496 N 001474 N | —0°00022 N

B. Known solutions formie, |
Solid e-nitrobenzoic— . o-Nifrobenzoic
(&) Formic = 005168 N ................... 004320 N 0°04304 N —000016 N
() s =009977TN ..eoeovvvevennnnd] 0704289 N 004266 N | —0°-00023 N

C. Known solutions malonic,

Solid salieylic— | Salieylie

(@) Malonic = 003126 N.........covunvnns 001502 N 001485 N .| —0°00017 N
() ,, =0°10088 N..................| 0°01417 N 001408 N | —0°-00009 N
(¢) 5. =I0420088 Wi 001378 N 001862 N  —0°-00016 N

D. Known solutions malonie, ‘ [

Solid e-nitrobenzoic— o-Nitrobenzoic [
gcr,) Malonie = 003126 N.......oooereen.| 004285 N | 0°04279N | —0°00006 N
) ,, =0-10088 N.......c........... 004159 N | 004153 N | —0-00006 N
(e) ] 0°03967T N | —0-00025 N

o =10°20086 N....coumeriisoiss ‘ 003992 N

Table TITa.—Corrections for Density, ete.
Known solutions formic aecid

Solid salicylic acid

}(sec Table I1I, Section A).

Strength of formie aeid Final strength (formie and

i |
msityv SIIing |
| solution taken. Density. ‘ salicylic aeids). Density.
| il —
i — 09963 ‘ 001634 N o9 |
005168 N 0 DIG6 | 006699 N | 09976
| 009977 N !

09969 i 011451 N 00978

Expressing these strengths in gramme-molecules per 100 grm. water,
we have :—
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| Strength of formic Total titre. | Sulicylie dissolved. | Correction. 1
| solution.
| l
= 0 01642 001642 | +0°00008
05198 006745 001547 | + 000016
010054 011553 001499 + 000025
cotasal

The “effective” correction is only (0:00025—0:00008) = 000017 at the
greatest concentration. This is less than 0'2 per cent. of the whole titre.

In the next table there are given the results of experiments with two
strong acids. For the calculation of the theoretical results the following table
of dissociation values for hydrochloric acid was used :—

I

] 16 32 64 128,
m = 0935 0953 0966 0:972.

The dissociation values of picric and methyl picric acids at various dilutions
have already been given.

Table IV.—Experiments with Two Strong Acids.

Initial state. Al:i((}ﬂii;i;?:"‘d Amd(e'];;f)l_md Divergences. |
A. Known solutions hydrochloric,
Solid methyl pieric— Methyl pierie
(@) Hydrochloric = 000895 N ......... 000669 N 0°00641 N | —0°00028 N
) ¥ 001598 N ......... 000510 N 0-00487 N | —0-00023 N
|
B. Known solutiou picric acid, i
Solid methyl picric— | Methyl picric
(@) Picric acid =0-01018 N ............ 000651 N 0+00702 N | +0°00051 N

Here also divergences from theoretical results are obtained ; negative in the
case of methyl picric and hydrochlorie, positive in the case of methyl picric
and pieric acids.

Table V gives examples of weak acids (salicylic and o-nitrobenzoic) dissolved
in known solutions of a strong acid (hydrochloric). The divergences are
pronounced, and in the negative direction. In the example A (%) it will be
seen that the decrease is large enough, although the hydrochloric acid solution
is only one-thirtieth normal (rather more than a gramme per litre), to bring
the total amount of salicylic acid dissolved below its “ constant undissociated
value.” A corresponding result was obtained by Arrhenius (loc. ¢it.) only
with more concentrated solutions of two strong electrolytes.
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Table V.—Weak Acids in Hydrochloric Acid Solutions.

|
i id dissolved | Acid dissolv .
Initinl state. Am(th e:;a:;;c {15 (cxif:. 3_‘ ed Divergences.
A. Known solutions hydrochloric, : !
Solid salieylie acid— Salicylic I
(a} Hydrochloric = 001786 N ......... 0°0134%56 N | 001200 N | —0°00055 N
() » =0'03578 N ......... 001310 N 001238 N l —0°00072 N
B. Known solutions hydrochlorie, i
Solid o-nifrobenzoic acid— o-Nitrobenzoic
(@) Hydrochloric = 001786 N ......... 0-03753 N 003681 N 1 —0°00072 N
(&) » =0°'03573 N ......... 003478 N 0°03390 N | —0°-00088 N

Table VI below completes the series by giving those casesin which a strong
acid (methyl picric) was dissolved in known solutions of weak acids (salicylic
and o-nitrobenzoic). In the case of methyl picric and salicylic acids a full
investigation was made, similar to that carried out with salicylic and
o-nitrobenzoic acids.

Table VI.—Methyl Picric Acid and Weak Acids.

i Acid
Initial state. | Acid dissolved (theory). dissolved | Divergences.
Il (expt.).

A. Known solution o-nit—roban#oic,
Solid methyl picric acid—
(@) o-nitrobenzoic = 001975 N| Methyl picric  0°00736 N | 0-00800 N |+0 00066 N

B. Solid salicylic acid .

Salieylie = 001404 N
Solid methyl pieric acid ..

.| Methyl picric = 000935 N

002339 N | 002613 N |+000274 N
C. Known solutions salicylic acid,
Solid methyl picric acid— !
(a) Salicylic = 000981 N . Methyl pieric  0:00955 N | 0°01063 N |+0°00108 N

» =0°01893 N ... 000935 N | 0°01072 N |+0°00187 N

D. Known solution methyl picrie, ;
Solid salicylic acid— |
(@) Methyl picric = 0°00938 N Salicylic  0°01404 N | 001532 N |+ 0°-00128 N

The results of sections B, C (5), and D may be compared. In the two
latter the strengths of the oviginal solutions are those shown by B to be
theoretically saturated in presence of the other acid. (Compare Table I1.)
The divergence in B may be expected to be equal to the sum of the other
two divergences, to a first approximation. The experimental results are
000274 N and (000137 N +000128 N) = 0:00265 N.
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The differences in Table VI ave all large and positive. It will be seen
that methyl pieric acid is more soluble in salicylic acid solutions than in
pure water.

In none of the above tables is the theory exactly followed, and a further
experiment was performed, to ascertain whether the divergences obtained
were superposable. A known solution of hydrochloric acid was taken, and
two weak acids (salicylic and o-nitrobenzoic acids) added. The differences
to be expected from theory were estimated by interpolation from the results
of the preceding tables, and .compared with the difference experimentally
obtained.

Table VII.—Two Weak Acids in Hydrochloric Aeid Solution.

Acid
Initinl state. Acid dissolved (theory). dissolved | Divergence.
(expt.).
Known hydrochlorie acid solution, I
Solid salicylie aeid, Salieylie =0'01316 N
,, o-nitrobenzoic acid— o-Nitrobenzoic = 003608 N l
() IIydrochloric = 0°02957 N... 004924 N I| 004935 N | +0°00011 N

The following divergences were to be expected (see Tables IT and V):—

(«) Due to solid salicylic and solution of e-nitrobenzoic + 00006 N.
() Due to solid o-nitrobenzoic and solution of salicylic +0-0008 N.
(¢) Due to solid salicylic and solution of hydrochloric —0-0006 N.
(4) Due to solid o-nitrobenzoic and solution of hydrochloric —0-0008 N.

The solution should therefore be approximately of theoretical strength
if the various differences are superposable. Seeing that the accuracy of a
large number of experiments is involved in the values of the expected
divergences given above, the experimental result agrees with this sup-
position well within the limits of error.

A general consideration of the results in Tables IT to VII shows that the
theory holds strictly in none of the possible combinations of acids., It
makes no difference whether they are both weak, both strong, or one of each
type ; similar divergences of several per cent. are obtained in every case.
And these divergences, though usually numerically small, are fundamental
in each direction; the upper limit consistent with the theory—the total
solubility in pure water—and the lower limit—the “ constant undissociated
value "—are both passed in very dilute solutions.

Now, on an examination of the tables, the following rule appears to hold:
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that an inerease beyond theoretical is obtained when two acids chemically
similar (Z.., salicylic and o-nitrobenzoic) are present in solution, and a
decrease when two acids chemically dissimilar (.., salieylic and hydro-
chloric) are present. This rule seems to be quite general, and not dependent
at all upon the types of the two acids. In Table ITI the two acids are of
neither very similar nor very dissimilar character, and the divergences
obtained are but slight, and within error limits of the theoretical. There
may be an increase or a decrease, but, at the concentrations tested, it is too
small a percentage of the total titre to be perceived.

The fact that a solution of one acid can dissolve more of a chemically
similar acid than theory demands, leads to the inquiry whether the ionic
effect of the acids upon each other is not also accompanied by a solvent
effect. The small quantity of the first acid in solution might, by its solvent
action upon the second acid, cause an appreciable increase in the result.
That the cause is quite adequate may be seen from the relatively large
increase in the solubility of methyl pieriec acid in water in the presence of
small quantities of ligroin or benzene dissolved in the water, as before
described. A decrease below the theoretical result would be accounted for,
under this view, by the comparative insolubility of the two acids in each other.

The divergence from theory would thus steadily increase with increase of
concentration, and this is actually the case. Stronger confirmation, however,
is given o the hypothesis by the results of the two series of experiments
carried out with salicylic and o-nitrobenzoic acids, and with salicylic and
methyl picrie acids, respectively. When both acids are present in the solid
form, both exert a solvent effect, and this is, to a first approximation, found
to be the sum of their two separate solvent effects, determined by suppressing
the solid form of one acid, and having it present instead as a solution,
theoretically saturated in the presence of the other acid.

To test the above view further it is mnecessary to perform a series of
experiments with one solid and one liquid acid, the solubility of the solid
acid in the liquid one being either much greater or much less than its
solubility in pure water. From the solubility results obtained by treating
the solid acid with known solutions of the liquid acid in water it can then
be seen whether the increase or decrease from theory is capable of being
accounted for in this way.

The case of salicylic or o-nitrobenzoic with formic acid is a good example,
both solids being much more soluble in formic acid than in water. The
above, however, were the only cases in which no definite increase or decrease
from theoretical was observed, the error limit obscuring the result at the
concentrations tested,
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Another series of experiments was therefore carried out with more
concentrated solutions, both in the above and in other eases. The method
of estimating volumetrically with baryta here became impracticable, owing
to the overwhelming concentration of the solvent acid compared with
that of the acid dissolved, in which latter small variations were eonsequently
impossible to measure.

The method employed was that of evaporation. The solutions were
prepared in the same manner as already deseribed, 25 c.c. of the liquid were
pipetted out into a weighed evaporating dish, and evaporated down to
dryness. The amount of the dissolved solid was then found by weighing,
and its titre in the solution directly caleulated. The cases investigated
were :—

(a) In solutions of formie acid: Salicylic acid, hippurie acid.
() In solufions of acetic acid : Salicylic acid.
(¢) In solutions of hydrochloric: Salieylic acid, o-nitrobenzoic acid.

Solutions containing hippuric acid eould be evaporated down on the
steam-bath without loss of solid by volatilisation ; those containing salicylic
and o-nitrobenzoic acids, since these proved to be more or less volatile with
steam, were allowed to evaporate slowly at the ordinary temperature.

The residues obtained weighed from 01 to 0004 of a gramme; the error
limit in the latter case is about 1 per cent. Kxperiments performed in
duplicate gave results agreeing together within this limit, and the results of
this method, as tested with some of the more dilute solutions, were closely
concordant with those obtained volumetrically.

The results obtained are shown in both tabular and graphic form. Some
volumetrie determinations are also given in the tables, both for the purpose
of comparison with the gravimetric results and for use in the accompanying
curves. '

Results are expressed, as before, in normalities. The corrections described
in the volumetric determinations, although much larger here owing to the
greater concentrations of the solutions used, are not applied. That due to
density change is never so much as 1 per cent. of the total, and is
therefore still within the limits of experimental error. That due to
replacement of water by acid is as much as 10 per cent. of the total in the
most concentrated solutions, but since we are here considering the solvent
actions of both water and acid, it is preferable to compare solutions con-
taining equal weights of total solvent than those containing equal weights of
water, and such solutions are represented, within error limits, in the
uncorrected figures below,
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Table VIII.—Gravimetric Determinations,
A. Balicylic Acid in Solutions of Formic Acid. (See fig., p. 216.)
Strength of formic WVci!;llt of_residue Strength of dissolved acid | Strength of dissolved acid
acid solution from 36 e.c, (gravimetrieally) (volumetrically)
(per cent.). (in grms.). g - it
0 00563 0°-01631 N 0°01634 N
0-24 =) = 001531 N
046 = — 001474 N
0625 00512 001484 N =
125 00516 001496 N =
245 00530 0°01536 N —
5 00592 0°01716 N —
10 00725 0°-02101 N —

B. Hippuric Acid in Solutions of Formic Aci

d. (See fig.)

Strength of formic

Weight of residuc

Strength of dissolved acid

Strength of dissolved acid

nfll'ir ?2(:;11111: I)Dn fé?lulgf;sc)e, (gravimetrically). (volumetrically).
0 0-0915 0°02045 N 0°02048 N
125 00901 002014 N —
2% 00930 002078 N —_
5 1 0°1018 002275 N —_
10 | 01191 002661 N —_

C. Salicylic Acid in Solutions of Acetic Acid. (See fig.)

; : . [
Strength of ncetic | Weight ({f residue Strength of acid dissolved

acid solution from 25 c.c. (gravimetrically)
(per cent.). (in grms.). g ¥

0 00563 0°-01631 N

0625 00584 0°-01691 N

1-25 00602 001745 N

25 00636 0°01846 N

5 00710 0°02059 N

D. Salicylic Acid in Solutions of Hydrochloric Acid. (See fig.)

Strength of

l ‘Weight of residue

sl = Strength of dissolved acid | Strength of dissolved acid
hydl;?l:];};?;f acid fé‘:" gi; scj(:l (gravimetrically). (volumetrically). ‘
— 00563 001631 N 0°01634 N
00179 N —_— - 0-01290 N
0-0357T N — = 001238 N
0126 N 00419 001214 N —
025 N 00412 001194 N —
06N 00387 0°01123 N e
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E. o-Nitrobenzoic Acid in Solutions of Hydrochloric Acid. (See fig.)
‘StrengtlE of i \’\."ciirght o;’rresidue Strength of dissolved acid | Strength of dissolved acid
hydrochloric acic DL &0 6.0 (gravimetrically), (volumetrically).
solution. (in grms.).
— 01804 004320 N 004360 N
00179 N = — 003681 N
00357 N — — 003390 N
0125 N 01245 002980 N —
025N 0-1221 002922 N —_
05N 01188 0-02846 N —

The solubility curves obtained from the above fable, as shown in the
diagrams, consist of three types, according to the acid used as solvent.
With solutions of acetic acid there is a continuous and regular increase in
the solubility, with hydrochloric solutions a sharp initial decrease is obtained,
followed by a much smaller and more regular decrease, while with formic
acid solutions a small initial decrease is with increasing concentration soon
converted into a regular increase.

The first case, that of acetic acid, may be considered as a case of pure
solvent effect, for the degree of ionisation of the acid is so small that the
ionie coneentration could have, even in concentrated solutions, no measurable
effect. The increase in solubility is proportional to the concentration of the
acid in solution, and is quite regular as water is replaced in the solution by
more solvent acid,

Formic acid is comparatively much stronger than acetic, and here it
appears that the ionisation effect upon the acids employed is at first the more
important, but the decrease in the solubility thus produced is soon
neutralised, as the concentration increases, by the greater solvent power of
the formic acid. The curve finally approximates to a straight line
corresponding to the acetic acid type, showing a regular increase with
increase of concentration. Thus there are two separate influences upon the
solubility ; an ionic effect proportionally large at first, but rapidly falling off
with increase of concentration, and a solvent effect, directly proportional to
the concentration.

With hydrochloric acid solutions the ionic effect is again considerably
stronger than in the former case, and the solvent effect is negligible.
A sharp drop, as the strength of the hydrochloric increases, carries the
solubility of the acids used below the “constant undissociated value,” and
further decrease is very slow, being presumably due to the replacement of
solvent water by non-solvent acid in the solution. In this case also the
curve finally approximates to a straight line.
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If these straight lines are produced backwards to meet the axis, it will be
seen that they do so at or near the point of the so-called “constant undis-
sociated value.” (The only exception is in the case of salicylic in acetic
acid, but this is practically a case of pure solubility.) Thus, if we consider
these lines as dividing lines, we may regard the solubility of one acid in
aqueous solutions of another as consisting of two portions :—

(«) An undissociated portion (below the line), increasing or decreasing
regularly, according as the acid is more or less soluble in the solvent acid
than in water. !

(b) A dissociated portion (above the line), decreasing more or less fapidly
according to the ionic strength of the solvent acid. This decrease is not
regular, but is proportionally greater the less concentrated the solution is,
falling off as the dissociated portion is suppressed by increase of con-
centration. X

The solvent effect, acting directly upon the undissociated portion, will
also indirectly affect the dissociated part of the substance in solution, since
this must remain in equilibrium with the undissociated part. In the
curves given, the acids exist in solution mainly in the undissociated state,
hence this indirect effect is but small, and soon becomes negligible with
increase of concentration, owing to the almost total suppression of the
ionised part. In solutions of strong electrolytes, however, the indirect may
be greater than the direct effect; hence the solubility curves in such cases
will not finally approximate to straight lines which cut the axis, when
produced backwards, at or very near to the “constant undissociated value.”
The case of salicylic acid in solutions of acetic acid is another example
of the inapplicabiliy of the rule in the event of the ionised portion persisting
in appreciable quantity ab all concentrations of the solvent acid,

The experimental divergences obtained from the values indicated by the
theory of the constant solubility-product can thus be accounted for in all
cases by this solvent effect. The divergences, positive or negative, are
caused by the solvent influence of the two substances upon each other,
and this, as shown in the above tables, is positive when the substances are
chemically similar in character, negative when they are dissimilar. The
amount of the divergence due to each acid can also, as in the case of
salicylic and o-nitrobenzoic acids, be obtained to a first approximation.

The existence of this solvent effect renders it evident that the reverse
problem, attempted by Noyes, of calculating the degree of dissociation of
one substance by determining its solubilities in water and in a known
solution of another substance containing a common ion, may sometimes
lead to very erromeous results. In any case the results of such a
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determination must be uncertain, since a wide variation in the assumed
degree of dissociation corresponds in most instances to a very small change
in the solubility, any decrease in undissociated substance dissolved being
almost entirely balanced by an increase in dissociated, and wice versd. This
fact explains also why, although the degrees of dissociation of the strong
acids used in the above research are not yet accurately determined, being
liable to an wuncertainty of several per cent. in dilute solutions, the
solubility results of other acids with them, as calculated from these values,
are subject to a much smaller degree of error.

In conclusion, I have much pleasure in expressing my thanks to
Prof. Walker, at whose suggestion and under whose direction the above
research was carried out, for his advice and assistance during the whole
period of its execution.

Haurisoy AxD Boxs, Printers in Ordinary to His Majesty, St. Martin’s Lane,
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CXXXVIIL—The Velocity of the Hydrogen Ion, and o
General Dissociation Formula for Acuds.

By James Kenvarr, M.A., B.Sc. (Vans Dunlop Scholar in
Chemistry, University of Edinburgh).

WarusT the mobilities of most of the common ions have heen
definitely determined to an accuracy of one-tenth of a unit, the
value for the velocity of the hydrogen ion, which is the most
important from theoretical considerations, is not known more
exactly than within several units. The experimental difficulties in
the two methods available for the determination of ionic velocities
are here much greater than is the case with other ions. In conduc-
tivity measurements the impurities contained in the water used
have prevented the accurate determination of the equivalent



1276 KENDALL: THE VELUCITY OF THE HYDROGEN ION,

cenductivities of acids at very high dilutions, and no trustworthy
correction for the influence of these impurities has yet been appliel,
as has been done for salts. The values obtained from the measure-
ment of migration ratios are also less accurate, since the preponder-
ating mobility of the hydrogen ion causes a small error in the ratio
obtained to exert a comparatively large influence on the ionic
velocity deduced from it. ‘The results from both methods have
proved very conflicting, as the following figures, which are the
results of the chief researches on the mobility of the hydrogen ion,
will serve to show. All values are expressed in terms of the
reciprocal ohm.

Ostwald, from conductivity measurements with hydrochloric
acid, obtained the value 342 at 25° (Zeitsch. physikal. Chem., 1888,
2, 842), and employed this figure in the calculation of the dissocia-
tion constants of all the weak acids subsequently examined (Zeitsch.
physikal. Chem., 1889, 3, 172). The value was afterwards raised
to 347 (“ Lehrbuch der Allgemeinen Chemie,” 1893, 2, 675).

Kohlrausch (“Leitvermdgen der Electrolyte,” 1898, pp. 107-10,
200) deduced, by the application of an empirical formula to the
results of conductivity measurements with dilute solutions of hydro-
chloric and nitric acids, the provisional value of 318 at 18° or
3562 at 2b°. Until recently the above values of Ostwald and
Kohlrausch have been adopted for the caleulation of dissociation
ratios.

The measurement of migration ratios was not of sufficient
accuracy to be used for the purpose of determining the velocity
of the hydrogen ion until an improved apparatus was devised by
Noyes (Zeitsch. physikal. Chem., 1901, 836, 69). With this, a deter-
mination of the mobility by the method of migration ratios was
attempted by Noyes and Sammet (Zeitsch, physikal. Chem., 1903,
43, 49), hydrochloric acid being used as the electrolyte. The
unexpectedly high value of 365 was obtained.

It has been shown by Rothmund and Drucker (Zeitsch. physikal.
Chem., 1903, 46, 827), in the course of an investigation on the
dissociation of picric acid, that lower values for the velocity of the
hydrogen ion give results for the degree of dissociation which are
more satisfactory than those obtained with the use of Kohlrausch's
figure, 352. A value as low as 338 is suggested, and tested with
several strong acids. The subject is further developed by Drucker
in a later paper (Zeitsch. physikal. Chem., 1904, 49, 563), where
it is demonstrated that H' =312 at 18° (that is, 345 at 25°) gives
more satisfactory values for the dissociation constants of weak acids
than does the higher figure of Kohlrausch.

The results of the investigations of several observers, both on
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conductivities and on migration ratios, are collected and compared
by Drucker in a third paper (Zeitsch. Elektrochem., 1907, 13, 81).
The measurements of the equivalent conductivities of dilute solu-
tions of hydrochloric and nitric acids by Goodwin and Haskell
(Proe. Amer. Acad., 1904, 40, 399), and of sulphuric acid by
Whetham (Zeitsch. physikal. Chem., 1906, 55, 200), are combined
with the migration ratios obtained with the same acids by Jahn
and his pupils (Zeitsch. physikal. Chem., 1901, 37, 707) and Tower
(J. Amer. Chem. Soc., 1904, 26, 1039) respectively. The mean value
deduced for the velocity of the hydrogen ion is 313 at 18°, or 346
at 25° From the results obtained it is inferred that the figure
given by Kohlrausch is certainly too high.

Kohlrausch (Zeitsch. Elektrochem., 1907, 13, 333), whilst admit-
ting that his former value was claimed to be merelv an approxima-
tion, takes also into account further migration ratios recently deter-
mined by Jahn and his pupils (Zeitsch. physikal. Chem., 1907, 58,
641), and puts forward as the most probable value for the velocity
of the hydrogen ion the figure 315 at 18°, or 348 at 25°,

Gorke (Zeitsch. physikal. Chem., 1908, 61, 495) obtained, by the
measurement of the equivalent conductivities of dilute solutions
of picric acid, the value 353 at 25°.

Noyes and Kato (Zeitsch. physikal. Chem., 1908, 62, 420), from
the migration ratios obtained with dilute solutions of nitric and
hydrochloric acids, were led to the conclusion that the velocity of
the hydrogen ion varies considerably with the concentration. For
solutions under one-thousandth normal its value may be taken as
3156 at 18° (that is, 348 at 25°); for more concentrated solutions
it is several per cent. higher. This theory of a change ‘of mobility
with the concentration had been previously advanced by Jahn
(Zeitsch. physikal. Chem., 1900, 33, 545; 35, 8) as applying
to the ions of all strong electrolytes, and affording an explanation
of the breakdown of the dilution law of Ostwald. The assumption
of a varying mobility in dilute solution has, however, been vigor-
ously criticised on many sides, and may be regarded as not yet
confirmed (Wegscheider, Zeitsch. physikal. Chem., 1909, 69, 503).

From migration ratios obtained with dilute solutions of hydro-
chloric acid, Drucker and Xasnjuvi (Zeitsch. physikal. Chem.,
1908, 62, 731) have concluded that 313 at 18° (that is, 346 at 25°)
is the maximum possible value for the velocity of the hydrogen ion.

In the above summary of investigations it will be seen that the
values obtained range from a minimum of 338 to a maximum of
365 ; the general results of the more recent experiments are, how-
ever, within the much narrower limits of 345 to 348. The value
must be determined more definitely than this before the problem
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regarding the dissociation of strong acids can be solved by the
substantiation of any formula from the figures of experiment.

The failure to obtain satisfactory conductivity measurements
with very dilute solutions of strong acids has been attributed to
the influence of the impurities in the water used, namely, carbonic
acid and ammonia from the atmosphere, and alkali from the glass
vessels employed. No satisfactory correction can be applied, since
the mutual influence of the substances in solution on their dissocia-
tion is quite uncertain (Kohlrausch, “ Leitvermigen der Electro-
lyte,” 1898, p. 92). The figures are, in general, given without any
correction, and the degree of error is unknown. Any deductions
from the results cannot, therefore, unless supported by other
evidence, be regarded as conclusive; thus Kohlrausch (Zeitsch.
Eleltrochem., 1907, 18, 646) states, after a criticism of conclusions
drawn by Bogdan from experiments with dilute solutions of hydro-
chloric and nitric acids (Zeitsch. Elektrochem., 1907, 13, 596):
“The last word upon the subject of dilute acids and bases will
certainly not be spoken until we have succeeded in investigating
the solutions in pure water.”

The water used in the following conductivity experiments was
obtained by distillation, in the open air, from water to which a
little Nessler’s solution has been added. Jena-glass flasks and a
bent tube of pure tin, fitted with a condenser, were used, and
spirting-over was prevented by a series of constrictions in the
upright portion of the tube. The first distillation gave water
with a specific conductivity of 1:20x10-% at 25°; by a second
distillation this was reduced to 090 x 10-9, This value did not
increase appreciably on exposure to outside air. Water of specific
conductivity 0°70x 10-¢ was obtained by distillation in silica
vessels, but on transference to a glass cell the value quickly rose to
090 x 10-¢ at 25°.

With the water available for use in conductivity measurements
possessing a specific conductivity of at least 0°90 x 10-% at 25°, it
did not seem probable that the results obtained from dilute acid
solutions could be of sufficient accuracy to prove of service in the
determination of the velocity of the hydrogen ion. Nevertheless, it
was found possible, by a modification of the method for determining
the value of the equivalent conductivity at infinite dilution, to
obtain with acids of a certain strength very satisfactory results.

It has been observed previously by Drucker (Zeitsch. physikal.
Chem., 1904, 49, 563) that the dissociation constants obtained for
weak acids are more or less satisfactory according to the value for
the velocity of the hydrogen ion that is employed in the caleulation
of the equivalent conductivity at infinite dilution. The fact that
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lower values than Kohlrausch’s figure of 352 give more satisfactory
dissociation constants for weak acids than does the latter, was
considered by Drucker as a strong argument for the assumption
that the value of Kohlrausch was too high. The point, however,
seems to have escaped observation that with acids of a certain
strength a satisfactory dissociation constant at high dilutions is to
be obtained with the use of one particular value for the velocity
of the hydrogen ion, and not with the use of any other value.

As an illustration of this point, the results obtained from one
series of conductivity measurements of cyanoacetic acid at 25° are
given below in table I. The method of experiment is described in
full subsequently; the water employed possessed a specific conduc-
tivity of 0°90 x 10-6 at 25°,

The first column gives the dilution v, the second the equivalent
conductivity p. The dissociation constants 100k, and 100k, are
caleulated with the use of the values of Ostwald and of Kohlrausch,
H =3470 and H'=352'0 respectively. In the third column the
percentage dissociation, using the value H" =347"0, is shown. The
mobility of the anion is taken as 38'9 (see table IX below).

TasLe I.
Cyanoacetic Aeid. Water, 0°9 x 10-6,
100 I, 100 Z,
2. e 100 . (H* =347 -0). (I*=352-0).
20-80 962 24-93 0398 0-386
41-60 1271 3293 0-389 0376
8320 1645 4263 0-381 0363
1664 2073 53771 0-375" 0-360
352°8 2524 6540 0-372 l 0-354
665°6 294-9 7640 0-372 0-348
13310 3292 8532 0372 0338
26620 3532 91-52 0371 0-318
53240 3683 9544 0 3T5J 0288

For the above series it is evident that the value H'=347'0 gives
a far more satisfactory constant than the value H'=23520. Indeed,
a satisfactory dissociation constant for the dilute solutions of the
series can be obtained only within a very limited region about
H*=347-0. Values only a few tenths of a unit removed from this
produce appreciable divergences in the constant.

With acids of this type it is possible, therefore, after the measure-
ment of a number of conductivity series, carried to high dilutions,
to obtain from each series that value for the velocity of the
hydrogen ion that is required to give a satisfactory dissociation
constant, and, by comparison of the values obtained, to ascertain
to what degree of accuracy the determination can be carried. Thie
has been done in the experiments described below.
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The acids that can be employed are of a very limited range of
strength, namely, those which possess a dissociation constant
between the limits of 0:001 and 0-01. Acids of this type pass
from slight to almost complete dissociation within the ordinary
range of dilutions. With acids possessing a smaller dissociation
constant, the constant obtained is fairly satisfactory through a
large variation in the value taken for the velocity of the hydrogen
ion, and no definite value for the latter can be deduced. With
stronger acids, dissociation 1s so nearly complete in dilute solution
that the errors of experiment exert sufficient influence, since they
are greatly magnified in the calculation of the dissociation constant,
to prevent any value taken giving a satisfactory constant. In the
more concentrated solutions of these stronger acids, where the
degree of dissociation is not so great, the dilution law of Ostwald
is not exactly obeyed, as will be shown later.

The above difficulties exist even within the narrow limits indi-
cated, and acids possessing dissociation constants near the centre
of the range were found to be far more useful than those having
constants near the upper or lower limit. Suitable acids are,
however, very few in number. Acids of as simple a constitution as
possible must be chosen, in order to avoid the presence of any group
likely to cause complications at high dilutions. The acids employed
were all, in fact, simple substituted acetic and benzoic acids:

Cyanoacetic acid......ceeevvaivrnreearanens k=000368
o-Nitrobenzoic acid ....ccovvvunencnnnnns k=0-00620
0-Chlorobenzoic acid ......covvvvinvnvannn k=0°00128
3 : 5-Dinitrobenzoic acid ........cceunes k=0-00157

Of these, cyanoacetic acid was the most suitable. o-Nitrobenzoic
acid, owing to its larger dissociation constant, gives results which
are appreciably affected by the errors of experiment, whilst the
remaining acids, which possess smaller constants, give results from
which the value deduced is rather indeterminate.

It is obviously essential that the acids should be quite pure;
they were therefore repeatedly crystallised until constant conduc-
tivity values at high dilutions were obtained. o-Chlorobenzoic and
3:5-dinitrobenzoic acids were specially prepared.

o-Chlorobenzoic acid was prepared by the distillation of salicylic
acid with phosphorus pentachloride, as described by Hiibner
(Annalen, 1884, 222, 19" The mixed chlorides obtained were
decomposed by water, and steam was passed through the solution
for several hours until all salicylic acid was removed. o-Chloro-
benzoic acid was then obtained pure by recrystallisation from
water.

3:5-Dinitrobenzoic ‘acid was prepared by the nitration of henzoic
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acid, as described by Shukoff (Ber., 1895, 28, 1800), and purified
by several crystallisations from water.

Cyanoacetic acid, being extremely soluble in water, was recrystal-
lised from benzene until pure. Owing to the deliquescent nature
of the acid, all solutions were made up volumetrically. o-Nitro-
benzoic acid was obtained pure by repeated crystallisations from
water.

The conductivity measurements were carried out with the greatest
possible accuracy. The cells used were of the type described by
Cantor (Zeitsch. Elektrochem., 1903, 9, 922). The cell constants
were determined by means of & /50- and & [100-potassium chloride
(Kahlbaum’s 100°00 per cent.). With solutions made up indepen-
dently, values were obtained all agreeing within 1 in 2000.

The dilutions were carried out in the cell itself by means of
30 c.c. and 60 c.c. graduations. The accuracy of these was tested
by weighing the waler run out at a known temperature. Correct
volumes of 30 c.c. are not necessary ; all that is required for accurate
dilution is that the two volumes shall be equal. The correct
graduations for doubling the volume were determined for each cell
within an error of 001 c.c. in 30 c.c.

The conductivities of the solutions were measured by means
of a rotating commutator and a galvanometer. By this method the
results obtained at high dilutions are much more accurate than
with the usual induction coil and telephone. The bridge employed
was a three-metre platinum wire, divided into one thousand parts;
readings could easily be obtained within one-tenth of a division,
the galvanometer being used as a zero instrument, at all dilutions.

The cells were immersed in a small thermostat, heated beneath,
and regulated to 25° The copper sides of the bath were not
protected in any way, and convection was sufficient, without any
stirring at all, to keep the temperature constant. The cells were
suspended away from the sides, and the temperature in their
neighbourhood was never found to vary more than 0°03° from 25°.

The acid solutions used were standardised either volumetrically
or gravimetrically. In the former case a known volume was titrated
with barium hydroxide solution, phenolphthalein (except where
otherwise stated) being used as indicator. The barium hydroxide
solution (approximately N /100) was standardised against N /10-
hydrochloric acid, and also against certain of the acids used—the
results obtained were in agreement within 1 in 1000.

In the latter case a weighed quantity of acid was dissolved in
water and made up to a known volume. All weights were reduced,
with sufficient accuracy, to true weights in vacuum by addition of
one-thousandth part. This is the correction for substances with a
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specific gravity slightly greater than unity, and is accurate for the
acids used well within the limits of error in weighing. All volumes
were reduced to volumes occupied at 25°.

The results obtained by the above methods were, on comparison,
usually in agreement within 1 in 1000; the greatest divergence
was 1 in 600. This may be taken as the maximum degree of error
in the estimation of the concentration of a solution.

The graduation of the cells is accurate within 001 c.c. of 30 c.c.,
as described above; the various dilutions in a conductivity series
were not carried out, however, within a greater accuracy than
0°03 c.c. in 30 c.c. This is due to considerations of time, since for
more exact dilutions it is necessary to allow the cell to remain
for a long period, in order to drain completely, before each reading.
A series must be completed as quickly as possible, and with the
above apparatus the measurements are already protracted, since
the large glass surface of the cell is slow in attaining the true
temperature of the thermostat, from which the cell must be removed
during the mixing of the solutions. Greater accuracy than the
above (1 in 1000) was therefore not aimed at in the dilutions.
The error is not so important as may at first sight appear, since
it is not (as is the initial errer in the graduation) doubled at each
step, but is equally likely to be positive or negative at each
dilution. Indeed, as has often been pointed out, the most important
error incurred in conductivity determinations is in the estimation
of the initial concentration of a solution. Two series, differing
slightly in their first values, will usually run parallel throughout
their whole length.

There remains the question of the influence of the impurities
in the water on the values of the equivalent conductivity obtained
for very dilute solutions, In the series for cyanoacetic acid given
above, no correction has been made for this. From the figures
obtained it seems that the impurities in the water used do not
affect the value appreciably until a high dilution is reached. Here
a small increase is observable, still, however, within the limits of
experimental error. A small difference in the value taken for the
velocity of the hydrogen ion produces a much greater effect on
the dissociation constant; the influence of the water impurities
cannot therefore be directly measured.

‘We can determine, however, to what dilutions the experiments
can be carried without taking the influence of the water into
~ account, by examination of the results obtained with dilute solutions
of a much weaker acid. In such solutions any small error in the
value taken for the velocity of the hydrogen ion does not influence
the dissociation constant, owing to the less complete dissociation ;
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at the same time the specific conductivity of the solutions is small,
and the influence of the water on the value obtained is more
readily perceived.

With this object preliminary experiments were carried out with
acetic acid. Two series of conductivity measurements were per-
formed ; the water used for dilution possessed a specific conduc-
tivity of 090 x 10-% in the first series, and of 1'20x10-6 in the
second. The results obtained are given in tables IT and III; the
value of the equivalent conductivity at infinite dilution is taken as
3877 (H =347'0; Ac'=407) (Bredig, Zeitsch. physikal. Chem.,
1894, 13, 218).

TasLe IL
Acetic Acid. Water, 0°90 x 10-6.

v, M. 100, 100%.
1367 6-086 1:570 0001845
2714 8-591 2 216 0001851
5428 12-09 3-118 0-001849

108-56 1698 4380 0:001849
2171 2381 6141 0001851
434°2 8322 8-H68 0-001849
8G8-4 46-13 1190 0-001850
17370 6360 16-41 0:001854
347470 8671 2236 0001855
69480 1168 3013 0-001870

o0 8377 — —

TasLe III.
Acetic Adeid. Water, 1'20 x 10-6,

2. s 100wm. 1004,
15-816 6561 1-692 0001842
3163 9-260 2-388 0:001848
63 26 -13-08 3361 0001847

126 62 18:30 4721 0-001843
25304 25 60 6603 0-001846
5061 8567 9-200 0 001843
1012-2 49-50 1257 0001846
2024-4 6822 17-60 0001856
40490 935 2412 0-001843
80980 125-8 32-45 0001924
o 3877 —_

In the first series a very satisfactory dissociation constant is
obtained, without the application of any correction, up to »=3500;
with water of a slightly higher specific conductivity, in the second
table, the constant has already begun to show an increase at
v=2000.

It seems reasonable to suppose, therefore, that with the use of
water of a specilic conductivity 0°90 x 10-6 at 25°, the measurements
with stronger acids can be relied on, without any correction, up to
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high dilutions, as in table I. To test this further, however, and
to find by experiment what effect the specific conductivity of the
water used has on the value for the velocity of the hydrogen ion
deduced from the measurements with these acids, the following
plan was adopted. A conductivity series of each acid was carried
out with four different samples of water, possessing the following
specific conductivities at 25°:
(a) 0090 x10-8; () 1°20x10-6; (¢) 1°80x 10-6;
(d) 250 x 10-8,

The first two samples were obtained as described above; (¢) is
an earlier fraction of the first distillation; (&) is the ordinary
distilled water of the laboratory.

The conductivity results obtained are expressed in tables 'V to
XII. It is necessary, however, first of all to determine the equiva-
lent conductivities of dilute solutions of the sodium salts of the
acids employed, in order to obtain accurate values for the velocities
of their respective anions.

The measurement of these conductivities was carried out as has
been already described. The solutions were made up to known
concentration by the exact neutralisation of known solutions of
the acid and of sodium hydroxide. The latter was freshly made
up from metallic sodium, and standardised with & /10-hydrochloric
acid, using methyl-orange as indicator. In certain cases the results
obtained were checked by preparing a small sample of the salt, and
making up a solution gravimetrically,

The dilutions were made with water of a specific conductivity
1-20 x 10-¢ at 25°; this value is subtracted from the conductivity
obtained at each dilution (Kohlrausch, “Leitvermogen der Electro-
lyte,” 1898, p. 91). The value of the equivalent conductivity at
infinite dilution is obtained by graphical extrapolation, according
to the empirical formula of Kohlrausch (Zeitsch. Elelktrochem.,
1907, 18, 337). From this value the velocity of the anion of each
acid is found by subtracting 51'0, the value for the sodium ion.

The figures obtained agree closely, where comparison is available,
with the results of Ostwald (Zettsch. physikal. Chem., 1888, 2, 847) ;
the greatest divergence obtained with independent series of the

same salt was 0-3. Results are shown in table IV below, interpolated
to the ordinary dilutions.
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TasLe IV.

Equivalent Conductivity of Sodium Salts.

o-Chloro- 3 : 5-Dinitro-

. Cyanoacetate,  o-Nitrobenzoate. benzoate, benzoate.
16 736 669 s o
32 773 706 715 688
G4 803 736 743 713
128 827 76°0 766 732
256 844 779 784 750
512 858 793 798 763
1024 87-0 804 809 773
2048 879 812 818 78°1
0 899 7 83-2 83°8 801
Mobility of anion 389 322 328 29'1

The conductivity measurements with the acids themselves are
given in tables V to XI; the columns are arranged as in table I.
The dissociation constant 100%; is calculated with the use of that
value for the equivalent conductivity at infinite dilution that gives
the most satisfactory constant at high dilutions; 100m is the per-
centage dissociation obtained with this value. The constant 100k,
is calculated with the use of the mean value 347'2 finally taken
(see p. 1293) for the velocity of the hydrogen ion.

The results obtained with each sample of water are shown in
full only for cyanocacetic acid; for the other acids the figures for
one sample are given in full, and the values obtained in the other
cases are summarised in table XII. The effect of the different
samples of water on the results was found to be the same for all
the acids used, and is discussed later.

TasLe V.
Cyanoacetic Acid. Water, 0°9 x 10-6.

100%,. 1007,

v e 1007 (H'=347'1).  (H'=347 2).
16-82 880 29280 0-400 0400
3564 117:0 3081 0°392 0-392
67-28 1525 3950 0383 0°383
13456 193-9 50°23 0°378 0-378
269°1 2387 61-84 0'372\ 0372
5382 2826 7320 0°372 0371
10764 320°0 8289 0-373 0372
21530 3471 8990 0373 0371
43060 3648 9452 0378 | 0°376

oy 3860 —_ L
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TasLe VI.
Cyanoacetic Acid. Water, 12 x 10-6,
1007, 100%,
LA fhe 1000, (H* —641 *0). (H'=3472)
17404 894 23°16 0-401 0-401
34-81 1188 3079 0393 0393
6962 1548 4012 0-386 0-385
139-24 1963 5086 0378 0-378
2785 241-4 f2-54 0375 0-375
5570 2850 7583 0374 0373
11140 3216 83-34 0374 | 0-373
22280 348-1 90-20 0'3?2j 0371
44560 3653 9467 0377 0-373
] 4859 -— i} i
TasLe VIIL.
Cyanoacetic Aecid. Water, 1'8 x 106,
1004, 1004,
2. 100m. (H'=846'8).  (H"=347-2).
17:350 SQ 3 23-15 0-402 0401
3470 118-8 3080 0°395 0-394
69°40 1547 40°11 0-387 0-386
1388 196°1 5083 0-379 0-378
2776 241-2 62°53 0-376 0-375
555-2 2848 73-82 0+375 - 0373
11104 8215 8335 0-376 0373
22210 3479 9019 G374 0-369
w0 3857 — —_ _
TasLe VIIL
Cyanoacetic Aeid. Water, 2'5 x 10-6,
1007, 1002,
. S 1002 (H'=347-0),  (H'=347-2).
2105 965 2500 0-396 0°396
42°10 1277 33-09 0-389 0-388
84-20 1652 42°81 0-381 0-380
168°4 2080 53+90 0-374 0374
336-8 2530 65°56 0370 0-370
6736 2056 7660 0372 0-371
1347-0 3304 85-60 0378 0377
26940 354°8 9194 0389 0387
w0 3859 — - —
TasLe IX.
c-Nitrobenzoic Acid. Water, 09 x 108,
100k, 100%,
7. e 100w, (H" “31{ 0). (H*=347°2).
32 139-7 3685 0672 0671
G4 179-0 47492 0660 0-659
128 221-9 5862 0-645 0-644
256 2650 6988 0-633 0632
hl12 3046 8007 0-628 0626
1024 335 8704 0‘6‘2?J 0-623
2048 35376 9326 0-629 0-624
4094 3653 9630 0618 0609

© 3792 —_ — —
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TasLe X.
o-Chlorobenzoic Acid. Water, 0°9 x 10-5,

100%;. 100,

v, o 100m. (H'=347-4). (H*=847"2).
150°1 1346 3541 0-1293 0-1294
8002 174-0 45776 0-1286 0-1288
6004 2180 5734 0-1284 0-1286
12010 262°6 69-08 071284 | 01287
24020 302°1 7945 01279 01283
48040 3330 8758 u-rzqu 01292
96080 3537 9305 01288 01298

& 3802 dde = =
TasLe XI.
3:5-Dinitrobenzoic Acid. Water, 09 x 10-6,

100%;. 1007,

2. { ¥ 100z. (H*=346"T7). (H*=3472).
2545 1757 ; 4676 0-1614 0-1607
5090 2190 5828 01599 0-1591
10180 2627 69:90 0-1594 0-1585
2036-0 3015 8023 0:1599 0-1586
40720 3309 88-06 0-1594 [ 01574
81440 3507 93-34 01602 | 0-1569

0 3758 — s .

The results of the above tables, together with those obtained from
the remaining experiments for o-nitrobenzoic acid, o-chlorobenzoic
acid, and 3:5-dimtrobenzoic acid, are summarised in table XII.
The figures shown are those values for the velocity of the hydrogen
ion that give, for each particular series, the most satisfactory disso-
ciation constant at high dilutions, as found under 100%, in the
above tables.

TasLe XIT.
Velocity of the Hydrogen Ion.

Water, Water, Water,

091075, 1°2x 106, 1:§%x10°8,
Cyanoacetic acid ............... 3471 3470 3468
o-Nitrobenzoic acid ............ 347°0 B346°7 3466
o-Chlorobenzoicacid ............ 3474 - 3474 347°2
3 : 5-Dinitrobenzoic aeid ...... 346°7 3469 346°7
Mean value.. ........ 3470 3470 346°8

It will be seen that the values in the above table are all in
agreement within a unit; the mean value obtained from all experi-
ments is H'=347"0. A modification in this figure, however, to the
slightly higher value H'=347'2 will be shown to be necessary in
a later section of the paper.

The variation in the values obtained with the use of the three
different sarples of water given in the table is negligible. With
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the first sample, which is the purest, the results obtained are miore
trustworthy than in the other cases, since the agreement of the
values of the dissociation consvant at high dilutions was here
found to be more satisfactory. With the second and third samples
the agreement is still good, but with the fourth sample, the ordinary
distilled water of the laboratory, no agreement at all could be
obtained, as will be seen in table VIII for cyanoacetic acid. The
influence of the impurities in the water on the conductivity
measurements is here appreciably affecting the results; the use of
the fourth sample was therefore discontinued. The constant 100%,
in table VIII is calculated with the use of the mean value obtained
from other experiments with the same acid.

From the above results it would appear that the influence of
the water on the conductivity measurements obtained may be
neglected, up to very high dilutions, if its specific conductivity is
not greater than 1:8x10-¢ at 25° Such a general conclusion,
however, cannot be drawn, for it was found that with a sample
of specific conductivity only 1'1 x 10-% at 25° (obtained by ‘‘ rush-
ing " a current of outside air for some time through the laboratory
distilled water) no satisfactory results could be obtained in the
above experiments, since the dissociation constant showed an appre-
ciable increase at high dilutions. It seems that the nature of the
impurities in the water is of importance, as well as the amount.
The amount is so small that we can only, in most cases, speculate
as to its nature.

We cannot be certain that the measurements obtained with dilute
acid solutions are the true values unless, as stated by Kohlrausch,
the water used is absolutely pure. Nevertheless, it is possible
that in certain cases water with a fairly large specific conductivity
will not affect the values obtained, and this would appear to be so
with the water obtained by distillation from water containing
Nessler’s solution.

‘Whilst, owing to the uncertaintv as to the nature of the minute
trace of impurities present, we are unable to assume this with
certainty, yet the satisfactory results obtained at high dilutions
support the view that such is here the case.

Limits of Ostwald's Dilution Law,

It will be found on an examination of tables VI to XTI that the
dissociation constant 100%; obtained in each case is not a true
constant at the higher concentrations. The value falls steadily
with dilution, and only at very high dilutions does it approach a
limit. The acids employed belong, therefore, Lo the class of transi-
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tion acids, which obey the dilution law of Ostwald only in very
dilute solution.

The divergence from the law is seen to be greater as the strength
of the acid increases. The difference with o-nitrobenzoic acid is
greater than with cyanoacetic acid at the same dilution; o-chloro-
benzoic acid and 3 :5-dinitrobenzoic acid give very small divergences,
and acetic acid (table IT) obeys the law exactly.

The dilution law of Ostwald, which is not applicable at all to
solutions of strong electrolytes, is thus applicable for weak electro-
lytes only within certain limits. These limits have been fully
discussed by Wegscheider (Zeitsch. physikal. Chem., 1909, 69,
603) ; the conclusions there drawn are summarised below.

In the first place, the law holds exactly only for dilute solutions;
as solutions become more concentrated the dissociation constant
obtained decreases, owing to the diminished fluidity of the solution.
This effect begins to be appreciable, for the majority of organic
acids, between »=16 and »v=32; more dilute solutions obey the
dilution law exactly.

The second disturbing influence, of greater theoretical importance,
is in the opposite direction, increasing the dissociation constant,
and depends on the ionic concentration. The dilution law holds
approximately only for solutions where the ionic concentration is
less than N /60; if it exceeds this limit, an increasing constant is
obtained ; thus, for binary electrolytes, the law is approximately
obeyed if 22 /m is greater than 120 (m being the degree of dissociation
at the dilution v), and breaks down for more concentrated solutions.

In order to determine the particular point at which the law
ceases to hold exactly, it is evident that accurate conductivity
measurements must be made for a series of dilutions. Such experi-
ments have been carried out by Wegscheider and Lux (Monatsh.,
1909, 80, 411) in the cases of several sulphonic acids. The result
obtained is that Ostwald’s dilution law gives perfect agreement for
solutions 1n which 2v/m exceeds 320, and approximate agreement
for solutions up to 2v/m=120.

In the conductivity measurements given above in tables I to XI,
the point at which the law ceases to be applicable in each case is
of interest, for comparison with the results of Wegscheider. Tables
I and V to VIII (cyanoacetic acid) and table IX (o-nitrobenzoic
acid) show clearly the divergence in the values obtained for the
dissociation constant at the higher concentrations. With o-chloro-
benzoic acid and 3:5-dinitrobenzoic acid a slight increase in the
value obtained at the highest concentration is suggested, but the
acids employed are so slightly soluble that solutions of a concen-
tration at which the effect would be appreciable cannot be prepared.
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The results from the above tables are given in table XIII below.
v indicates the dilution at which the divergence from the law of
Ostwald becomes inconsiderable, m is the degree of dissociation at
that dilution, and 2v/m the ionic concentration.

TasrLe XIIT.
Limits of Ostwald’s Dilution Law.

Table. . it v/,
1. Cyanoacetic acid ............ 166 0°537 618
5. A e 135 0502 538
6. i s 139 0°509 546
7. 2 S 139 0508 547
8. ,, e R 168 0539 623
9. o-Nitrobenzoic acid ......... 256 0-699 733

The limit is evidently higher than that obtained by Wegscheider,
and the law is seen to be applicable only for solutions with an
ionic concentration of less than 2v/m =600 (approximately). This
is one dilution further than the limit given by Wegscheider, but
it is by no means certain that the law is exactly applicable for
solutions still more dilute, although any divergence will naturally
diminish with the concentration; for we have, in the above tables,
arbitrarily fixed the value for the equivalent conductivity at infinite
dilution so as to obtain a satisfactory dissociation constant at high
dilutions. We have no proof that a value, higher by a few tenths
of a unit, which would give at these dilutions a still slowly
decreasing constant, may not be nearer to the truth.

A modification of Ostwald’s dilution law, so that it will apply
to the more concentrated solutions, would enable us to calculat:
what effect this second disturbing influence exerts on the constant
at high dilutions. Such a formula is developed below.

The Dissociation of Transition Electrolytes.

In dilute solution (v greater than 16) very weak electrolytes
are found to follow exactly the dilution law of Ostwald,
m2?|(1—m)v="Fk, as will be seen for acetic acid in tables IT to IIIL.
Strong electrolytes obey approximately the empirical formula of
van't Hoff, m3/(1 —m)?»=C, which may be written in the form
m2[(1—m)v=e¢(l—m)[m. It is therefore to be expected that the
intermediate or transition electrolytes will obey an intermediate
formula, for example,

m2f(l—myv=lk+e(l—m)/m;
and the agreement of this with the experimental data is shown
in the tables which follow.
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The values for m2/(1—m)v that are obtained for solutions of an
acid by the above formula decrease with the concentration of the
solution, and ultimately attain a limiting value k., at infinite
dilution. The value of %k, is found from the conductivity results
of a series of dilutions by the use of that particular value for the
velocity of the hydrogen ion that gives values, for m?/(1—m)v,
slowly falling as dilution increases, and ultimately approaching
(so far as can be perceived within experimental error) a limiting
value. The value of ¢ is obtained by trial from the experimental
results.

In the results shown previously in table XII, that velocity for
the hydrogen ion was taken in each series that gave constant values
for m?/(1—m)v at high dilutions. The mean value deduced was
H"=347'0. The value required to give slowly-falling figures for
m?[(1—m)v at high dilutions is very slightly higher in each series;
the mean value required is H =347'2. In the following tables,
therefore, ko, is obtained with the use of this value, H" =347"2.

Table XIV gives the results for cyanoacetic acid obtained from
table V. The first column shows the dilution, the sécond the ratio
of the non-ienised to the ionised part. In the third column the
values calculated from the formula for the dissociation constant
at each dilution are given. These are compared with the experi-
mental values, 100m?*/(1 —m)v, obtained with the use of the two
different values for the velocity of the hydrogen ion referred to
above. These experimental figures are the same as were expressed
by 100k, and 100k, in table V. Finally, the figures under 100k
show the value obtained at each dilution from the experimental
results in the preceding column (H'=347'2) by subtracting the
value of ¢(l—m)/m. The constancy of the values obtained in the
last column therefore shows the agreement of the formula with the
experimental results,

TasLe XIV.

Cyancacetic Acid (see table V). k., =000368; ¢=000010.
100(kee + 100m*(1—m)v 100m3(1 —m)o

, (1-m)fm. efl—m)fm. (H'=38471). (H'=3472). 100%.
16-82 339 0-402 0-400 0-400 0-366
33°64 230 0+391 0392 0392 0-369
6728 153 0-383 0-383 0-383 0368

13456 099 0378 0-378 0378 0-368
260-1 0-62 0374 0 372 0372 0366
5382 037 0372 0372 0371 0367
1076-4 021 0-370 0-373 0-371 0-369
2153-0 011 0369 0-373 0371 0°370
4306-0 0-06 0360 0-378 0-376 0-375
w 0-00 0368~ - — —

: The agreement between the calculated and experimental values
Is seen to be very satisfactory throughout the whola range of
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dilutions. Further examples of the agreement of the formula with
the previous results are shown in its application to e-nitrobenzoic
acid and 3:5-dinitrobenzoic acid in tables XV and XVI below.
Tasre XV,
o-Nitrobenzoic dcid (see table IX). ko =0'00620; ¢=0'00032.
100(%o +  100m2/(1 —m)e  100m2/(1 —m)w

o, (1-m)fam. e(l—m)fm. (H'=347-0). (H'=347-2). 1004,
32 171 0675 0672 0671 0616
64 1°12 0656 0 (60 0-659 0623
128 071 0-A43 0G4 0-644 0621
256 043 0'654 0633 0 632 0518
512 026 0-628 0 428 0626 0-618
1024 0-14 0624 0-627 0-623 0-619
2048 0-07 0-622 0-629 0G24 0-622
4096 0-04 0-621 0-618 0609 0-G08
0 000 0-620 — — —_

TasLe XVI.
3:5-Dinitrobenzoic Aeid (see table XI), £k, =0°001570;

¢=0-000030.
100(k +  100m¥(1~mpy 100m3*(1 - m)v

2. (1=m)fm. el =m)fm. (H'=3846"T7). (H'=347-2). 100Z.
2564°5 114 0°1604 0-1614 01607 0-1573
509°0 072 01592 0+1599 0-1591 0°1569
10180 043 01583 0-1594 0°1583 0+1572
2036°0 0-25 01577 01599 0°1586 01479
40720 014 01574 0-1594 01574 0+1570
8144°0 007 01572 0-1602 0-1569 0-1567

0 000 0°1570 —- - —

The agreement of the formula with the results of experiment is
for both acids very satisfactory. With the very dilute solutions
the values for m?/ (1 —m)» obtained with the use of H'=347'2 are
seen to be in better agreement with the formula than those given
in the preceding column. The results obtained in tables XIV to
X VI, therefore, lead us to the conclusion that the value for the
velocity of the hydrogen ion is not that required to give constant
values for m?/(1—m)v at high dilutions, but that which gives
values slowly decreasing and ultimately reaching a limit.

The method employed in the first part of the paper to obtain
the velocity of the hydrogen ion is thus found to give results a
little below this required value. The mean value H'=3470
previously deduced has therefore been amended to the slightly
higher figure of H'=347"2.

The values for the velocity of the hydrogen ion obtained in
table XIT are all in agreement within a unit. If the two purest
samples of water only are considered, the agreement is slightly
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better; results are concordant within 02 to 0°4 for each acid,
whilst the greatest divergence between those for different acids is
0'7. The value for the velocity of the hydrogen ion, amended from
the above results, can therefore be stated as 3472404 at 25° At
18° the value becomes, with the use of the temperature-coefficient
given by Xohlrausch (Zeitsch. Elektrochem., 1902, 8, 290),
H"=3139.

The General Application of the above Dissociation Formula.

It has been remarked that the divergence from the simple
dilution law increases with the strength of the acid used, and in
tables NIV to XVI it is seen that ¢ does increase with & With
very weak acids, therefore, it will be impossible to notice any
divergence from Ostwald’s dilution law in dilute solutions; this
is so in the case of acetic acid, as shown in table II. With stronger
acids, however, the variation in the values of the dissociation
constant with dilution will be much greater ; an example—trichloro-
butyric acid—is given in table XVII below.

The figures given in the table differ materially from those of
Ostwald (Zeitsch. physikal. Chem., 1888, 3, 194). This is probably
due to the removal of impurities in the method of purification
adopted. The acid dissolves readily on treatment with a small
quantity of water, but leaves a less soluble residue. This was
collected, and the clear filtrate carefully evaporated to dryness.
The acid was then dissolved in light petroleum, and recrystallised
several times.

TasLe XVII.
Trichlorobutyric Acid. ko, =0095; ¢=035.
100(kq, +

o, e (L—m)fm.  e(l —m)fm. 100m3/(1 —m)v. 100%.

8863 326-4 0-152 148 14°8 95

53°98 3360 0-119 137 13-9 97

7726 3439 0-093 127 127 a-5
107-96 8504 0-073 12°1 118 92
154°5 3570 0-054 114 115 96
215°9 3612 0041 109 10-9 95
309°0 365°1 0-030 105 105 9D
4318 368-2 0021 102 107 100
6180 3709 0014 100 116 11°1

w0 (376°0) 0-000 9°b —_ =

The value for the equivalent conductivity at infinite dilution is
only approximate, being obtained from the number of atoms in
the molecule by Ostwald’s method (Zeitsch. physikal. Chem., 1888,
2, 840). In view of the proximity of the measurements to this
uncertain value, the agreement throughout the series between the
calculated and experimental figures is very satisfactory.
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A complete series of measurements with a still stronger acid,
namely, p-toluenesulphonic acid, has been carried out by Weg-
scheider and Lux (Monatsh., 1909, 80, 436) ; the agreement of the
formula with their results is shown in the following table. In the
calculation of the results from the experimental data the value
H'=347"2 is employed.

TasLe XVIIL
p-Toluenesulphonic Acid. ky =0'090; ¢=5"6,

........................ 25°00 32°66 44-44 5102 59°17 6944 82+64 100"
100()’:,,0 +o(1—m){m.) 504 454 398 370 348 320 207 "8
100m*(1 —m)v..r...e.. 506 44°3 387 372 352 840 318
100% ..... S AR e oSl h e A R e e R T bl B 9

]00"); ............ 1563 2041 2777 330°6 400°0 493°8 625°0 8168 1111 1600
c(l{—ﬁa]g‘m)... 241 219 196 185 174 16-2 152 140 129 11-8
100m?*(1-mypp 226 210 183 174 168 160 149 139 130 131 —
100k wvsissivinss 4B 81 7 79 84 8B &7 39 91 1003 —

The acid is so highly dissociated that the differences between
the calculated and experimental values are all within the limits of
experimental error. The formula is found to hold throughout a
five-fold change in the values obtained by experiment for
m?[ (1L —m)w.

The agreement of the formula for an acid of another type—
phosphoric acid—is shown in table XIX. The results are calculated
with the use of the value H'=347'2 by interpolation from the
figures given by Rothmund and Drucker for the experiments of
Loomis (Zeitsch. physikal. Chem., 1903, 46, 850).

--}--IQD

TasLe XIX.
Phosphoric dcid. kg =00070; ¢=00013.
........................ 16 32 64 128 256 812 1024
1000 ¥ ol Smim) 097 089 083 078 075 073 072
100m*/(1 - m)e ... 096 0-87 082 0-81 076 077 0-69
Y00%: Scninaaiiniisi 0'69 0-68 0-69 073 071 0-74 067

The agreement between the calculated and observed figures is
again satisfactory. The second and third dissociations of the acid
are cvident]y too weak to aflect the results, even at the highest
dilutions given.

The stronger inorganic acids, such as hydrochloric acid, are of a
different type. The values obtained for m?/(1 —m)v certainly do fall
away, as dilution is increased, to a limiting value %, , but that
limiting value is zero, The results for hydrochloric acid are given
in table XX below. The mecasurements of Goodwin and Haskell
at 18° (Zeitsch. physikal. Chem., 1905, 52, 630) are employed, the
value H'=313'9 being used in the calcu]atlon of the degree of
dissociation at each dilution.
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TasrLe XX,
Hydrochloric Acid. ky =000; ¢=134.

................................. 20 333 50 100 200 500 667 1000
IOO{k +¢(1 —m)fm) cossreees 785 624 509 364 24°5 148 135 124
100m* f{l —m)v ............... 806 615 506 356 269 181 147 106
100% .. erassnssnneeeninees +2°1 =00 —~03 08 +24 +33 +12 -18

1333 2000 4000 @©

100(.{“, +c(1 —m};’m.} ......... 11°4 85 63 00

100mA(L —mP covireeivivenns 87 78 52 —

TO0K: s s sk -27 -07 -1'3 —

The conductivity measurements are all so very near to the value
at infinite dilution that the possible degree of error in the above
calculations is considerable; the agreement in all cases is within
the limits of experimental error.

In conclusion, the dissociation formule of a number of typical
electrolytes, calculated from the available experimental data, are
collected in table X XT.

Tasre XXI.
Dissociation of Electrolytes.

Dissociation formula: m?/(l—m)v=Fk+c.(l—m)/m.

Acid. Observer, k. c.
Acetic .. s aoasre | JBRARLL 00000185 —
0- Bromohen/om i Ostwald 0-00140 0:00004
p-Nltzophennglycnlhc i 5 000149 000004
8 : 5-Dinitrobenzoic ............... Kendall 000157 0:00003
Aniline-o-sulphonie ........ccoiuue Ostwald 0°00310 000015
Cyanoacetic .........cccosvseeeeene.  Kendall 000368 000010
Trichlorolactic .. veeeenns Ostwald 000440 0:00020
o-Nitrobenzoic .. Kendall 000620 000052
Phosphoric... wverennne Lioomis 00070 00013
5-Bromo-2- mtrohenmlc ......... Ostwald 0012 0007
4 :6-Dibromoaniline-3-sulphonie e 0019 0-030
Dichloroacetic ......ccoceveeeeeenns Walker 00316 0080
B-Kesorcylic ........coveeninennnee. Ostwald 0032 0075
Trichlorobutyric .........co voveun Kendall 0-095 0-35
p-Toluenesulphonic .........oouvee Wegscheider and Lux 0080 56
B- Vaphthalenesu.lphome o5 g 01120 676,
Hydrochloric .. viverieeeenenenn. Gondwin and Haskell — 13-4

It is evident from the above figures that ¢ increases with £, and
increases much more rapidly. Ostwald’s dilution law is a limiting
case of the formula, since with very weak electrolytes ¢ is so nearly
equal to zero that the dissociation constant is practically unaffected.
Similarly, van’'t Hoff’s empirical law for strong electrolytes is a
special case of the above formula, where .£=0. The dissociation
formula given above is therefore applicable to all acids. For salts,
however, the divergences from the simple van’t Hoff formula are
beyond the limits of experimental error, even in dilute solutian,
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It does not seem possible to establish a connexion between the
constants & and ¢. In the above table ¢ is roughly proportional
to %2 for the weaker acids, but this relation cannot be general, since
for strong electrolytes ¢ 1s large whilst % is zero. Finally, it may
be noted that the dissociation of transition acids can in no way
be expressed by a formula intermediate between Ostwald’s dilution
law and Rudolphi’s formula for strong electrolytes.

Summary of Results,

The following method has been employed for the determination
of the velocity of the hydrogen ion, and has been found to give
concordant results. If conductivity measurements are carried out
with a series of very dilute solutions of a weak acid, the values
obtained for the dissociation constant vary greatly according to
the value for the velocity of the hydrogen ion used in the calcula-
tion of the equivalent conductivity at infinite dilution. With acids
of a certain range of strength (100% between 0-1 and 1-0) it has
been found that a satisfactory dissociation constant at very high
dilutions can only be obtained with the use of one particular value
for the velocity of the hydrogen ion. The mean of the values
deduced from a number of experiments with different acids was
H"=3470. A slight modification of this result was afterwards
found necessary, the figure finally obtained being H'=2347'2 at 25°
(or 313-9 at 18°), with a maximum divergence of +04.

It has been found that the dilution law of Ostwald is not exactly
obeyed by the acids employed in the above determination, even in
very dilute solution. A formula for the dissociation of these acids,
m?/(l—m)v="Fk+¢(l—m)/m, where k and ¢ are constants for each
acid, has been developed, and found to be in perfect agreement
with the experimental data. For the transition acids in general,
¢ increases with f.

This formula has been extended to acids of all types. Ostwald’s
dilution law for weak electrolytes is a limiting case, since as %
decreases ¢ approaches zero; van’t Hoff's formula for strong electro-
Iytes is a special case, where % is zero. The above dissociation
holds, therefore, within the limits of experimental error for all
acids.

I desire to express my thanks to Professor Walker for the
interest he has taken in this research, and for advice during its
progress.
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257. « The problem of strong electrolytes. (Preliminary note.)”
By James Kendall.

The dissociation formula m?/(1—m)v=k+c¢.(1—m)/m has been
recently shown by the author from experimental results (7rams.,
1912, 101, 1275) to hold for all acids. The above formula may be
arrived at theoretically by the assumption of the presence of
complex ions of the type (R,)™" or (X,)” in the aqueous solution of
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an electrolyte RX. This is already known to be the case for
mercurous chloride, which ionises as (Hg,) "(Cl'),.

The equations for equilibrium, under the assumption of one
complex ion, are of the form:

RX — R +X' (1)
2RX — (R,)" +2X' (2)

Let the undissociated ratio at dilution » be 1—m; of the total
dissociated part m let n, in the case of one ion, he complex.

Then, applying the law of mass action to the balanced equations
(1) and (2) above, we obtain:

(m[v) . [(m—n)[v]=k. (1 —m)[v 3)
(n/2v) . (m2[v2)=(c[2). (1 —m)? o2 (4),
where % and ¢/2 are constants.

From equation (4) we have n=cv(l—m)’>[m?; substituting for
n in (3) we finally arrive at the equation:

m2[(L—m)v=k+¢.(l—m)[m (5),
already found by experiment to hold in the case of all acids.

By the assumption that the ions form complexes of the above
type in aqueous solution, the above dissociation formula, first
obtained experimentally for acids only, may be extended to cover
all uni-univalent electrolytes.

R. CLAY AND SONS. L1D., DRUNSWICK 57, STAMFORD ST.. S.E., AND BUNGAY, SURVCLE
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I. Introduction.
The well-known dilution law for weak electrolytes:
mP(V—m)v =k,

formulated by OsTwALD! in 1888 from the law of mass action
and tested by him for a very large number of organic acids,
was one of the earliest and strongest confirmations of the dis-
sociation theory of ARRHENIUS. All normal members of the
class of the so-called «weak acids» were shown by OSTWALD
to obey the above law; a similar proof for the weak bases was
given by BREDIG® in 1894. The remaining electrolytes, how-
ever, (strong acids and bases, and all salts) have not yet been
brought into line with the law of mass action; the various
formulae that have been proposed to express their dissociation
equilibrium, such as the RUDOLPHI and VAN'T HOFF equations,
are merely empirical.

! Zeitschr. phys. Chemie, 2, 36, (1888).
* Zeitschr. phys. Chemie, 13, 289, (1894).
Meddel. frin K. Vet.-Akad:s Nobelinstitut. Bd 2. Nwo ;8. 1
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Later investigations have shown that exact agreement with
the dilution law of OsTWALD, in the case of weak acids and
bases also, is only to be obtained within certain limits. There
is no fixed line of demarcation between weak and strong elec-
trolytes, the one class merges into the other through the «inter-
mediate» or transition electrolytes. These deviate more and
more appreciably from the dilution law according as their acidic
or basic strength increases; the weaker of them approximate to
the dilution law of OSTWALD, the stronger to the formula of
VaAN'T Horr. The dilution law of OSTWALD must therefore be
regarded as a limiting case, the divergences from which in-
crease rapidly with the strength of the electrolyte.

In dilute solutions of weak electrolytes the divergences
from the dilution law are wholly within the limits of experi-
mental error, and exact agreement is obtained in the most ac-
curate work. As the concentration of the solution is increased,
however, the deviations become appreciable. The limits of the
exact applicability of the dilution law have been critically dis-
cussed by WEGSCHEIDER.! The cause of the divergences is
two-fold.

In the first place, the dilution law holds exactly only for
dilute solutions; as the solutions examined become more con-
centrated the dissociation constant obtained decreases, owing
(among other causes) to the diminished fluidity of the solution.
This effect is first appreciable, for the majority of organic acids,
between z = 16 and # = 32, and increases more and more rapidly
with the concentration; more dilute solutions obey the dilution
law exactly, provided that the second disturbing influence is
not apparent.

This second disturbing influence works in the opposite di-
rection to the first, and zncreases the value of the dissociation con-
stant. Its magnitude depends upon the ionic concentration in
the solution. The dilution law holds exactly only for solutions
of electrolytes in which the total ionic concentration is less than
one-hundredth normal (approximately); if the total ionic con-
centration exceeds this limit, an increasing dissociation constant
is obtained.

It must be understood that the above-stated limits are merely
approximate, since it is evident that the deviations will be

t Zeitschr. phys. Chemie, 69, 503, (1909).
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capable of observation at a greater dilution, the greater the
accuracy with which the experiments are carried out. Also,
since the two disturbing factors work against each other, their
influence upon the dissociation constant will, in certain cases,
be obscured.

Two difficulties have been encountered in the exact deter-
mination of the degree of dissociation of an acid by conduc-
tivity measurements, necessary for the evaluation of the disso-
ciation constant. The first has lain in the fact that the velocity
of the hydrogen ion was not accurately determined, the sug-
gested values of the various investigations at 25° C. ranging
from 338 (ROTHMUND and DRUCKER!) to 365 (NOVES and
SAMMET %). The second has been the question of the influence
of the impurities in the water used upon the values obtained
for the equivalent conductivity of very dilute solutions, and the
uncertainty of the validity of any correction applied for this
influence.

In a recent paper,® I have determined by an indirect method
(the determination- of the dissociation constants of certain
transition acids at very high dilutions) the velocity of the hy-
drogen ion, the value obtained being 347°2 at 25° C. (equivalent
to 3139 at 18° C.) with a maximum divergence of 4+ 0'4. In
the course of the same research it was found that the disturbing
influence of the impurities in the water employed in the dilution
of the solutions could, in the case of the acids investigated, be
neglected if the specific conductivity of the water were less than
1'8 X 107%, and that the values obtained for the conductivities
of the solutions up to very high dilutions could therefore be
used in the calculation of the dissociation constant without the
application of any correction.

It was shown, also, that the dissociation equilibrium of the
intermediate or transition acids could be represented by the
equation:

|1 —m)v =k + c(1—m)/m, (1)
where % and ¢ were constants for each particular acid. This

equation holds for acids of all types; for the weak acids, ¢ is

t Zeitschr. phys. Chemie, 46, 827, (1903).
? Zeitschr. phys. Chemie, 43, 49, (1903).
# Journ. Chem. Soc., 101, 1275, (1912).
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equal (or approximates to) zero; for the strong acids, £ is equal
(or approximates to) zero. In the transition acids themselves ¢
increases extremely rapidly with acidic strength. The equation
is intermediate between the dilution law of OSTWALD and the
formula of VAN'T HOrF, both of which represent limiting cases. -

In the following pages there are given the results of a
number of conductivity determinations with various acids, which
serve to illustrate the points mentioned above — the effect of
the two disturbing influences on the dissociation constant, and
the representation of the second disturbing influence in the
above formula. The acids examined were of widely divergent
strengths, in order that the magnitude and importance of the
divergences in the various cases could be ascertained.

The first part of the experimental work recorded below
consists of the conductivity measurements of the acids employed
in the previous investigation for the determination of the velocity
of the hydrogen ion (amplified in certain cases to include the
more concentrated solutions) and of other simple acids of a
normal type, the conductivities of which have been more ac-
curately determined than was previously the case. The second
part contains an investigation into the conductivities of dilute
solutions of salicylic acid and some of its derivatives, which at
first sight appeared to give results conflicting with those ob-
tained from the remaining acids employed in the previous
research. These results are here shown to be capable of a
simple explanation.

The conductivities of the sodium (or potassium) salt of each
acid through a range of dilutions were also determined in the
majority of cases, in order to obtain directly the value for the
equivalent conductivity of the acid at infinite dilution. For
certain acids the value obtained for the velocity of the anion
by previous observers was taken; in some cases also, where the
direct determination of the specific conductivity of the salt at
high dilutions presented special difficulties, an approximate value
was obtained for the velocity of the anion by OSTWALD's!
method of counting the number of atoms in the molecule.

The apparatus and the accurate experimental methods em-
ployed have already been fully described in the previous paper,
to which reference must be made for the working details. The

t Zeitschr, phys. Chemie, 2, 840, (1888).
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water employed in the dilution of the solutions possessed a
specific conductivity of 0'9— 12 X 107¢ at 25° C.; this is sub-
tracted in the case of the sodium salts, but neglected in the
case of the acids. All experiments were carried out at 25° C.
In the tables below # indicates the dilution, p. the specific con-
ductivity in terms of the reciprocal ohm, and m the degree of
dissociation. # and ¢ are constants having the significance ex-
pressed in equation (1) above; the expression & + ¢(1— )/
represents the dissociation constant.

II. Experimental Results (Part I).

1. Acetic Acid. The sodium salt has been investigated by
BREDIG,' and the value obtained for the velocity of the anion
at 25° C. is 40'7. The equivalent conductivity of the acid at
infinite dilution is therefore 387°9. (The value H = 347°2 is used
troughout this paper.)

Table I. Acetic Acid.

: v ® 100 7. 1oo{k + c(1—m) [ wiy ]I
: 0’989 1°443 0’372 0001405
i 1'977 2'211 0’570 0'001652
i 3'954 3221 0833 0001759 i
| 7908 47618 1191 0001814 !
15816 6561 1°692 0001841
| 31'63 9260 2°387 0001846 .
| 6326 13°03 3°359 0'001846 !
. 126°52 18730 4719 0001847
| 25304 | 2560 6600 0'001843 '
' 506°1 ! 35°67 9’196 0001841 |
1012°2 ‘ 49'50 12°76 0001844 :
| 20244 | 6822 17°59 0001853 :
" » 387°9 - 5 i

k= 0'00001845; ¢ =00,

! Zeitschr. phys. Chemie, 13, 218, (1894).
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It will be seen from the above figures that the dissociation
constant is a true constant for solutions less than # = 16; for
solutions of higher concentration the dissociation constant shows
a decreasing value. Thus only the first disturbing influence is
here evident; acetic acid is such a weak acid that the value of -
the constant ¢ is equation (1) above is too small to exert any
appreciable affect upon the dissociation constant.

The value for % obtained is slightly higher than that given
by OsTwaLD! (0°0000180) but is in accordance with the more
recent work of WHITE and JoNES? (0 0000184).

2. Cyanacetic Acid. The acid was obtained pure from a
sample of KAHLBAUM by repeated crystallizations from benzene.
Conductivity determinations of solutions of the sodium salt gave
the following results.

Table II. Sodium Cyanacetate.

o n I 100 1,
16 736 ‘ 819
i 3z 773 ‘ 86’0
' 64 | 803 | 893
128 827 9z'0
256 | 844 | 939
51z | 85.8 | 95.4
1024 !I 870 | 9677
2048 | 879 | 978
o ! 899 |

By graphical extrapolation according to the formula of
KOHLRAUSCH? the value of the equivalent conductivity of the
sodium salt at infinite dilution is obtained as equal to 89-.
When the value for the velocity of the sodium ion, 5170, is
subtracted from this, the velocity of the anion is found to be
389. This gives the value 3861 for the equivalent conductivity
of the acid at infinite dilution, employed in Table III below.

' Zeitschr. phys. Chemie, 3, 174, (1889).
* Amer. Chem. Journ,, 44, 165, (1910).
* Zeitschr, Elektrochem., 13, 337, (1907).
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Table III. Cyanacetic Acid.

l 1wo{ £+ c(t—wmi)jnuy |
o " 100 m. |- | -

l expt. | cale. ;
: i |
2'102 3361 | 8'70 o305 | (0473) |

I 4205 47°30 1225 | 0407 (0'440) |
l 8410 652 1688 | 0408  (og17) |
| 1682 | 880 2280 | 0400 0’402 !
E 3364 | 1170 E 30°31 . 0392 0°391 |
| 67.28 1525 | 3949 | 07383 0383
1346 1939 | o2z | 038 0378 |
2691 2387 | 6183 I 0.372 0374 |
5382 2826 E 7318 | 0371 | 0372 |
10764 | 3200 ll 82°87 : 0’371 0°370 l
2153 71 | 8988 | o3;1 | 0369 i
4300 364'8 94’50 | 0376 036y !

» 386°1 - | = 0368 |

£ = 0'00368; ¢ = o'oo010.

Cyanacetic acid is a typical acid of the intermediate or
transition class, and affords a good illustration of the applicabi-
lity of the general formula (1) given above. The constants #£
and ¢ in the general formula are here calculated as having the
values 000368 and 000010 respectively, and the agreement
between the experimental and calculated values obtained for
the dissociation constant at each dilution is shown in the last
two columns of the above table. It will be seen that the
agreement is perfect, within the limits of experimental error,
for solutions less concentrated than z =16. At higher con-
centrations the first disturbing influence comes into play, and
the decrease in the dissociation constant due to the concen-
tration of the solution becomes appreciable, and finally prepon-
derates.

The manner in which the two disturbing influences upon the
dissociation constant act against each other is clearly illustrated
in the above table. A maximum value in the dissociation
constant exists between the dilutions # =4 and # —=8. On one
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side of this maximum the first disturbing influence is the more
important, on the other side the second.

3. Dichloracetic Acid. Conductivity determinations with
solutions of the potassium salt gave the following results.

Table IV. Potassium Dichloracetate.

rd

100 M. |

128
256
512

1024

68.6
77°8
84°4
90'1
94°5
97'9
100°6
102'9
105°1
1070
1089

112°9

608
689 |
74’8
798
837
867
89°1

01°1 |
93'%
94°8
964

Subtracting the value for the velocity of the potassium ion,
74'5, from the value obtained at infinite dilution, we obtain the
figure 384 for the velocity of the anion. This gives the value
3856 for the equivalent conductivity of the acid at infinite

dilution.

Table V. Dichloracetic Acid.

l 1o0 {& + c(1—m)|m}
v " | 100 71, =
| expt, cale.
i
1 815 | 2114 567 (9°33)
2 114'9 29°79 633 (7°68)
¢ | 1517 39'34 6°38 (6°70)
| & | ggas 49'32 6oo | 6'08
| 16 | 2316 60’04 364 | 565
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! 1oo {& + ¢ (1 — w)| w} |

|
| 4 " 100 M | e
| | expt. | cale.
|
f |
32| 2731 7083 538 | 5734
64 309'7 80°32 512 514
128 3387 8782 496 502
. ! .
256 3592 | 93’14 494 | 4%
stz | 37rs | 9634 4'96 490
o 3856 | — - 48

A= 00485; ¢ = 0'0120.

The change in the value of the dissociation constant with
the concentration is quite similar to that observed with cyan-
acetic acid, and the same remarks are applicable. Owing to
the greater strength of dichloracetic acid, however, the second
disturbing influence is here relatively more important, and the
solution with maximum dissociation constant lies at a point of
higher concentration, namely between 7 =2 and z=4. In ge-
neral, it may be stated that the maximum of the dissociation
constant will be more marked, and will lie at a higher concen-
tration, the stronger the acid is.

4. Trickloracetic Acid.  Conductivity determinations with
solutions of the potassium salt gave the following results.

Table VI. Potassium Trichloracetate.

—= -
i iz ‘ 1 100 1.
| |
2 | 747 672 |
4 | 812 730 |
8 | 863 776 !
16 . 90°7 815
32 | 94°4 849
64 1 975 877
128 | 10071 90’0
256 | 1026 923
512 | 1049 943
1024 ! 1069 96°1 |

o nrz | —
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From the figures we obtain the figure 3839 for the value
of the equivalent conductivity of the acid at infinite dilution.

Table VII. Trichloracetic Acid.

i v n 100 2. 100 { &+ ¢ (1—wmi) u}y

L 18173 47°23 423
! 2 23672 61°53 i 49°2
| 4 275'7 7182 | 4577
8 3061 vG'72 39°2

16 32779 85740 313 |

32 3460 90’14 2577 :

64 3561 92°75 186 !
128 362°1 94732 12°2
256 360°6 96'28 9’7

512 | 376’0 | 97°95 9'I |

w | 3839 | - — i

The acid is so strong that it is almost completely dissociated
at the higher dilutions, and consequently the errors of experi-
ment exert so great an influence upon the values calculated for
the dissociation constant that it is impossible to determine
exactly the values of the constants 2 and ¢ in accordance with
the general equation (1). Also, since the acid employed was
not specially purified, the figures for the higher dilutions may
be liable to error; they are probably rather low. It will be
seen, however, that the run of the dissociation constant with
dilution is precisely similar to that obtained with the two pre-
ceding acids. The point of the maximum is, as in the case of
dichloracetic acid, between the dilutions # =2 and v =4. A
comparison of the figures will show that the exact maximum
point here is at a slightly higher concentration than for dichlo-
racetic acid, a result which is in accordance with the relative
strengths of the two acids.

5. Trichlorbutyric Acid. (CH;.CHCIL. CCl,. COOH).) Con-
ductivity measurements with solutions of the sodium salt gave
the following results. h
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Table VIII. Sodium Trichlorbutyrate.

| ke ‘.1. 100 M,
‘ 32 682 855 |
i 64 71’0 890 |
I 128 72°9 91°3 '
| 256 745 | 934
| sz 758 | 950
1 1024 769 964

o 798 1 —

Hence we obtain the figure 376'0 for the value of the
equivalent conductivity of the acid at infinite dilution.

Table IX. Trichlorbutyric Acid.

‘ 100 {& + c (1 —m)/m}y l
v 0. 100 m. | b LS e s
l expt, ||| cale.
590 2373 6311 ‘ 1873 (300) |
11'80 276'8 7362 [ 17°4 (22°0)
23'59 308'5 8213 | 159 | (172)
3863 3264 8680 | 14°8 i 14°8 [
4718 331°8 8822 14°0 | 14'2
53'98 3360 8935 | 1379 1377
7726 3439 9146 127 12'7
107°g6 | 35072 0320 | 118 121
1545 | 3570 94'95 | g 114
215'9 i 361°2 9605 | 109 10'9 |
3090 3651 | 97710 ‘ 1075 1075 |
431.8 | 30682 i 97'90 | 107 10°2 '
6180 3709 | 986z | [(1r6) | 100
{ ]
e 3760 | = = ! 9’5

k= 0005; ¢ =035.
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The figures given in the above table differ materially from
those obtained by OstwaLD.! This is probably due to the
removal of impurities in the method of purification adopted.
The acid (a sample from KanLBAUM) dissolved readily on treat-
ment with a small quantity of water, but left a less-soluble -
residue. This was filtered off, and the clear filtrate evaporated
to dryness under a partial vacuum. The acid was then dissolved
in ligroin, and recrystallized several times.

The excellent agreement of the general equation (1), in the
case of this fairly-strong member of the transition acid type, is
seen from a comparison of the experimental and calculated
values for the degree of dissociation at each dilution, given in
the last two columns of the above table. The figures are in
accordance up to a concentration of ¥ = 32 (approximately),
after which the first disturbing influence begins to come into
play. The experimental range does not include the point of
maximum dissociation constant, but it is evident from the run
of the figures that it will lie between =2 and v =4, as in
the case of dichloracetic and trichloracetic acids. Trichlorbutytic
acid lies intermediate in acidic strength between these two.

In the above tables a series of the aliphatic acids of widely-
divergent strengths, ranging from the «weak» acetic acid to the
«strong» trichloracetic acid, has been examined. The remainder
of this section is occupied with a consideration of a few members
of the aromatic acid series. ;

6. o-Chllorbenzoic Actd. This acid was prepared by the
distillation of salicylic acid with phosphorus pentachloride, as
described by HUBNER.2 The mixed chlorides obtained were
decomposed by water, and steam was passed through the solu-
tion for several hours until all salicylic acid was removed. The
o-chlorbenzoic acid was then obtained pure by recrystallization
from water.

Conductivity measurements with solutions of the sodium
salt gave the following results.

! Zeitschr. phys. Chemie, 3, 194, (1888).
* Annalen, 222, 192, (1884)
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Table X. Sodium o-Chlorbenzoate.

o n i 100 72,
32 | s | 83 |
64 | 743 | 887
| 128 | 760 | 91°4
|26 | 78 | 936
512 | 798 | 9572
rozg | 809 | 90675
2048 | 818 : 97°0
= 838 | —_

From the above figures we deduce the value 3800 for the
equivalent conductivity of the acid at infinite dilution.

Table XI. o-Chlorbenzoic Acid.

' ‘ 1wo{ £+ e(x—u)fm) |

t n OOy e |

| i expt. | cale ',

1 - I

1501 | 134°6 3542 0'1204 0’1293 |

300'2 [ 17470 45'78 01288 | 0'1288 !

600°4 | 2180 57736 01286 | 01285 IE

1201 | 2626 69'10 1 01287 | 01283 i
2402 | 302°1 79'48 0'1283 01282
4804 3330 8762 0’1292 | 0’1281

| e | 3800 — ! —_ | 01280 |

£ = 0001280 ¢ = 0’000007.

The acid is so nearly a typical weak acid, owing to its
small dissociation constant, that the increase in the value of the
constant with increasing concentration can be proved only by
very careful determinations. The run of the figures in the above
table, however, shows conclusively that such an increase does
exist. The small solubility of the acid in water prevents the
extension of the series to the higher concentrations.
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7. o-Nitrobenzoic Acid. The acid was purified by repeated
crystallizations from water. Conductivity determinations with
solutions of the sodium salt gave the following results.

Table XII. Sodium o-Nitrobenzoate.

o 1 100 72,
16 669 8o’y
i 32 706 349
’ 64 736 88
128 76’0 | 91°3
L 26 779 | 936
I 2 793 | 9573
‘ 1024 | 8o | 96°6
‘ 2048 i 8rz 976
I e | 832 | =

From these figures we obtain the value 379'4 for the equi-
valent conductivity of the acid at infinite dilution.

Table XIII. o-Nitrobenzoic Acid.

100 {4 + c(x1 —m)/m}
(2 " 100 7.
expt. cale.
32 139'7 36°83 0671 | 0675
64 1790 | 4720 0659 0656
128 2219 | 5850 0644 0'643
256 26570 6985 0632 0634
512 3036 80’04 0626 0628 :
Tozg | 3335 87790 0623 | 0624
2048 | 3536 9322 o624 | 062z
4096 | 3653 | 9632 0609 i o621 |
! ) 379°4 | — — | 0620 }

% = 0'00620; ¢ = 0'00032.

The increased strength of the acid, in comparison with o-
chlorbenzoic acid, is marked by a large increase in the value
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of the constant ¢, and consequently a large variation in the
dissociation constant with dilution.

8. meta-meta-Dinitrobenzoic Acid. The acid was prepared
by the nitration of benzoic acid, as described by SHUKO¥F,!
and purified by several crystallizations from water. Conductivity
measurements with solutions of the sodium salt gave the fol-
lowing results.

Table XIV. Sodium m m-Dinitrobenzoate

li bz - 100 7. :
! |
6 73 | 890 |
: 128 i 732 91°g '
256 | 750 936 ‘
siz | 763 953 ‘

1024 ‘ 773 96°7
‘ 2048 | 781 075 |
e | 8o"1 —_ |

Hence we obtain the figure 3763 for the value of the
equivalent conductivity of the acid at infinite dilution.

Table XV. m-m-Dinitrobenzoic Acid.

100 { & + (1 —ui)fm}
v i 100 72, [
expt. calc.
254°5 1757 4670 0’1607 o'1604 |
509'0 2190 5820 0'1591 0'1592
1018 262'7 6980 01585 0'1583
2036 jor’s 8o'13 01586 0’1577
4072 33079 8794 0’1574 01574
| 8144 | 3507 9322 % 01569 0’1572
| e 3763 s 1 = o570 |

# = 00015703 ¢ = 0°000030.

! Berichte, 28, 1800, (1895).
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The acid is only slightly stronger than o-chlorbenzoic acid,
but the variation of the dissociation constant with dilution is
much greater, owing to the rapid increase in the value of ¢
with the acidic strength.

9. m-Chlor-m-Nitrobenszoic Acid. The following method of
preparation was adopted. m-m-Dinitrobenzoic acid was first
reduced to m-nitro-m-aminobenzoic acid,as described by HUBNER,!
and then chlorinated by the SANDMEYER method. An almost
theoretical yield of the crude acid was obtained, and was purified
by several recrystallizations from water, in which the acid is
very sparingly soluble.

The conductivity of the sodium salt was not investigated,
the approximate value 3780 being obtained for the equivalent
conductivity of the acid at infinite dilution by the method of
OSTWALD.

Table XVI. m-Chlor-m-nitrobenzoic Acid.

! v | " ‘ 100 . 100{ & + ¢ (1—u2)[ w1y
I I [ i '
| 4564 1656 438 | 0’0748
_ 9128 | 208'8 ' 55°3 | 00747 '
| 18256 | 253'4 670 | o074y
3651 1 20475 77°9 00752
* (3780) = =

# = 0'000748.

Owing to the uncertainty of the infinite value, the agreement
of the dissociation constant with the general formula (1) cannot
be tested. In any case, the acid is so weak that it is very
unlikely that any variation in the dissociation constant could
be observed in the high dilutions available for experiment.

III. General Conclusions (Part I).

In the above pages the variation in the dissociation con-
stant with the dilution, throughout a series of acids of widely-

! Annalen, 222, 81, (1884).
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ivergent strengths, has been examined. The separate effects
{ the two disturbing influences upon the dissociation constant
— the total concentration influence causing a decreasing value
vith increasing concentration, and the ionic concentration in-
luence causing an increasing value with increasing concentration
— have been considered. The relative importance of the two
listurbing influences, at different dilutions and for different acidic
trengths, has been investigated.

At dilute solutions (z greater than 32) the ionic concen-
ration influence is alone important, and the dissociation constant
ises with the concentration, more or less rapidly according to
he acidic strength. At more concentrated solutions (¢ less than
2) the total concentration influence begins to come into play,
nd soon becomes the more important factor, the dissociation
onstant sinking rapidly with increasing concentration. There
s thus an intermediate point of «maximum dissociation constant».
[his maximum was found to be more marked, and to lie at a
igher concentration, the stronger the acid under examination.

The applicability of the general formula:

m®[(1—m)o ="k + c(1—m)/m (1)

or the expression of the dissociation equilibrium of the various
icids examined has been tested, and in all cases good agreement
etween the experimental and calculated values for the dissoci-
tion constant at the higher dilutions (2 greater than 32) has
een obtained. The wvalues of the constants # and ¢ for the
lifferent acids are collected in the following table.

Table XVII. Dissociation Constants of Organic Acids.

& ¢
P el TiTo5 1o (s SN 0'00001845 —
Cyanacetic acid . . . . . . . 000368 0'00010
Dichloracetic acid . . . . . . 0.0485 0’0120
Trichlorbutyric acid . . . . . 0'095 035
o-Chlorbenzoic acid . . . . . 0'001280 0°000007
o-Nitrobenzoic acid . . . . . 0’00620 0'00032
m-m-Dinitrobenzoic acid . . . 0'001570 0'000030
m-Chlor-m-nitrobenzoic acid . 0'000748 —

Meddel. fran Vet.-Akads Nobelinstitut. Bd 2. N:wo ;8. 2



18 MEDDEL. FRAN K. VET.-AKAD:S NOBELINSTITUT. BD 2, N:0 38,

It will be seen that the value of the constant ¢ increases
regularly with the acidic strength, but far more rapidly. In
other words, the deviations from the dilution law of OSTWALD
in dilute solutions, which are negligible in the case of weak
acids like acetic acid, increase extremely rapidly with the acidic
strength.

The general dissociation formula given above was deduced
empirically from the results of conductivity determinations. Al-
most simultaneously two other general dissociation formulae,
differing but slightly from the above, were brought forward.
Bray and KRrAUs,' using results obtained mainly from non-
aqueous solutions of electrolytes, have deduced the relation:

(*IC(1—y)=K + D(Cy)™,

where € is the concentration of the electrolyte in the solution,
7 the degree of ionization, and K, D, and m are constants.
MacpouGALL? has shown that the dissociation of aqueous
solutions of strong electrolytes can be represented by the formula:

K = Cy*|(1—){1 + m (Cy)"}

where K, 2, and 7 are constants, # is found to approximate
to the value 2/3, for which a theoretical explanation is attempted.
The same equation has previously been proposed by LIEBENOW,?
under the form:

m? (1 —m)v =k + c(mfv)§

on different theoretical grounds. It is evidently a special form
of Brav's and KrAUS's general equation, with one constant fixed.

That the general equation (1) is identical with the formula
of BrRay and KRrAUS may be shown by the application of
STORCH’s?* law:

(Cy)*] € (1 — y) = constant.

! Trans. Amer. Electrochem. Soc., 21, 143, (1912).

* Journ. Amer, Chem. Soc., 34, 855, (1912).

3 Zeitschr. Elektrochem., 8, 933, (1902).

4 Zeitschr. phys. Chemie, 19, 13, (1896); 26, 545, (1900).
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It must be noticed, however, that the general formula (1) con-
tains only two constants, whereas the equation of BrRay and
KRAUS contains three; the former can therefore not be expected
to show the same level of agreement as the latter with the
results of experiment. Thus is does not apply to certain cases
of the non-aqueous solutions investigated by BRAY and Kraus.'
" For aqueous solutions, however, the above tables show that the
agreement is extremely satisfactory.

The exact theoretical significance of the general equation:

mi[(1—m)o="rk + c(1—m)m (1)

does not seem to be apparent. The equation has been deduced
by the author? from a theoretical basis under the assumption
of the existence of complex ions in the solution, but such an
assumption introduces the difficulty of reconciling the freezing-
point and conductivity data for solutions of strong electrolytes,
and does not appear to rest upon a sufficiently firm foundation.

The presence of the expression (1 —) as a factor in the
right hand side of the equation, directly influencing the disso-
ciation constant, seems to point to the fact that the activity of
the undissociated molecule is the final cause of the variation in
the constant. When the analogous case of neutral salt action
in catalysis is considered, this view receives some confirmation.

The catalytic activity of an acid is not reduced, by the
addition of a salt containing a common ion, in the ratio demanded
by the reduction of the hydrogen ion concentration; in some
cases it is considerably increased. This increase is now ascribed
to the catalytic activity of the undissociated portion of the acid,
which may even surpass the catalytic activity of the hydrogen
ion itself. SNETHLAGE,® employing the experimental results of
BrAUNE* and of ARRHENIUS,® has drawn the conclusion that
the ratio of the catalytic activity of the undissociated molecule
as compared with the activity of the hydrogen ion is greater,
the greater the strength of the acid. This conclusion has re-
cently been confirmed by TAYLOR.®

! Private communication from Dir Bray, April 1913.

? Proc. Chem. Soc, 28, 255, (1912).

3 Zeitschr. Elektrochem., 18, 539, (1912).

4 See Brebig, Zeitschr, Elektrochem., 18, 535, (1912).

& Zeitschr. phys. Chemie, 31, 197, (1899).

¢ Meddel. frin K. Vet.-Akad:s Nobelinstitut. Bd 2. N:o 34, (1913).
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The analogy between the increase in acidic strength by
addition of a neutral salt, and by concentration of the solution,
has been clearly pointed out by ARRHENIUS:!

»Diese Erhohung (ndmlich der Dissociationskonstante von
schwachen Sduren durch Salzzusatz) entspricht ginzlich der Zu-
nahme der Dissociationskonstante von Salzen bei weiterem Salz-
zusatz, d. h. bei zunehmender Konzentration.» Also, »Diese
Salzwirkung auf die Dissociationskonstante ist am stirksten fir
ein Salz, und grésser fiir die untersuchten Siuren, je stirker sie
dissociiert sind. Wahrscheinlicherweise ist demnach das OsT-
wAaLD’sche Verdiinnungsgesetz fiir keinen Korper streng giiltig;
bei den schwiichsten Sduren und Basen trifft es sehr nahe (in-
nerhalb der Versuchsfehler) zu, die Abweichungen davon steigen
mit der Dissociationskonstante der Sdure (oder Basis) und werden
am grossten fiir die am stirksten dissociierten Korper (Salze,
starke Siuren und Basen).»

It will be seen that the views of SNETHLAGE — that the
activity of the undissociated molecule increases with the acidic
strength — and of ARRHENIUS — that the divergences from
the dilution law increase with the acidic strength — are in
perfect agreement with the conclusions drawn from the figures
in the above tables. In fact, the parallelism between the varia-
tion in the ratio of the activity of the undissociated molecule
to that of the hydrogen ion with the acidic strength, as given
by SNETHLAGE, and the variation in the constant ¢ in the
general equation (1) with the acidic strength (see Table XVII
above), is most striking. Both quantities increase with the
strength of the acid under consideration, and both far more
rapidly.

The study of the activity of the undissociated portion of
an electrolyte in solution is probably destined to throw con-
siderable light upon the problem of strong electrolytes, and this
activity is a factor which finds expression (though only empiri-
cally) in the general equation for the dissociation equilibrium
of electrolytes given above.

t Zeitschr. phys. Chemie, 31, 228—qg, (1899).
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IV. Experimental Results (Part II).

The following section is occupied with conductivity deter-
minations of solutions of salicylic acid and some of its derivatives,
and with a discussion of the results.

The tables are arranged as in Section II of the paper, with
the exception that here, for the sake of simplicity, the dissocia-
tion constant is denoted by %, in accordance with the OSTWALD
dilution law.

10. Salicylic Acid. Conductivity determinations with solu-
tions of the sodium salt give the following results. (The figures
of BREDIG,! reduced to the modern units, are appended for
comparison.)

Table XVIIIL . Sodium Salicylate.

i 1
v | i [ w (Brepic) i
| ] |
32 722 72°6
64 54| 750
128 778 [ 782 i
256 797 | 8oz |
51z 819 822
1024 844 847
2048 87'1 =
oo — 865

The two series are in good agreement with each other, but
it will be seen that in each, at high dilutions, the differences
between the values for two succeeding dilutions instead of de-
creasing in the normal way, show an increase. It does not
seem possible therefore to deduce with any degree of certainty
a value for the equivalent conductivity at infinite dilution, indeed
the figure deduced by BREDIG, (86'5), is already surpassed at
dilution 2048, (87'1). It is evident that sodium salicylate, at
high dilutions, does not behave like a normal salt.

The value for the equivalent conductivity of the acid at
infinite dilution must be obtained indirectly, by the method of

! Zeitschr. phys. Chemie, 13, 219, (1894).
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OsTwALD. As a good approximation the velocity of the anion
may be placed midway between the values for the anions of
benzoic and chlorbenzoic acids, as given by BREDIG;! hence
we obtain the value 330. This gives the fignre 3802 for the
equivalent conductivity of the acid at infinite dilution.

Table XIX. Salicylic Acid.

v ! w [ 100 W ‘ 100 £

100 1053 2770 o’1o61
200 139'5 36°69 0'1064
400 1797 47'28 0'1059
Soo 224°% 59'01 0’1063
1600 20689 70°73 0'1068
3200 307°9 80'99 01078
6400 337'6 8880 0’1100
—_ 3802 == -

£ = 0'00106.

It will be seen that the dissociation constant is not constant
at the more dilute solutions, but shows a slight increase. A
careful repetition of the experiments confirmed this. It is true
that if a higher figure is taken for the value of the equivalent
conductivity of the acid at infinite dilution (about 1'5 units are
required) a fairly constant value for the dissociation constant is
obtained, but subsequent experiments indicate that there is another
cause for the increase.

A rising dissociation constant at high dilutions is a charac-
teristic property of dibasic acids, and appears as soon as the
second stage of their dissociation becomes appreciable. Now
salicylic acid contains, in addition to a carboxyl group, a phenol
group. Phenol itself is such an exceedingly weak acid, as de-
termined by WALKER and CORMACK,? that its acidic strength
must be greatly increased before it can influence appreciably
the conductivity measurements of salicylic acid, even at very
high dilutions, since the hydrogen ion concentration already

! loc. cit.

? Tourn. Chem. Soc., 77, 18, (1900).
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present depresses the ionisation of the phenol almost to zero.
We have several reasons, however, for believing that the pro-
ximity of the carboxyl group is sufficient to produce such an
increase in the acidic strength of the phenol, and that salicylic
acid is weakly dibasic. The acid does not titrate at all sharply,
with phenolphthalein as an indicator, as has been noticed by
several other investigators, e. g. WALKER and WooD.! The
equivalent conductivity of the sodium salt shows an abnormal
increase at high dilutions, as is seen in Table XVIII above.
Finally, the introduction of other groups into the benzene nucleus
is found to increase the dibasic characteristics still more, as
will be seen in the following tables.

11. §-Bromsalicylic acid. This acid was prepared from
salicylic acid, as described by HEwITT, KENNER and SILK,®
and purified by repeated crystallisations from water. The sodium
salt was also prepared, but as no satisfactory values could be
obtained for its equivalent conductivity at high dilutions, the
value for the equivalent conductivity of the acid at infinite
dilution was deduced (approximately) from the number of atoms
in the molecule, by the method of OsTWALD. This remark
applies also to the other derivatives of salicylic acid examined
below.

Table XX. s-Bromsalicylic Acid.

v i 100 71 100 &
256 203’4 53'5 0241
512 2481 65°3 0°240
1024 290'4 764 0'242
2048 324'8 85’5 0'243
4096 3492 91°9 o'254
w 3800 — —_
% = 0'00241.

Here it will be seen that the rise in the dissociation con-
stant at high dilutions is more marked than is the case with
salicylic acid. It is very improbable that this increase is due

! Journ, Chem. Soc., 73, 620, (1898).
? Journ, Chem. Soc., 85, 1228, (1904).
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to the value taken for the equivalent conductivity of the acid
at infinite dilution being too low, since this number was inten-
tionally taken at its maximum possible figure, the value for
benzoic acid being only o'5 units higher. The acid is evidently
weakly dibasic; it titrates extremely badly against phenolphtalein,
the end-point being very indefinite.

12,  r-2-4-Oxysalicylic Acid. A sample from KAHLBAUM
was purified by several recrystallizations from water.

Table XXI. 1-2-4-Oxysalicylic Acid.

v u 100 7t 100 £
64 632 16°6 00518
128 858 22'6 0’0514
250 115°2 303 00515
512 151°6 399 0’0517
1024 1941 511 0’0521
2048 239°9 63°1 0’0528
o’ 3800 —= =

£ = 0'000510.

The dissociation constant of this acid also shows a steady
rise at high dilutions.

13. P-r1-2-g-Bromoxzysalicylic Acid. A brominated derivative
of the above acid was prepared from it by the method of
ZEHENTER,! and purified by recrystallizations from water. The
position of the bromine atom in the benzene nucleus is unknown.

Table XXII. 1-2-4-Bromoxysalicylic Acid.

7 P 100 #2 100 £

512 1930 508 0’1oz
1024 2381 62y 0103
2048 28273 743 0105
4096 319°6 84°1 0'109

2 3800 — L

£ = o'oo102,

! Monatsh., 8, 293, 1887).
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The dibasic characteristic of the acid is again marked by
a rise in the dissociation constant at high dilutions. In this
case an additional proof of the strength of the second acidic
group can be obtained, for the acid, by titration against phe-
nolphthalein, is a dibasic acid. The phenol group is therefore,
in this acid, more strongly acidic than phenolphtalein. By
titration against methyl orange the acid is monobasic.

14. 1-2-5-Oxysalicylic Acid. A sample from KAHLBAUM
was purified by several recrystallizations from water.

Table XXIII 1-2-5.0xysalicylic Acid.

v P 100 7 100 &

64 866 22°8 0’105
128 116°3 306 0’105
256 153.5 40'4 0’107
5I2 196°8 51'8 0'109
1024 242°8 639 0’110
2048 . 2870 755 0'114
o0 3800 — S

/£ = o'oo105.

A steady increase in the value of the dissociation constant
at high dilutions is again evident.

15. PF-1-2-5-Bromoxysalicylic Acid. A brominated derivative
of the above acid was prepared from it by the method of V.
HEMMELMAYR,! and purified by recrystallizations from water.
The position of the bromine atom in the benzene nucleus is
unknown.

Table XXIV. ?1-2-5-Bromoxysalicylic Acid.

v n 100 72 100 £
128 18974 498 0387
256 234'6 61°7 07389
512 2785 733 0°393

! Monatsh., 30, 258, (1909).
Meddel. frin Vet.-Akad:s Nobelinstitut, Bd 2. Noo ;8. 2*
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v i 100 7t 100 £
1024 31574 830 0°396
2048 34275 90'1 0.402
4096 ) 3602 94'8 0'411

@ 3800 i —

k£ = 0'00387.

Here again there is a steady increase in the value of the
dissociation constant at high dilutions. From the above tables
(XVIII—XXIV) it will be evident that the effect of the phenolic
group upon the dissociation constant of salicylic acid and its
derivatives is appreciable in very dilute solutions. The acids
all behave as dibasic acids, in which the degree of secondary
dissociation is extremely small. In one case, however, (the
brominated derivative of 1-2-4-oxysalicylic acid) the second acidic
group is more strongly acid than phenolphthalein.

V. Summary.

From the conductivity results of a series of acids of widely-
divergent strengths, the limits within which OsSTWALD’s dilution
law for weak electrolytes is exactly obeyed have been discussed.
The relative importance of the two disturbing influences — the
total concentration influence and the ionic concentration influence
— upon the dissociation constants has been considered in the
various acids, and the applicability of the general dissociation
formula:

m[(1—m)v="~+c(1—m)/m

has been examined.

The analogy between the results of this investigation and
those obtained by SNETHLAGE and ARRHENIUS in the question
of neutral salt action in catalysis has been pointed out.

An examination of salicylic acid and some of its derivatives
has shown that the effect of the phenolic group upon the dis-
sociation constant is appreciable at high dilutions, and that these
acids are weakly dibasic.
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The above investigation has been completed at the Nobel
Institute of Physical Chemistry, after having been commenced
at the University of Edinburgh and repeated (in part) at the
Technological Institute, St. Petersburg. I have much pleasure
in expressing here to Professor SVANTE ARRHENIUS, to Pro-
fessor JaAMES WALKER, and to Dr. DANIEL GARDNER, of the
above institutions respectively, my sincere thanks for the
facilities afforded me in the execution of the research.

Nobel Institutet, Experimentalfaltet, June 1913.

Tryckt den 11 november 1913,

Uppsala 1913. Almqvist & Wiksells Boktryckeri-A.-B,



[Reprinted from the Journal of the American Chemical Society, %
Vol. XXXVI. No. 6. June, 1914.] B

¥
A

The Extension of the Dilution Law

to Concentrated Solutions

By James Kendall




[Reprinted from the Journal of the American Chemical Society,
Vol. XXXVI. No.6. June, 1914.]

[CONTRIBUTIONS FROM ﬁm DEPARTMENT OF CHEMISTRY OF CoLuMsra UNIVERSITY,
No. 233.]
THE EXTENSION OF THE DILUTION LAW TO CONCENTRATED
SOLUTIONS.

By James KENDALL.
Received January 23, 1914,

The dilution law of Ostwald:
v¥(1—y)v=K; or ¢*c, =K, (1)
(y = fraction ionized, v = dilution, ¢; = ionic concentration, ¢, = con-
centration of un-ionized part, K = dissociation constant), is apparently
securely based upon the principle of mass action, and yet has definite
limits in its exact applicability to aqueous solutions of electrolytes. The
law is found, on examination,! to break down in two directions.

In the frst place, it is followed exactly only if the donic concentration
is small. When a certain limiting ionic concentration (approximately
o.01 N) is exceeded, K begins to increase, and increases steadily with c;.
Divergences from the dilution law in this direction are, therefore, met
with in all strong electrolytes, and also in many of the transition elec-
trolytes? at the higher concentrations. (Anomaly of strong electrolytes.)

In the second place, the law is followed exactly only if the fotal con-
centration of the electrolyte is small. The limit of exact applicability is

1 Wegscheider, Z. physik. Chem., 69, 603 (1900).
2 Kendall, J. Chem. Soc., 101, 1275 (1912).
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TasLE II.—Aceric Acip, 25° (RIVETT AND SIDGWICK).

1/v. Alv. 100 K. 7. 100 K. d. 100 K.
2.9771 1.854 0.00077 1.347 0.00139 1.0235 0.00165
2.0060 1.789 0.00106 1.230 0.00161 1.0162 0.00180 .
1.4886 1.671 0.00125 .1.169 0.00172 1.0122 0.00186
1.3374 1.620 0.00131 1.150 0.00173 1.0109 0.00186
1.0029 1.474 0.00144 1.112 0.00179 1.0084 0.00189
0.8917 1.415 0.00150 1.008 0.00181 1.0074 0.00190
0.6687 1.264 o.00160 1.073 0.00184 1.0036 0.00191
0.3722 0.9722 0.00170 1.041 0.00184, 1.0032 0.00188
0.1861 0.7079 0.00181 1.021 0.00188 1.0017 0.00190
0.0930 0.4986 0.00180 1.010 0.00184 1.0009 (0.00185)
0.0402 0.3372 0.00192 1.004 0.00195 1.0004 (0.00195)

The experimental data in Table II are selected from a series of determina-
tions by Rivett and Sidgwick;! the density and viscosity results in both
tables are also obtained from the same paper, by interpolation from the
figures there given. (A = equivalent conductivity, n = relative vis-

cosity (water unity), d = relative density.) '

It will be seen, from the third column of these tables, that the dissocia-
tion constant roo K is a true constant for solutions less concentrated
than v = 16, but that for higher concentrations the value obtained de-
creases, first slowly and afterwards more rapidly. (In Table II the con-
stancy of the values at high dilutions is rather obscured by the relatively
greater experimental error.)

There is, however, a viscosity correction to be applied to these results.
The exact relation between conductivity and viscosity has been investi-
gated and established by the researches of Green,? Johnston,* Washburn,*
and Noyes and Falk.® The general conclusion drawn is that the simple
- equation, i

An/Aone = constant, (4)
(Ao = equivalent conductivity and 5, = viscosity at zero concentration
‘of solute) is not exactly followed; but rather the equation,
A/Ke = constant (ro/n)", (s)
(n is a constant varying with the electrolyte.) Nevertheless, # is in most
cases so nearly equal to unity, and its exact determination is a matter
of such difficulty, that we may assume, with Noyes, that the safest correc-
tion we can make is by the use of equation (4) above. In any case, the
residual error*will be small, unless very high concentrations (above nor-
mal) are considered. ,
Hence we obtain the corrected values for the dissociation constant by
! Rivett and Sidgwick, J. Chem. Soc., o7, 734 (1910).
2 Green, J. Chem. Soc., 93, 2049 (1908).
3 Johnston, THIS JOURNAL, 31, 1010 (1909).
¢ Washburn, Ibid., 33, 1461 (1911).
i Noyes and Falk, Ibid., 34, 454 (1912).
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employing the expression A7 instead of the experimental value A for the
equivalent conductivity in the above tables. These corrected values
are given under the heading 100 K,. The application of the viscosity cor-
rection has not destroyed the divergences at the highest concentrations,
where a steady decrease in the dissociation constant is still evident.
Further examination into the cause of these divergences is therefore neces-
sary.

In the following section, the dilution law itself is critically examined
and its exact theoretical basis tested. A-modified form of the dilution
law is tentatively proposed, which is subsequently applied to the above
experimental data and found to account for the divergences up to very
high concentrations.

A Modification of the Dilution Law.—The exact significance of the Ost-
wald dilution law will first be studied from the simple kinetic standpoint.

We have, for a uni-univalent electrolyte of the type RX, the dissocia-
tion equation,

RX —_ Rt + X-, (6)
from which, by the application of the law of mass action, the dilution law
is immediately obtained in the form

&2ey) = Kl (7)

The right-hand side of equation (6) presents no difficulty from the
kinetic standpoint.! ‘The concentration of each ion is ¢; and by the im-
pact of two ions of opposite charge the undissociated salt is formed, with
the mutual neutralization of the charges. The mechanism of the equi-
librium reaction on the other side of the equation, however, is by no
means so clear. A definite conception of the nature of the reaction on the
left-hand side of the equation has not yet been obtained, and, in spite of the im-
portance of the question, it does not seem to have attracted any great attention,
or to have been answered in any but the vaguest manner.

The above statement may be further emphasized by an extract from a
recent communication by Walden:* “The greater the dielectric constant
of the interposed solvent, the less is the electrostatic attractive force [be-

! That is, so long as the ionic concentration is small. If ¢; exceed a certain limit,
then the electrostatic forces existing between the charged ions become of importance
in the equilibrium, and we have the “‘anomaly of strong electrolytes.”

? Walden, THIS JOURNAL, 35, 1649 (1913). This communication first reached the
author's notice after the present investigation was practically completed. Walden
has attacked the subject from precisely the opposite direction to that here followed,
namely, by a consideration of the “anomaly of strong electrolytes” from the increase
in the dielectric constant of the solvent due to the dissolved salt. The view is expressed
that “the process of disaggregation of the polymerized salt molecules also causes and
induces the process of ionic cleavage.” The conclusions drawn in the present paper

are 1510t necessarily in opposition to those advanced by Walden, but may rather be
considered as confirming and supplementing them, as will be shown later.
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tween ions of unlike charge], and with the greater difficulty does the re-
combination to electrically neutral molecules take place. Nevertheless,
the neutral molecules will be formed in the solution. Why then do they
again break up into ions? For what reason does the neutral salt molecule
break up imto tons at all, as soon as 1t enters into solution? 'This funda-
mental question has, up to the present, not been answered. Strangely
enough, we do not even make a serious attempt at its solution.”

In the dilution law, as it stands, it is tacitly assumed that the undisso-
ciated molecules RX break up guite spontancously into the separate ions Rt
and X-. The whole equilibrium is taken to be exactly analogous to that
existing in gaseous dissociation, and the analogy is indeed sufficiently
striking. Nevertheless, there are fundamental differences between the
two phenomena of gaseous and ionic dissociation, and one is the influence
of the solvent medium upon the equilibrium in the latter case. The
nature of the solvent plays an important part in determivang the degree of
dissociation of the dissolved electrolyte.

The role of the solvent in the dissociation equilibrium (except from the
point of view of the dielectric constant) has been strangely neglected by
the followers of the dissociation theory of Arrhenius.! The tendency has
been to treat the solvent simply as so much “dead space.” ‘The upholders
of the solvate theory, on the other hand, have referred all dissociation
phenomena to interaction between solvent and solute.

A general, but indefinite, feeling of dissatisfaction with the present
position (as is indicated above by Walden) has certainly existed among
the followers of the dissociation theory, and this feeling has occasionally
found its way into print in well-known text-books, where definitions of
electrolytic dissociation may be found, which undoubtedly do not agree
with the hypothesis of spontaneous dissociation of the undissociated
molectuile tacitly assumed above. For example, Stieglitz* states: '‘ When
an ionogen is dissolved in water, its molecules are immediately, more or
less completely, dissociated by the water into smaller fragments or mole-
cules of unlike composition.” Similarly, Alexander Smith® writes: “The
conducting power of the solution is indissolubly connected with the fact
that the original molecules of the solute have been broken up by the sol-
vent into smaller molecules containing one or more atoms.” Nernst*

! Compare Lowry, Science Progress (1908).

? Stieglitz, ‘“‘Qualitative Chemical Analysis,”” Part I, page 41. The italics are
in the original. See also pages 61—66, where the ionizing power of solvents (as related
to their dielectric behavior, the unsaturated condition of their simple molecules, and
their power of association) is critically examined, and the above idea is repeatedly
expressed. ;

? Alexander Smith, “Introduction to Inorganic Chemistry,” page 317.

4 Nernst, Theoretische Chemie, Sechste Auflage (1909), page 534. See also repeated
statements on pages 378-80.
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states: “ Der Umstand, dass gerade das Wasser die ganz besondere Fahig-
keit besitzt, gelozte Stoffe electrolytisch zu spalten, legt die Vermutung
nahe, dass bei der Ionenspaltung chemische Verbindungen mit dem
Wasser eine Rolle spielen.”” Here there is not only the statement that
the solvent splits up the undissociated molecules into the separate ions,
but the possibility also is noted that, in so doing, the solvent actually
combines with the solute to form hydrates and hydrated ions.! Ostwald?
himself goes so far as to say: “Das Wasser nimmt, in Bezug auf seine
Fihigkeit elektrolytische Losungen zu bilden, oder Stoffe in Ionen zu
spalten, eine ausgezeichnete Stellung ein.” Arrhenius® also speaks of
“‘die Fahigkeit der Losungsmittel, Elektrolyte in Ionen zu zerlegen.”

Now, if the molecules of the undissociated salt in the solution are in-
deed broken up by the molecules of the solvent into the separate ions, then
the concentration of the solvent in the solution should appear in the
equation of equilibrium, and the simple dilution law is not valid. The
equation is modified into the form:

ci/cuts = K, (7)

(¢c; = concentration of solvent in the solution.) At moderately high
dilutions ¢, becomes practically constant, and the equation reduces to
the simple dilution law. At higher concentrations of solute, ¢, begins to
diminish, since molecules of solvent are being replaced in the solution by
molecules of solute.

We may write equation (7) in the form:

C:;/ cu = K,

from which it is at once evident that the equation is gualitatively in ac-
cordance with the fact, shown by the results of experiment, that ey
is not constant at high concentration of solute, but exhibits a decreasing
value. The validity of the equation at high concentrations may be tested
guantitatively with the help of the density data.

This is done for acetic acid in the last columns of Tables I and II above.
The values under 100 K are corrected by means of the ratio:

weight of solvent in oneliter of pure solvent /weight of solvent in oneliter of solution

and the results are given under 100 K», which therefore represents 100 K
in equation (7) above.

1 The subject of the hydration of ions has recently attracted much attention; for
a summary of the bearing of the subject on the present discussion see Wegscheider,
Z. physik. Chem., 69, 605—6 (1909). Ciamician, reviewing the results obtained, makes
the significant statement: “Alles scheint darauf hinzuweisen dass die Annahme, nach
welcher die Dissociation in Lésungen durch das Lésungsmittel vermittelt und bedingt
wird, heute an Berechtigung gewonnen hat und den bekannten Tatsachen am besten
entspricht,” Z. physik. Chem., 69, 100 (1909).

* Ostwald, Lekrbuch der Allgemeinen Chemie, Band 2, Teil 1 (1893), page 705.

3 Arrhenius, Lehrbuch der Elekirochemie (19o01), page 55. Also “Theories of Chem-
istry” (1907), page 83.
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It will be seen that the values for the dissociation constant are now
really comstant, up to concentrations of solute well above normal. (In
very highly concentrated solutions there is still a slight decrease; this is
considered in a later section.) Equation (7) is therefore valid for the
expression of the dissociation constant of acetic acid #n concentrated solu-
tions. In subsequent tables it is shown that it is similarly applicable
to other weak electrolytes. Meanwhile, some theoretical consequences
of the hypothesis put forward above will be considered and its legitimacy-
tested.

In one respect it will, at first sight, appear that the dilution law of
Ostwald claims preference over the modified law advanced above, namely
in its simplicity. In equation (7) a variable factor, ¢;, has been brought
into the equation for the dissociation equilibrium, and this factor varies
with the concentration in the desired direction for improving the con-
stancy of K at high concentrations. Hence it may seem that the intro-
duction of the variable factor ¢, into the equation is simply a mathematical
trick, which improves the agreement with the experimental results only
by destroying the original simplicity of the dilution law. If this were
indeed so, then the generally accepted theoretical basis lying behind the
dilution law of Ostwald (the assumption of spontaneous dissociation of
the undissociated molecule) could not legitimately be called into question
here.

In the following section, however, it will be demonstrated that the
above objection is not valid. The equilibrium of ionic dissociation has,
so far, been considered only from the simple kinetic standpoint. When
an exact thermodynamic examination is made, it is found that the original
simplicity of the dilution law is not sacrificed by the modified view taken
of the nature of the dissociation equilibrium; but that the dilution law has,
on the other hand, actually become less complicated, inasmuch as certain
simplifying assumptions, necessary for the development of the equation
in its original form, may now be dispensed with.

Thermodynamic Investigation of the Dissociation Equilibrium.—The dilu-
tion law is first developed below in its original form and examined from
the thermodynamic view-point. The modified form of the law, as deduced
from the theoretical considerations advanced above, is then similarly de-
rived, and the results compared.

For the Ostwald dilution law, the line of argument followed is substan-
tially that given by Partington! in an investigation on the ionic equi-
librium in solutions of electrolytes.

“The thermodynamic investigations lead to the equilibrium isotherm:?

! Partington, J. Chem. Soc., 97, 1159 (1910).
? It has been pointed out to the author by D. A. MacInnes that this is not a purely
thermodynamic equation. From the laws of thermodynamics alone we arrive at ‘the
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n'ldogc’ +n” log e n'log " 4.0 e = log K,
where K is a function of the temperature and total pressure for given com-
ponents, but is constant at constant temperature and pressure. K is inde-
pendent of the molecular concentration (¢) and numbers of molecular
weights (n) of the components. Thus:

rer

(e i i e e R USRS =K (A)
For the ionization of a binary electrolyte:
RX — R+ 4 X~
(u) (c) (e
Gulti= K (B)
If n,, n; n; are the corresponding numbers of molecular weights of the
components,
: Cu = ﬂu/(ﬂu + 2n; 4 n);
c; = ﬂc’/(ﬂu hranich ns);
where #, refers to the solvent.
Substituting in (B), we obtain:
Mu(n, + 2n; + n,)/n; = constant (C)
‘This reduces, when n, and n; are small compared with n;, to the form:
NyMg/n;® = constant
Let v be the volume of solution containing one molecular weight of
total salt, then (again only if n, and n; are small compared with n,), we have,
ns = kv(n, + ny),
where k is a constant of proportionality.
Thus finally,
Hu(my + n)v/n; = constant. (D)
This equation is as far as thermodynamic theory will proceed; to bring
" the result into a region accessible to experimental test, a further assump-
tion is necessary. The determination of #;, the ionic concentration, is
made possible if we accept Arrhenius’ fundamental theorem that the
- ratio of the number of “active” (or ionized) molecules of the electrolyte
to the total number, active and inactive, present in a given portion of
solution is equal to the ratio of the molecular electrical conductivity of
the solution to the limiting value of this when the dilution is very great:
wi/(ny + m) = AJAo = v (E)
Substituting in (D) the value of #;/(n, + #;) from (E), we obtain:
A%*/Ac(Ag — A)y = constant = K (F)
This is Ostwald’s Dilution Law.
equation: #n'v'dw’ + n"v"dx? + n''vdnt’t 4 ... ... = 0. (Compare Washburn,
TH1s JOURNAL, 32, 484 (1910).) 'The equation given above is obtained by the integra-

tion of this and with the use of the further assumption that the relation ¢ = kx holds.
{x = osmotic pressure, ¢ = molecular concentration, k& = constant.)
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The thermodynamic derivation shows that the formula can, in any case,
represent the course of tonization only in solutions of such dilution that the
regions of solvent influenced by each molecule of solute are independent.

From the above argument it will be evident that the apparent simplicity
of the Ostwald dilution law is obtained only at the sacrifice of its appli-
cability to concentrated solutions. The changes necessary in the above
thermodynamic derivation of the equation for the dissociation equilibrium,
under the modified theoretical basis advanced above, may now be inves-
tigated.

The equation representing the process of ionization becomes:

RX + (H,0) — Rt + X-,
corresponding with the view, expressed above, that the dissociation of
the undissociated molecule RX into its component ions R* and X~ is
brought about by impact with molecules of the solvent.

It may appear at this point that the above equation is incorrectly
stated, inasmuch as it does not balance. As a matter of fact, the corre-
sponding equation for the original dilution law also does not balance,
since the ionic charges appear only on one side. It will be shown, in a
subsequent section, that the solvent is not to be considered as acting
chemically in the ionization equation written above. The process of
dissociation is regarded as entirely physical in its nature, the action of
the solvent molecules being ascribed to their unsaturated character, 1. e.,
to the free valences or “neutrons’ attached to them. Thus the above
equation is more correctly to be written:

RX + @ © = Rt 4+ X,
where () ©) represents a neutron. This equation balances exactly. Since,
however, the ionic charges are supplied directly by the molecules of the
solvent, the concentration of the latter is the factor that must appear in
the equation. ‘The matter is discussed more fully later, in connection
with the results of Walden.

From the above equation we obtain:

CuCsfc; = K (B")

For ¢; we have the relation:

Cs = ns/(”a + 2n; + ”s):
¢, and ¢; being transformed as before. We now obtain, in the next step,
the equation:
Nas/1; = constant, (C"
which is valid exactly at all concentrations.

Let us now define v’ as the number of unit weighis of solvent employed
to dissolve one equivalent weight of total salt. ‘The change is thus made
from volume concentration of the solute (equivalent weights per fixed

~
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volume of solution) to weight or molecular concentration -(equivalent
weights per fixed weight of solvent). Then we have:

ng = k'v'(n, + n),
where k' is a constant of proportionality.! This equation is also exactly
true for all concentrations.

We now obtain:

ny(ny, + n)v'/n; = constant, (D)
. and finally, employing equation (E) as before, we have the modified dilu-
tion law,

A%/Ao (Ao — A).2" = constant = K, (F)
both of which equations are valid not only for small concentrations of
solute, but for all concentrations.

Equation (F')—which is, of course, identical with the previous equation
(7) above— therefore has, when compared with the dilution law in its
original form, the two advantages of simplicity and of agreement with
the experimental daia at high concentrations. Several points in the above
thermodynamic investigation, however, require more extended consid-
eration; these are taken up in order below.

We have, first of all, the fact that it appears, on a first inspection of
equation (F') above, that there are two units of concentration simul-
taneously employed, namely in the expression of A (the equivalent con-
ductivity, 7. e., the specific conductivity divided by the volume concenira-
tion of the solute) and of v (the reciprocal of the weight or molecular con-
centration of the solute). However, the equation can be expressed, in
terms of weight concentration only, without change of form, since A has
the same value for either unit of concentration.

This becomes evident from an examination of the experimental method
followed in the determination of equivalent conductivity. The quantity
directly measured in experimental work is the specific electrical resist-
ance of the solution. The specific conductivity, «, is the reciprocal of
this, and is proportional to the number of dissociated molecules in unit
volume of the solution.® 'The equivalent conductivity A is equal to «v,
where v represents the dilution in volume units,

If now, we change from volume concentration units to weight concen-
tration units, thereby altering the dilution v to 2/, we must also modify
our definition of specific conductivity, and this will now be proportional
to the number of dissociated molecules in unit weight of the solvent. Con-
sequently, if the specific conductivity under weight concentration units
is «’, we have the relation:

1 k' represents the number of equivalent weights of the solvent contained in the
fixed weight of solvent chosen as unit. The equation consequently represents both
molecular and weight ratios between solute and solvent.

2 Kohlrausch and Holborn, 'Leitvermdgen der Elektrolyte” (1898), pages 102—3.
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fi

= k.(v/2").

Hence the equivalent conductivity under weight units, «’2’, is equal to
kv. ‘The equivalent conductivity A therefore has the same value, ex-
pressed in either unit of concentration. s

A second point for examination is how far we are justified in c0n51der1ng
the fundamental assumption of Arrhenius:

A/As = 7, the degree of dissociation,
as being applicable to concentrated solutions.

It is a much-debated question' whether this assumption is exactly true
even at very high dilutions. In any case, it can be directly valid only
if the ionic mobilities are not functions of the concentration. Now at
high concentrations the ionic mobilities certainly are variable, since they
are affected by the increased viscosity of the medium, and any correc-
tion (as for acetic acid in Tables I and II) can be only approximate. At
high dilutions, however, the viscosity factor (that is, the change in the
nature of the medium) may be neglected. Variation in ionic mobility
at high dilutions, therefore, can occur only if mobility is a function of
1onic concentraiion. ‘T'hat this is indeed the case was a view first advanced
by Jahn,” in order to account for the ‘““anomaly of strong electrolytes.”
Arrhenius,® however, showed that neither Jahn’s theoretical work nor his
experimental data were sufficiently reliable to warrant the conclusions
drawn. The case of the hydrogen ion has been most frequently investi-
gated, and here the majority of results* certainly point to the fact that
the mobility is constant in dilute solutions.

The hypothesis of Jahn has recently been brought into prominence
again by the work of Lewis.® The opposite view—that the ionic mo-
bility is constant, and that the abnormality of strong electrolytes must
be attributed to the change in the dissociating power of the solvent, due
to the addition of solute—first advanced by Arrhenius,® has also been
supported by the extended researches of Walden.”

Here a choice must be made between the two views, and since the as-
sumption of varying ionic mobility in dilute solution must be regarded
as not yet confirmed,® the simple hypothesis of Arrhenius and Walden

! For a review of the subject and a list of references see Wegscheider (Z. physik.
Chem., 69, 603 (1909)) and Partington (J. Chem. Soc., 97, 1162 (1910)).

* Jahn, Z. physik. Chem., 33, 545 (1900); 35, 8 (1900).

3 Arrhenius, Thid., 36, 28 (1901).

4 For references see Kendall, J. Chem. Soc., 101, 1275 (1912).

® Lewis, THI1S JOURNAL, 34, 1631 (1912).

6 Arrhenius, Z. physik. Chem., 31, 197 (1899). See also Franklin and Kraus,
TH1S JOURNAL, 27, 216 (1905); Lewis and Wheeler, Z. physik. Chem., 56, 179 (1906).

7 Walden, THiS JOURNAL, 35, 1649 (1913).

8 Wegscheider, Z. physik. Chem., 69, 60s (190g). -

~



EXTENSION OF DILUTION LAW TO CONCENTRATED SOLUTIONS. 1081

will be followed in the present paper. It will be assumed that ionic
mobility is not a function of ionic concentration.

When we consider higher concentrations, the mobilities of the ions un-
doubtedly vary. Also the different ions of an electrolyte are not equally
affected by the change in the nature of the medium, since the transport
numbers may vary appreciably with the concentration.! ‘T'his variation
is clearly connected with the phenomena of ionic hydration, and is im-
portant only in the case of electrolytes containing highly hydrated ions,

~where the variation in the degree of ionic hydration with the concentra-

tion will be greatest. For more normal electrolytes the change in the
transport numbers of the ions, for solutions of less than normal ccmentra—
tion, may be regarded as of secondary importance.?

From the point of view taken above—that the ionic mobility is, in nor-
mal cases,® not a function of the ionic concentration—it follows that the
degree of accuracy obtained in the determination of v, as calculated from
the experimental value for A, will be dependent primarily only upon the
accuracy of the viscosity correction applied. 'This correction has already
been discussed in an earlier section. ;

The fundamental assumption of Arrhenius, even if it does not lead us
directly to conclusive results, yet enables us to attack problems which we
should otherwise have to leave untouched. It has consequently been in
general use in the investigation of concentrated solutions as our only
means, until considerable advances have been made, of interpreting and
using experimental results.*

The Change from Volume to Weight Unils of Concentration.—From a
purely thermodynamic and theoretical view point, there is no question
as to the desirability of the change from volume to weight concentration
units,® here as in other branches of physical chemistry. From the experi-
mental side the use of the volume unit undoubtedly offers many advan-
tages in simplicity and convenience of procedure, and these suffice to ac-
count for its general adoption for the expression of experimental data.
However, since A has the same value expressed in either unit, the change

1 Kohlrausch and Holborn, “Leitvermégen der Elektrolyte” (i1898), page 2o01.
In the case of two only of the simple uni-univalent electrolytes given is the variation
in the transport number of the anion, between zero and half-normal concentration,
greater than o.o1. These two electrolytes are the chlorides of lithium and sodium,
the component ions of which are known to be highly hydrated.

2 The accurate determination of transport numbers is extremely difficult, and in
most cases a large variation in the transport number represents a relatively small change
in the calculated value of .

34, ¢., where the variation in the degree'of ionic hydration with concentration
exercises no disturbing influence.

4 Compare Lewis, Z. physik. Chem., 70, 217-8 (1910).

5 Planck, Wied. Ann., 32, 48¢ (1887); Washburn, THis JOURNAL, 32, 668 (1910).
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of units here involves no experimental difficulties to counterbalance its
advantage for the expression and derivation of theoretical relations.

In several branches of physical chemistry, closely related to equivalent
conductivity, the change to weight units has already furnished important
results. A prominent example is afforded by the work of Morse and
Frazer! on the osmotic pressures of solutions of sucrose. Results of ex-
periments on the lowering of the freezing point, the raising of the boiling
point, and the lowering of the vapor pressure of the solvent by dissolved
salts have always been expressed in weight units of concentration.®? In
the application of the solubility-product principle, the concentrations of
the dissolved electrolyes must be reduced to weight units to obtain com-
parable results.® Similarly, the viscosity of binary mixtures* (including
solutions) has been shown to be a function of the molecular and not of
the volume concentration of the two components. This is important in
view of the close relation existing between viscosity and equivalent con-
ductivity.

Experimental Data.—In the preceding section the modified form of the
dilution law has been shown to be fundamentally more simple than the
original dilution law, and to cover a more extended range, since it is ex-
actly applicable to concentrated solutions. Hence it is, at this point,
legitimate to emphasize the theoretical basis assumed above, namely,
that the dissociation of the undissociated molecule in the solution is brought
about, not spontaneously, but by the action of the solvent.

It is not asserted here that the above theoretical basis is definitely
established by the results obtained. Several factors have been left out
. of consideration, which become of importance in concentrated solutions,
as is discussed later; also the amount of exact experimental data that can
be brought forward is, at present, extremely meagre.®

! Morse and Frazer, Am. Chem. J., 34, 1 (1905); see also Bancroft, J. Phys. Chem.,
10, 319 (1906), and Morse, Frazer and Dunbar, Am. Chem. J., 38, 212—26 (1907).

2 For example, in the freezing point data, collected by Noyes, THIS JOURNAL, 32,
1026 (1910). In comparing the results obtained with those derived from conductivity
experiments, however, Noyes has transferred these figures to volume concentrations
without correction (THis JOURNAL, 34, 485 (1912)). Washburn and MaclInnes, in a
similar comparison of the freezing point and conductivity data for solutions of caesium
nitrate, have, on the other hand, expressed all quantities in molecular concentrations,
THIS JOURNAL, 33, 1711 (1911).

¢ Kendall, Proc. Roy. Soc., (4) 85, 200 (1911).

4 Kendall, Meddel. fran K. Vet. Akads. Nobelinstitut, Band 2, No. 25 (1912).

5 Only very weak acids and bases are of use for examination here, since even in
acids a little stronger than acetic acid we shall have, in concentrated solutions, the
“anomaly of strong electrolytes’” beginning to appear. The substances examined
must also be very soluble in water to give sufficiently concentrated solutions. These
conditions cut out the majority of the ordinary organic acids, and only in a few of
those remaining are all the necessary data available.
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An extensive list of weak electrolytes has been tabulated by Wegscheider,*
and the concentration fixed in each case at which divergence from the dilu-
tion law begin to become appreciable. For all these electrolytes, it may
be asserted that the modified dilution law will give gqualitatively better
agreement with the experimental data at high concentrations, but the
absence of reliable density and viscosity results precludes, at present,
the possibility of establishing quantitatively exact agreement.

Experiments are already in progress to supplement the few instances
-given below.

For the series of normal fatty acids, the following results are available.
The conductivity data are selected from the determination of White and
Jones;? the results for viscosity and density are taken from the work of
Reyher.? The various columns have the same significance as in Table I.

TaBLE III.—Farry Acips, 25° (WHITE AND JONES).

Acid. v A. 7. d. 100 K. 100 Ks.

Noetie: s 5 s 2z 2.089 1.060 1.0042 0.00169 0.00104
8 4.342 1.017 1.00I13 0©0.00183 0.0019I

32 8.699 1.004 1.0003 ©0.00186 0.00188

B ODIORNICE i s Svrasvats s 2 1.700 1.099 1.0035 0.00I16 0.00145
8 3.704 1.026 1.00IT ©.00138 o©.00147

32 7.436 1.007 1.0003 O©0.00I41 ©0.00I43

H=BUEYTIC v v s s 2 I.730 1.I32 1.0022 0.00I20 ©.00161
8 3.801 1.031 1.0006 0.00153 ©0.001064

32 7.902 1.008 1.0002 ©0.00159 ©0.00162

E50-BUEY G s b s M RS B R d i |

.129 1.0016 0.00108 0©0.00152
8§ 3.821 1.032 1.0004 ©0.00147 ©0.00158
32 702X 1.008 1.0001 0.00148 0.00150

Considering the accuracy of the data employed, the degree of con-
cordance in the values shown under 100 K, in the above table is satisfac-
tory throughout. Hence the modified dilution law may be held to apply,
for the above acids, up to solutions of at least half-normal concentration.

In Table IV the figures for a typical weak base—ammonia— are given.

TaABLE IV.—AMMONIA, 25° (OSTWALD).

v A. 7. d. 100 K. 100 K.
2 1.560 1.012 0.995 0.00193 0.00203
4 2.24 1.006 0.997 0.00199 0.00204
8 3.21 1.003 0.998 0.00205 0.00208
16 4.55 1.001 0.999 0.00207 0.00208
© (z52) b gt b At B A E R P e

! Wegscheider, Z. physik. Chem., 69, 611~13 (1909).

? White and Jones, Am. Chem. J., 44, 159 (1910).

3 Reyher, Z. physik. Chem., 2, 749 (1888). The viscosity results are liable to
(relatively) considerable error, as will be evident by inspection of the original.
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The conductivity results are those of Ostwald,! the viscosity and density
data are interpolated from the figures given in Landolt-Bornstein.

The agreement of the values given under roo K is again satisfactory,
in view of the nature of the experimental data. For example, an error of
o.01 in the value of A, at the first concentration given, corresponds to a
difference of 3 units in 100 K.

‘The above tables may be amplified by extending the modified form of
the dilution law to the author's equation for transition electrolytes,
shown in equation (3), (which also fails in concentrated solutions) and
testing its applicability there also. Equation (3) is modified to the form:

et =K Hte(v—=4) /. (9)
The results¢for a typical transition electrolyte—dichloroacetic acid— are
given in Table V. The viscosity and density figures are taken from the
determinations of Kanitz.?

TABLE V.—DICHLOROACETIC AcCID, 25° (KENDALL).
100§ K+c(1—v)/v} 100 K +e:(1—v)/v) |

. A, LB d. Expt. Calc. Expt. Cale.
2 114.9 1.1318 1.0263 6.33 7.68 8.02 8.93
4 1507 1.0640 1.0139 6.38 6.70 7-57 7.52
8 190.2 1.0287 1.0067 6.00 6.08 6.60 6.62
16 231.6 1.0143 1.0033 5.64 5.65 5.096 6.00
32 2731 1.0071I 1.0016 5.38 5.34 5.57 5.55
64 309.7 1.0035 1.0008 5 5.14 503 5.26
128 338.7 1.0018 1.0004 4.96 5.02 5.04 5.00
256 359.2 1.0009 1.0002 4.94 4.94 5.02 4.99
=0 385.6 i 4.85 = 4.85

K = 0.0485, ¢ = 0.0120, ¢: = 0.0173.

The agreement of equation (3) in its original form with the experimental
results is shown by the figures under mo{K + c.(1 —5)/v} in Table V,
the agreement of the equation in its modified form (9) is given by the
figures under 100{K + ca(x — 7)/y } " It will be seen that the equation
holds exactly, in its original form, only for dilute solutions; while the
modified form gives agreement throughout the entire series.

Additional experimental results will be given in a future communica-
tion, where the application of the above changes to solutions of strong
electrolytes will also be considered. In conclusion here, the limits of the
applicability of the mddified dilution law proposed are briefly examined,
and the results obtained in this paper compared with those of Walden.

Limits of Applicability of the Modified Dilution Law.—It has been
shown that the dilution law, in its modified form, is exactly applicable up

! As transposed to the modern units in Kohlrausch and Holborn, “Leitvermogen
der Elektrolyte” (1898), page 167.
! XKanitz, Z. physik. Chem., 22, 336 (1897).
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to concentrations of at least half-normal for typical weak electrolytes. In
the case of acetic acid, the values obtained for K with the aid of the modi-
fied law are constant up to concentrations well above normal, then follows
a decrease when still higher concentrations are considered.

It will be evident, on examination, that the modified law must break
down at these very high concentrations of solute, since many complica-
ting factors arise which have not been taken into account. The chief of
these are enumerated below.

In the first place, the viscosity correction to A becomes larger, and the
probable error of its application greater, with increase of concentration.
Also the likelihood that the fundamental assumption of Arrhenius, dis-
cussed previously, will be true even if an exact viscosity correction could
be applied, decreases as the concentration of solute is increased.

At high comcentrations, further, the hydration of the solute—both in
its undissociated and in its dissociated state—complicates the equilibrium
in the solution. The undissociated solute, if hydrated, will withdraw a
considerable quantity of solvent from the equilibrium, and the concentra-
tion of “free” solvent in the solution will be greatly reduced. If the ions
are hydrated, their mobilities may vary considerably in concentrated
solutions, owing to the variations in the degree of hydratiou with the con-
- centration of the solvent.

More important still, the change in the naiure of the solvent at high
concentrations of solute will be considerable. A highly associated sol-
vent, such as water, will tend to dissociate more and more into simpler
molecules as its concentration in the solution decreases.! Also the change
in the dielectric constant of the medium, for high concentrations of solute,
is of importance.

Finally the variation in the heat of dilution.with the concentration
(which affects the constancy of K) has not been taken into consideration,

The modified form of the dilution law, as expressed in the simple equa-
tions (7) and (F’), cannot be expected to hold in general, therefore, for
highly concentrated solutions. Only up to (approximately) normal con-
centration of solute is it exactly valid. Even so, this represents a con-

! The ionizing power of a solvent is intimately connected with its power of associa-
tion into large molecules. The best ionizing solvents are unsaturated, e. g., water
contains an unsaturated oxygen atom with two [ree valencies, and the simple molecule
may be written H.O+. Hence, by the loss of two free valences (the positive charge
on one oxygen atom being neutralized by the negative charge on another) two simple
molecules can combine to form a complex molecule, +OH, H.O—. Such association
can evidently continue further, each step being accompanied by the loss of two free
valences. “‘One can readily see that such molecules would be electrically polarized,
and their charges might easily have the power to cause electrolytic dissociation or
ionization.”’ Stieglitz, ‘‘Qualitative Chemical Analysis’ (1912), Part 1, page 65.
Compare also Arrhenius, ‘‘Theories of Chemistry” (1907), page 83.
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siderable advance upon the previous limit of v = 32 (approximately)
for the dilution law in its original form.

Comparison with the Results of Walden.—TIt is of interest at this point to
compare the conclusions of the present investigation with those drawn by
Walden from the study of the dielectric constants of dissolved salts, and
to examine how far the results may be combined.

The hypothesis advanced here as an explanation of the immediate
cause of the dissociation of the undissociated molecule in the solution
of an electrolyte is that the simple undissociated molecules are broken
up into their component ions by impact with the molecules of the solvent.

Walden,! on the other hand, concludes that “the process of disaggre-
gation of the polymerized salt molecules also causes, and induces, the process
of ionic cleavage.” The following processes are assumed.?

(MeX), — (MeX),_; + MeX + & @ . (I) Depolymerization.
MeX + PO —> Me @ + X O . (II) Ionization.

(MeX), is the polymerized salt, x the extent of association, MeX the
simple salt molecule. () and () represent a positive and a negative
electron, respectively, () (2 a neutral electron (neutron),® Me &
a cation, X ©) an anion.

Now the depolymerization of the solid salt (MeX),, which takes place
in its solution, must be regarded as due to the bombardment of the com-
plex and unstable molecules of the salt by the molecules of the solvent.
The reaction is specific in each case, and the natures of both solute and
solvent are factors in the degree of depolymerization. That this is so is
shown by the two facts that different substances are depolymerized to
different degrees in the same solvent, and that the same substance is
depolymerized to different degrees in different solvents.

In this depolymerization of the solute, neutrons are formed in the solu-
tion, as is indicated by the first equation of Walden above. These neu-
trons will attach themselves to molecules of the solvent,* and the dielec-
tric constant of the medium will be changed.

The process can be studied from another point of view with similar re-

! Walden, TH1S JOURNAL, 35, 1661 (1913).

2 The depolymerization process (Equation I) consists, of course, of successive
stages from (MeX)x to MeX, of which one only is given above.

3 Walden’s conception of “‘neutral electrons” is retained in the discussion merely
for convenience in the comparison of results. It will become evident below that

the argument could be more logically expressed in terms of free valences, without the
use of the indefinite expression “neutron.”

4 This statement is, of course, an assumption, since the neutrons might attach
themselves directly to the simple undissociated molecule MeX. (Compare A. A.
Noyes, Carnegie Institute Publication, No. 63, 351 (1907).) The change in the degree
of association of the solvent with the concentration of solute necessitates, however,
at least some transfer of neutrons to the solvent.
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<ults. After the addition of the salt, the concentration of the solvent in
the solution will have been diminished, hence its degree of association
will also have diminished. That is, some complex molecules of the sol-
vent will have broken down into simpler molecules, and this process is
essentially the taking-up of newirons.! For example, in water,

(H0)F = (H:0)F | + (H:0)%. (10)
We may therefore rewrite the first equation of Walden in the form:
(MeX), + (H:0)F = (MeX),_; + MeX + (H:0)T | + (H.0)*.

It is evident from this equation that the process of depolymerflzation s
common to both solvent and solute,* and is accompanied by an increase in
the number of neutrons in the solution and by a change in the dielectric
constant. The change in the dielectric constant will be greater, the more
neutrons the solvent has taken up, that is, the greater the degree of de-
polymerization.? This is in accordance with the results of Walden, and is
of importance in the consideration of the “anomaly of strong electrolytes.”

It is now evident that the second equation of Walden, for the expression
-of the ionization equilibrium, can be at once made identical with the equa-
tion given on page 1078 of the present paper by transformation as below:

MeX + [H.OF T Me® +X O,

the solvent acting simply as the carrier of the ‘‘neutron.” Hence also the
equation ‘

Cu-cs/c:' =K (7)
for the dissociation process can hold only so long as the concentration of
neutrons in the solution is proportional to the concentration of the sol-
vent. At high concentrations this can no longer be assumed to be the
case, and the modified dilution law consequently cannot apply exactly,
as has already been pointed out in the previous section.

We have now a simple means of expressing the mechanism of electro-
lytic dissociation. By impact of an undissociated molecule of the solute,
MeX, with a molecule of the solvent, a neutron is transferred from the
latter to the former, and the undissociated salt breaks up into its separate
ions Me ® and X © . Similarly, by impact between ions of unlike

! See note on page 1085. A neutron is equivalent to two free valences, and is used
in this sense throughout the present discussion.

? Hence, also, non-associated solvents do not depolymerize dissolved salts. Con-
sequently salts are highly ionized only by associated liquids; for example, hydrochloric
acid, which is almost entirely dissociated in water, gives practically a non-conducting
solution in benzene (Kablukofi, Z. physik. Chem., 4, 430 (1889)).

3 Tt is possible that the dielectric constant is directly a function of the concentration
of neutrons on the solution. This will account for the low dielectric constants of non-

associated liquids, and for the great increase in the dielectric constant of a feebly ionizing
solvent on the addition of an electrolyte.
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charge, Me (® and X & , a molecule of the undissociated salt MeX is,
formed, with the liberation of a neutron, which attaches itself to a mole-
cule of the solvent. The solvent molecules thus lose and gain neutrons
alternately, as expressed by equation (10). The above view is evidently
consistent with the fact that ionizing solvents possess the two characteris-
tic properties of unsaturation (presence of neutrons) and association.

By comparison of the results of Walden with those of the present paper
and by combination of the conclusions drawn we are able to obtain, there-
fore, a simple view of the whole mechanism of the dissociation equilibrium.
in the solution of an electrolyte.

Summary.

A modified form of the dilution law has been proposed, which is found
to be in accordance with the data of experiment throughout a region in
which the dilution law, in its original form, fails to apply, namely in con-
centrated solutions of weak electrolytes.

The theoretical basis underlying this modification of the dilution law
is that the dissociation of the undissociated molecule RX in the solution
of a binary electrolyte, into its component ions Rt and X-, takes place
not spontaneously but by impact with the molecules of the solvent.

With the use of this hypothesis the dilution law, as derived thermo-
dynamically, is found to be fundamentally simpler in form than previously,.
since it is applicable exactly not only to dilute but also to concentrated:
solutions without any simplifying assumptions.

The advantage of a change from volume units of concentration to weight
or molecular units, for the expression of equivalent conductivities and the
calculation of dissociation constants, has been pointed out.

The conclusions of the present investigation have been compared and
combined with those of Walden, with the result that a simple view of the
mechanism of the ionization equilibrium is obtained. It is shown that
the dissociating power of the solvent molecules is to be ascribed to their
unsaturated character, 7. e., to the presence of free valences.

Additional experimental results will be given, and the case of strong
electrolytes examined, in a future communication."

The above investigation was commenced at the Nobel Institute of
Physical Chemistry, Experimentalfiltet, Sweden. It is a pleasant duty
to me to express here my gratitude to Professor Svante Arrhenius for his
hospitality, and for his helpful criticism of the initial stages of the re-

" search.

NicaoLs LABORATORIES OF INORGANIC CHEMISTRY,
Conumeia University, NEw York CIty.
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The Solubility of Caleium Carbonate in Water. By JAMES
Kexparn, M. A., B.Se., Vans Dunlop Scholar in Chemistry,
University of Edinburgh*®.

YHE determination of the solubility of calcium carbonate

in water is evidently, apart from its purely chemical
interest, a very important problem, owing to the application
of the values obtained to the results of water analysis, and
to their bearing upon the study of geological formations.

Although much work has been done upon the subject, no

satisfactory measurements have been made. The main dif-

ficulty in the determination of exact results lies in the fact
that, in consequence of the extremely small degree of solu-
bility, it has been necessary to adopt indirect methods for
its estimation. Thus Kohlrausch and Rose (Zeit. phys. Chem.
xii. p. 234 (1893)) included calcium carbonate in their
investigations on the solubility of difficultly-soluble substances
in water by means of the electrical conductivities of the
saturated solutions. Caleite, arragonite, and the amorphous
form of the carbonate were examined at temperatures ranging
from 2° C. to 34° C., and provisional figures for the solu-
bilities and temperature coeflicients were given. The method
and its application were further elaborated in a second paper

published ten years later (Zeit. phys. Chem. xliv. p. 197

(1903)); but in the final paper (Zeit. phys. Chem. Ixiv. p. 129

{(1908)), giving the calculation of the actual solubilities of

the substances examined from the observed conductivities,

the figures for all carbonates were omitted. This was because
the errors introduced by the correction necessary for the
conductivity of the water itself may be greatly augmented
owing to our lack of knowledge of the influence of the

CO;" ion. Any values obtained could therefore only be

regarded as rough approximations. The provisional figures

of the first paper were consequently retained.

Holleman also, simultaneously with Kohlrausch and Rose
(Zeit. phys. Chem. xii. p. 125 (1893)), applied conductivity
measurements to the determination of the solubility of calcium
carbonate, and obtained similar results.

Foote (Zeit. phys. Chem. xxxiii. p. 740 (1900)), using
other indirect methods to determine the ratio of the solu-
bilities of the two erystalline forms, confirmed the provisional
figures of Kohlrausch in this respect, but made no actual
solubility measurements.

In water analysis, the determination of the amount of
calcium bicarbonate present in a given sample (i.e., the

* Communicated by Prof. J. Walker, F.R.S



T'he Solubility of Caleiwm Carbonate i Water. 959

degree of the temporary hardness) is a matter of gl_‘eut im-
portance. 1f the sample is boiled for some time the dissolved
carbon dioxide is expelled, and the greater part of the
temporary hardness 1s destroyed by precipitation of the
caleinm carbonate, but some will still remain in solution.
The amount of this must be known before the values of the
temporary and permanent hardness of the water can be
calculated; it has been roughly estimated at *02 gr. per litre.
Measurements of the solubility of calcium carbonate at other
temperatures and under ordinary conditions are altogether
lacking.

At the suggestion of Professor Walker, I have attempted
the direct estimation of the solubility of calcium carbonate
in water. Ixperiments have been made, at temperatures
between 25° (. and the boiling-point, upon all three varieties
of the substance—calcite, arragonite, and the amorphous
form ; also upon solutions of the bicarbonate, in equilibrium
with air free from carbon dioxide and with atmospheric air.

The method of procedure was, briefly, as follows:—a
large volume—2 to 3 litres—of the saturated solution was
prepared in a large silica flask, and filtered off into a second
silica flask containing a small excess of acid; the liquid was
evaporated to small bulk—350 to 100 c.c.—and titrated
against a known solution of baryta.

It is the use of silica vessels that renders this direct deter-
mination possible; with glass or porcelain vessels the solution
would dissolve out alkali, during concentration, sufficient to
vitiate the results entirely. The silica flasks used were of
three to four litres capacity; their resistance to neutral, acid,
and alkaline solutions of the concentrations existing in the
subsequent experiments was first tested as below.

Neutral  Solution—Water of specific conductivity
1-25x107° can be obtained by one distillation from tap-
water by the addition of 10 e.c. Nessler’s solution to two
litres of water. Jena glass vessels and a tube of pure tin,
fitted with a condenser, are employed ; the distillation is
carried out in the open air,and the first third ot the distillate
rejected.  On redistillation of this water from one silica
vessel to another, by means of a silica hood carefully ground
on the neck of the first vessel, water of a specific con-
ductivity -85 X 107° was obtained. If half of this distillate be
boiled away, the residue possesses a specific conductivity of
70 107°, which is the conductivity value for the purest
water that can be obtained in contact with air. This shows

conclusively that pure water dissolves no conducting material
from a silica vessel.
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Aeid Solution.—10 c.c. of decinormal sulphuric acid were
added to about two litres of water in one of the vessels, and
the solution evaporated down to 50 c.c. On titration against
baryta, with phenolphthalein as indicator, the existence of
the original amount of acid in the solution (within limits of
experimental error) was established.

Alkaline Solution.—Two litres of calcium hydroxide solu-
tion of concentration *001 N were boiled in the silica vessel
for some time, and then, after a known excess of sulphuric
acid had been added, evaporated to small bulk. On titration
against baryta, with phenolphthalein as indicator, the required
excess of acid was found to exist in the solution.

The silica flasks are therefore not attacked, to any appre-
ciable extent, by solutions of the above concentrations, and
these were never exceeded in subsequent experiments,

The sulphuric acid used throughout was of approximately
decinormal concentration, the baryta solution of approxi-
mately centinormal. Phenolphthalein was employed as
indicator. All water used was freshly distilled, and collected
directly into one of the silica flasks.

Mineral Caleite and Arragonite.

The caleite used consisted of large, transparent erystals
of iceland-spar (density 2:72); the arragonite was a fine
museum specimen (density 2-90), which showed no traces
of strontium when tested by the spectroscope. Both minerals
were finely powdered in an agate mortar. Successive ex-
periments with the same sample of solid led to constant
solubility results—a most rigorous test of purity. Experi-
ments were carried out at three temperatures : 25°C., 50° C,,
and 100° C.

For the determinations at 100° C. a small quantity of the
powdered substance was added to water at the boiling-point,
and after the boiling had been continued for periods varying
from 40 to 200 minutes, the solution was filtered off from
the remaining solid. For those at 50° (). and 25° C. the
silica vessel was immersed in a thermostat at the particular
temperature, and fitted with a rubber cork, through which
passed two silica tubes, one short and the other reaching to
the bottom of the flask. The solution could thus be kept
agitated by a current of pure air drawn through the apparatus;
the air being led, from outside the building, through a long
tube packed with cotton-wool, a wash-bottle containing
Nessler’s solution, two soda-lime towers, and finally a wash-
bottle containing pure water, before entering the solntion.
Equilibrium was established much more slowly at these
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lower temperatures ; the solutions were tested at different
periods until a steady solubility value was reached.

The manner of filtration at the boiling-point occasioned a
great deal of difficulty. Simple filtration through a double-
walled porcelain funnel, fitted with a hardened fluted filter-
paper, and heated without by a water-jacket, was first
attempted ; but no satisfactory vesults could be obtained.
Although the filtration was carried aut as rapidly as possible,
the amount of evaporation from the filtrate was necessarily
considerable, and farther, the solution exerted an appreciable
solvent action on the funnel itself, as was found by testing
with solutions of prior known concentration, At t{le lower
temperature also, open filtration could not be employed, since
the short exposure of the solution during filtration to the
carbon dioxide of the atmosphere led to a remarkable increase
in the solubility value obtained,

The method of upright filtration was therefore adopted.
The solution was drawn by suction from the first to the
second silica vessel through a tube of pure tin, in the shape
of an inverted U, one arm of which was longer than the
other. The longer arm dipped into the solution, and was
closed at the end by means of a double layer of hardened
filter-paper, protected on hoth sides by squares of muslin,
the whole being tied tightly to the tin tube by means of
linen thread upon a rubber band. The shorter arm was
fitted to the second vessel with a rubber cork, through which
passed a silica tube leading to the pump. A glass flask,
immersed in ice-cold water, was Interposed as a con-
denser to intercept water vapour coming over from the hot
filtrate.

By this method, using a tube of one-inch diameter, two
litres of solution could be filtered over in a quarter of an
hour. Loss of water from the filtrate by evaporation, and
exposure to the air during filtration, were both avoided, and
for a short time concordant results were obtained. After a
few experiments, however, the hot solution began to attack
the tin tube, and once the surface of this was worn away,
the action increased rapidly, In the case of experiments at
the boiling-point, the filtrate, instead of being clear, was
quite cloudy on concentration, and, when tested, showed a
decided trace of tin. _

The tin tube was therefore discarded for a similar tube of
silica, and with this satisfactory results at 100° (!, were
obtained. At the lower temperatures no noticeable action
was exerted by the solution upon the tin tube, and this was

Plil. Mag, S, 6. Vol. 23, No, 138, June 1912, 3 R
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therefore used at these temperatures on account of its greater
convenience. A rubber cork, through which passed a short
silica tube, being fitted to each arm of the tube, pure air
was drawn through the solution during the whole period of
filtration.

Immediately after filtration, and before cooling, the amount
of liquid filtered over was ascertained by direct weighing.
It was found by experiment that the difference in weight
obtained by weighing when hot, and by weighing after
closing the mouth of the vessel and allowing to cool, was
between 1 and 2 grammes. This, with a filtrate of 2 litres,
introduces an error of less than -1 per cent., which is negli-
gible. The saving of time is very great, as the solution
requires at least two hours to cool to the ordinary tempe-
rature, and another half-hour to be brought to the boiling-
point again. The actual evaporating down of the solution
takes two to three hours, being conducted rapidly at first
and more slowly as the volume decreases. When 50 to
100 c.c. remain, the vessel is allowed to cool, and the amount
of the residue found to within *1 gramme by weighing.

The silica vessels remained practically constant in weight
throughout the whole series of experiments.

The calculation of results is very simple, since all the
solutions are so dilute that their densities may be taken as
equal to that of water at the same temperature. Thus, if

;.. S
10 acid, and
evaporated down to 50 grammes, and it is found that 153 c.c.

2000 grammes of solution be added to 10 c.c.

% baryta solution are required to neutralize 25 c.c. of the

residue, we have

10(1)—2000 #.a 01X 153
500 = o8 ¢

where @ is the normality of the solution, and « and b the
number of cubic centimetres occupied by one gramme of water
at temperature of filtration and at the ordinary temperature
respectively.

The results thus obtained in normalities are transformed
in the tables given below into grammes per litre, and the
figures of Kohlrausch are appended for comparison.

All experiments were performed at least in duplicate, in
some cases they were repeated many times. This was
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necessary since, on several occasions, single results were not
confirmed on repetition ; indeed, the general experience
throughout was that, at any time, and for no apparent
reason, a false result was liable to be obtained. Further,
when results in agreement were obtained, the degree of
accuracy was usually not closer than within 2 per cent.,
whereas the limits of error should not amount in all to
1 per cent.

The causes of this are, I think, as follows. Firstly, there
is the extreme difficulty of keeping the silica vessels and
filtering apparatus chemically clean. The amount of surface
is necessarily very large, a great deal of handling has to be
done in the course of an experiment, and the slightest trace
of acid or alkali introduced on the tube ar the interior of
the vessels would be sufficient to spoil a resalt. The surface
of the silica vessels is very rough, and particles of solid are
washed out only with great ditficulty. Thus, in using a
vessel for arragonite which has been employed for calcite, it
is not sufficient to wash out, or even to boil out, with water ;
the vessel must be boiled out first with dilute acid for a leng
time, and then with successive quantities of water.

As an illustration of the reality of danger of error frem
this source, it may be pointed out that the introduction of
‘001 gr. of alkali (caleium carbonate) is sufficient to cause
an error of from 5 to 10 per cent.

The silica vessels were therefore most serupulously eleaned
out before each set of experiments, the filtering apparatus
before each single experiment, The filter-paper and muslin
squares were changed after each determination.

A second source of error is the presence of a trace of
carbon dioxide in the water used, As this reappears, however,
in a much greater degree, in the course of subsequent ex-
periments, it will be discussed later.

The results for calcite and arragonite at 25° (., 50° C.,,
and 100° C. are given below, both in tabular and in graphic
form. At the two lower temperatures the thermostat was
kept constant within 0°1 C.; the figures given for 100° C.
are those obtained at the boiling-point, the barometric pres-
sure being observed at the time of the experiment. The
true temperature was usnally a few tenths of a degree lower
than 100° C., but, as will be seen from the diagram, the
temperature coefficient is so small that the resultsare suh-
stantially correct for that temperature. The diagram also
shows the solubility curve for calcite under ordin:;ry'athm,
spheric conditions (see page 973). ;

3R 2
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Calcite.
Time before Girs, per litre Mean
Temperature. filtration. dissolved. result. Kohlrausoh.
260, yuree 1 day ‘01428 ] -01440
2 days — 101433 ‘01433 ‘014
3 days |-01431 —
500 C 1 day ‘01507 | 01506
2 days | 01491 — ‘01504 016
3 days — 015613
1000 C. ...... 40 mins, |(*01816) ‘01785 —
80 mins, |(*01810) 01776 —
120 mins. ‘('01804) 01785 -01780
Arragonite.
Temperature. Time before Grs. per litre Mean | Kohlrausch.
filtration. dissolved. result.
25°0....... 6 days. (*01075) -
10 days. ("01286) —
6 days.® | (‘01511) — 01528 016
10 days.* ‘01524 1 01530
12 days.* 1015622 | 015636
53 18 b [S— 3 days. (:01206) —
6 days, ("01672) —
3 days.* | (‘01608) — ‘01617 ‘018
6 days.* ‘01616  -01611
8 days.* 01616 | 01624
100° C. ...... | 60 mins. (:01178) —-
120 mins, (*01660) -
180 mins. *01926 —
60 mins.* 01901 -01890 01902 —
120 mins,* ‘01919  -01898
180 mins.* 01902 -01879

The results for calcite at 100° C. that are placed between
brackets are those obtained with the tin tube ; although they
agree well together, they are slightly higher than those
found when using the silica tube, and are not employed in
the calculation of the mean value. The results which are
bracketed together are those obtained from experiments with
successive portions of the same solution at different times ;
by this means it could be ascertained when the final solubility

value had been reached, in the case of solutions only slowly
attaining equilibrium,
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It will be seen that arragonite is far slower in attaining
equilibrium in solution than calcite. Indeed, in order to
obtain results in a reasonable time, arragonite was taken not
with water but with a saturated calcite solution, carefully
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filtered free from solid. Thus, the solution being already
almost saturated with regard to arragonite, the end point
was reached much more quickly. Experiments performed
in this manner are distinguished by a star in the table.
Where it is evident that the true solubility value has not
been reached, the result is placed between brackets and is
not used in the calculation of the mean value.

The comparative slowness with which equilibrium is
attained in the case of arragonite is not due to the larger
size of the particles, for by observation with the microscope
it was found that the two minerals were ground to equal
degrees of fineness, but may rather be ascribed to the
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greater density of the arragonite, offering more resistance to
the solvent action of the water.

The results for arragonite are, in general, less concordant
than those for calcite ; this is due to the instability of the
former. Observations with the microscope were made on
slides of the solid residue from each experiment ; calcite was
always unchanged, but arragenite at 100° C. always showed
a few crystals of caleite, the rhombic crystals of the latter
being easily distinguishable among the needle-shaped crystals
of arragonite. The proportion of calcite present, although
always very small, increased regularly with the time of
boiling, and thus a true solubility value for arragonite was
never attained, but an intermediate value between the
solubilities of the two minerals. At 50° C. and 25° C., no
change of arragonite to calcite was observed.

The values obtained are in good agreement with those of
Kohlrausch at the ordinary temperature. The ratios of the two
solubilities at different temperatures are also fairly concordant
with the results of Foote (Zeit. phys. Chem. xxxiii. p. 740
(1900)). It will be seen from the diagram that the two curves
run alinost parallel ; any transition point is obviously either far
above or far below the ordinary temperature, if 1t exists at

all. The ratios of the solubilities are (g‘_lig_o_&ha) :
caleite
25° C. 850° C. 1000 C.
Obseived oo 1:064 1:075 1069

Foote (by interpolation) ... 1:130  1-114 —

Foote has concluded, from the decrease of the ratio obtained
with rise of temperature, that the inversion temperature is
above the ordinary range ; the above results, however, show
a constant ratio, and hence, since the solubility increases with
the temperature, greater difference of solubility with rise of
temperature.

It is an interesting point that the ratio of the specific

gravities of the two forms is %321'066. The ratio of con-
centration in the solid form to concentration in the solution
thus appears to be constant for the two varieties.

Caleiwm Bicarbonate Solutions.

The presence of carbon dioxide increases the solubility of
carbonates in water to a marked degree, owing to the
formation of soluble bicarbonates. The equilibrium of the
system is determined by the partial pressure of the carbon
dioxide over the solution; and in the ecase of calcium
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carbonate here considered, a very small proportion of carbon
dioxide corresponds to an enormous increase in the solubility.
For this reason, it has been possible to investigate, by the
ordinary methods, the equilibrium of the system even for
very small partial pressures of carbon dioxide (Schloesing,
Compt. rend. Ixxiv. p. 1552 (1872); Treadwell and Reuter
(Zeit. anorg. Chem. xvii. p. 170 (1898)). Beyond a certain
limit, however, the results become too inaccurate, owing to
the diminished solubility. The equilibrium under ordinary
atmospheric conditions, for example, which is of importance
in water analysis, cannot be determined by the usual volu-
metric methods.

If a current of air free from carbon dioxide be drawn
through a bicarbonate solution, equilibrium is re-established
by precipitation of carbonate, and this precipitation will
continue until all bicarbonate disappears from the solution,
1. e., until all free carbon dioxide is removed. There will
therefore remain a saturated solution of calcium carbonate.

Much confusion has always existed in regard to the state
in which caleium carbonate falls out of solution. The
precipitate obtained differs according to the concentration of
the solution, the rate at which precipitation occurs, the
temperature of experiment, the partial pressure of carbon
dioxide above the solution, and the presence of other salts.
The most complete experiments are those of Rose (Jour.
prak. Chem. Ixxxi. p. 383 (1800) ; lxxxii. p. 351 (1861)).
From bicarbonate solutions above 90° C., arragonite s
deposited ; between 90° C. and 30° C., a mixture of ecalcite
and arragonite ; under 30° C. only calcite. The stability
of the arragonite varies according to the conditions of
formation.

By double decomposition between concentrated solutions
of a calcium salt and a carbonate in the cold, amorphous
calcium carbonate is said to be precipitated, transformation
to calcite following. The formation of a third erystalline
form, also unstable, has lately been described by Meigen
(Chemiker-Zeitung, xxxiv. p. 1015 (1910)).

In the experiments described below the primary object
was to determine the degree of solubility of the carbonate,
by the complete withdrawal of the carbon dioxide from
bicarbonate solutions, at the temperatures of 25° C., 50° C.,
and 100° C. The values obtained would, it was expected,
give some indication of the form in which precipitation had
oceurred, and also check the figures for the solubility of
calcite and arragonite previously obtained.

The direct preparation of the bicarbonate solutions, hy
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bubbling carbonic acid gas through water containing finely
powdered carbonate in suspension, could not be employed.
The solution of the erystalline carbonate under these condi-
tions is very slow, and it is essential, to ensure that the
precipitate to be obtained afterwards shall be naturally
deposited, that no trace of solid carbonate should be present
in the liquid.

The solution was therefore prepared as follows. Finely-
powdered calcite was converted into lime by roasting in a
platinum crucible, and transferred to a flask of Jena glass,
filled with water. A second flask was half filled with water
through which carbon dioxide had been bubbled for about ten
minutes. To this the lime water was added in a slow stream by
filtration. A hardened filter<paper was used, supported in a
funnel with a long stem, drawn out to a fine jet, dipping into
the water. As the liquids met a fine, cloudy precipitate was

roduced, which immediately dissolved on shaking the flask.
he solution could be kept clear only by means of constant
agitation; if the precipitate was once allowed to settle, it
assumed a hard, crystalline form and was most difficult to
dissolve. The addition of the lime-water was stopped before
the solution became saturated with bicarbonate, as soon as
the precipitate began to be slow in disappearing.

The solution was now added to a large excess of water
contained in one of the vessels. The water in the silica flask
was maintained, during this addition, at the temperature of
the subsequent experiment, and the bicarbonate solution was
added slowly, so that any immediate precipitation of carbonate
took place at the required temperature. This was of special
importance in the case of solutions at the boiling-point.
The experiments were now carried on exactly as previously
deseribed. At 25° C. and 50° (. the silica flask was
suspended in a thermostat and air free from carbon dioxide
drawn through the solution ; at 100° C. the carbon dioxide
was expelled by boiling. Supersaturation was very liable to
occur at the lower temperatures, unless the solution was made
concentrated enough to give a large excess of calcium
carbonate on removal of the carbon dioxide.

The precipitates obtained were always tested by the micro-
scope, and examination showed :—

at 25°C. ...... rhombie crystals only.

at 50° G, ...... an intimate mixture of rhombic
and needle-shaped crystals.

at 100° C.. ovi v needle-shaped crystals, with a

very few rhombie.
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This is in agreement with the results of Rose—that, at
25° (., calcite is obtained ; at 100° C. arragonite, slowly
transforming inte calecite ; at 50° C. a mixture of the two
forms.

Nevertheless the previous solubility values were not con-
firmed. At 25° C. and 50° C., equilibrium was established
so slowly that the final value could not be determined, the
fall in concentration being extremely slow ; at 100° C., a
fairly constant value was obtained; this, however, was much
higher than the value found for arragonite at 100° C.
Examples of the results obtained, with the times of experi-
incnt, are given below, expressed as before in grammes per
itre.

25° ¢ 50° C.
(13444 03007 ) 02861 -
03421 — r 02635 02692
—— 02962 — ‘02480
100° C.
40 mins. ..ueoieiinniianess 02511 —
10 M A R 02331 -02329
120 & sianannine 02346 02333
qEE 5 DT el o

The explanation of the results at 100° C. was at first
thought to lie in the fact that the needle-shaped erystals
precipitated were not, as has been held, identical with
mineral arragonite, but were another modification of the
carbonate (compare Meigen on the formation of * Vaterite,”
Chemiker-Zeitung, xxxiv. p. 1015 (1910)). This view seemed
to be confirmed by the action of cobalt nitrate upon the
precipitate.

The differences of behaviour of the various forms of
calcium carbonate with boiling cobalt nitrate selution have
been examined, qualitatively and quantitatively, by Meigen
(Central-blatt, ii. p. 1128 (1901); Chemiker-Zeitung, XXxiv.
p- 1015 (1910)). When finely-powdered arragonite is
boiled with a dilute solution of cobalt nitrate, a lilac-coloured
precipitate is quickly produced ; in the case of calcite, the
action is much slower, and the precipitate is tinted blue.
Presence of other metallic salts in the solution confuses
those colour reactions.

The precipitated crystals gave, when the test was applied,
an immediate flocculent lilac-coloured precipitate. Mineral
calcite and arragonite, powdered to the same degree of
fineness (as observed by the microscope), were only slightly
tinted after boiling for some minutes, and no noticeable
precipitate was formed.
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The specific gravity of the precipitated erystals was found,
however, by the Westphal balance to be identical with that
of arragonite, 2:89.

The higher values obtained at the lower temperatures of
25° C. and 50° C. are clearly to be accounted for by the
obstinate retention of the last trace of carbon dioxide by the
solution, equilibrium never being attained in the time of
experiment. This was found to be also the case at 100° C.
When the experiments were conducted as before until a
precipitate had formed, and then all the liquid decanted off,
fresh water added to the erystals remaining, and the experi-
ment continued as before, the following solubility values
were obtained.

25° C. 50° C.
4 daya aoeienesesiss ‘01879 ‘01958
6 days sccssswessinss ‘01868 ‘01976
100° C.
60 MINS. covrrererriiesniiinrieiien. 02271
120 X008, v sevvensveaimmmnunnspass (2238

These are still, it will be seen, much higher than those
previously found for calcite and arragonite ; the value at
100° C. is scarcely lowered at all. The curve of the solubility
has now, however, become approximately parallel to those
given by the two crystalline varieties.

Further investigation showed that decantation is in-
sufficient to remove the final trace of carbon dioxide. It is
necessary to shake up thoroughly the erystals that remain
with successive quantities of water, before proceeding with
the experiment; and by this means constant results were
finally obtained, comparable with those previously found for
the mineral caleite and arragonite.

259°(1. Mean result.
2 days .... *01450 } —
5 days ‘01464 01466 ‘01460
50° C.
DAAVE v 016647 01549
D dBYB covsevasnns ‘01536 — 01546
100° C.
60 mins. ............ 01909 01917
120 mins. vueeveennns 01899 01911 01909

It will be seen that the results of the experiments at
25° (. are substantially the same as those for mineral calcite

at that temperature ; those at 50° C. lie between the values
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for calcite and arragonite; those at the boiling-point are
identical with the value for arragonite at the boiling-point.

There is still a difference of 1 to 2 per cent. in the values
obtained by the two methods; this must be attributed to a
minute trace of carbon dioxide, not removed by the washing.
It is probably the carbon dioxide that remains, as it were,
adsorbed on the surface of the crystals that causes the
different behaviour with cobalt nitrate solution.

From the above it will be evident that the accuracy of the
method depends entirely upon the purity of the water used for
experiment, a trace of carbon dioxide being sufficient to raise
the solubility of the carbonate very appreciably. In all expe-
riments the water used was freshly distilled into one of the
siclia flasks, yet it would always contain a small amount of
carbon dioxide, and small differences in this amount would
be sufficient to affect the constancy of the results.

Amorphous Caleium Carbonate.

The conditions for the precipitation of calcium carbonate
in its amorphous form have already been discussed. In the
dilute solutions employed for the experiments with bicar-
bonate solutions, one or other of the crystalline forms was
always obtained ; only in the preparation of the solutions
was the amorphous form obtained as a cloudy precipitate,
which immediately, unless dissolved, transformed into a
crystalline form, culcite.

The amorphous form is the most unstable of the three
varieties of the carbonate, and its solubility is necessarily
higher than those of the other forms. Nevertheless, the
figures given by Kohlrausch (Zeit. phys. Chem. xii. p. 234
(1893)) are identical with those for calcite. It is evident
that transformation of the amorphous form to calcite had
occurred in the course of the experiment.

Similar results were obtained in the direct determinations
given below. Experiments were carried out both with
natural and prepared forms. The former consisted of
ordinary soft chalk ; the latter was obtained by heating
finely-powdered calcite to lime in a platinum ecrucible, and
reforming the carbonate by means of a current of carbon
dioxide passed over the slowly-cooled oxide. The experiment
was carried out quantitatively to ensure the absence of un-
changed calcite—the heating being continued until the loss
of weight was equal to the theoretical. The cooling in a
current of carbon dioxide was also repeated until the original
weight was restored, in order to remove all traces of quick-
lime. The experiments were carried out exactly as before,
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at the temperatures of 25° C., 50° C.,and 100° C.,and results
are given below in grammes per litre.

Prepared Carbonate.

25° C. Mean result.
2days .oeeiiennnes *01445 } 01454 1
3days ...ooevenn.. 01436 01444 | ‘01445
50° C.
DAyl asisenanis ‘01510 ‘01526 }
3 days ...cceeneenn ‘01521 +01503 01515
100° C.
60 mins. .....oceeaee 01824
100 ming. .....oceeeee ‘01809 ‘01816 01816
Soft Chalk.
100° C.
BU N, vossasmicans (-02117) -01784
100 mins. ...oevvvnee- ‘01769 01777

It will be seen that the figures are the same as for calcite.
The experiments with soft chalk were carried out by treating
a quantity with successive portions of water—the first high
value is due to the removal of impurities.

The amorphous form is hence seen to be extremely un-
stable, and no figures for its solubility can be obtained.
Another method of preparation—heating the precipitated
oxalate to oxide and converting to carbonate by slowly
cooling in a current of carbon dioxide—led to the same
solubility values being obtained. Conversion to calcite takes
place either as soon as the carbonate is formed at the high tem-
perature, or else as soon as it is brought in contact with water.
The powdered substance shows, under the microscope, no
signs of crystalline character ; its density is, however, the

same as that of calcite (2:70 by the Westphal balance). For
this reason no change in volume could be observed when a
dilatometer was packed with the powder and water drawn in

to fill the bulb.

Solubility under Atmospheric Conditions.

The extremely small proportion of carbon dioxide in
ordinary air is sufficient to raise the soiubility of calcium
carbonate at the ordinary temperature several hundred per
cent. It is therefore necessary to know accurately the
amount of carbon dioxide in the air at the time of experiment
to render the results, which are of special importance for their
applications to water analysis and geology, of any value.



Calciwm Carbonate in Water. 973

The method of estimation employed was that of Petten-
kofer, as improved by Walker (J. C\. 8. Ixxvii. p. 1110 (1900)).
By its use the proportion of carbon dioxide in the atmosphere
could be determined accurately within -1 part in 10,000 ;
the determinations actually made varied from 3+56 to 3'83
parts in 10,000, with an average value of 3°69 parts in
10,000.

This value can be taken as the conditions for all experi-
ments given below, for by observation it was found that the
final equilibrium of the solution was established so slowly
that constant results were obtained in spite of slight changes
in the carbon dioxide values from day to day. For the same
reason small changes in the barometric pressure had no effect
on the solubility values obtained; the mean barometric height
was 754 mm.

The experiments were performed at 25° C. and 50° C. as
before; powdered calcite was taken in the silica flasks with
freshly distilled water, and atmospheric air led through the
solution, after being passed through a long tube filled with
cotton-wool to remove all dust. The results are given below,
in grammes per litre, and are also shown in graphic form upon
the diagram on page 965.

25° C. Mean value,
(-04351) 1
("04545) |
04607
04592 }
‘04625

‘04608

50° C.
(:02911)
102030

02985 }

The solubility at 25° C.is hence seen to be more than
three times as great as that in pureair ("04608 and *01433 gr.
per litre respectively); that at 50° C.is nearly twice as great
(02925 and 01504 gr. per litre respectively). At 100° C.
the two values should be identical (01779 gr. per litre). A
reference to the diagram (page 965) will show clearly the
remarkable difference in the characters of the two solubility
curves.

At the ordinary temperatures a bicarbonate solution would
give the same values as calcite, since the precipitation takes
place in that form. Mineral arragonite would be, as in pure
air, slightly more soluble, but the exact determination of the
value 1s of little importance, the results given above being all
that are required for practical use.
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Conductivity of Bicarbonate Solutions.

The importance of measurements of electrical conductivity
in the determination of the purity of a sample of water, and
especially in the discovery of any sudden change in the
degree of hardness or in the salt content of a town supply,
has only recently been recognized. An apparatus for the
above purpose (the Dionic Water Tester) is already in the
market.

The introduction of the measurement of electrical con-
ductivities into water analysis has.rendered necessary the
accurate determination of the conductivities of bicarbonate
solutions. The values for calcium bicarbonate are clearly of
special importance.

The conductivity of solutions of sodium bicarbonate has
been investigated by Walker and Cormack (J. C. S. hxvii
p- 10 ( 1‘]00)) for the purpose of determining the veloc:).gr
the HCO," ion. Experiments were carried out at 18
between dilutions of 32 and 512. Within this range no
difference was observed between solutions diluted with pure
water and with water saturated with carbon dioxide.

In the following experiments the dilution was carried
further, solutions being used from »=10 to »=10,000, at a
temperature of 25° C. The conductivities were determined
in a Cantor cell, with the use of a rotating commutator and
a galvanometer. DMuch more accurate values can be obtained
by this method for dilute solutions than with the usual
induction-coil and telephone.

Sodium bicarbonate solution was made up by bubbling excess
of carbon dioxide through sodium hydroxide solution, freshly
prepared from metallic sodium. The solution was standardized
both volumetrically by neutralization with a known solution
of hydrochloric acid, and gravimetrically, by neutralizing
100 c.c. with hydrochloric acid in a platinum basin, evapo-
rating carefully to dryness, and weighing the residue.

Two series of dilutions were made, one with pure water,
the other with water containing excess of carbon dioxide.
The pure water was prepared by distillation, in the open
air, of water to which a little Nessler’s solution had been
'1dde, as described before ; its specific conductivity was
1-10x 10~ The correction for the water conductwlty is
made as follows. The part due to carbonic acid is, at most,
*70 x 10-¢ (Walker and Cormack, J. C. 8. Ixxvii.p. 11 (1900)).
The influence of this on the bicarbonate solutions is negli-
gible up to very high dilutions. The remaining conductivity,
40 x 1075, is directly subtracted from the observed values, as
below. The values given are the equivalent conductivities of
the solutions, expressed in reciprocal ohms.
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Conductivity of NaHCO,.
v=10'07 (volametrically); 1008 (gravimetrically).

With pure Water.
With Water
V. containing CO,.
TUncorrected. Corrected.
10:07 763 76:3 765
2015 808 808 810
403 846 840 848
806 874 874 878
161-2 898 897 90-1
322-4 917 916 92:1
G645 954 a93-1 094-2
1290 946 941 983
2580 959 949 1075
5160 982 (96-1) 1375
10320 1017 (97°6) —
w — 970 —

It will be seen that the two series are practically identical
up to the limits investigated by Walker and Cormack. At the
higher dilutions, however, the presence of the excess of car-
bonic acid in the solution gives rise to a rapidly-increasing con-
ductivity value. Thisis due to the ionization of the carbonic
acid, which is quite appreciable in the more dilute solutions.

The corrected values for the first series lead to a conduc-
tivity value at infinite dilution of 97'0. At the two highest
dilutions hydrolysis has evidently begun to be appreciable.
The velocity of the HCO,' ion is therefore found to be, taking
the velocity of the sodium ion as 51:0, equal to 46°0.

Calcium bicarbonate solution was made up as previously
described, the requisite volume of lime-water of known con-
centration being run into water containing carbon dioxide to
give a solution of dilution 32. This was too unstable at 25° C.
to permit of a conduetivity value being obtained before precipi-
tation of carbonate occurred. A series was obtained, however,
from dilutions 50 to 8000 ; results are given below. The
dilutions were with pure water, of conductivity 1-10 x 106,

Conductivity. £Ca(HCO,),.

V. | DUncorrected. | Corrected.
50 81:0 81-0
64 835 835
128 889 889
256 93-4 933
512 968 966
1024 100:0 996
2048 1030 102-2
4096 106-7 (105-1)
8192 1120 (108°7)
@ —_ 1080
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As before, the values for the two highest dilutions show
that hydrolysis is there appreciable. The value of the con-
ductivity at infinite dilution may be taken as 1080 ; taking
the velocity of 1Ca’ 615, we have the velocity of the HCO,
ion equal to 46°5.

Finally, the conductivity of solutions of caleium sulphate,
the values of which are also of importance in water analysis,
was determined. (Compare Kohlrausch and Holborn, Leit-
vermdgen der Elektrolyte, p. 161 (1898).) Calcium sulphate
was precipitated by mixing dilute solutions of potassium
sulphate and calcium chloride, filtered off from the solution,
and thoroughly washed. A saturated solution at 25° C. was
prepared by rotating a small quantity in a well-stoppered
flask, half filled with water, in a thermostat for some days.
The liquid was obtained free from excess of solid by means
of a pipette fitted with a filter-cover ; its concentration was
determined gravimetrically by evaporating 100 c.c. carefully
to dryness in a platinum basin. The water used for dilution
had a specific conductivity of 1:20 x 10~%, the whole of which
is subtracted for correction, and the corrected results are as
below. The figures are the mean of two determinations.

Conductivity. 3CaSO,.
(Saturated solution at 25° C. v=32:50.)

V. Conductivity.

325 729
65 837
130 947
260 1055
520 1150
1040 1233
2080 129-2
4160 134°1
8320 1384

I desire, in conclusion, to express my thanks to Professor
Walker, at whose suggestion the above investigations were
carried out, for his advice and assistance during the progress
of the research.

Chemistry Department,
University of Edinburgh.
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Communicated October gth 1912 by S. ARRHENIUS and A. G. Exstran.

The viscosity of binary liquid mixtures has been a subject
of frequent investigation, but no satisfactory formula has been
obtained by which the viscosity of a mixture can be calculated
from the viscosities of its two components. In the first place,
it is clear that a linear formula does not fit the case, for the
variation in the viscosity of a mixture, as we pass from one
component to the other, is not expressed by a straight line.

DunsTAN! has shown that the viscosity curves of liquid
mixtures may be divided into three classes. The first or normal
class approximately obeys the law of mixtures, but the observed
viscosities are always smaller than those calculated from the
linear formula. In other words, the curves are not linear, but
exhibit a certain amount of »sagging» towards the axis of
percentage composition. The second class of curve possesses
a maximum of viscosity, the third class a minimum ; both classes
are abnormal. Here it is certain either that chemical combi-
nation (such as the formation of hydrates) accompanies the
mixing of the liquids, or that, one or both of the components
being associated, the degree of association varies with the con-
centration in the mixture. With rise of temperature the tendency

! Dunstan, Journ. Chem. Soc. 91, 83, (1907).
Meddel. frin Vet-Akad:s Nobelinstitut. Bd 2. Nwo 2j. I
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to form complexes, as well as the degree of association, will
decrease. FAUsT! has investigated typical examples of the
second and third types of curves at different temperatures, and
has' shown that in every case the maximum or minimum tends
to vanish with increase of temperature.

It will be obvious that any formula for the viscosity of
liquid mixtures can be applicable only to the first or normal
class of curves, that is, to mixtures of non-associating and in-
different liquids. It is impossible to include mixtures, in which
changes of state occur, in a general formula. Here it must be
noted that, even where the curve of the viscosity appears to
be of the normal type, changes of state may have occurred in
the mixture which are not sufficient to bring about a maximum
or minimum point. Small changes of volume and temperature
almost invariably accompany mixture, even in the case of the
so-called indifferent liquids. It is to be expected therefore that
the agreement of any formula with the results of experiment
will only be approximate, and that the divergences will be, in
general, beyond the limits of experimental error.

The failure of the linear formula:

(1) =1 + Vol

(where 7y and 7, are the viscosities of the two components, v,
and vy, their percentage volume concentrations in the mixture)
to meet the normal type of curve has already been mentioned.
The logarithmic formula of ARRHENIUS:?

(11) N = 1" "My"; or, log n=v; log n,+ v, log 1,

is found to hold satisfactorily for mixtures of liquids, when one
component is present to the extent of go °/o or more, but is
not valid throughout the whole range of mixtures. LEES,? after
an examination of the various formulae, has found that the
mobility formula:

() 1 =l + vl

' Fausrt, Zeitschr. phys. Chemie, 79, 97, (1912).
? ARRHENIUS, Zeitschr. phys. Chemie, 1, 285, (1887).
3 Lees, Phil. Mag. [v1], 1, 128, (1901).
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is also unsatisfactory, and that exact agreement can only be
obtained by the introduction of an additional constant depending
on the particular mixture considered.

The experiments of JONES, BINGHAM, and MAC MASTER'
have led them to the conclusions that the fluidity, and not the
viscosity of a solution, is the characteristic additive property,
and that, in the normal type of mixtures, the curve of the
fluidity will be a straight line. The calculations of LEES? show
that this is not the case if the concentrations of the two com-
ponents are expressed in volume percentages. DRUCKER and
KASSEL,® however, have recently restated the mobility formula,
using not volume but weight percentages, i. e.,

1/ = o/ + /1. (1v)

The agreement of the calculated with the experimental results
is, in general, closer than that obtained with the two viscosity
formulae given above, but is not superior to that obtained from
the volume mobility formula.

It will be seen that in the above equations the concentra-
tions of the two components of the mixture are expressed either
in volume or in weight percentages; a molecular percentage
formula has not been proposed. This is certainly strange, since
from first principles the viscosity is a function of the molecular
concentration, «viscosity being essentially the frictional resistance
encountered by molecules of the solution in moving over one
another».*

I have therefore recalculated the values obtained with the
various formulae, using molecular percentages of the two com-
ponents, and now propose the following modified formula of
ARRHENIUS:

N =1, 1™; or, log 1 =7 log 7, + #, log 1, (V)

where 7, and 7, are the molecular percentage concentrations
of the two components in the mixture. This formula has been

! Jones, BingHaM, and Mac MasTER, Zeitschr, phys. Chemie, 57, 234,
(1906).

? Legs, loc. cit.

8 Drucker and Kasser, Zeitschr, phys, Chemie, 76, 367, (1911).

* Noves, Journ. Am. Chem. Soc. 34, 457, (1912).
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tested over the whole of the available experimental data, notably
the mixtures investigated by THORPE and RODGER,! by LINE-
BARGER,? by DUNSTAN and STUBBS,? and by GETMAN.* Typical
exemples are given below in Tables 1—6. The first column in
the tables gives the molecular percentage concentration of one
component of the mixture. the second shows the observed
viscosity, the third the value calculated from the formula. The
remaining columns give the percentage divergences between the
experimental and calculated results, as obtained by the applica-
tion of the formulae (I) to (V) respectively.

Table I. Carbon Tetrachloride and Benzene. 60° C.
(THORPE and RODGER.)

Viscosity Percentage Error
% CgHg —

Observed | Calculated 1 I11 111 v v

o'oo ‘00582 | — —_ —_ —_ — —_
36’10 ‘00503 00504 +3 + 1 —1 + 4 o
6042 ‘00456 ‘00457 +3 + 2 —f +35 o
8o'q1 ‘00422 ‘00423 + 2 +1 == + 4 0
100°00 00391 — — = ] me= g e =

Table II. Acetic Ether and Nitrobenzene. 25° C.
(LINEBARGER.)

Viscosity Percentage Error
% CgH;. NO, |—

Observed | Calculated I I 111 v v

0’00 ‘00434 — — - — — --
17753 ‘00582 ‘00559 + 18| —3| —13| —10| —4
47776 ‘00889 ‘00804 + 26| —z2 | —22| —15| —3
6880 ‘01204 ‘01170 +17l —e2 | —15 —I5{ —3

100°00 ‘01834 — —- — —_ e s

! TunorpE and RobGER, Journ. Chem. Soc. 41, 360, (1897).

* LINEBARGER, Amer. Journ, Science, [1v], 2, 331, (1896).

* Dunstan and Stuess, Journ. Chem. Soc. 93, 1919, (1908).
4 GerMAN, Journ. Chem. Phys. 4, 398, (1906).
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Table III

Carbon Bisulphide and Ether. 25° C.
(LINEBARGER.)

Viscosity

Percentage Error

fo (Can)).O
Observed | Calculated 1 [ 11 111 v v
000 ‘00358 — = — == — =
1342 '00338 00337 —2| —4| —5| —1 o
3503 "00306 '00306 —3| —6| —8| —=2 o
63°45 ‘00269 ‘00270 —3; —5| —6; —1 o
100700 "00230 — - | = — — —
Table IV. Ethyl Acetoacetate and Pyridine. 25° C.
(DuNSTAN and STUBBS.)
Viscosity Percentage Error
%o Ester |— —
Observed | Calculated 1 1I | 111 [ v Vv
0’00 ‘008805 = — — = = o
11°14 ‘009297 ‘00934 + 6 3 + 2 +2 [¢]
22'30 ‘009918 ‘009g2 + 8 + § + 2 + 2 o
3876 ‘010G0 ‘01085 +9 + 6 + 1 + 3 o
59°88 ‘01233 ‘01215 + 7 + 4 +1 + 1 —1
100°00 ‘015081 —_ — — —_— e =%
Table V. Ethyl Diethylacetoacetate and Benzene. 25° C.
(DUNSTAN and STUBBES.)
Viscosity Percentage Error
% Ester |— =
Observed ’ Calculated I ‘ 1I 111 | v A%
0'00 ‘006145 — — — —_ — —_
157 "006240 ‘00629 + 10| + 4 + 1 +1 + 1
6748 ‘006817 ‘00678 +i33 | <10 0 + 2 — 1
29°'14 ‘009876 ‘00956 +66 | 27| —2 i i
47°35 ‘01321 ‘01259 +55| +26; —g —1 —3
100°00 ‘02793 - —_ —_ — — —
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Table VI. Ether and Toluene. 25° C. (GETMAN.)

_ Viscosity Percentage Error
9 CoH; . CH, e o |
Observed | Caleulated| 1 | I | I | Iv | v
000 ‘00223 ‘ — o ! — — ! — - -
2463 ‘00290 | ‘00279 +5| —3| —10 [ —f | —&
4948 ‘00360 | 00350 | +8| —3| —12| —8| —3
74'28 | ‘00445 ‘ 00439 + 6 : —1 | — 9r —6| —1
100000 | 00553 | — —_ | - | — — -

It will be seen from the above tables that the agreement
of the proposed formula with the results of experiment is, in
general, closer than that obtained with the remaining formulae.
In certain mixtures the divergence between the calculated and
experimental values may be considerable, but this can be regarded
as due to the fact that such mixtures do not fulfil the require-
ments of the normal type. The case of acetic ether and nitro-
benzene (Table II above) may be instanced. Here there is a
contraction of 0'8 per cent for a 50 per cent by volume mixture,
which shows that some interaction has taken place, and the
viscosity is greater than in a normal mixture.

The highest divergence between calculated and observed
results in the whole series of mixtures investigated was 8 per
cent. This compares favourably with the maximum differences
obtained with the use of the other formulae, as will be seen
from the tables above.

From the collected results of the above observers, the follow-
ing figures are obtained for the average percentage divergences
between calculated and experimental viscosities, as given by the
various formulae. In all, 84 mixtures of liquids are included,
representing the whole of the available data for mixtures of the
normal type.

Percentage Error

Linear Formula. . . . ... ... .. T 6
Logarithmic Formula (Volume) . .. 47
Mobility Formula (Volume). . . . . . 34
* Mobility Formula (Weight). . . . . . 32

Logarithmic Formula (Molecular) . . 23
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The superiority of the proposed formula over those previ-
ously brought forward is thus established. A molecular mobility
formula has also been tested, but was found to give no better
agreement than those cited above.

The results obtained appear to be in conflict with the
general conclusions of recent investigations, that the fluidity and
not the viscosity is the characteristic property of a solution. A
logarithmic formula, however, is at the same time true both for
fluidity and for viscosity, since 1/ may be substituted for 7
without affecting the result. The agreement of the above
formula does, nevertheless, point to the fact that neither the
viscosity nor the fluidity is the true characteristic property, but
the logarithms of these quantities. From the above equation
the logarithmic viscosity (or fluidity) of a mixture is found to
be an additive property of the logarithmic viscosities (or fluidities)
of its two components.

The Viscosity of Solutions.

The formulae that have been brought forward to express
the viscosity of solutions are, in general, similar to those for
binary liquid mixtures, and similarly unsatisfactory. Thus the
linear formula:

0 =1+ A2 (1)
(where 7, is the viscosity of the pure solvent, x the volume of
solute per unit-volume of solution, and A a constant) is true

only for very dilute solutions. The logarithmic formula of
ARRHENIUS:!

1 = A*1y; or, logy/ny = xlog A (1)

also becomes unsatisfactory as the concentration of the solution
is increased. The mobility formula of LEES:?

1/ = vi/y + Yol (11x)

L ArRrHENIUS, Zeitschr. phys. Chemie, 1, 285, (1887).
* Legs, Phil. Mag. [vi]. 1, 139, (1901).
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regards the most concentrated solution as one component, and
treats the system as a binary liquid mixture, as in the former
section. Here again agreement cannot be obtained without the
introduction of an additional constant, depending or the parti-
cular mixture considered.

GREEN' has investigated the agreement of various formulae
for aqueous solutions of sucrose over a wide range of concen-
tration. No satisfactory results were obtained, but the best
agreement was given by the expression: '

(v) = Ao

where v is the volume of the sucrose, and o the volume of the
water, present per unit-volume.

The formula proposed here is again a modification of the
ARRHENIUS formula, the molecular concentration of the solute
being substituted for the volume concentration. The equation
is therefore:

(v) 1 = A¥4y; or, logq/n, = xlog A,

where A is a constant, and x is the molecular concentration of
the solute, not in a fixed volume of the solvent, but in a fixed
weight.

The experimental data for testing the above formula with
normal solvents (i. e., non-associated and indifferent liquids) are
very scanty. In Table VII below, however, are collected the
results of DUNSTAN and THOLE? for the viscosity of solutions
of the octyl hydrogen phthalates in benzene. The three varieties
of the solute — racemic, dextro, and laeso — are denoted by
the letters r, d, | respectively. The concentrations of the solutions
are re-calculated to molecules of solute per 100 molecules of
solvent. In the second column the observed viscosities are given,
the value for that of the pure solvent being interpolated from
the figures of THORPE and RODGER.?> The constancy of the
values for log A given in the third column shows that the
formula is valid within the limits of experimental error. From

! GRrEEN, Journ. Chem. Soc, 93, 2023, (1908).
? Dunstan and Tuori, Journ. Chem. Soc., 97, 1249, (1910).
* TroreE and RobpGer, Phil, Trans. A 195, 397, (1894).
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the mean value obtained for log A, ‘0285, the viscosities given
in the last column are calculated; the maximum divergence be-
tween calculated and observed values is only 1 per cent.

Table VII. Octyl Hydrogen Phthalates in Benzene. 25° C.

Mols, solute —_— 5 .
n, Iie 1mols (Xéi??ﬂ':g) log A (cgllzﬁ?f:léyd)
0’000 ‘006030 - — :
r 1'8os ‘006767 ‘0278 ‘006787 ‘
r 2’597 ‘007189 ‘0294 ‘007150 E
r 3363 007520 ‘0285 ‘007520 I
r 5097 ‘008432 ‘0286 ‘008424
r 5228 ‘008604 ‘0295 ‘008498
r 67490 ‘009190 ‘0282 ‘009230
d 1910 006844 ‘0289 ‘006835 |
d 3478 007575 ‘0285 007575 |
3'642 ‘007631 ‘0281 ‘007657
d 6996 - ‘009525 0284 009544
1 6928 ‘009418 ‘0280 009499

The viscosity of aqueous solutions is of greater importance,
and has been more frequently investigated. Here, however, the
complicating effects of dissociation and hydration of the solvent
come into play, and it is obviously impossible for the above formula
to hold, as it stands, for solutions of electrolytes. Solutions
of non-electrolytes may be expected to follow the formula
provided that hydration or association of the solute does not
occur to any marked extent.

In the following table are given the results of GREEN' for
aqueous solutions of sucrose at 25° C. The concentrations are
expressed as molecules of solute per 1000 grammes of water,
as calculated from the concentration in normalities with the
help of the density data.

1 GREEN, loc, cit.
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Table VIIL  Sucrose in Water. 25° C
Concentration of solute
Mols. per litre | Mols. per To0o | Y iscosity A
solution grs. water
0 o ‘008953 —
0’4 0.4382 | ‘o13083 2'38
0'8 0'9666 | ozros 2'42
1'2 1618 ‘03803 2'44
16 2’440 07973 2’45
2°0 3516 ‘zoy2 2’44
2 5°440 1'058 2°41

The constancy of the values for A in the last column shows
that the formula holds satisfactorily thoughout the whole range
of concentration, even for solutions containing 65 per cent by
weight of sugar, where the viscosity is more than a hundred
times as great as that of pure water. If the logarithmic volume
formula is applied to the same solutions, the value of the con-
stant is found to rise steadily, from 2'4 to 5'7, with increasing

concentration.

A third example is given for aqueous solutions of carbamide,
from the experiments of DUNSTAN and MUSSELL.! The agreement
is again seen to be satisfactory throughout a large range of

concentration.

Table IX. Carbamide in Water. 25° C.
Concentration of solute
%% water in | Mols, per 1000 Viscosity A
solution grs, water
1 :
o -I o ‘00891 —_
1'02 01715 ‘00895 (1°026)
813 | 1'473 '00939 1036
1189 :. 2°247 ‘00969 1’038
1547 | 3040 ‘01005* | 1°040
- 5 3 | 5’006 ‘01088 1’041
3328 i 8304 ‘01252 1'042
3813 10°260 01348 1'041
46718 | 14728 : ‘01501 1040 |
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The divergence of the first value of A falls wholly within
the limits of experimental error, owing to the small increase in
the viscosity. The starred value is the table in given in the
original paper as ‘01033, interpolation shows that this must be
a misprint for the value given above.

The viscosities of several amides in aqueous solution have
been investigated by DUNSTAN and MUSSELL in the paper cited,
and from the experimental results it is concluded that, while
formamide and carbamide are not associated to any marked
extent in aqueous solution, in the higher amides — such as
acetamide and propionamide — the association increases with
the molecular weight. It is therefore to be expected that,
although formamide and carbamide obey the above formula,
the higher amides will diverge more and more with increasing
concentration. This is indeed the case, as will be shown later.

Connection of the Formulae for Mixtures and Solutions.
The formulae established in the preceding sections are:

(a) for liquid mixtures, 7 = 7;"7,"™;

(b) for solutions, 7 = A¥y,.

It will be seen that both equations are of the same form,
and the question therefore arises whether it is possible to obtain
a connection between them, so as to possess one general formula
applicable to all binary mixtures.

Since #; + 7, = unity, we may write the first formula as
follows:

"y H2

e B2
=% Mg .

If now 7, is small with respect to #;, and we may neglect
7, in the quantity (7, + #,), this becomes:

#a

M=Ty7"; or 7= A",

where A is a constant, and 7, the molecular concentration of
the second component in a fixed quantity of the first.
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The formula for solutions is thus seen to be a first appro-
ximation to the formula for liquid mixtures, applicable exactly
only for solutions of small molecular concentration. The exact
formula for solutions in general will be of the same form as
that for binary liquid mixtures;

="
where w; represents the viscosity of the pure solvent, 1, that
of the solute in the «liquid state», and 7, and 7, the percentage
molecular concentrations of the two components.
The unknown quantity here is 7,, the viscosity of the dis-
solved substance in the solution, which will obviously be very
large. It may be found by throwing the equation into the form:

log 1 — 7, log 1, = #, log 1,.

The validity of the formula can now be tested by the constancy
of the values obtained for log 7, from solutions of varying con-
centration.

This is done for the case of the octyl hydrogen phthalates
in benzene in Table X below. The first column shows the
percentage molecular concentration of the solute, then follow the
viscosity of the solution and the calculated value for log 1,.
These appear to be by no means constant, the variations are,
however, irregular. The large divergences are due to the small
concentration of the solute, and fall wholly within the limits of
experimental error, as will be seen from the figures in the last
column, where the viscosities of the solutions are re-calculated
with the use of the mean value for log 1,, *754. The differences
between the calculated and observed viscosities are seen to be
within the errors of experiment.

Table X. Octyl Hydrogen Phthalates in Benzene. 25° C.

o solute Viscosity
(molecular) | (observed)

Viscosity

log s
%8 (calculated)

o ‘006030 — =N
774 ‘006767 "602 "006810
’ r 2532 ooy189 | 788 | ooyiys
25

3 | 007520 728 | 007535
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%o solute Viscosity Vi i Viscosity
(molecular | (observed) 2 | (calculated)
r 48350 ‘008432 782 ‘008404
r 4970 ' ‘008604 ‘888 ‘008474
r 6'094 ‘009190 782 ‘009157
d 1874 | ‘006844 ‘719 ‘0068355
d 3362 007575 725 '007591
d 3618 ‘007631 ‘689 ‘007671

6°539 009525 "816 ‘009434
1 6479 '009418 ‘770 009397

With aqueous solutions the problem again becomes more
complicated, owing to the association of the solvent. Not only
is the exact degree of association of water at a given tempe-
rature a matter of uncertainty, but we do not know what effect
the introduction of a second substance as solute will have upon
the degree of association. The true evaluation of 7 and #, for
any aqueous solution is therefore impossible. Where the mole-
cular percentage concentration of the solute is small, however,
it will be found on trial that, provided the solute does not change the
degree of association of the water or itself associate in the solution,
the course of the values obtained for log v, with varying con-
centration is only slightly affected by the degree of association
of the solvent. In applying the general formula obtained above
to aqueous solutions, the molecular concentrations are therefore,
in the following tables, calculated under the assumption that
the solvent consists of simple molecules. From the constancy
of the values obtained for logw, at different concentrations the
applicability of the formula can thus be tested; the absolute
values for log 7, are, however, unknown. Table XI shows the
results obtained for sucrose in aqueous solution.

Table XI. Sucrose in Water. 25° C,

o 1
% solute 7 §
Viscosity log .
(molecular) - 8%
oo ‘0089353 == I
0783 ‘013083 190 |
1'y1z | ‘02105 19°6 |
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% solute = _
Viscosit log.
(molecular) cOSIY g N2
‘ 2°83 '03805 20°2
R 07973 2075
| 596 ‘2072 20'8
[ 893 1'058 211

It will be seen that, in the range of concentrations given
above, log 7, regularly increases from 190 to 21°1; that is, by
10 per cent. If the association of the solvent is taken into ac-
count, the run of the figures is unchanged, but the percentage
divergence is slightly increased. Any explanation of this diver-
gence from the general formula can only be tentative, owing
to the various possible disturbing factors in the solution. In
view of the very large range of concentration covered, however,
it may be assumed that the formula is here also valid, though
only approximately.

The same gradual increase with concentration in the values
obtained for log 7, will be seen in the table below, which shows
the results for carbamide.

Table XII. Carbamide in Water. 25° C.

% solute ; .

(11{0]ecular) Viscosity ‘ log. 7
oo ‘00891 =
0’308 008G (2'493)
2’585 00939 2818
3789 00969 2'890
519 ‘01005 2958
827 ‘01088 3997

13az ‘01252 1'084
1560 ‘01348 1102
20746 ‘01561 T139

Exactly similar results are obtained with formamide, from
the figures of DUNSTAN and MUSSELL.! It seems probable

! Dunstan and MusseLr, Journ. Chem. Soc. 97, 1935, (1910).
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therefore that the above gradual increase in the values obtained
for log 1, with increasing concentraion is the normal case for
aqueous solutions of non-associating substances, when the mole-
cular concentrations are calculated under the assumptions made
above. When the solute associates in solution, however, a dif-
ferent course of the values is observed; an instance is given
for propionamide below.

Table XIII. Propionamide in Water. 25° C.

0

(nf::l;):ljlf) ey | 5%

o0 ‘00891 —_
0'310 ‘00919 2’192
1'455 ‘01025 2'133
371606 ‘01188 1899
67565 ‘01536 1'552
14'88 ‘03030 1’522
37°26 ‘05980 0'169

Here there is a considerable decrease in the values obtained
for log 1, with increasing concentration. The other higher amides
investigated by DUNSTAN and MUSSELL' show the same course.

The general formula for binary mixtures in therefore found
to be valid for non-associated solvents, and (approximately) for
associated solvents when the solute is normal, but does not
hold — as is only to be expected — when the solute is also
associated in the solution.

Summary of Results.

The viscosity of binary liquid mixtures of the normal type
has been shown to be represented by the formula:

M="T"N" (1)

(where 7; and 7, are the viscosities of the two components, 7,
and 7, their molecular percentage concentrations in the mixture)

! Dunstan and MusseLr, loc. cit.
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more exactly than by any of the formulae previously proposed.
This formula has been tested over the whole of the available
experimental data. By writing the equation in the form:

log 1 = 7, log 1, + 7, log 1, (1r)

it is seen that the logarithmic viscosity (or fluidity) of a solution
is the characteristic additive property, and not these quantities
themselves.

The viscosity of solutions has been found to follow the
equation:

= 1o A% (111

This formula has been tested both for non-aqueous and for
aqueous solutions, and found to be valid throughout a wide
range of concentration. Abnormal solutes such as electrolytes
are naturally not included in the formula.

The connection between these two formulae has been
established, and the second is found to be a simplification of
the first, applicable exactly only to dilute solutions. The general
formula for binary mixtures (equation (1) above) has been tested
for solutions of various types, and has been found to give, in
the more normal cases, satisfactory agreement.

The above investigation has been carried out at the Nobel
Institute of Physical Chemistry, under the direction of Professor
ARRHENIUS, and forms the first of a series of parallel researches
on the variation of viscosity and molecular conductivity with
temperature and concentration. I have great pleasure in ex-
pressing my thanks to Professor ARRHENIUS for the interest he
has taken in the development of the above paper.

™

. Trycki den 12 mars 1913.

Uppsala 1913. Almgvist & Wiksells Boktryckeri-A.-B.
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1. Introduction.

The critical constants of temperature, volume and pressure
are characteristic fixed points for each liquid; it is therefore
probable that the various properties of liquids may he capable
of development as simple functions of these constants. LEquations
of such a type will possess theoretical significance, in view of
the relations existing between the the critical constants and the
equation of VAN DER WAALS:

\ (v—0)=RT.
o+

f-\

Any formulae obtained may thus be expected to prove of value
in the elucidation of the laws governing matter in the liquid state.

The determination of the critical constants of a large number
of pure liquids, and of certain properties of these liquids through
temperatures ranging from zero Centigrade to the critical point,
has formed the subject of very extended researches by YOUNG
and his collaborators. The final complete results have recently

Meddel. fran K. Vel.-Akad:s Nobelinstitut. Band 2. N:o 20. 1
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been published in a paper, the scope of which is indicated by
its title: «The Vapour Pressures, Specific Volumes, Heats of
Vaporization, and Critical Constants of Thirty Pure Substances.»*
The extreme accuracy of the measurements renders the results
of the greatest utility for testing the validity of formulae in-
volving the above quantities.

In the following pages it is shown from the results of YounG
that two important properties of liquids — the heat of vaporiza-
tion and the specific volume — can be expressed as simple
functions of the critical constants. The first part of the paper
is occupied with the development of the equations and the de-
monstration of their applicability through the ordinary range of
temperatures; the second part deals with the results which follow
when these equations are applied at the absolute zero of tem-
perature, and with some theoretical considerations.

The following notation is employed throughout:

7T absolute temperature. 7, critical temperature. 7, boiling-
point (760 mm. pressure). T, absolute zero of temperature.
¢ temperature Centigrade.

v volume of one gramme of liquid. %, volume at absolute zero.

V volume of one gramme of saturated vapour.

d density of the liquid (referred to water at 4°C. as unity).
d, density at critical point. 4 density at absolute zero.

D density of the saturated vapour.

P vapour pressure in millimetres of mercury.

QO heat of vaporization of one gramme of liquid, expressed in
calories. (@, heat of vaporization at the boiling-point.
0, heat of vaporization at absolute zero.

M molecular weight of the liquid.

R the constant of the gas equation, PV = R7’; equal to 1°988.

E, ky, kg, ¢, p.' constants for each particular liquid.

2. The Heat of Vaporization.

The direct experimental determination of the heat of va-
porization of a liquid by the calorimetric method, through an
extended temperature interval, is a matter of extreme difficulty,
and the results obtained at high temperatures are liable to be
considerably in error. The thermodynamical equation of CLAU-

! Youxng, Proc. Roy. Soc. Dublin, 12, 374, (1910).
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sius and CLAPEYRON, however, affords a method of obtaining
the heat of vaporization indirectly by the measurement of other
quantities, and has always been found to give satisfactory agree-
ment, where comparison is available, with the values obtained
by the calorimetric method.

With the notation given above, the thermodynamical equation
is expressed as follows:

aPr

0 =00,31833 (d_]“ T)(V—v] (1)

The numerical factor is the reciprocal of the value of the me-
chanical equivalent of heat under the units employed. The heat
of vaporization at any temperature is thus obtained in terms of

7, V, », and j?_, and the degree of accuracy of the calculated

value will depend upon the limits of experimental error in the
determination of these quantities, and upon the relative effect
of such errors in the calculation of the equation. These points
have been examined by MILLS,! in a valuable paper supple-
menting the work of YOUNG.

The conclusion drawn is that, except at zero Centigrade
and in the neighbourhood of the critical temperature, the cal-
culated values for the heat of vaporization are substantially true,
the error caused by inaccurate measurements and the multi-
plication of such errors in the calculation never exceeding two
per cent, and being usually less than one per cent. At zero

Centigrade the calculated values are too high; near the critical
: . o apr
temperature the difficulty in the determination of = renders

the results somewhat uncertain.

A second formula representing the heat of vaporization has
been developed by MILLS, and has been shown to give results,
in the case of normal substances, which are in excellent agree-
ment with those obtained by the thermodynamical equation.
The formula may be stated thus:

3

3
0 =00,31833 P(V—2v)+ p' (Vd—V D) (2)

! Miris, Journ. Amer. Chem. Soc., 31, 1099, (1909).
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The first half of this expression represents the external heat of
vaporization, due to the change in volume; the second half
gives the internal heat of vaporization, representing the work
done against the force of molecular attraction in moving the
molecules of the liquid further apart. ' is a constant varying
for each particular substance.

The significance of this equation is expressed as follows:
The molecular attraction varies inversely as the square of the
distance apart of the attracting molecules, and the total amount
of attractive force possessed by a molecule is a constant. There-
fore the internal heat given out as the molecules approach each
other, multiplied by the distance apart of the molecules, is
equal to a constant.

A third formula proposed by DIETERICI:!

T /
(3) Q=U%y%3Pﬂﬁﬁﬂ+¢W7cGﬁbg%

is critically examined by MILLS and found to be inaccurate at
low temperatures, although the agreement at higher tempera-
tures is remarkably good.

Finally, the heat of vaporization at low temperatures, where
the gas laws may be assumed to be obeyed, has been shown
by ARRHENIUS? to be capable of representation by the formula:

(4) Q=A4,—CT*

Ay is the free energy at absolute zero of temperature, C is a
constant varying for each particular liquid, but of the same
order of magnitude for all liquids. Tbe formula is an expansion
in ascending powers of 7, in which higher powers than the
second are neglected. It is therefore only to be expected that
the equation will become less accurate at high temperatures,
and it is found indeed that at temperatures near the critical
point the higher terms of 7" cannot be left out of consideration.

In all of the above equations, the heat of vaporization is
obtained expressed in terms of several distinct quantities. The
formula developed below attempts to express the heat of va-

L DIF.TERIICI, Ann. der Physik, 12, 144, (1903).
[ ? ArrHENIUS, Meddel. frin K. Vet.-Akad:s Nobelinstitut. Band 2. N:o 8§,
¢ (1911).
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porization as a function of one quantity only — the critical
temperature of the liquid.

At the critical temperature the heat of vaporization is zero,
since liquid and vapour are identical. If the heat of vaporization
is plotted against the temperature, it will be found that as the
temperature falls the heat of vaporization increases at first ex-
tremely rapidly, but that the rate of increase soon falls off and
at ordinary temperatures has become very small.

A curve of this type — a sharp increase followed by a slow
one — is given by an equation of the form y = k2", where »
is fractional. The agreement of the values obtained for the heat
of vaporization with an equation of this form, i. e,

0 =k(T,— TV (5)

was therefore tested for some typical normal liquids.

As a result it was found that the agreement was extremely
good, for normal non-associated substances, throughout the whole
range of temperature, except for small deviations at zero Centi-
grade and in the neighbourhood of the critical point. Further-
more, while £ was a constant which varied for each particular
liquid, the value of the exponent # was found to be the same
for all substances, and equal to 0:386. The discussion of the
significance of this figure is left over to a later section of the
paper. In Tables I to IV below are given examples of the agree-
ment of the values obtained by the above formula, with those
calculated from the thermodynamical equation and the formula
of MILLS respectively, for liquids of diverse types — a hydro-
carbon, carbon tetrachloride, an ester, and an alcohol.

Table I. Octane. Q=972 (5692 — 7).

=

t | QO (calc.)| Ther. J MirLs
|
|

o 8749 8946 8669
120 | 7156 jra3 | 7183

i 160 | 6479 ‘ 6475 6506
| 200 | 50664 | 5661 | 35672 [
| 240 | 4602 | 4597 | 4372 |
| 260 | 3885 | 39m4 | 3863
" 380! 2850 [ 2826 | 2817
} 200 | 19'33 ‘ 1970 | 19’50
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Table II. Carbon Tetrachloride. Q@ =3592 (55615 — 7).

¢ O (cale.)| Ther. Mirrs

o 52736 51787 5240
8o 46'03 4600 46'44
120 42°30 42°08 42°'54

160 3795 | 37'95 3808
200 3262 | 32°61 32752
240 2533 2556 25'10
260 19°'g0 | 2007 19°70
280 9'22 l 10°43 10°45

Table III. Methyl Butyrate. Q= 1047 (55425 — 7°)".

¢t | @ (calc.)| Ther. MiLLs

o | 9233 95'79 90°91
oo | 7795 77°80 78713
1o | 7077 7084 | 7rog
180 62'26 6200 6226

220 5128 51°31 5107
260 | 34’10 3444 | 34706

275 21°30 21°26 | 21766
280 11°59 1116 | 1098

Table IV. Methyl Alcohol. @ = 36'50(513°0— 7°)".

it | @ (cale))| Ther. Mirrs

o 302°8 2892 2894
40 282"z 277'8 2758

So 2589 259°0 256'8

120 2317 232°0 23177

160 1981 1983 | 1994

200 1316 1308 | 1544

‘ 230 858 84’5 922
| 236 623 6177 6879

| 2385 4277 | 442 | 511
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For the normal liquids represented in Tables I to III above,
the agreement between the three formulae is seen to be very
satisfactory throughout. At the lowest temperature, zero Centi-
grade, where the thormodynamical equation is liable to give
values somewhat too high, the agreement of the calculated values
with those given by the formula of MILLS is still good. In
general, thoughout the whole series of twenty-six normal liquids
available for examination, the agreement of the formula of MILLS
with that developed above is better than that between either
of these and the thermodynamical equation. This is probably
due to the greater influence of errors of observation upon the
values calculated by means of this last equation.

In the case of methyl alcohol, Table IV, concordant values
are obtained only at the higher temperatures. The divergences
at ordinary temperatures are evidently to be ascribed to the
association of the liquid. With the remaining associated sub-
stances investigated by YOUNG, including water and acetic acid,
these divergences are still more marked, and persist even at
the higher temperatures.

The value of the constant % for each particular substance
is shown in the general table (Table V) below; the critical
temperatures and molecular weights of the liquids are also there
included. The whole of the thirty-eight substances examined
by MILLS are tabulated; for the last seven, however, the ex-
perimental data are not always trustworthy. Where the value
obtained is uncertain, owing to association of the liquid or to
errors of observation, it is enclosed within brackets.

Table V.

M Te Vi Mie M| Ty 614 !

|

Bther s o @ w = = 7408 466°8 11°86 879 202 !
Di-isopropyl . . . .| 86112 500°4 10°46 got 19°8
Di-isobutyl . . . .| 114’144 | 5498 9'22 1052 21°9
Isopentane . . . . 72'10 4608 11°48 828 19°2
Pentane . . . . . . 72°'10 4702 11°94 861 19°7
Hexdne - v 2 v 5 % 867112 5078 | 11°00 947 20.7
Heptane. . . . . . 100°13 539'9 1046 | 1047 22'0
| Octane: & v v & 5 114144 5692 972 [ o | 226
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M 7 Vi [ MEk M| Te6r4
Hexamethvlene . .| 84096 | 55370 1102 927 19°2
Benzene . . . . . . 7805 561°5 12'10 944 19'4
Fluobenzene . . . .| 9609 559°55 10°04 964 19.8
Chlorobenzene . . .| 112749 632°1 9'32 1048 19°9
Bromobenzene . . .| 156799 6700 681 1069 19°7
lodobenzene . . . .| 20389 7210 548 1118 19'7
Carbon tetrachloride | 153'8 556'15 5°92 911 188
Stannic chloride . .| 2608 591°7 3'89 1015 | 20'1
Methyl formate . . 60032 | 4870 1479 888 1I 19°9
Ethyl formate . . .| 7405 508'3 12'83 950 20'7
Methyl acetate . . .| 7403 506°7 13°31 986 21°5
Propyl formate . . .| 88064 | 353785 11745 1009 zrz |
Ethyl acetate . . .| 88064 | 35231 11°67 1028 22'0
Methyl propionate .| 88064 | 53074 11°66 1027 21'8
Propyl acetate . . .| 102'08 549'2 1074 1096 22'8
Ethyl propionate . .| r102'08 545°9 10°48 1070 223
Methyl butyrate . .| 10208 554°25 10°47 1069 22°1
Methyl isobutyrate .| 10208 540'55 1022 1043 2179
Water™:. o« « s s 18016 | 643’0 (65°30) | (r177) (22°2)
Methyl aleohol . .| 32032 | 351370 36’50 1169 25°3
Ethyl alcohol . . .| 46048 | 5161 (27:50) | (1266) (27°3)
Propyl aleohol . . .| 60'064 | 53677 E (z1°30) | (1285) (271}
Acetic acid . . . . 6003z | 5946 (14°80) (889) (17°6)
Carbon disulphide . 7614 54605 10°38 811 1679
Chloroform . . . .| 119'358 | 53370 787 940 199
Acetone. . . . . . 58'048 | 510§ 1732 1005 21°9
Ammonia . . . . . 17064 | 404.0 45.80 780 19°6
Sulphur Dioxide . .| 6407 429°'0 13'04 835 202
Carbon Dioxide . .| 4400 304'35 (15°13) (666) (18'8)
Nitrous Oxide . . .| 4408 | 311°8 (13°46) (592) (17°4)

It will be seen that, as a general rule, the constant £ de-
creases as the molecular weight of the liquid increases, the
maximum value obtained being 65°30 for water, and the minimum
3'89 for stannic chloride. If the molecular heat of vaporization
is ,calculated, the constant becomes A%, and the values for
different liquids are more comparable. The fourth column in
Table V shows the values obtained; the highest for normal
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liquids is 1118 for iodobenzene, the lowest 828 for isopentane.
When the members of a homologous series are compared,
however, it is evident that there is a steady increase in the
value of the constant M4 with increasing molecular weight.

A more satisfactory constant for all substances can be ob-
tained by the help of the rule of TROUTON. According to this
rule, which is only approximately true, the molecular heat of
vaporization at the boiling-point is proportional to the tempe-
rature of ebullition, i. e.,

MQ,=c.T,; where ¢ is a constant.

But from equation (5) above we have:
MQ, = Mk(T,— T;)3%.

Combining these two expressions, and applying the principle
of GULDBERG, that the temperature of ebullition is proportional
to the critical temperature, i. e. 7, = (1—a)7,, we obtain:

Mifa TP s ofo—a) T,
or
Mk| T, %% = constant. (6)

The calculated values of A%/ 7,°* for each substance are
given in the last column of Table V, and it will be seen that
the constancy of the expression, for normal liquids, is fairly
satisfactory. There is a slight increase with increasing molocular
weight noticeable when members of a homologous series are
compared, such a tendency, however, is also to be found both
in TROUTON's rule and in the principle of GULDBERG. For
the normal substances investigated by YOUNG, the divergence
from the mean value 20'7 is in no case so great as ten per cent.

The relation thus obtained enables us to introduce a sim-
plification into equation (5) given above, inasmuch as the variable
factor £ can be removed. We bhave, as an approximation for
normal liquids,

Mk =207 T,°4
Hence: MO =207 T% (T, —~T)*
Or: MQ =207 T,(1 — T 7,)% (7)



10 MEDDEL. FRAN K. VET.-AKAD:S NOBELINSTITUT. BD 2. N:0 29.

The equation (7) above contains no variable except tem-
perature, and is approximately valid for all normal liquids.
Nevertheless, for the calculation of the exact value of the heat
of vaporization for a particular liquid, it is necessary to sub-
stitute for the constant 20’7 in the above equation the specific
constant for the liquid under consideration.

3. Some Necessary Consequences of the Equations.

In Tables I to IV it is seen that the three equations con-
sidered all give concordant values for the heat of vaporization.
The expressions (1), (2), and (5) above may therefore be equated
together, and by such conjunction many interesting relations
between the quantities involved may be deduced. Those ob-
tained by the combination of equations (1) and (2) have been
examined by MILLS.!

By the conjunction of equations (1) and (5), we obtain:

60,31833 (j_i T) P i BT, TP

Or:
ar k (7,— 1)

®) .
d7° 00,31833 7T (V—7)

By this equation P is obtained as a function of temperature
and volume, and the equation may be utilized as a check upon

, which are the most liable to

the experimental values of il

e

bring errors into the thermodynamical equation. At low tem-
peratures, where the gas laws may be assumed to hold exactly,
the equation reduces to the following:

dlog. P _k(1,—171)"
a7 i

(9)

where 2, for any particular liquid, is a function of temperature
alone.

1 MiLis, loc. cit.
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Similarly, by the combination of equations (2) and (5) we
have:

3__ 3 __
k(T,— Ty =0031833 P(VV—2) + p'(Vd— VD). (10

A simple relationship is here not immediately obvious, but closer
examination leads to results which are important in themselves,
and which also throw light upon the significance of the value
of the exponent 72 =0386 in equation (5).

The second part of the formula of MILLS may be broken
up as below:

3 - i 3 e 3 i
Vd— VD =Vd—Vd)+ (Vd,— VD).

Now the densities of both liquids and saturated vapours are
extremely variable with temperature near the critical point,
while the rate of variation rapidly falls off as we proceed away from
the critical temperature. In other words, the curves representing
the cube roots of the densities of a liquid and of its saturated
vapour, plotted against the temperature, are of the same general
type as that representing the heat of vaporization.

3 3
It therefore seems probable that the quantities Vd—va"

3 3
and VEB—VE may be found capable of representation as func-
tions of the critical temperature of the same type as in equation
(5) above. This is shown to be the case in the following sec-
tion, after which the question of the connection between equa-
tions (2) and (5), as expressed in equation (9) above, is again
taken up.

4. The Specific Volumes.

The variation in the specific volume with temperature will
first be examined for the case of liquids.

It is found on trial, with the help of the results of YOUNG,
that, as before, a formula of the type:

3 3
Vd—Vd,=t(T,— TV (11)
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holds satisfactorily for all normal substances. As in equation (),
ki is a constant depending on the particular liquid under con-
sideration, while the exponent # has the same value for all
liquids. The value of this exponent is here equal to one-third.

The fact that the exponent is in this equation an aliquot
fraction introduces a simplification into the formula, both for
its practical application and for theoretical considerations. On
examinction with typical normal liquids, the formula is found
to hold exactly from ordinary temperatures up to temperatures
well above the boiling-point of the liquid. As the critical tem-
perature is approached, however, the volume of the liquid becomes
extremely sensitive to the large pressures exerted upon it, and the
equation ceases to be exact in its application, the calculated den-
sities being always smaller than those found by experiment. Never-
theless, by a slight alteration in the value of the exponent 7,
namely to 7z —= 0320, the formula may be made to apply over
all temperatures from zero Centigrade to the critical point. By
this change in the exponent, however, the accuracy of the
equation at the lower temperatures, where the power of one-
third applies exactly, is necessarily somewhat impaired, and the
simple nature of the formula is destroyed.

As typical examples of the agreement of equation (11) with
the results of experiment the figures for fluobenzene and ethyl
propionate (with the exponent equal to one-third) and for ethyl
acetate (with the exponent equal to 0°320) are given in Tables
VI to VIII below.

3 3

Table VI. Fluobenzene. Vd— Vé?;: 00466 (559'55 — 7°)}

[ 7 ! d (calc.) d (expt) t d (calc.) d (expt.)
o [ 1'0448 ' 1'0465 120 i 0'89335 08955
zo | 1'0223 10225 140 0’8660 08663
g0 | 09990 | 09986 160 0'8344 08363
6o 09749 | 09744 200 07626 07671
8o 0.9497 0'9496 240 . 06702 06789
" 100 09233 | 09233 286'55 | 03541 | 03341
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3 3
Table VIL. Ethyl propionate. Vd—Vd, = 00467 (3459 — T)}

- | d (cale.) | o (expt) / I d (calc) ! d (expt.) ]

o | 09105 09104 120 I 07689 | 0’7692 :

20 | 0883 | o08gor 140 | 07406 | 07413 i

40 . 08673 |[ 0’8672 160 | oyior | o711y |

5 6o 08445 0.8440 200 [ 06306 | 006443
8o | 0’8200 08201 240 | 05458 03301 i

100 | 07932 077951 2729 | 02965 | 02965 |

3 3

Table VIIL. Ethyl acetate. Vd— V;?c =0'0509 (5231 — 77)3°

I ¢ ' d (calc) ‘ o (expt.) 4 l o (calc.) ‘ d (expt.)
| | '| |

? o ‘ 09213 | 09244 220 | 05644 | 075648

i 50 | 08607 | 0’86306 230 i 0'5277 | 0’5281

| 100 | 07995 | 07972 240 | 04778 | o0y4778

i 150 | 07226 | o7z210 245 | 04189 | ©'4195

| 200 | ob2rr | o6G210 2501 |  o©73077 | 0307

The agreement in the first two of the above tables is seen
to be satisfactory from ordinary temperatures up to temperatures
well above the boiling-point; in the third table the calculated
and observed values are concordant right up to the critical
temperature, but this result is obtained only at the cost of
greater divergences at the lower temperatures. We may there-
fore consider that normal liquids, under ordinary conditions,
obey the law expressed in equation (1) above, with the ex-
ponent 2 equal to one-third.

The values of the specific constant 4, for the various liquids
investigated by YOUNG are given in the general table below
(Table IX). It will be seen that the constant is of the same
order of magnitude for all the liquids tabulated; in members of
the same homologous series, especially, the variation is very
small. For the associated liquids (water, acetic acid, and the
alcohols) no satisfactory agreement with equation (11) can be
obtained, as is only to be expected. These liquids are reserved
for future consideration.
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Table IX.

2y By |p(Mis)| A o 2,
BHhEr 5 o wowa w0 oa ‘0454 ‘0389 103'76 471 4°03
Di-isopropyl . . . . ‘0422 ‘0361 97'53 412 3’52
Diisobutyl . . . . . ‘0420 ‘0355 8758 3°68 311
Isopentane . . . . . ‘0429 '0368 105°46 4'52 3788
Bentane .« w.wos o s ‘0429 ‘0368 109704 472 4’05
Hexane: < w0 o v s ‘0425 ‘0362 102°80 4°37 372
Heptane . . . . . . ‘0422 ‘03358 9864 416 3’53
Octane . 5 %+ & s ‘0421 ‘0352 9316 392 328
Hexamethylene . . . ‘0424 '0353 103°63 439 366
Benzene . . . . . . ‘0441 ‘0367 10926 4°82 401
Fluobenzene . . . . ‘0466 ‘0389 8565 399 3733
Chlorobenzene . . . ‘0458 ‘0371 8166 374 3’03
Bromobenzene . . . ‘0494 ‘0395 55°47 2'74 2’19
Iodobenzene . . . . ‘0513 ‘0406 43°37 222 176
Carbon tetrachloride . '0538 ‘0447 44'01 2'37 197
Stannic chloride . . ‘0596 ‘0485 26751 158 1'29
Methyl formate . . . ‘0497 0419 119°86 5796 5'02
Ethyl formate . . . ‘0480 ‘0402 107714 514 4'31
Methyl acetate . . . ‘0485 ‘0411 1C9°59 5°31 4’50
Propyl formate . . . ‘0466 ‘0390 9879 4'60 3°85
Ethyl acetate . . . . ‘0474 0401 98°88 4°69 397
Methy! propionate . ‘0472 '0398 99°02 467 3'94
Propyl acetate . . . ‘0465 ‘0390 9312 4’33 363
Ethyl propionate . . ‘0467 ‘0390 91°59 428 3’57
Methyl butyrate . . ‘0462 ‘0387 91°31 422 3'53
Methyl isobutyrate . ‘0464 ‘0390 8845 4’10 345

We now come to the question of the variation of the density
of the saturated vapour with the temperature. In this case a
formula of the same type:

3 3
(12) Vd,—VD=hy(T,— T\

is once more found to be applicable; #, is a specific constant
for each particular substance, while the exponent 7 has the
same value for all substances. Here the value for # is found
to be one-half.
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The equation holds exactly for all normal substances {from
the temperature of zero Centigrade to temperatures well over
the boiling-point of the liquid. Near the critical temperature
the agreement becomes less satisfactory, as in the case of the
similar equation for liquids. Typical examples of the agreement
of the formula with the results of experiment are given below
in Tables X and XI, which show the calculated and observed
densities of the saturated vapour for octane and ethyl acetate
respectively.

A
Table X. Octane. Vd,—V D —=00352 (5692 — 7)k.

¢ D (cale) D (expt.) I D (cale.) D (expt.)
40 000141 (o002) 160 008563 ‘008591
6o ‘000414 (o004) 180 ‘01313 ‘01316
8o ‘000939 (‘o009) 200 ‘01970 ‘01965
100 ‘001835 (roo17) 220 '02923 ‘02874
120 ‘003255 ‘003247 260 | robs67 ‘obhz223
140 ‘005405 | 00540% 29672 ; ‘2327 | 2327

3

3
Table XI. Ethyl Acetate. Vd,—V D —o'0401 (5231 — 7).

? D (cale)) D (expt) ¢ D (calc) } D (expt.)

o "000069 (*o001) 120 ‘01033 | ‘01030

20 ‘000299 (‘0003) 140 ‘01646 | ‘01630
40 ‘000829 (“o008) 160 ‘02555 | ozsyy |
6o ‘001828 (‘o018) 180 03909 || ‘03883

8o | 003523 003495 200 05991 | 03797
100 l ‘006216 ‘006158 250°1 ‘3077 ! 3077

The values of the constant £, for the normal substances
investigated by YOUNG are shown in the second column of the
general table (Table IX) above. It will be seen that, as in the
case of the constant #; for liquids in equation (11), the values
are of the same order of magnitude for all substances, and in
a homologous series the figures are almost constant.
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5. The Heat of Vaporization (continued).

The above equations having been established, we now return
to the relations obtained by the conjunction of the various
formulae expressing the heat of vaporization. Introducing the
results of equations (11) and 12) into equation (10), we have:

(13) Q=*k(7,— T)* =00,31833 P(V—2)
I
3 + by (T, — TV + kg (7, — T2

The figures obtained by MILLS for the constant p. for the
liquids investigated by YOUNG are given in Table IX above,
where the values of #p' and k' are also calculated. On
comparison with Table V, it will be seen that the values of #,
kyw', and /4,p’ for each substance are in a constant proportion
to each other. The approximate ratios are:

k:lyp :byp' :1°00:0°40:0°33.

We are now in a position to examine the significance of
the value of the exponent, »=0386, in equation (5) for the
heat of vaporization;

(5) O=k(T,—T)*

For it appears, from equation (13) above, that the expression
k(Z,— 7)™ is equivalent to the sum of three quantities. The
first of these, representing the external heat of vaporization, is
variable in magnitude, but at most temperatures is comparatively
small. Of the other two quantities, the first varies as (7, — 7)3,
the second as (7Z,— 7). It therefore becomes evident that the
formula represented by equation (5) above is merely an inter-
polation formula, with an exponent 7 =0386 intermediate between
the values one-third and one-half. The variation with temperature
of the three quantities on the right-hand side of equation (13)
is fortuitously of such a nature as to render the value of this
intermediate exponent 7 practically constant for all temperatures
between zero Centigrade and the critical temperature.

o
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We have no sure grounds, hc;wever, for supposing that the
relation expressed in equation (5) will be applicable for the
expression of the heat of vaporization at temperatures far below
zero Centigrade. If either of the equations (11) or (12) fails at
such low temperatures, equation (5) will also become inapplicable.
The validity of the formulae developed above at very low tem-
peratures, and at absolute zero of temperature, is considered in
the following sections.

6. The Heat of Vaporization at Absolute Zero.

The value of the heat of vaporization at absolute zero, and
its variation with temperature near this point, are important
from theoretical considerations. At the absolute zero of tem-
perature we have the heat of vaporization equal to the free
energy, and also, by the theory of NERNST,! the condition:

d0,
a7

0.

Now the equation (5) obtained above for the heat of vapori-
zation is evidently in disagreement with this condition, since the
heat of vaporization is continually increasing as the temperature
falls. Also the absolute values of the heat of vaporization at
absolute zero, as calculated by this equation, i. e.,

Qp = kT, %,

are consistently higher than those obtained by other methods,
such as the formula of ARRHENIUS.?

It must be concluded, therefore, that equation (5) for the
heat of vaporization is inapplicable at very low temperatures,
in spite of the excellent agreement at temperatures between
zero Centigrade and the critical point. The cause of its failure
may be explained by the consideration of the validity of equa-
tions (11) and (12), on which it depends, at these low tempe-

! Nernst, Theoretische Chemie, 6 Aufl,, p. 699, (1909).
? ARRHENIUS, loc. cit.

Meddel. fran K. Vet-dkad:s Nobelinstitut. Band 2. N:o 2g. 2
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ratures. We have, as the alternative form of the interpolation
formula (5), the equation (13) above:

(13) Q=0031833 P(V—2)+ byp/ (T,— 1) + k' (T,— 7).

The first part of this expression, representing the external
heat of vaporization, becomes at low temperatures, where the

2

gas laws may be assumed to hold exactly, equal to ;}} L. The

validity of the second part of the expression at low temperatures
depends upon equation (11), of the third part upon equation (12)
above.

The former of these, representing the variation in the den-
sity of liquids with temperature, will be shown in the next
section of the paper to hold — if not exactly, at least very 1
nearly so — even at absolute zero of temperature. That is,
the density of a liquid increases slowly, as demanded by equa- |
tion (11), with falling temperature until the absolute zero is
reached. |

It is otherwise with the equation (12), for the densities of
saturated vapours. This equation gives good agreement with
the figures of experiment for temperatures down to zero Centi-
grade, but when carried far below this temperature it is found
to be quite inapplicable. The density of the saturated vapours
of the liquids considered is already extremely small at ordinary
temperatures, and decreases asymptotically towards zero as the
temperature falls. The expression #,(7,— 7%, however, steadily
increases as the temperature falls, and at very low temperatures
equation (12) can be satisfied only by negative values for the |
density of the saturated vapour. The equation must therefore
be quite inapplicable at very low temperatures, and must be
regarded as an empirical formula, valid throughout the ordinary
range of temperatures, but breaking down when the density of |
the saturated vapour becomes very small. i

The failure of equation (5) at low temperatures is thus seen
to be due to the failure of equation (11). We may avoid the |
difficulty thus raised, however, and obtain the true values of
the heat of vaporization at absolute zero, by the following |
method. '

B
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At very low temperatures the density of the saturated
vapour (and even the cube root of the density) becomes so
nearly equal to zero that equation (13) above may be written
as follows:

3

: R ' e e r
Q=T+ hp(7,— )+ p' V. (14)

Hence we obtain:

3
Os=rp . TF+ :J.'Vd, (15)
And also,
d0R - kL
FEERE e

from which we have, at the absolute zero of temperature,

agd, R Fyp
aT. M 3Tk

This should now satisfy the conditioni_g’;f’ = 0; thatis, the follow-

ing relation should hold:

A (16)

The application of equations (15) and (16) to the experi-
mental results of YOUNG is shown in the general table (Table XII)
below. The first column in this table shows the values obtained
for the molecular heat of vaporization (or free energy) at ab-
solute zero, M (Q,. In most cases the agreement of these values
with those calculated by the formula of ARRHENIUS! is excel-
lent; in others, however, expecially in those cases where a long
extrapolation is necessary, the differences may amount to several
MO,

Z

c

per cent. The expression investigated by ARRHENIUS® is

1 ARRHENIUS, loc. cit.
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found, in accordance with his results, to be practically constant;
the values of this expression are also included in the general
table.

The truth of the relation expressed in equation (16) is tested

2 Fow' M ;
by calculating the values of _l_l'l'gfor each particular substance,
Z,

and comparing the figures obtained with the constant of the
gas equation, & = 1-988. This is also done in Table XII below.
It will be seen that the results obtained for the normal substances
examined vary between 1'80 for carbon tetrachloride and 220
for propyl acetate. The mean value obtained for twenty-six
liquids is 2'01, the maximum variation from the gas constant R
being ten per cent. (The run of the values obtained for R
throughout the series corresponds extremely closely with those

obtained for the values of the constants %W% in Table V and
MQ,
is too striking to be devoid of significauce.)

[

in Table XII; a comparison will show that the parallelism

Table XII.

MO, % R d, (‘T’} Mo,
Ether . . . . . .. 7628 16°3 1'93 0978 373 757
Di-isopropyl . . . . 8044 | 1671 1'88 0’878 364 981
Di-isobutyl . . . . 9625 178 2'09 0891 377 1281
Isopentane . . . . . 7202 15'6 1'82 0851 363 847
Pentane:. . . .« i s 7520 160 1'88 0853 367 84°5
Hexane . . . . . . 8318 16°4 1'97 0873 372 986
Heptang . « = « w s 9480 17'6 2'09 0'885 3.78 1131
Octane: « aw a v & 10246 180 2'17 0’896 3.85 127°4
Hexamethylene . . 8689 15'7 1'83 0'992 363 84'8
Benzeng . ... o = = 8842 15°8 1'84 1'114 366 70'1
Fluobenzene . . . . 8988 16'1 1'88 1'301 3'67 739
Chlorobenzene . . .| 10177 16°1 1'90 1'361 3'72 82'7
‘Bromobenzene . . .| 10623 15'9 187 1°808 3'n2 §6'8
Iodobenzene . . . .| 11438 15°9 1'88 2'170 373 939
Carbon tetrachloride 8569 15'4 1'80 2027 3.64 759
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MO, I_;El R | 4 (‘;’: Mo,
Stannic chloride . . 9715 164 1'95 2'770 3'73 94°1
Methyl formate . . 7880 | 1672 1'93 1'332 382 451
Ethyl formate . . . 8492 167 1'99 1.223 3'79 6o'g
Methyl acetate . . . 8718 1772 2°06 1'240 381 59'7
Propyl formate . . 9181 171 2'04 1’175 380 749
Ethyl acetate . . . 9208 17°6 2’12 1182 384 74'5
Methyl propionate . 9249 17°4 2'09 1'193 3.82 738
Propyl acetate . . . 9952 181 2'20 1°149 3’88 89’0
Ethyl propionate . . 9792 17°9 21y I'153 389 885
Methyl butyrate . . 9776 17°6 2'13 1'155 3.85 884
Methyl isobutyrate . 9463 175 2'10 I'152 3.83 886

7. Specific Volume at Absolute Zero.

The results of the preceding section depend upon the validity
of the equation:

3 3

Vi ¥& =% (T — TR (r1)

through all temperatures down to absolute zero. This assump-
tion can be tested by a comparison of the values obtained by
the above equation for the density at absolute zero with those
obtained by previous methods of investigation. At absolute
zero the equation becomes:

5. &
Vdo =Vd, + ley T4, (17)

whence the value of 4| for the substances investigated by YOUNG
is easily calculated.

GULDBERG ' has calculated the «minimum volume» of liquids
by two methods — by the estimation of the effect of an infinite
pressure at ordinary temperatures, and by the extrapolation of
an empirical density formula to absolute zero. The results
obtained by the two methods are concordant, but are not in

' GULDBERG, Zeitschrift f. physikalische Chemie, 32, 116, (1900).
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agreement with the condition demanded by the equation of
VAN DER WAALS. According to this equation the result @,= 3 &,
should be obtained. The values obtained by GULDBERG for the
ratio of 4, to 4, are indeed approximately the same for all
normal substances examined, but the ratio is consistently higher
than 3. The average value is dp/d, = 375.

The density of liquids at absolute zero has also been cal-
culated by D. BERTHELOT! by the application of the rule of
the rectilinear diameter, discovered by CAILLETET and MATHIAS.?
By this rule the mean values of the densities of any substance
in the states of liquid and saturated vapour, when plotted against
the temperature, fall upon a straight line. Since at low tem-
peratures the density of the saturated vapour becomes negligible,
the density of a liquid at absolute zero becomes equal to twice
the mean density given by the extremity of the diameter.

YounG? has shown, however, that for all substances with
the exception of pentane, these is a slight curvature of the
diameter. Hence the results of BERTHELOT, calculated on the
assumption of a rectilinear diameter, are only approximately
correct, owing to the extrapolation through a long range of
temperature under a false assumption. The average ratio of the
densities at absolute zero and at the critical point obtained by
BERTHELOT is slightly less than 4. If the densities are calculated
by the more accurate expression of the rule of CAILLETET and
MATHIAS, given by YOUNG,* the values obtained are in most
cases a little smaller, and the average ratio of 4, to <, is brought
somewhat nearer to the value 3'75 obtained by the method of
GULDBERG.

The densities at absolute zero, as calculated from equation
(17) above, for the substances investigated by YOUNG, are
shown in Table XII under the heading 4. In this table in also
given the ratio d,/d,. It will be seen that this ratio is appro-
ximately constant for all substances; the highest value obtained
is 3'89 for ethyl propionate, the lowest 3'63 for isopentane and
hexamethylene. The average ratio, 3'75, is identical with that
obtained by GULDBERG. For particular substances the agree-

! D. Berrhneror, Compt. rend.. 130, 173, (1900).
, ? CacLeTeT and Matnias, Compt. rend., 102, 1202, (1886); 104, 1563,
(1887).

3 Young, Phil. Mag., (35), 50, 291, (1900).

* Young, Proc. Roy. Soc. Dublin, 12, 413, (1900).
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ment is not always good, the divergence sometimes amounting
to four per cent. This is, however, the error limit admitted by
GULDBERG for his values at absolute zero, so that the differences
are always within the errors introduced by extrapolation.

The run of the values for d/d, obtained throughout the
series is precisely the same as those obtained for the other
constants given in Tables V and XII. It would appear that,
while the properties of liquids may be expressed by formulae
of the same type for all liquids, yet the specific nature of each
liquid influences, in some slight degree, the numerical values of
the constants contained in these formulae.

The last column of Table XII shows the molecular volume
of the liquids examined at the absolute zero of temperature.
The values obtained cannot be fully discussed here; two general
rules obvious from their inspection may, however, be stated:

(i) The molecular volumes of isomeric substances are equal.

(i) The difference between the molecular volumes of the
successive members of a homologous series is constant. The
addition of CH, to the molecule increases the molecular volume

by 14°4.

8. General Conclusions.

The equation representing the variation in the density of
liquids with temperature:
F.. B
Vd—Vd,=k(T,— ) (11)

has been shown in the preceding pages to give results in agree-
ment with the figures of experiment throughout the ordinary
range of temperature, to give results in agreement with those
obtained by other methods at the absolute zero of temperature,
and to lead to the required condition in equation (14) for the

Qo

heat of vaporization that -~—O. The validity of the formula

is therefore established; its thcoretical significance is stated below.
Let 1/S be the distance apart of the molecule‘; of the liquid,

then for any liquid we have S proportional to Vr{ Equation (11)
thus becomes:
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S—S,=const. (7,— 7).

And this on differentiation gives:

(18) £=c0n5t. —-,—I’—
ar (7,— 1)

Also, from the results of MILLS, the molecular attraction between
the particles varies inversely as the square of their distance
apart;' i. e. if o be the molecular attraction, o is proportional
to S Hence we obtain:

3
do Vd
(19) —— =const, ———— =const. ——_.
d7 (L—Th (T,—TH

Equations (18) and (19) above give the variation of the distance
between the molecules and of the molecular attraction with
temperature.®

Conclusions of a similar type may be drawn from equation
(12) for the densities of saturated vapour and from equation (13)
for the heat of vaporization, but, since these formulae have not
the same general validity as equation (11) above, the subject is
not developed further here,

By the examination of certain of the equations in the pre-
ceding pages, we may arrive at the significance of certain of
the constants used in the formulae obtained. “From the equation
of MILLS for the heat of vaporization:

3 3
(2) Q —00,31833 P(V—v) + p'(Vd— VD)

L The theory of molecular attraction, as advanced by MiLrs, has been
recently attacked by KLEEMAN, who has at different times proposed formulae
in which the molecular attraction varies inversely as the fifth power (Phil.
Mag. [VI] 19, 795, (1910)) or the seventh power (Phil. Mag. [VI], 20, 678
(1910)) of the distance between the molecules. MiLLs, however, has shown
conclusively in his replies (Phil. Mag. [VI] 21, 84, (1911), and 24, 483, (1912))
that the agreement with the experimental results of Young, obtained by the
use of his own equation, is far superior to that given by the formulae of
Kreeman, The results obtained in this paper, and the form of the equations
derived, must also be regarded as affording support to the position of MiLLs.

? Temperature per se has no influence on the molecular attraction
(MiLLs, Phil. Mag. [VI), 21, 97, (1911)); the variation with temperature is due
to the accompanying change in density,
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we obtain, by bringing the equation to apply at absolute zero,
as we are entitled to do from the results obtained from equa-
tion (14);

3 -
Qo= 1'Vdy. (20)

The constant p' is thus the quotient of the heat of vaporization
at absolute zero by the cube root of the density at absolute zero.
Similarly, from equation (17) for the density of liquids:

3 3
Vdy=Vd, + b T} (17)

we obtain, since 4, = 3'75 4, the result,

3
o553 Vd,
- 5??‘___ ,

c

(21)

By the help of this, equation (11) may be simplified to the form:

3
3 3 . =
Vid—Va, =°.5_52§.I/“"=( 7T

¢

or
3
.l/d — 1 =035 (1—-{).i (22)
P
This equation is applicable to all normal liquids, since the
numerical variable has been removed; it is, however, in common
with the similar equation (7) obtained for the heat of vaporiza-
tion, only an approximation. For exact agreement with the
results of experiment, the constant 0553 in the above equation
must be replaced by a specific constant for the liquid under
consideration. The values for this constant, in the substances
investigated by YOUNG, range from 0'527 to 0'572.
Meddel. fran K. Vet.-Akad:s Nobelinstitut. Bd 2. Nwo 29. ¥
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9. Summary.

In the above investigation it has been shown that the
properties of liquids are closely connected with their critical
constants, and may be expressed as functions of these constants.
Two typical properties — the heat of vaporization and the
specific volume — have been examined, and formulae for their
expression have been developed, with the help of the accurate
experimental data of YOUNG.

For the heat of vaporization the equation obtained is:

(5) Q=~k(1,— TV,

where, for all normal substances, 7 =0386. By conjunction
with the rule of TROUTON this formula can be reduced to the
form:

(7) MQ =207 T(1— T|T)".

The value 207 is an average value, which is only slightly de-
parted from by normal liquids.
For the specific volume of liquids the formula obtained is:

3 3
(11) Vd—Vd =k (T,— T);

while for the specific volume of saturated vapours the following
equation applies:

] 3
(12) VE—YD by (T,— T

The former of these equations is found to be valid over all
temperatures from zero absolute to temperatures well above the
boiling-point of the liquid; the latter equation, however, becomes
inapplicable at temperatures much lower than zero Centigrade.
Equation (11) may be reduced to the form:

3

(32) ]/g—l =0'553 (1 ~;)'§

[ c

which is approximately true for all normal liquids.
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The above equations have been connected by means of
the equation of MILLS for the heat of vaporization:

3

; 3

Q =00,31833 P(V—2) + o' (Vd— VD); (2)

which, by conjunction with equation (11) and (12) above, becomes:
0 =00,31833 P(V—2) + by (T,— TP + kp' (7, — T)E. (13)

From this equation it is seen that equation (5) above for the

heat of vaporization is an interpolation formula, with an expo-

nent 7 —0'386 intermediate between the values one-third and

one-half. At temperatures below zero Centigrade it must become
inapplicable, owing to the failure of equation (12).

For such low temperatures, however, the heat of vaporization

may be obtained by transforming equation (13) to the form:

R . , -

Q= T+ by (T,— T + 'V, (14)

In this equation the condition demanded by the theory of NERNST,

0

l72-§]=0, is fulfilled if the following relation holds:
[

k' M
31_*}.%_= 5 (16)

This is shown to be true in the case of normal liquids. The
absolute values of the molecular heat of vaporization at absolute
zero, MQ,, are also calculated from equation (14), and found
to be, in general, in good agreement with those obtained by

ARRHENIUS. The expression % is shown to be approximat-

c
ely constant.

The densities of liquids at the absolute zero of temperature
have been calculated by means of equation (11); the values
obtained are in good agreement with those found by GULDBERG
by extrapolation. The ratio dj/d, is found to the approximately
the same for all normal liquids, with an average value of 375,
which is identical with the value obtained by GULDBERG. The
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equation of VAN DER WAALS requires the ratio 4,/ equal to 3.
Finally, certain additive properties in the values of the molecular
volume at absolute zero have been indicated.

The significance of the numerical constants employed in
the various equations has been considered. In common with
the results of previous investigators, however, it has been found
that, while the properties of all liquids may be expressed by
equations of one general form, the variable numerical factor in
any such equation cannot be entirely removed, but depends to
some small extent upon the particular liquid under consideration.
Also, in different formulae, the run of the values of the «con-
stants» is the same throughout a series of liquids examined.
It is clear that the specific properties of particular liquids cannot
be altogether suppressed in any general formula, but make
themselves evident in the small variation of the numerical factor,
as in equations (7) and (22) above, and as in the rule of TROUTON.

The significance of the equations obtained from the point
of view of molecular attraction has been briefly indicated.
Further theoretical discussion, however, as well as the questions
of the applicability of the critical constants for the expression
of the properties of associated liquids, is left for a future com-
munication.

In conclusion, I have great pleasure in expressing to Pro-
fessor SVANTE ARRHENIUS my thanks for his valuable criticism

and advice during the course of these investigations.
Nobel Institutet, Experimentalfiltet, November 1912.

Tryckt den 14 mars ror3.

Uppsala 1913. Almgvist & Wiksells Boktryckeri-A.-B.
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1. Introductory.

In a previous communication® it has been shown that, for
normal non-associating liquids, the following relations hold:

Q=#(T,— TP (1)
3 3
Vd—Vd =k (T, — TH (2)
3 3
Vd,—VD=ky(T,— T)H (3)

Q is the total heat of vaporization of one gramme of the
liquid, expressed in calories; 77 is the critical temperature, 7°
the temperature of observation; & is the density of the liquid
and D the density of its saturated vapour at the temperature
7, d, is the common density of liquid and saturated vapour at

the critical point; £, %;, and #, are constants for each particular
liquid.

! Meddel. frin K. Vet.-Akad:s Nobelinstitut Band 2. N:o 29, (1912).
Meddel. fran K. Vet.-Akad:s Nobelinstitut. Bd 2. N:o 36. 1
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The value of the exponent 7 in equation (1) is found to
be the same for all of the twenty-six normal liquids investigated
by YouNG,' and equal to 0°386. The three equations are con-
nected by means of the formula derived by MiLLS? for ex-
pressing the heat of vaporization:

T B
(4) 0 =00,31833 P(V'—2) + p/ (Vd— VD).

In this equation the numerical factor is the reciprocal of
the mechanical equivalent of heat in the units employed; 2 is
the vapour pressure measured in millimetres of mercury; # is
the volume of one gramme of the liquid, I the volume of one
gramme of the saturated vapour; p' is a constant for each
particular liquid.

It is of interest to examine the behaviour of associated
liquids with regard to the above equations. Exact experimental
data are available in the case of the associated liquids investi-
gated by YOUNG?® — water, methyl alcohol, ethyl alcohol, propyl
alcohol, and acetic acid. These liquids are considered in the
following pages.

2. The Heats of Vaporization.

In the previous paper it has been shown that the validity
of equation (1) above is dependent upon the validity of equa-
tions (2) and (3). Equation (1) is, in fact, only an interpolation
formula, the value of the exponent, # — 0°386, being intermediate
between the values, one-third and one-half, of the exponents in
equations (2) and (3) respectively. The true formula for the
heat of vaporization is obtained by combining equations (2) and
(3) with equation (4) above, when the following result is obtained:

3

3 3 3
(5) Q=00,31833 P(V—2)+ p'by(Vd — V) + ' by (Vd,—VD.

Equation (1) for the heat of vaporization cannot, therefore,
be expected to apply in the case of any liquid unless, as a

1 Young, Proc. Roy. Soc. Dublin, 12, 37’4, (1910).
? MiLis, Journ, Amer. Chem. Soc,, 31, 1099, (1909).
? Youxg, loc. cit;; MiLLs, loc, cit,
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first condition, the densities of the liquid and of its saturated
vapour follow the normal courses indicated by equations (2)
and (3) above.

The densities of the associated liquids, however, do not
vary in a normal way with temperature, owing to the change
in the degree of association with temperature. The density of
the liquid in the associated state is not the same as in the
unassociated state, and, contrary to expectation, the associated
molecules are less dense than the simple molecules. In all of
the above liquids, the rate of increase in density as the tem-
perature falls is smaller-than the value demanded by equation (2)
above, owing to this expansion which accompanies association.
Water is especially exceptional, since through a small range of
temperature just above the freezing-point (from 4° C. to 0° C))
the density of the liquid decreases with falling temperature.

It is evident, therefore, that equation (1) as it stands cannot
be wvalid throughout the same large range of temperature for
associated liquids as for normal non-associated liquids. In some
cases, indeed, (see methyl alcohol in Table II below) the agree-
ment at high temperatures is satisfactory. In others, however,
agreement with the experimental values can be obtained only
by changing the value of the exponent z. The results obtained
are shown in Tables I to V below; in Table VI the figures for
a normal non-associated liquid (ethyl acetate) are given for
comparison. In these tables, the first column shows the tem-
perature in degrees Centigrade, the second the experimental
values for the heat of vaporization, obtained by the use of the
thermodynamical equation of CLAUSIUS and CLAPEYRON:

Q =00,31833 (dp

- 2") (V—1) (6)

the third column shows the values calculated by means of
equation (1) above.
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Table I. Water. Q=8306 (7,— 7). 7,=370° C.

|

! ! O (expt.) Q (calc) 4 Q (expt.) Q (cale.)

-H °o 595°8 596'4 160 494°2 4938
20 5848 58573 180 479'7 477°6
40 373’5 5739 200 465°3 4601
6o 561°8 562°2 220 449°4 441°4
o 5498 549'8 240 429'5 420'8
100 537°5 5369 260 4o2's 3980
120 523'0 5232 270 I 300°3 38575
140 5083 508'8 |

Table II. Methyl Alcohol. Q=36'50(7,— 7)*¢. 7,=2400°C.

Q (expt) | Q (ale) t Q (expt) | Q (calc)
| o 2892 302'8 160 19873 1981
! 20 28475 2927 180 17492 I 177°3
' 40 2778 28272 200 151°8 151°6
‘ 60 269'g 2710 220 11275 116°0
| 8o 2590 258'9 230 84’5 888
! 100 246’0 246’0 236 | 617 623
| 120 232°0 231°7 238'g I 442 427
140 2161 2159 i

|
i
i

Table III. Ethyl Alcohol. Q=26:61(7,— 7)*®. 7,=2431°C.
4 0 (expt.) @ (calc)) ¢ Q@ (expt.) Q (cale)
0 220'Q 239°5 140 I71°1 170'1
20 220°0 2314 160 156°9 1559
40 2187 222'g 180 139°2 139°6
60 213°4 2138 200 | 116°6 | 1199
8o 2064 204°2 220 | 882 | 93'6
100 197°1 192°9 240 q03 | 41°8
| 120 1842 182°4 242'5 22’1 21
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Table IV. Propyl Alcohol. QO

5

=1279(Z,— 7). 7,=2637°C.

Table V. Acetic Acid.

¢ Q (expt.) Q (calc.) ¢ Q (expt.) Q (calc)

o 194°4 2075 180 1163 F 117°0
8o 1730 1734 200 102°2 I 102°1
100 164'0 1637 220 853 846
1z0 | 1530 1534 240 634 623
140 | 1424 142°3 260 335 24'6
160 129'0 13073

Q = 1480 (7,— 7)*. 7,-=32165° C.

|

¢ O (expt) | Q (calc) ¢ Q (expt) | Q (calc)
|
20 84705 e 240 7818 8095
6o 89°69 — 260 72726 72°66
100 92'32 — 280 63748 62'43
140 91'83 —_ 300 4897 4852
180 8771 = 310 37777 3621
| 200 85°55 94'47 320 2092 17'96
| 220 82'02 8810
Table VI Ethyl Acetate. Q=1167(7,—7)*. 7,=2501° C.
¢ O (expt.) 2 (calc.) ! Q (expt.) Q (calc.)
0 100°61 9840 180 59°'87 60'18
80 | 8578 84'80 200 5271 52'88
100 8215 8080 220 42°63 4343
120 77°53 76'44 240 27'17 2850
140 7224 7169 247 17°12 18'07
160 | 65791 66'31 249 12'03 12°11

The agreement between the calculated and experimental
values is seen to be, in general, satisfactory, except at the lower
temperatures for the alcohols and for acetic acid. The fact that
in two cases — water and propyl alcohol — the value of the
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exponent # is equal to a simple fraction — one-third and one-
half respectively — must be regarded as merely fortuitous.

The curves representing the variation with temperature of
the heats of vaporization of the above associated liquids, as obtained
from the experimental data of YOUNG, are shown in the annexed
figure (page 8). The curve for ethyl acetate is also given
for comparison. For the sake of clearness in the diagram, the
scale for @ in the case of water is reduced to one-half, and in
the case of ethyl acetate it is increased by one-half. Since the
heats of vaporization are always, in effect, negative, the values
of Q are plotted downwards. Temperatures are plotted from the
critical-point.

In the discussion of the results, water and acetic acid are
treated first, as in these cases a simple explanation of the ab-
normality is more obvious; the alcohols are grouped together
in a later section.

3. Water and Acetic Acid.

From the diagram it will be seen that the normal curve
for the heat of vaporization plotted against the temperature
(Curve VI) exhibits very slight curvature after the sharp initial
increase near the critical point; beyond the region of 7,— 7
= 100° C. the change in the slope of the curve is very slow.
The heat of vaporization of a normal liquid, therefore, at tem-
peratures not too near to the critical temperature, shows a con-
tinuous increase, the rate of which diminishes only very slowly
as the temperature falls.

In this respect water, as is seen from Curve I, follows the
normal type of curve. The curves for the remaining associated
liquids, however, indicate that in these liquids the change of
slope persists even at low temperatures, and the curves, instead
of approximating more and more to straight lines, are all, though
in different degrees, bent in an upward direction. (This may
be best observed by looking «<along» the curves from the direc-
tion of the origin.) The value for the heat of vaporization thus
shows signs of approaching, sooner or later, a maximum as the
temperature falls, and in two cases indeed this maximum value
is reached within the experimental range of temperature. Acetic
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acid possesses a maximum heat of vaporization at 120° C,
ethyl alcohol at 10° C. (approximately).

This upward curvature in the values of the heat of vapo-
rization for the alcohols and for acetic acid accounts for the
disagreement between the calculated and observed values at low
temperatures, as found in Tables II to V above. Water is thus
seen to be, in this respect, more normal in its behaviour than
the other associated liquids here considered.

This at first sight appears somewhat strange, from the fact
that water, in regard to its variation of density with tempera-
ture, is most abnormal. In equation (5) above for the heat of
vaporization, the second part of the equation, which represents
the change in the density of the liquid, actually decreases,
instead of increasing regularly with falling temperature, at tem-
peratures just above zero Centigrade. Nevertheless, the increase
in the heat of vaporization at low temperatures shows no signs
of falling off.

The explanation is that, in the case of associated liquids,
there is another factor to be considered in the calculation of
the heat of vaporization, namely the amount of heat required
for the dissociation of the associated molecules into simple
molecules. SUTHERLAND! has shown that the association of
water is attended by the production of heat. This heat will be
again absorbed during vaporization, since vaporization is ac-
companied by more or less complete dissociation of the complex
molecules of the liquid. The value of the heat of vaporization
is thus increased, especially at low temperatures, for the degree
of association of the liquid increases as the temperature falls,
while the degree of association of the saturated vapour dimi-
nishes, owing to its rapidly increasing dilution. The decrease
in the heat of vaporization at low temperatures, due to the ab-
normal change of density of the liquid, is thus counterbalanced
by this increase, due to dissociation during vaporization, and the
curve for water is approximately of the normal type. Never-
theless, the slope of the curve is rather smaller than in the
curve of normal type, as is seen by the fact.that the value of
the exponent, 7 =0°333, in the equation for the heat of vapori-
zation, is lower than the value 7 =0386 for normal liquids.

The curve for acetic acid (Curve V in the diagram) is evi-
dently most abnormal; here again there is a simple explanation.

1 SuTHERLAND, Phil, Mag., (5), 50, 460, (1900).



8 MEDDEL. FRAN K. VET.-AKAD:S NOBELINSTITUT. BD 2.

At low temperatures, even under the small vapour pressures
there existing, the saturated vapour of acetic acid consists to a
large extent of associated molecules, and the degree of associa-
The density of the

tion increases with falling temperature.’

saturated vapour at low temperatures is therefore abnormally

s [T 73
400° 300 200° 100°
.MV/

7,
/

/

"

I. Water (one-half normal scale).

II. Methyl alcohol.
III. Ethyl alcohol.

high, and this diminishes the third part of equation (5) above
for the heat of vaporization, which represents the change in the
density of the saturated vapour. At low temperatures the values
for the heat of vaporization of the acid are consequently less

! Youne, loc, cit,

IV. Propyl Alcohol.

V. Acetic Acid.

VL. Ethyl Acetate (°/» normal scale).

NiO

Q).

100
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8
<4— Heat of Vaporization (
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than normal, the diminuition being, indeed, so great that a
maximum value is attained at 120° C., after which there is a
regular decrease.

4. Methyl, Ethyl and Propyl Alcohols.

The three alcohols exhibit, just as acetic acid, though to
a smaller degree, a noticeable falling-off in the increase of the
heat of vaporization at low temperatures, as is seen by the
comparatively rapid change in the slopes of the curves II, III
and IV, when compared with the normal curve VI in the dia-
gram. In one case, namely ethyl alcohol, a maximum value is
attained in the experimental range of temperature, at 10° C.
The explanation given for the abnormality of acetic acid is,
however, not valid here, since the densities of the saturated
vapours of the alcohols follow a perfectly normal course, and
no indication of increasing association at low temperatures can
be observed.? Also the variation of the densities of the liquids
themselves with temperature, according to equation (2) above,
is not, as in the case of water, considerably removed from the
normal,

The abnormality in the values for the heat of vaporization
of the alcohols at low temperatures has been accounted for by
GUYE! as due to the heat required for the breaking-up of the
complex molecules of the liquid during vaporization. On exa-
mination, however, this explanation is found to be insufficient,
as will be seen below.

The conclusions of GUYE have been summarized by Ram-
sAY? in a paper «On the Complexity and the Dissociation of
the Molecules of Liquids»; the following extract is from this
paper:

«The heat required to vaporize a dissociating liquid is
employed in two ways when the gas, as is always the case,
has a simpler molecular formula than the liquid. A portion of
the heat is employed in vaporization alone; while a portion is
absorbed in effecting the decomposition of complex molecular
groups. The heat of vaporization alone diminishes as tempera-

! Young, loc. cit.
2 GuyE, Archives des Sciences phys. et nat., Geneva, (3), 31, (1894).
® Ramsay, Proc. Roy. Soc., A 56, 171, (1894).



10 MEDDEL. FRAN K. VET.-AKAD:!S NOBELINSTITUT. BED 2. N:0 36.

ture rises, till at the critical point it is zero; but the heat re-
quired to dissociate molecular groups may increase, if that term
is of importance, and may cause the total heat to increase.»

The assumption made here is that the heat required for
the dissociation of molecular groups during vaporization may
so increase with rising temperature that this increase will more
than counterbalance the diminuition in the heat of vaporization
due to the vaporization alone. But, as has already been pointed
out in the case of water, the degree of dissociation of the liquid
diminishes with rising temperature, while the degree of asso-
ciation of the saturated vapour increases. The change in the
degree of dissociation during vaporization must therefore diminish
rapidly as the temperature rises, and the heat absorbed by the
dissociation of molecular groups will also diminish, unless the
temperature coefficient of the dissociation process is large. The
dissociation process may be represented by the thermochemical
equation:

(7) 7 (ROH) = (ROH),, + x calories,

where # is the number of simple molecules of the alcohol ROH
in the complex molecular group, and x the number of calories
absorbed in the dissociation of a gramme molecule. Now if
increases rapidly with rising temperature it is possible that the
heat absorbed in dissociation during vaporization might also
increase, in spite of the diminuition in the amount of liquid that
dissociates, But for the heat absorbed so to vary that, over
and above this, the diminuition in the heat of vaporization due
to the vaporization alone may also be counterbalanced, the
temperature coefficient of the dissociation process represented
in the above equation must be very large indeed, i. e.,  must
increase extremely rapidly as the temperature rises.

The explanation of GUYE and RaMSAY will therefore be
valid only if the tendency towards association increases rapidly
with rising temperature. The reverse of this is, however, the
case, since the degree of association of liquids invariable decreases
with increase of temperature. An increase with the temperature
in the amount of heat absorbed during dissociation would, in
fact, be contrary to the general principle followed by physico-
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chemical processes, as enunciated by ARRHENIUS.! By this
principle of ARRHENIUS, the heat liberated in a physico-chemical
process (such as vaporization or dissociation) may be expressed
by the formula:

0 sy e ETS, (8)

where Agand C are both negative constants. The amount of heat,
U, liberated in the dissociation of a liquid, is therefore always
negative at low temperatures and approaches zero with rise of
temperature. In other words, heat is absorbed by dissociation,
but the amount decreases as the temperature rises.

It is thus evident that the explanation of GUVE cannot
account for the anomalous character of the curves of the heat
of vaporization of the alcohols at low temperatures, but only
accentuates the divergences observed. For a feasible explanation,
it is necessary to examine more closely the nature of the energy
changes that occur during the vaporization of a liquid. While,
in the following pages, a definite explanation is not suggested,
yet the precise direction in which such must be sought is in-
dicated.

In the first place, during vaporization, work is done in
overcoming the external pressure as the liquid expands into
vapour. This accounts for the «external heat of vaporization»;
the remaining portion, however, the so-called «internal heat of
vaporization» is not so simple in its nature. It cannot be wholly
accounted for (as has been done by some previous investigators)
by the energy required to overcome the molecular attraction
between the various molecules of the liquid, as they are forced
apart from each other during the expansion into vapour. The
expansion is also accompanied by a change in the intramolecular
energy of the single molecules. For the specific heat of a liquid
(or of a gas) at constant volume varies with the density, and
from this it must follow that in an isothermal change in density,
intramolecular energy is liberated. The specific heat of a sub-
stance at constant volume is considerably greater in the liquid
state than in the gaseous state; this means that the energy
change which takes place in an expanding liquid must involve

! ARrHENIUS, Meddel. frin K. Vet-Akad:s Nobelinstitut. Band 2. N:o
8, (1911),
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a liberation of intramolecular energy.! Finally, in associated
liquids, there is the energy required to effect the dissociation
of complex into simple molecules.

It has already been shown that the abnormal heats of
vaporization of the alcohols at low temperatures cannot be ac-
counted for by this last-named feature in the process of vapo-
rization. Also, since the vapour pressure curves of the alcohols,
and the densities of the liquids and their saturated vapours,
follow an approximately normal course with change of tempe-
rature,? the explanation of the abnormality is not to be found
in the external heat of vaporization. Neither can the divergences
be referred to moleculares attraction, for, although the exact na-
ture of the law of molecular attraction is still a matter of
dispute, it is clear that the law must be perfectly general in its
application. The conclusion must therefore be drawn that it is
in the change of intramolecular energy, due to the expansion
during vaporization, that the alcohols exhibit abnormality.

The reason for such abnormality is not, indeed, evident,
since the intramolecular energy is a function of a complex
nature, very imperfectly understood. Furthermore, the experi-
mental determination of the specific heats of liquids and of
vapours at constant volume, throughout the necessary large
range of temperature, has not yet been carried out within a
sufficient degree of accuracy to enable us to obtain trustworthy
data. In most of the cases investigated by TYRER,® extrapolation
is necessary and the results derived are consequently somewhat
uncertain. The exact determination of the specific heats of
liquids and of vapours at constant volume, and the application
of the results obtained to the question of the changes in intra-
molecular energy, may be expected to throw light upon the
problems of vaporization and molecular attraction, and to ad-
vance the present unsatisfactory state of our knowledge of the
laws governing association in liquids.*

1 Tyrer, Phil. Mag., (6), 23, 101, (1912),

2 As has been previously pointed out, the curves differ slightly from
the normal, but the divergences are quite insufficient to account for the large
abnormalities observed in the heats of vaporization.

® TyRER, loc. cit.

4 The validity of the conclusions drawn by TYRER on the question of
intramolecular energy has been questioned by Kreeman (Phil. Mag. [VI], 23,
656, (1912)). Kreeman, however, makes use of the supposition that molecular
attraction varies with the temperature, which is contrary to the simpler and
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5. Suminary.

The formula derived in a previous communication for ex-
pressing the heat of vaporisation of normal liquids:

Q=#r(1,—1) (1)

where 7 is a constant equal to 0386, has been tested in the
case of the common associated liquids. It has been found that
agreement between the experimental and calculated values can
be obtained only by changing the value of the exponent 7.

When the heats of vaporization of the associated liquids
are plotted in a diagram against the temperature, it is seen that
water approximates most nearly to the normal type, while acetic
acid is most abnormal. The alcohols occupy an intermediate
position,

The cause of the divergences has been examined in each
case. In water there are two opposing factors — the abnormal
variation of the density of the liquid with temperature, and the
heat evolved in dissociation — which tend to counterbalance
each other; the curve is therefore near to the normal type. In
acetic acid the large divergences are accounted for by the
association of the saturated vapour at low temperatures.

The case of the alcohols is not so simple, and the expla-
nation put forward by GUYE and RAMSAY has been shown to
be insufficient. An examination of the energy changes during
vaporization suggests that the abnormality must be ascribed to
the intramolecular energy. In an isothermal change in the
density of a liquid, intramolecular energy is liberated, and the
variation with the temperature of the quantity liberated during
vaporization must differ, in the alcohols, from the normal type.
Exact experimental data for the specific heats of liquids and
of vapors at constant volume are needed for the further in-
vestigation of the problems involved.

more probable theory of Mits (Phil. Mag. [VI] 21, 84, (1911), and 24, 483,
(1912)). See also my previous paper (Meddel. frin K. Vet-Akad:s Nobelin-
stitut.  Band 2. Nio 29, p 24, (1912)).
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I have great pleasure in expressing my thanks to Professor
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Nobel Institutet, Experimentalfiltet, March 1913.

Tryckt den 24 november 1913.
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obtained in the previous investigation with dimethylpyrone. This was
to be expected, since there the components were one acidic and one basic,
while here both are primarily acidic.

With systems containing dichloroacetic acid, addition products were
obtained in two out of eight cases. In the remaining six, compounds
were present in solution, but could not be isolated. (All solutions con-
taining dichloroacetic acid were extremely difficult to investigate, owing
to persistent supercooling.) The compounds obtained were much less
stable than those with trichloroacetic acid.

From systems containing chloroacetic acid no addition compounds
were obtained, and the curves indicate that the tendency towards com-
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pound formation is extremely slight. 'This is in keeping with the rela-
tively weak acidic nature of chloroacetic acid. T'he examination of several
similar systems (in which both acids taken were either from Series A or
Series B) confirmed the conclusion that, with acids of only slightly di-
vergent strengths, no addition compounds are formed.

The experimental results are given in the tables below; these are ar-
ranged as in the previous paper. A few typical curves are shown in the
accompanying diagrams.

Experimental.

1. Benzoic Acid—Trichloroacetic Acid.—The equimolecular compound,
CsH;.COOH, CCl1;.COOH, was obtained, m. p. 36.4° (by extrapolation).
The compound is not stable at its maximum, and crystallizes only from
solutions containing excess of trichloroacetic acid. The freezing-point
curve is shown in Fig. 2.

(¢) Solid phase, CsH:.COOH.

% C¢H;.COOH ........ 100,0 80.1 68.3 63.6 60.1 55.5 532.0 47.I
R 3 S A R 121.0 105.6 89.7 79.9 72.8 64.0 54.4 43.1
(b) Solid phase, C¢H:. COOH, CCl;.COOH.

% CeHuCOOH. ... voin 42.9 39.2 33.3 31.5
..................... 34.6 32.6 28.1 26.6
(¢) Solid phase, CCl;.COOH.
%C3H5COOH ........ 26.5 22.5 21.9 16.7 9.4 O
...................... 32.3 36.9 38.0 45.0 50.5 57.3

2. o-Toluic Acid—Trichloroacetic Acid.—The compound C;H;.COOH,
CCl,.COOH was obtained, m. p. 52.9°; stable at its maximum. (See
Fig. 1.)

(a) Solid phase, C;H;.COOH.
% CiH+:COO0H: s vivaiiamasian 100.0 90.0 81.2 73.9 67.2 58.3 53.8
............................ 103.4 97.6 9o.5 83.9 76.8 64.7 55.7

(b) Solid phase, C;H;.COOH, CCl;.COOH.

% CiHypCOOR v s 2 49.8 45.5 40.8 37.6 33.1 28.8 23.5
........................... 52.9 52.6 51.8 50.4 48.1 45.1 39.4
(¢) Solid phase, CCl;,COOH.

o ICyH7COOH, v s st 2 OuE2 T Bilak50 0 -8 6
T s s n s on RS e B to 20.7 48.0' 45.5 5.3 57.3

3. m-Toluic Acid—Trichloroacetic Acid.—The compound C;H;.COOH,
CCl,.COOH was obtained, unstable at its maximum; m. p. 37.4° (by
extrapolation). (See Fig. 1.)

(a) Solid phase, C;H;.COOH.
% CiH7 COOHE - .k ot i oo 100.o0 89.3 78.1 65.7 60.2 55.7 5I.4
........................... 107.6 100.2 89.8 75.3 066.6 56.9 45 4
(b) Solid phase, C;H;.COOH, CCI;.COOH.

% CHICOOR . v s vinn s vns 49.6 45.8 41.9 36.7
.......................... 37:3" 36.3 34.6 31.3
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(¢) Solid phase, CCl;.COOH.

0% CIHACOOH  cosvmsiiins AT o 1 26557 2 T0WT5L0. - TiT. O
s redsamsod S s o 9 S S B R 26.2 32.4 38.6 44.1 51.5 57.3

4. p-Toluic Acid—Trichloroacetic Acid.—An equimolecular compound
was obtained, unstable at its maximum; m. p. 69.0° (by extrapolation).
(a) Solid phase, C;H;.COOH.

o C:H..COOH....... 100.0 87.2z 76.2 65.5 57.6 50.1 44.8 40.0 36.9
g L e e U 178.6 170.4 160.1 145.9 I31.9 I15.5 100.2 84.1 69.I
(b) Solid phase, C;H;.COOH, CCI;.COOH.

o CiH7.COOH .. vvv  34.5 30:5 25.7 22.3 18.1

SR o s U L i 63.5 60.3 35.7 51.8 45.0
(¢) Solid phase, CCl;.COOH.

% C;H;.COOH....... 12.9 6.9 o

o S P S A 46.6 52.2 57.3

5. a~Toluic Acid—Trichloroacetic Acid.—No compound was here
isolated. The curve is shown in Fig. 1.
(a) Solid phase, C;H;.COOH.

O Y GO o b il 100.0 90.5 81.4 70.8 63.1 55.4 47.9
4 P U . W ey Do L L 76.7 70.8 63.3 51.7 40.I 25.9 9.2
(b) Solid phase, CCl;.COOH.

O CiHnCOOH . v v oomnmanmes  ALZ 34,9 28.4 20,8 1I.7 O
T il S e e A W 10.2 21.2 31.3 4I.2 49.3 57.3

6. Cinnamic Acid—Trichloroacetic Acid.—The compound CsH;.COOH,
CCl;.COOH was obtained, unstable at its maximum; m. p. 63.0° (by

extrapolation).
(@) Solid phase, CsH7;.COOH.

O Colr COOH . o hisfie s sinisisioeintei ol 100.0 87.0 76.1 65.8 56.6 50.3
< DA R R ST e oL 136.8 122.2 108.5 94.8 79.9 68.5
() Solid phase, CsH;.COOH, CCl,.COOH.

O Gy COOH, il i S i de 45.3 41.4 35.3 20.2 25.9

B v s ey i e Y 62.1 59.7 55.7 49.3 44.9
(c) Solid phase, CCl;.COOH.

07 CaHy COORL Y, ot omrininie s 24.8 10.7 17.4 9.3 ©

oA S b e R A 36.1 42.5 45.0°5I.1 5§7.3

7. Acetic Acid—Trichloroacetic Acid.—No compound was here isolated.
(¢) Solid phase, CH;.COOH.

9 CH.COOH......c.oonne 100.0 9I1.3 84.6 75.7 69.0
e s el 16.4 9:0 ' 3.1 —Io.T @ —25.3

(b) Solid phase, CCl;.COOH.
% CCI.COOH. . .v cone s inonis 51.0 46.1 38.5 30.2 22.5 12.8 O

P e — 13.3 — O.1 1§5.4 28.4 37.6 47.3 57.3
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8. Crotonic Acid—Trichloroacetic Acid.—Here also no compound was
isolated.

(a) Solid phase, C;Hs:.COOH.

%C!H.-, COOH: .o 100.0 91.0 82.7 75.7 65.7 60.0 54.2  49.9

.................... 71.0 63? 53.9 44.2 27.5 16.1 2.1 —9.9

(b) Solid phase, CCl;.COOH.

% CiHE.COOH. ... .. 45.1 40.7 34.4 26.6 19.1 10.2 O

[ e e e — 12.7 1.2 16.4 30.4 40.3 49.6 57.3

9. Benzoic Acid—Dichloroacetic Acid.—The compound CsH;.COOH,
CHClL,.COOH was obtained; unstable at its maximum; m. p. 58.2° (by
extrapolation). The freezing-point curve is shown in Fig. 2.

(a) Solid phase, CsH:.COOH.
% CeHs.COOH. 100.0 81.5 70.7 61.1 50.8 48.4 45.7
il Bt R S 121.0 I04.0 91.6 79.1 64.6 61.2 56.7
(b) Solid phase, C¢Hs.COOH, CHCl,.COOH.
9% CeH;.COOH. 44.3 40.2 37.4 34.9 29.4 25.3 16.9 11.6 8.
1 e Ol 57.8 57.2 56.4 55.6 52.8 s50.1 42.6 33.6 25.

(c) Solid phase, CHCl..COOH.
% CsH5.COOH. 1.8 o
o7 b I e | L g 8.6 9.7

3 54
5 15.3

10. 0-Toluic Acid—Dichloroacetic Acid.—No addition compound was
here isolated.
(a) Solid phase, C;H;.COOH.

% C;H..COOH...... 100.0 89.5 78.6 69.1 60.7 51.2 43.0 37.9 28.2 20.4 14.4
.................. 103.4 97.1 89.5 81.6 74.1 63.0 52.1 44.9 28.4 13.0 —1.9
(b) Solid phase, CHCIl..COOH.

%C-_:H7 COOH... ...t 12.5 791 ©

. m=-Toluic Acid—Dichloroacetic Acid.—Here also no addition com-

pound was isolated.
(a) Solid phase, C;H;.COOH.
% CH;.COOH... 100.0 87.4 74.6 66.1 56.4 46.4 35.9 28.2 23.0

s 107.6 08.5 87.5 79.4 68.2 53.8 35.8 19.9 6.1
(b) Solid phase, CHCl,.COOH.
%C-;H1C00H 7L | TXie,, (61 b o

............... —6.1 —0.2 4.2 9.7

12. p-Toluic Acid—Dichloroacetic Acid.
(a) Solid phase, C;H7.COOH.

% CH;.COOH. 100.0 85.1 71.6 59.5 350.0 40.9 33.I 26.1 20.4 15.5 10.8

teeevssiesa... I78.6 168.1 154.9 139.6 125.2 109.0 91.3 75.2 59.7 42.3 23.1
(b) Solid phase, CHCl,.COOH.

9 CH,.COOH. 5.2 o

L 117 Sl
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13. o-Toluic Acid—Dichloroacetic Acid.—No compound was isolated.

(See Fig. 1.)
(a) Solid phase, C;H;.COOH.

% C:H;.COOH... 100.0 93.3 81.4 71.8 63.9 59.2 350.0 42.9 36.9
g L R L S 7607 2.4 63:4 53.6 43.9 37:6 22.3 9.0 —5:§
(b) Solid phase, CHCL.COOH.

% C/H,COOH... 25.9 15.3 7.5 O
B ssttun win it —I4.6 =—3.5 . 35 9.7

14. Cinnamic Acid—Dichloroacetic Acid.—The equimolecular compound
CsH;.COOH, CHCl,.COOH was obtained; unstable at its maximum;

m. p. 80.1°. (See Fig. 2.)
(u) Solid phase, CgH; COOH.

% CsH:;.COOH..... 100.0 86.1 74.1 62.8 55.0 51.5
Lsieratnmiinss 136.8 124.3 111.0 07.6 86.1 80.0
(6) Solid phase, CsH;.COOH, CHCI,.COOH.

% CsH;.COOH..... 51.5 50.0 44.8 37.3 29.8 24.6 17.1 12.8 7.8 6.0 4.1
G N S L 80.0 80.1 79.7 77.8 74.2 69.6 61.4 54.0 42.8 35.7 24.7
(¢) Solid phase, CHCl..COOH
% CsH,;.COOH.. ... 1.6 o
o 8.6 9.7

15. Acetic Acid—Dichloroacetic Acid.—No addition compound was
isolated. The central portion of the curve could not be completed,
since at the very low temperature required for solidification the mixture
sets to a hard, glassy mass.

(a) Solid phase, CH;.COOH.

O CHCOOH. ... oveeves 100.0 91.4 79.2 70.5 63.6 55.0
By e e S e 16. 4 10.3 — 0.7 —10.8 —21.5 —37.0
(b) Solid phase, CHCl,.COOH
O CH.COOH. .. . ounanis 43.4 29.7 17.9 8.6 o
S At ottt N N ] ]2 —40.8 —18.2 — 4.2 3.9 9.7

16. Crotonic Acid.—Dichloroacetic Acid.—No addition compound could

be isolated.
(a) Solid phase, C;H;.COOH

% CsH.COOH. 100.0 93.6 86.8 80.6 71.1 65.3 55.8 47.4 40.4
2 W ] 71.0 65.5 50.1I 52.6 41.4 34.0 20.5 5.1 —g.7

(b) Solid phase, CHCl,.COOH.

% C3;H;.COOH. 31.o0 17.1 8.9 o
L e T T —18.5 —4.2 2.7 9.7

17. Benzoic Acid—Chloroacetic Acid.—No compound was obtained in
any system containing chloroacetic acid. The freezing-point curve is
given in Fig. 2.
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(a) Solid phase, C;H;.COOH.

T CsH;.COOH. ........ 100.0 81.0 69.8 58.5 52.9 44.2 38.6 32.0
B e e e e PR A 121.0 107.2 96.8 86.1 80.4 69.9 62.4 52.6
(b) Solid phase, CH.C1.COOH.

U GHCOOH «vvwsve 2851 21:1 X404 5.9 0
g T R e e 48.7 50.7 54.5 58.6 61.4

18. 0-Toluic Acid—Chloroacetic Acid.
(a) Solid phase, C;H;.COOH.

% C:H;.COOH.... 100.0 89.1 77.0 66.4 57.4 50.5 44.4 38.2 32.4
) L vge ki 4F, Yoy " 103.4 97.0 89.6 82.3 75.5 70.2 64.9 58.8 52.3
(b) Solid phase, CH,CL.COOH.

T COOM ... 2y azur, 16.5 JII:5 58 o
i R e 47.9 50.7 53.3 55.7 538.5 61.4

19. m-Toluic Acid—Chloroacetic Acid.
(a) Solid phase, C;H;.COOH
o CHR COOH. s 100.0 90.1 79.6 68.4 56.9 45.2 35.7
s Mo L0 I, I LS S ) 107.6 101.0 93.6 84.7 75.3 64.1 53.9
(b) Solid phase, CH.CIL.COOH.
O HTCOORE L., Lo e S 284 ‘2tz Y44 T4 O
B e R RS 46.7 50.5 54.2 57.7 61.4

20. p-Toluic Acid—Chloroacetic Acid
() Solid phase, C;H;.COOH.

% C:H4 . COOH i cmssving 100.0 83.1 70.4 56.9 45.4 34.0 22.7 17.1 I2.9
TP e A e R R A 178.6 167.2 155.8 141.8 128.5 114.0 95.5 83.1 71.1
(b) Solid phase, CH.C1.COOH.

O CaH COOH . e st 9.3 4.7 ©
TR e e e e e A e 56.8 59.1 61.4

21. a-Toluic Acid—Chloroacetic Acid.—'The freezing-point curve is
shown in Fig. 1. '
(a) Solid phase, C;H;.COOH.

s SRR 6 ) e T 100 89.5 80.9 72.5 64.8 56.6 49.9°
e B R e 76.7  70.T 63:8 56.0 49.9 42.3 35:2
(b) Solid phase, CH.ClL.COOH.

e O H E OO s s et AT060 ta2.0) B3u0 1400 6,7 ©
e e W oy T e 33.6 40.0 46.7 52.7 57.9 6I.4

22. Cinnamic Acid—Chloroacetic Acid.
(a) Solid phase, CsH;.COOH.

9% CsH;.COOH....... 100 b T B SR 0 D L . O N | T 6
2 T e P 136.8 128.2 118.6 109.0 95.9 83.8 70.2 6O.5

(b) Solid phase, CH.C1.COOH.

% CsH..COOH....... 25.0 19.0 13.9 8.2 o
e s L ABin- B ed.0 L 8F.I BYU4g
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23. Acetic Acid—Chloroacetic Acid.
(a) Solid phase, CH;. COOH.

O CHyCOOH i v dnaisiang 100 91.8 79.6 71.0
T 16.4 10.7 1.7 —4.5

(b) Solid phase, CH,C1.COOH.
%% EHg . COOH  cosinias s amans 71.0 62.0 50.3 40.3 29.4 15.5 O
B i b s B A T SRR 5.0 12.8 22.2 20.7 38.0 40.4 61.4

24. Crotonic Acid—Chloroacetic Acid.
(a) Solid phase, C;H;.COOH.

%CszCOOH ...................... 100 91.2 83.4 75.4 65.9 56.5
.................................. 71.0 64.4 57.7 50.7 41.1 30.9
(b) Solid phase, CH.Cl.COOH.
%C:Hs COOH o o rp o s s e 46.8 38.6 30.0 19.9 10.4 O

.................................. 29.9 36.5 42.6 50.0 55.8 61.4

25. Benzoic Acid—a-Toluic Acid.—In this and the two following sys-
tems the acids are both from Series A; no compound formation was indi-

cated.
(a) Solid phase, CsH;;.COOH.

% CeH:.COOH.............. 100 9r.0 82.1 70.0 57.9 48.7 38.3
e B T S e AT 121.0 115.2 108.5 97.8 85.3 74.0 57.4
(b) Solid phase, C;H;.COOH.

%QH;COOH .............. 28.9 18.9 10.1 O

.......................... - 56.9 63.7 69.5 76.7

26. Benzoic Acid—Cinnamic Acid.
(a) Solid phase, CgH;. COOH.

AR 2 I B0] 0] 5 R S 100 8.8 76.0 69.9 61.7
] D o e e e 121.0 II11.0 102.0 95.4 87.2
(b) Solid phase, CsH;.COOH.
% CeHy.COOH. .....vovrvveenee B A2 B am oy 19.9 9.6 o
............................. 87.3 100.5 109.5 121.5 130.1 136.8

2%7. Benzoic Acid—Aceﬁc Acid.—The freezing-point curve is shown in
Fig. 2.
(a) Solid phase, C¢H;.COOH.,

%CuHa COOH: . oo ovs 100 87.6 72.6 61.0 50.6 43.4 35.3 28.3 20.8 14.5
............... ve..... 121.0 III.5 100.3 90.I 79.1 71.5 60.9 50.9 38.2 19.2
(b) Solid phase, CH;.COOH.

9, CeHs.COOH. . ........ ot A I
M s e R R e 10.4 13.0 16.4

28. Chloroacetic Acid—Dichloroacetic Acid.—In this and the following
systems the acids are both from Series B; no addition compounds were
isolated.

(a) Solid phase, CH,Cl.COOH.
9% CH,ClL.COOH........ 100 go.1 82.5 75.8 66.4 54.0 40.4 32.7
Tt s st 61.4 56.8 52.5 47.5 40.5 29.6 10.8 —5.5
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_ (b) Solid phase, CHCL.COOH.
9% CH,CL.COOQH........ 24.7 12.2 0O
L A g g ) . ) —5.8 2.8 9.7

29. Chloroacetic Acid—Trichloroacetic Acid.
fa) Solid phase, CH,Cl.COOH.

o CHCL COOH S s s Hd s 100 84.8 74.5 65.5 58.2 5I.4
S R R e e e 61.4 53.5 46.5 38.9 31.0 22,4
(b) Solid phase, CCl;.COOH.
Yo CHRCLCOOH [ covi vvs svnicaivaiimns 4Ty 3.0 244 1stE o
i el 1 Ty A IR, o | T 0 Pam e 24.3 33.2 39.9 46.1 57.3
30. Dichloroacetic Acid—Trichloroacetic Acid.

(a2) Solid phase, CHCl,.COOH.
1 CHCLCOO o, vasinss s swvgies 100 93.7 82.2 68.7
B s o i S T o A R T e e 9.7 7.0 1.0 —7.9

' (b) Solid phase, CCl;.COOH.

S CHCCOOEE .. .oty 56.0, 1465 35.8 ' 212 122 0O
B e PP o, s —0i6  T4s 3209, 42,5 40.61].59.3

Consideration of Results.

The general conclusions of the investigation have already been stated
in the introduction. In the following pages, by closer examination of
the freezing-point curves obtained, some quantitative results are deduced
and discussed.

From the diagrams given, it will be seen that the freezing-point curves
are different in type, even where no addition compound is isolated, ac-
cording to which acid of Series B is present in the system. In systems
containing chloroacetic acid, the curves obtained are approximately
linear, the change in slope as the eutectic point is approached being very
slight. In systems where dichloroacetic acid is present, the curves deviate
more from the straight line, and the “dip” before the eutectic is more
pronounced. Finally, in systems containing trichloroacetic acid, the
curves fall away rapidly in the neighborhood of the eutectic point.

It remains to show how this difference in character is connected with the
relative extent of compound formation in the mixture. The freezing
point of a pure substance, A, will, under normal conditions,! be equally

1 That is, provided the substance added is not associated or dissociated in the
solution.—It is not intended to imply, in the following discussion, that association or
dissociation of the substgnces present in the systems considered can be entirely dis-
regarded. Organic acids, as a class, are certainly associated to some extent in the
liquid state, also the conception that the addition reaction taking place in the solution
is domic (Kendall, THis JOURNAL, 36, 1242 (1914)) assumes dissociation. Never-
theless, the regularity of the results obtained indicates clearly that the figures given in
Table I are legitimately comparable, and that the above disturbing influences are only
of secondary importance.
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depressed on addition of equimolecular amounts of different foreign sub-
stances, provided no chemical reaction has occurred. If, however, the
addition of a second substance, B, to A is accompanied by the formation
of an addition compound, AB, then the freezing point of A will be abnor-
mally lowered, since part of the original solvent will have been replaced
by a foreign substance, the compound AB. The more stable the addition
product is, the greater will be the abnormal depression of the freezing
point. Hence, the form of the curves obtained, when different substances
are added to A, indicates the relative extent of compound formation in
each case.

In the systems examined above, chloroacetic acid shows no tendency
to compound formation throughout, and the freezing point curves approxi-
mate to straight lines.! Where dichloroacetic acid is present, on the other
hand, addition products are formed and can in some cases be isolated,
although they are evidently, from the flatness of their curves near the
maximum point, largely dissociated into their components in the liquid
state. On first addition of dichloroacetic acid to an acid in Series A,
the extent of compound formation will be very small.? Further addi-
tion of dichloroacetic acid will increase the amount of the compound
present,® and that this corresponds with an abnormal depression of the
freezing point is indicated by the “falling away’’ of the curves as the eutec-
tic is approached. Systems in which trichloroacetic acid is a component
are similar in type, but the addition products formed are more stable.
In accordance with this, the freezing point depression in the central part
of the curve becomes still more abnormal, as is evidenced by the systems
shown in Diagram I.

We are, therefore, able to discover by comparison to what extent
compound formation has occurred in any particular system, from the form
of the freezing-point curve alone, even if it is not possible actually to
isolate the compound. This is illustrated by the figures given in Table I,
where the freezing-point depressions of the acids in Series A, due to addi-
tion of equimolecular amounts of the various acids in Series B, are col-

! Where the point of fusion of the second acid of the system is very high (e. g.,
p-toluic acid) a sharp final bend in the curve is necessary to enable it to reach the
eutectic point at all. The main portion of the curve, however, still remains linear.
Compare Fig. 2, Curve IV.

* The reversible reaction A + B == AB gives the equation for equilibrium:

cAB/CACB = k
(¢ = molecular concentration, # = constant.) If the compound AB is largely disso-
ciated on fusion, the constant % of the reaction will be small. Hence, when ¢g is small,
cAB is also very small. The extent of compound formation will obviously be greatest
in the central portion of the curve.

3 Not only for the reason given in the previous note, but also since the addition
products formed are more stable, the lower the temperature.
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lected. The values given are obtained directly by interpolation from the
freezing-point curves.! (Ts, = freezing point of 509, mixture: A = de-
pression.)

TaBLE I.

Trichloroacetic. Dichloroacetic, Chloroacetic.

— ' A
Acid A, Tise. Al Tsn. A Tso. A,
L2 T3 T e STOSLE 50.6 70.4 63.7 57.3 77.2 43.8
o-ToluiCs i s ans 47.2 56.2 61.6 41.8 69.8 33.6
- Tollic. o sineiians 40.4 67.2 59.4 48.2 68.8 38.8
P ROIUIC . ot e vimie e 115.2 63.4 125.2 53.4 134.1 44.5
oo R OITC sl v sion 14.4 62.3 22.3 54.4 35.3 41.4
CIMMATMIC s vas a5 0850 68.8 b ] 59.3 00.9 45.9
CrotoniCi o). = v —q.6 80.6 9.8 61.2 2%.2 47.8

The above results show that, throughout the entire series, the freezing-
point depression caused by trichloroacetic acid is greater than that caused
by dichloroacetic acid, which is in turn greater than that caused by chloro-
acetic acid.

This dependence of compound formation upon difference in acidic
strength is evidently in complete accordance with the views on oxonium
salt formation developed in the introduction. The regularity of the values
obtained indicates that the results are not greatly influenced by any
disturbing factors (association or dissociation in the solution).? Further
evidence on the point is to be obtained from systems containing acids
of similar strengths (25-27, above). From these we have:

TanLE II
Original acid. Acid added. Tso. A
BEenzolte . . o0 e s a-Toluic 75.5 45.5
BEOZOIC: Lo avvsrica sz st Cinnamic 75.6 45.4
BeOZOIC, v+ voerenmms s w5 Acetic 78.5 42.5
Benzoic: .o Chloroacetic 77-2 43.8)
Cinnamic. . . covvs et Benzoic 90.4 46.4
g ook L. Chloroacetic 90.9 45.9)

Here T and A have the same significance as in Table I; the figures
for chloroacetic acid are included for comparison. The constancy of A for
benzoic acid with different acids exhibiting no tendency to compound
formation shows that conditions in the above systems are, if not normal,
at least comparable.® The freezing-point depression caused by chloro-

! In a few cases a short extrapolation is necessary. The figures for acetic acid are
not given, since here a longer extrapolation is required and accurate values cannot be
obtained. The curves indicate, however, that the results are qualitatively similar to
those given above.

2 See note on page 1731.

3 For small additions of B to A (up to 20%,), the freezing-point curves are prac-
tically identical, whatever acid in Series B is added. In this region the extent of
compound formation is small in all cases (see Note 2, page 1732).
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acetic acid is approximately normal; it is evident that its acidic strength
is insufficient to suppress the acidic properties of the weaker acid of the
system so far as to induce combination.

Addition reactions of the nature dealt with in this paper have been little
investigated ; a few compounds of the type acid—acid have been previously
described! but not systematically examined. The similarity of the com-
ponents accounts for the small number of compounds isolated in the present
tesearch, but further experiments indicate that formation of addition
products is of very general occurrence in organic reactions, e. g., as an inter-
mediate stage in condensations.? That this is not generally recognized
is due to the neglect of the freezing-point method in the study of organic
reactions.

It seems to be still the rule in experimental work to torture substances
into combination by the drastic method (inherited from the alchemists)
of applying heat. ‘This certainly gives us the final products of a reaction
(or series of reactions), but affords no clue to its mechanism. If, on the
other hand, we mix the components at as low a temperature as possible
and then, by freezing the mixture, isolate addition products, we have
obtained definite knowledge of an intermediate stage of the reaction.
This will be exemplified in a forthcoming paper on sulfonation.

f Summary.

The freezing-point curves of a series of weak organic acids with the
«chloro-substituted acetic acids have been investigated. The tendency
towards formation of addition compounds is found to be dependent upon
the difference in acidic strengths of the two components. Acids widely
divergent in strength give addition compounds which may readily be
isolated.

The reaction is regarded as an oxonium salt formation, and may be
expressed as follows:

H

R—C=0+ R—C=O<
| + HX == [ X
OH OH

The quantitative results obtained are in complete agreement with this
view.

NicerOLS LABORATORIES OF INORGANIC CHEMISTRY, /
CorumBia UnivERsITY, NEW Yorg CITYv.

1 Hoogewerff and van Dorp, Rec. trav. chim. Pays-Bas, 21, 353 (1902); Pfeiffer,
Ber., 47, 1593 (1914).

2 Compare Guye, J. chim. physigue, 8, 119 (1910). The view has also been ad-
vanced by Michael that an addition process represents an intermediate stage in sub-
stitution reactions (THIS JOURNAL, 32, 1001 (1910)).
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THE ADDITION COMPOUNDS OF DIMETHYLPYRONE WITH
ORGANIC ACIDS.!

By James KENDALL.
Received April 20, 1914,

The addition products of dimethylpyrone with acids are of special
interest in view of their connection with the oxonium theory of Collie
and Tickle.? The hypothesis that oxygen may function as a quadrivalent
atom was first brought into prominence by a study of these compounds,
the action being regarded as proceeding according to the equation:

1 Presented at the Cincinnati meeting of the American Chemical Society, April g,

1914.
2 J. Chem. Soc., 75, 710 (1899).
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AN A
CH;UCHa + HX CI—I3| |CH, (1)
L
C=0 C=0

It is assumed in this equation (no reason being given) that addition takes
place’ by means of the oxygen in the ring. Subsequent investigators
have regarded the “‘carbonyl” oxygen in the side-chain as active, the ad-
dition products formed being considered as analogous with those given
by aldehydes and ketones with acids. Since, however, ethers also react
with acids to form addition compounds, it is evident that either assumption
may be correct.

Collie’s later views regarding the structural formulae of dimethylpyrone
and its salts' lead to the following equation:

CHI/ ‘I\CH; + HX —> CH;H/I_ZB\XCH; (I1)
N/ N

Here dimethylpyrone itself is considered as containing a quadrivalent
oxygen atom, and, in the addition compound, both oxygen atoms are
regarded as quadrivalent. These assumptions are supported by the
work of Homfray on molecular refraction,® and also by the spectroscopic
measurements of Baly.® On the other hand, Willstitter and Pummerer?
have advanced reasons against the assumption of quadrivalent oxygen
in dimethylpyrone itself.

It does not seem to be regarded as definitely established, indeed, that
oxygen functions as a quadrivalent atom at all- in the above reaction.
Werner® has explained the constitution of the addition products with the
help of his theory of subsidiary bonds. Gomberg and Cone® have denied
the formation of an oxonium salt entirely, and consider the action as taking
place according to the scheme:

‘0 o
CH;OCHs s CH.OCH:. s
C=0 HO—C—X.., i

A great deal of evidence in favor of this view is adduced.

1 J. Chem. Soc., 85, 973 (1904).

* Ibid., 87, 1443 (1905).

3 Ibid., 96, 144 (1909).

* Ber., 37, 3740 (1904); 38, 1461 (1905).
§ Ann., 322, 296 (1902).

8 Ibid., 376, 217 (1910).
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Hence the freezing point curve exhibits, in this case, a maximum, the
position of the maximum on the axis of molecular concentration indicating
the composition of the compound. A series of compounds is indicated
by a series of maxima on the curve. p

Now the action xA + yB —> A,B, is a reversible reaction, and the
addition compound is always more or less dissociated into its two com-
ponents. The maximum of the curve, therefore, is not sharp, but more
or less “rounded-off.” ‘The flatness of the curve in the neighborhood of
the maximum serves, indeed, as a measure of the degree of the dissociation.?
This is important in the consideration of the relative dissociation of the
various compounds described below.

In certain cases a compound is not stable at its maximum. Its com-
position must then be determined either from the curve, by extrapolation,
or experimentally by analysis of the solid phase separating from the solu-
tion.

Experimental.

The ordinary Beckmann freezing point apparatus was employed.
The outer bath (paraffin, water, ice—salt, or ether—carbon dioxide snow,
according to the temperature required) was maintained at a temperature
slightly below the freezing point of the mixture contained in the inner
tube, and the latter slowly cooled, with constant stirring. In favorable
cases the solid phase separated out after very slight supercooling, and the
temperature rose rapidly to the true freezing point.? More frequently,
however, considerable supercooling took place before crystallization began;
it was then necessary to melt up again, preserving a small portion of the
solid phase in the upper part of the tube, and repeat the experiment,
seeding the liquid at intervals with crystals by means of the stirrer. In
cases where crystallization was so sluggish that no rise of temperature on
freezing could be obtained, the first sign of crystallization in the liquid
under the above conditions was taken as indicating the freezing point.
The temperature thus obtained could be confirmed by raising the tem-
perature of the outer bath very slowly, and observing the disappearance
of the solid phase. .

The thermometers employed in the investigation were:

(a) a mercury thermometer, —10° to 110°, graduated in 1/10°.

(b) a mercury thermometer, go° to 200°, graduated in 1/5°.

(c) an alcohol thermometer, 50° to —50°, which could be read to 1/5°.
The thermometers were standardized at the freezing point and boiling
point of water by the usual methods, and at other temperatures by com-

I Kremann, Monats., 25, 1222 (1904).

2 This method is obviously inapplicable on steep portions of the curve, where the
freezing point of the mixture changes rapidly with change of composition. Here also
it was necessary to employ the more tedious method of observing appearance or disap-
pearance of solid phase.
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parison with a standard thermometer. A temperature-correction curve
for exposed stem was also obtained, and the necessary correction applied
to every reading taken.! The constancy of the thermometers during the
course of the investigation was examined by careful repetition of the
above tests at intervals. The temperatures given in the tables below may
be taken as having the following degree of accuracy:

(@) between 200° and 100°: 0.2-0.5°.

(b) between 100° and 0°: 0.1-0.2°.

(c) between 0° and —50°: 0.2-0.5°.

The difficulty of measurement varied very considerably with the system
under examination. In some systems, especially at low temperatures, a
glassy mass was obtained in which it was extremely difficult to observe
appearance or disappearance of crystals.

The- composition of the mixtures examined is expressed throughout, in
the tables below, in molecular percentages of the components. A known
weight of one component was taken, and successive quantities of the second
introduced into the apparatus through the side tube in the form of com-
pressed tablets. Liquids were added by means of the Lunge pipet.
Deliquescent substances were introduced from a weighing bottle after
careful drying in a desiccator, and contact with the outer air was made
as short as possible.

Dlmethylpyrone melts at 132.1° but begins to sublime below 80° and
above 100° the amount of subhmation in a short time is appreciable.?
Hence the freezing points of mixtures containing, in general, more than
70%, dimethylpyrone could not be determined by the ordinary Beckmann
method. The following method was adopted, and, by it, results of ap-
proximate but sufficient accuracy were obtained. A weighed amount of
dimethylpyrone (about o.r g.) and a smaller amount (unweighed) of acid
were introduced into a narrow glass tube, the tube sealed, and attached
to the thermometer. Thermometer and tube were now immersed together
in sulfuric acid, contained in the inner freezing point tube, and the outer
bath (paraffin) heated until the contents of the tube melted. It was usually
necessary to repeéat fusion several times before a homogeneous mixture
was obtained. The freezing point could be determined, within 0.5° to 1.0°,
by observing disappearance of crystals with a slowly rising temperature.
Finally, the composition of the mixture was determined by cooling the
tube, dissolving the contents in water, and titrating the acid against a
standardized solution of barium hydroxide.?

1 This correction varied {rom 0.1° at 50° to 1.6° at 180°.

2 This does not apply to mixtures containing only a small percentage of dimethyl-
pyrone. Such mixtures could be investigated up to 150° without appreciable sub-
limation.

3 Where the acid was insoluble in water, or could not be titrated a.ccurately against
barium hydroxide, larger amounts were taken, and the acid used directly weighed.

.
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-

The above procedure was necessary, in a few systems, throughout a
more extended range of concentration, owing to the volatility of the acid
employed (e. g., formic acid, acetic acid) at high temperatures.

The purity of the substances used was tested by their point of fusion.
For dimethylpyrone, Poma! has obtained the m. p. 132° the value ob-
tained with the Kahlbaum specimens employed? was 132.1°. Most of
the acids were also pure Kahlbaum samples, and gave satisfactory points
of fusion without preliminary purification. Only in a few cases was it
necessary to obtain a purer product by crystallization from a suitable
solvent (e. g., trichlorobutyric acid from ligroin) or by freezing partially
an impure liquid (e. g., formic acid) and rejecting the liquid portion.

The following substances were investigated:

Aliphatic acids. Aromatic acids. Phenols, ete.
1. Formic 11. Benzoic 21. Phenol
2. Acetic 12. o-Toluic 22. 0-Cresol
3. Chloroacetic 13. m-Toluic 23. m-Cresol
4. Dichloroacetic 14. p-Toluic 24. p-Cresol
5. Trichloroacetic 15. a-Toluic 25. o-Nitrophenol
6. Trichlorobutyric 16. Salicylic 26. m-Nitrophenol
7. Trichlorolactic 17. o-Nitrobenzoic 27. p-Nitrophenol
8. B-Iodopropionic 18. Cinnamic 28. (2,4)-Dinitrophenol
9. Crotonic 19. Hydrocinnamijc 29. Pieric acid
10. Chlorocrotonic 20. Mandelic 30. Trinitrotoluene

31. a-Naphthol
32. B-Naphthol

Dibasic acids and phenols are not considered in the present paper. The
results obtained are given in tabular and graphical form below. The
freezing point temperature is indicated by T.

1. Formic Acid—A Kahlbaum sample froze at 7.3°. By means of
repeated partial solidification, with rejection of the liquid remainder, the
pure acid was obtained, melting at 8.5°% With dimethylpyrone two com-
pounds were obtained: 2C;HgO:.3H.COOH and C;H;s0,.2H.COOH,
melting at 19.6° and 19.0°, respectively; both were confirmed by analyses
of the solid phases separating from the solutions. From the freezing
point curve (page 1224, Fig. 1) it is evident that both compounds are con-
siderably dissociated in the liquid state, the maxima on the curve being
very flat. The following results are collected from several series of ex-
periments:

(a) Solid phase, C;H3Os.
% C7HgO:. .. 100 85.6 76.0 65.9 60.154.650.847.845.944.143.543.3
B s 132.1 122.5 112.5 08.0 84.570.958.145.035.124.920.419.0
1 Gazz. chim. ital., 41, 11, 518 (1911).
2 For one sample the author desires to express his thanks to Professor Gomberg.
3 Compare Ewins, J. Chem. Soc., 105, 350 (1914).
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(b) Solid phase, 2C;Hs0,.3H.COOH.

J0 CtHyOz. .. 42.6 41.9 41.7 40.7 40.540.039.639.038.5 37.3 36.5
A DR et 18.9 19.1 19.3 19.6 19.519.619.519.6 19.4 19.2 18.8

(¢) Solid phase, C;H0..2H.COOH.
% CiHgO:z... 36.1 34.9 34.6 33.3 33.031.530.9 29.5 28.2 26.0 25.0
TRASESR 18.7 18.9 18.9 19.0 19.018.918.718.317.616.3 15.5
% CtHeO:2. .. 23.9 21.5 18.9 15.3 13.6 e I ek
Rl L I4.3 1f.1 7.0 —0.3 —4.3

(d) Solid phase, H.COOH.,

9 CrHeOy.. ... '12:0|, 8.3 5.7 o
A=t i —E.& L0 3.9 8.5

2. Acetic Acid—From Kahlbaum'’s glacial acetic acid a pure product,
freezing at 16.4°, was obtained by the method of partial solidification
described above. With dimethylpyrone the compound C;HgO,.CH;.-
COOH was obtained; m. p., 30° (by extrapolation). The compound is
not stable at its maximum. This explains the failure of Collie and Tickle
to isolate dimethylpyrone acetate, since the salt can be crystallized only
from solutions containing excess of acetic acid. The composition was
determined by analysis of the solid phase. The freezing point diagram
is given on page 1225, Fig. 2.

(a) Solid phase, C;HzOs..

%% C:HaOz. . oo vvue. 100 87.1 75.0 64.8 57.2 50.9 46.6 43.2 39.6 37.5
B e A S 132.1 125.5 I115.0 Io2.5 88.6 73.3 61.1 50.3 37.3 28.3
(b) Solid phase, C,;H30..CH;.COOH.

% CHgOz. . ........ 34.9 33.4 28.5 23.9 =20.4

B e e IR Peas 23.8.22.4 156 7.5 —0.4
(¢) Solid phase, CH;.COOH.

%% CHgOz2. .o ovvnen 179 0 I5:30 Qi@ 40

St s e a e —2.0 2.1 9.6 16.4

3. Chloroacetic Acid—This acid has been shown to exist in three! (per-
haps four)? crystalline modifications, melting at 61.3° 56.2° 50.2° (and
43.75°), respectively. The first three of these points were experimentally
confirmed with the acid employed; all other values tabulated below are
on the freezing point curve of the stable modification. An equimolecular
compound was obtained, melting point 39.9°, just stable at its maximum,
and comparatively little dissociated.

(a) Solid phase, C;HzO:.

% CrHgOs... . .. ol 100 90.5 79.9 67.2 62.8 58.4 55.2 351.8 350.8
) Bl e e T e 132.1 126.0 116.5 97.2 87.9 75.0 63.4 46.8 41.0
(b) Solid phase, C;H30,.CH.CL.COOH.

O GOz . 48.8  47.4 45.0 41.4 38.7 33.8 30.0
1 Bt e i A0 30X BT 4T L2007 T0.d (5T

1 Muller, Z. physik. Chem., 86, 196 (1914).
? Pickering, J. Chem. Soc., 67, 664 (1895).
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(¢) Solid phase, CH,Cl.COOH.
/20 64 - 1 6 P 27.4 23 o TR & TP TN [5] [o)
S e e R e 14.4 27.5 41.6 53.9 61.3 56.2 50.2 z

4. Dichloroacetic Acid. —The point of fusion of this acid is still given in
all books of reference as —4°, although the value +10.8° was found by
Pickering.! The Kahlbaum sample employed gave considerable difficulty
owing to persistent supercoohng, but finally two freezing points were
obtained:

(@) +9.7° (by rapid cooling with ether—carbon dioxide). Attempts at
further purification of the acid did not raise this point of fusion at all.

(b) —4.1° (by supercooling to —10° and long stirring). Hence it
appears that the acid exists in two crystalline modifications. With di-
methylpyrone the compound C;Hs0..CHCl,.COOH was obtained, m. p.,
22.9°, just stable at its maximum. It is possible that a second compound
exists but was not isolated (the curve could not be completed between
31.4—20.0% C7H;0,, owing to the mixture supercooling to a stiff glass
without crystallization).

. (a) Solid phase, C;H;zO..

o C a0 st daiaiiky 100 85.9 75.5 6g.0 63.6 59.8 56.4 54.I 5I.5
e 132.1 124.0 II1.0 §9.1 85.3 72.5 56.6 43.2 26.0
(b) Solid phase, C,;H30..CHCI,.COOH.

R B 18 e s 501, L4752 43.3:40.2 35.11 . °31.4

e bl T S S e 22500 R e T N T T gl T = T2
(¢) Solid phase, CHCl..COOH.
% Cr Oy sl e 2070 TUTAYIS B O o

..................... —23.8° —9.0% 0.8° of7ii—4.1

5. Trichloroacetic Acid.—The freezing point diagram is given on page
1224 (Fig. 1). Two compounds are obtained, C;Hz0..CCl;.COOH
(m. p. 44.8°) and C;H30..2CCl;.COOH (m. p. 66.8°), both evidently
quite stable and very little dissociated. Mixtures containing more than
60%, C;HsO. decompose very rapidly at their melting points, with evolu-
tion of carbon dioxide, hence this part of the curve must be regarded as
only approximate.

(@) Solid phase, C;H0..

O CaHsOz. i 100 85.0 71.4 66.1 61.1 57.6 55.5

T rram ahne 132.1 124.5 110.0 99.2 83.8 67.1 52.9
(b) Solid phase, C;H30,.CCl;.COOH.

% CiHgOz. .o o 52.7 49.9 47.6 45.4 ;

................. 43.0 44.8 44.0 41.4 2
(¢) Solid phase, C;H30,.2CCl,. COOH
%CTH;O: ......... 45.4 43.2 41.0 36.9 35.5 33.8 32.0 29.5 27.1 23.6 19.7
................. 36.4 46.9 54.6 63.8 65.6 66.7 66.1 63.0 58.1 49.3 33.6
' (d) Solid phase, CCl;.COOH.
% CiHsOs......... 19.0 16.5 12.9 7.5 O
4 MR e e 12.5 28.1 41.0 51.5 57.2
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6. Trichlorobutyric Acid.—The curve obtained is very similar to that
given by trichloroacetic acid above. Two compounds, C;HgO.CHj.-
CHCLCCL,.COOH and C;H30..2CH;.CHCLCCl,.COOH were obtained,
melting at 56.2° and 33.8°, respectively. Mixtures containing excess of
C7HgO, decompose slowly at their temperature of fusion, with evolution
of carbon dioxide. The pure acid was obtained from a Kahlbaum sample
by recrystallizations from ligroin.

(a) Solid pha.se, C';HsOg.
G Oy ethia b v 100 8.8 B81.6 73.2 67.1 64.8 61.5 58.2
LR T N e oy 132.1 127.0 121.0 I110.2 ¢98.0 91.8 82.1 66.5
(b) Solid phase, CyH0,.C:H,CL.COOH.

@S QS e A 54.4 50.4 46.1 41.2 38.8 36.8 36.6
e ARSI e BT e e S LR VTR, R L R S Y B e T
(¢) Solid phase, C7H30:.2C;H,.Cl;. COOH..
) S B e R e 24030 32073005 e Th 2304
A e e e e e 33.5 33.7 33.0 30.2 25.0
(d) Solid phase, C3H,Cl;. COOH.

O CrH O as i sy ne o 28 i1y 24007 $2004 3 X733 13T - 75 0
A ey o S N S —7.2 9.7 27.1 37.1 45.9 53.0 57.9

7. Trichlorolactic Acid.—An equimolecular compound C;HzO:.CCl;.-
CHOH.COOH (m. p. 54.5°) was obtained.
‘ (ﬂ) Solid phase, C;H3sOs.

G CHEL Oy e st 100 go.o  77.7 69.2 65.0 62.2
o B2 5 0 G A R B SO 132.1  126.5 II3.0 92.9 771 65T
(b) Solid phase, C;H30..CCl;.CHOH.COOH.

LG s 0 e MR e 58.5 55.3 50.5 44.9 41.8 39.3 36.8° 33.9
4 e e ey o2 1] 49.5 52.7 54.4 52.6 49.8 46.9° 43.6 ' 38.5
(¢) Solid phase, CCly, CHOH.COOH.

G Ci O r2 v 25 0 RE . 33,9 . Zizouory (2688 2210 Iy001 1041 o
R R e S e e o e o 21.2 43.2' '59.3 ' 83.0 05.4 106.6 113.8

8. B-Lodopropionic Acid.—Here no compound was isolated, but, from
the form of the curves, it is evident that combination in the mixture has
occurred. (The freezing point of each component is abnormally lowered
by addition of the other; contrast with o-nitrophenol, page 1237.) It is
possible that the melting point of the compound is so low that its curve
never enters the stable region (compare o-toluic acid, page 1232; it is more
likely, however, that supercooling persisted, preventing the isolation of the
compound as the solid phase.

(a) Solid phase, C;HgOs.

O T D e i S s 100 85.0, 75> 7x05.0, . 57.2: "80.3%, 44.4
i s e s e s s 132.1 123.5 108.0 87.4 67.2 44.0 .18.4

(b) Solid phase, CH.I.CH,.COOH.
ol S e e A s A1 2 a8t a6 2T 3 a8 20 5 I 7 ‘g
T L e e 8.0 18.8 354 45.1 52.2 58.4 70.9 81.2
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9. Crotonic Acid.—An equimolecular compound, C;Hs0,.CH;.CH :-
CH.COOH is obtained; m. p. 52.2° (by extrapolation). The compound
is unstable at its maximum, and crystallizes only from solutions containing

excess of acid.

(a) Solid phase, C;H;O..
/A B P O LI - S 100 87.6 76.1 62.8 54.6 49.9 45.4
R e e A ey 132.1 I125.5 116.5 1I00.7 86.0 75.2 62.3

(b) Solid phase, C;H;s0,.C;H;. COOH.

L O ) S B e L S S L 41.0 36.8 32.8 28.7

L e e Rt e e P RO Tl s e oA L 4082
(¢) Solid phase, C3H;. COOH.

o @ 2 I Py (R N e o S 2130 15,8 9.0 o

e b AThomyy e Wb, | TP e pacir o 40.4 .56.7  .63.6 171.0

10. a-Chlorocrotonic Acid.—The compound C;H30,.CH;.CH : CCL.COOH

was obtained; m. p. 45.8°.
(a) Solid phase, C;HzO:.

O O s v vn s v 100 89.5 78.6 68.2 62.8 50.0 54.1 51.2
< ORI < B W T e B 132.1 125.5 115.0 100.1 89.6 78.5 60.8 46.5

(b) Solid phase, C7H;0..C;H,CL.COOH.
LA 6 < [ 8 e 49.5 46.7 43.3 40.7 38.0 37.6
] 45.7 45.1 43.9 41.7 38.5 38.0

(¢) Solid phase, C;H,Cl.COOH.

L4 8215 118 VIR 38.0 35.6 35.3 34.5 31.8 28.3 25.9 19.0 I0.4 O
TR D Lol et 39.0 46.3 47.4 49.9 57-3 65.4 71.1 82.8 92.9 99.0

11. Bengoic Acid.—The compound C;H;z0,.CsH;.COOH was obtained,
melting at 50.5°% and only just stable at its maximum.
(a) Solid phase, CsH;0s.

9% CiHsOp. ....... 100 89.5 81.1 74.2 68.5 63.5 58.0 55.953.050.550.0
5 BRI, I S W 132.1 127.0 120.0 II1.5 102.4 93.1 82.6 74.263.8 53.550.5
(b) Solid phase, C;H30:.CsHs. COOH.

% CiHgOs1. . ... ... 50.0 49.4 47.4 45.9 43.8
Bisnaieesld vraoigs 50.5 50.5 50.2 49.6 48.5
(¢) Solid phase, CsH;.COOH.
9% CHOs. . ...... 41.3 37.9 34.7 30.9 25.3 18.1 9.5 ©O
e Ty 54.8 66.8 76.7 85.6 095.2 105.2 113.6 120.8

12. 0-Toluic Acid.—The compound C;H0,.C/H;.COOH was obtained,
m. p. 48.0° (by extrapolation). ‘The compound is unstable at its maximum;
its total range of stability, from the freezing point diagram, extends only
through 2%, of the concentration range.

(a) Solid phase, C;HgO,.

% CiHgOq. . ..... 100 90.1 80.5 70.2 64.9 60.5 55.7 51.1 48.3 45.1 44.9
R e e, 132.1 126.0 117.5 104.0 94.9 86.1 74.6 62.0 53.4 43.6 43.0
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(b) Solid phase, C;H30..C;H,.COOH.

@] 2 200 SE I 45.2 44.3 43.8
4 B R S 47.2 46.6 46.2 g s
(¢) Solid phase, C;H;.COOH.
% CiHgOz. .. .... 44.9 43.8 42.2 40.1 35.4 29.6 20.7 10.5 ©
i P SR e D 43.0 46.2 50.4 55.7 66.0 77.2 89.3 97.8 103.4 ...

13. m-Toluic Acid—The compound C;H0,.C;H;.COOH was obtained,
melting at 64.1°. In common with the other compounds derived from the
similar acids in 11, 12 and 14, this compound is considerably dissociated
in the liquid state, as is shown by the flatness of the maximum.

(a) Solid phase, C;H;3Os.

9% CiHgOz. . ..... 100 90.0 79.0 68.6 64.4 58.6 54.0
d ORI LN 132.1 126.5 116.0 102.0 94 .4 81.0 69.1
. () Solid phase, C;H3s0..C;H;.COOH.
O CiHgOy. . ... .. 51.9 49.1 45.3 42.5 40.1
s 63.8 64.0 62.9 61.7 60.5 -
(¢) Solid phase, C;H,.COOH.
% C:HgOs. . ..... a7.5 33.2 26.3 18.6 .9.9 o
o 2 e R 59.8 70.0 84.8 95.6 103.0 107.6

14. p-Toluic Acid—The compound C;H3z0,.C;H..COOH (m. p. 88.0°,
by extrapolation) was obtained. This compound is unstable at its maxi-
mum, and crystallizes only from solutions containing excess of dimethyl-
pyrone. In this respect it is unique among the unstable compounds here
obtained, since all others are crystallized from solutions with excess of
acid. ‘The difference is due merely to the very high point of fusion of the
p-toluic acid. The freezing point curve of the system is given on page
1225, Fig. 2.

(a) Solid phase, C;HgOa.

%% CiHgO,. . . ... 100 87.3 79.2 72.6 67.4 63.0 60.1
Diiigaa o aots i are 132.1 126.5 120.0 112.0 103.1 93.4 86.3
(b} Solid phase, C+H;0..C;H;.COOH.

%% CiHgOs. . . ... 59.5 87.2 55.0 53.2
5 AR A e S 8s5.0 86.2 87.1 87.7
(¢) Solid phase, C;H;.COOH.
% CiHgOz. . .. .. 50.6 47.3 41.4 32.1 21.4 10.3 o
Mini aren et aaans 93.2 106.9 124.4 143.2 158.6 170.0 178.5

15. Phenylacetic Acid (a-toluic acid).—The compound C;HsO..C7Hy.-
COOH was obtained; m. p. 24.6° (by extrapolation). The compound
is unstable at its maximum.

(a) Solid phase, C;HsOs.

O CaH 05 .l .. 100 88.0 76.3 70.1 64.4 60.0 54.1 48.9 47.0 43.4 40.2
o B R e T T T I32.1 125.0 113.0 105.5 94.9 85.1 69.0 51.6 44.2 25.4 5.5



1234 JAMES KENDALL.

(b) Solid phase, C;H;30..C;H;.COOH.

%% CiHgO:z. . ...... 41.1 40.2 38.5 38.0
7 I e e W O 21.7 21.0 19.2 18.7 ;
(¢) Solid phase, C;H;.COOH.
% CiHgOz. . ...... 36.0 34.3 30.1 23.6 16.4 8.0 o
Tiiirsnmrammninsad i 19.2 25.9 37.8 51.6 62.4 70.8 76.7

16. Salicylic Acid.—The compound C;Hz0,.CiH, OH.COOH was ob-
tained, m. p. 71.9°.
(e) Solid phase, C;H3Os.

% CiHgOs. . .... 100 Q0.1 79.3 67.8 63.4 60.4 57.3
2 2 132.1 128.0 119.5 100.5 89.2 8o.1 68.9
(b) Solid phase, C;H30..C;H,.OH.COOH.

% CiHgOs. . . ... 56.0 53.5 5I.1 49.9 47.5 44.0
£ L 69.1 70.7 71.6 71.9 TXEX 68.9
(¢) Solid phase, CsH,.OH.COOH.
% CiHgOs. . ... 43.2 39.3 227 27.7 17.4 10.1 o

,,,,,,,,,,,,, 70.3 92.1 115.8 127.6 144.2 152.2 158.9
17. o-Nitrobenzoic Acid—The compound C;H;0,.CsHs.NO,.COOH,
melting at 72.3°, was obtained.
(a) Solid phase, C;HgO..

O CiHgOn o vvvevenen 100 86.5 75.4 68.6 64.3 60.1
4 LR s STk Rt 1321 123.0 I11.0 98.9 Q0.1 76.3
(b) Solid phase, C;Hz0,.C;H,.NO..COOH.

AR 0 < 10 R 57.0 52.1 49.9 46.9 43.9 40.8
A S S 68.9 71.6 72.3 71.6 69.6 66.1
(c) Solid phase, CsHy.NO,.COOH.

I H gD L AT T, 37.7 34.2 28.6 21.0 I1.5 o
Tos e s n izt Sl 76.1 90.5 108 .4 124.9 137 .4 147.0

18. Cinnamic Acid—The compound C;H;z0,.CiH:.CH : CH.COOH
(m. p. 73.2°) was obtained. The system is represented graphically on
page 1224, Fig. 1. Itis evident that the compound formed is considerably
dissociated in the liquid state.

(a) Solid phase, C;HOs.

G0 CiHaOy. i oo 100 90.2 81.0 71.9 64.3 60.6 56.9 54.3
o IR A 132.1 126.5 119.5 107.8 05.7 88.4 79.9 72.7
(b) Solid phase, C;H;0,.CsH7.COOH. !
% CHgO2. .. oovvnn 52.0 50.0 48.2 44.6
1 L P T Ve L o 00 A L M [ A LT
(¢) Solid phase, CsH;.COOH.

O CoHgOp. v nni Taian 43:8.1 403 08603 0, B0.5  24:8700:T5:0 9.1 o
s P 75.0 87.0 97.4 109.0 116.4 126.3 131.8 136.8

19. Hydrocinnamic Acid.—Here no compound was isolated. The freez-
ing point diagram of the system, however, indicates the presence of a
compound in the solution (compare B-iodopropionic acid, page 1231).
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(a) Solid phase, C;HgO..

%;H;Og ....... 100 89.9 B8o.2 72.3 69.4 66.0 63.0 590.5 56.7 53.1 50.2
............... 13211265119011001054995933867801697606
%CTHSOS ------- 47.0 43.3 39.9 36.6

.............. 49.7 35.3 22.0 4.8
(b) Solid phase, CsH,. COOH
o CiHyOs: .1 io0 33.7 =26:7 2.1 15.3 8.6 5.0 o
b LR 5.9 21.1 29.4 35.8 41.0 43.2 45.2

. Mandelic Acid.—Two compounds were obtained: C;HzO..CsHs.-
CHOH COOH (m. p. 69.3°) and C;Hz0,.2C;H;. CHOH.COOH (m. p.
74.0°). The solutions of this system exhibit supercooling to a marked
degree, consequently it was found possible to follow all the curves into their
unstable regions, and to obtain several freezing points for the same mixture,
according to the solid phase separating out. Results are shown in diagram
form on page 1224, Fig. 1.

(a) Solid phase, C{H;0..
% C7H30s. . .. 100 88.5 8r.0 76.0 72.467.5 62.4 584559

A 132.1 123.5 116.0 109.7 104.794.8 82.0 68.166.4
(b) Solid phase, C;H30..C;H;.CHOH.COOH.
Y C:HgOs. ... 56.1 54.6 52.1 50.0 47.344.5 42.8 39.336.6
PN aido % 66.5 67.5 68.0 69.3 68.867.2 66.1 62.9 60.0
(¢) Solid phase, C;H30..2C:H;. CHOH.COOH.
%CfHaO= . 54.6 50.0 44.5 43.5 41.339.3 36.6 34.333.332.832.530.5

.......... 49.0 59.3 67.2 67.9 70.071.7 72.7 73.874.073.7 73.6 73.0
(d) Solid phase, CsHs.CHOH.COOH.

9o CiHgO2. ... 36.6 32.5 30.5 28.4 25.318.8 10.6 o©
i BTy 61.7 73.6 78.2 82.8 88.698.5 108.0117.0

21. Phenol.—No addition compounds of dimethylpyrone with phenols
have been previously described. On examination, however, it was found
that such compounds existed, and were little dissociated in the liquid
state, the maxima obtained being usually quite sharp. With phenol
itself the compound C;Hs0,.2CsH;.OH was obtained, with m. p. 36.8°.

(a) Solid phase, C;H3O:.
%CgH.Og ......... 100 8.1 77.5 68.4 60.8 53.7 50.9 48.4 45.4

................. 132.1 126.0 116.0 103.5 88.9 69.1 59.3 46.6 32.r

(b) Solid phase, C;H02.2CH;0H.

U5 CaBlaBh . v 43T 40.4 38:57 53544 326 F9.3 248 212" 183
g LU e 28.0- 320 34171 3651°36.7 35.06 "20.7 22.3 1§.6
(¢) Solid phase, C;H;OH.

% CiHgOp. . ....... 13.8 8.4 o

................. 16:6 1 3ri3s" 2.

22. 0-Cresol.—Here two addition compounds were obtained: C;HgOs.-
C;H;.0H, melting at 54.4°, and C;H;s0,.2C;H7.OH, melting at 50.4°,
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both compounds are stable at their maxima. (See diagram, page 1240, :

Fig. 3.)
() Solid phase, C;H;O.

O CiHgOp. . . ... 100 809.5 Bo.0 69.5 61.4 55.2 52.4 S et
2 R 0 B SR Ll o I 132.r 126.5 119.5 105.5 QI.I 74.3 064.0

(b) Solid phase, C;Hz0..C;H;OH.,
90 C:HgOz. . o0 o ot R 1 T e b s n R Tl ER B o o i i
o P P TSR A A T 54.3 :53.5 5.5 472

(¢) Solid phase, C;Hs0..2C;H;0H. :
T iCH Oy L 2016 1:36.6 51334 20,5 2410 20.61i17i2 Tl iTilo
Tadeons. oGE i 47201, 494 504 49.2 1 43%2 37.0127.5:121.8  '16.6:

(d) Solid phase, C;H;.OH. ’

O CyH 0o vivvwanie s 1 13:901 I1.0 5.5 o e 5 3 o =
A RTINS ) TATIRY 16,6 20,0 126407130 Bus e e ot 4 5,

23. m-Cresol.—The compound C;H30,.2C;H;.OH was obtained; m. p-

25.4°.
(a) Solid phase, C;H3zOs.

o TR s e 100 85.0 74.4 64.8 58.7 53.6 50.0 45.9 43.9 41.0
L e E e T R e e I 132.1 123.0 112.0 97.2 84.2 69.8 55.6 35.3 24.7 4.3
(b) Solid phase, C7HgOs.2C,H;0H.

O CiHgOg. s i 41.6 38.2 34.7 32.0 28.4 23.0 19.0 14.3
T s e o s A 21.3 23.9 25.0 25.3 23.7 17:4 9.5 —5.0
(¢) Solid phase, C;H;OH.
o CiHROy, vt ninis 9.5 4.8 o Az A T 2hs e e
D s e s s e et e —1.2 6.1 10.9

24. p-Cresol—Two compounds were obtained: C;Hs0,.C;H7.OH (m. p.
29.5°, by extrapolation) and C;HgO,.2C;H;0H ( m. p. 20.3°). The former
compound is unstable at its maximum point. The form of the curve
indicates strongly the presence of a third compound of the formula C;H3Os.-
4C7H7.0H, but it was not found possible to isolate a compound of the
composition, since the mixture of this composition supercools to a hard,
glassy mass, and no freezing point can be obtained.

(a) Solid phase, C;H3O,.

%% CiHgOs. . ....... 100 88.5 77.2 67.6 61.4 54.9 51.0 48.2 4.4.9--
A A L ... £32.1 125.5.  115.0 I02.0.,00.2 .73.6 59.6 46.6 31.8
{b) Solid phase, CyH0,.C;H;0H.

O O vy AL8 033857 50 3750
4§ et IR 25.9 .:22.4., 10.6 =
(¢) Solid phase, C;HQ..2C;H;0H.
9 CiHgOz2. . ..o 35:8 " :4z.2 BT.6, 20.2525.0425:3
3 s St LWL T s | 1056 (20,8 0T T b p LD 2l gLl
(d) Solid phase, C;H;0H.
O CaHgOs. . ... S ¢ 2 G o T X o

g LORE LR Fo Ay L Al o g T L 6 O RO AT



COMPOUNDS OF DIMETHYLPYRONE WITH ORGANIC ACIDS. 1237

25. o-Nitrophenol.—With this system the peculiar result was obtained
that, not only could no compound be isolated, but the form of the curve
shows conclusively that none exists in solution. ‘The results are shown in
graphic form, together with those of the other mononitrophenols, which
exhibit quite different behavior, on page 1240, Fig. 3. It is evident that
o-nitrophenol and dimethylpyrone have no tendency to form addition
products; this is perhaps due to the influence of the nitro group in the
©o-position.

(a) Solid phase, C;H30..

T CiHgOs. . ..... 100 90.4 79.7 68.0 61.556.151.346.842.237.332.327.5
e 132.1 126.5 119.0 110.4 104.908.602.9 85.9 77.968.3 57.1 45.8
(b) Solid phase, C;H.NO..OH.

o CrHgOs. . 0.0 2L IS eI 22 by O I T Ty S Tyt RGN P £ S
Pty Leem DUl e 32. 75188 Do RS BG AT 00 4470 vt eiar e 0L 38 e | aen

26, m-Nitrophenol—The compound C;Hz0,.CsH:.NO,.OH, melting at
68.8°, was obtained.
(a) Solid phase, C;HgQs.

9 CiHgOz. ..o 100 90.6 8o0.7 70.3 65.3 61.0 57.4
53 2 S USRI S 132.1 127.0 11B.5 '104.2 93.8 B8r.5 67.0 .. o
(b) Solid phase, C;H30:.CsH . NO2.OH.

O CiHaOs. v s 53.8 50.8 48.3 45.4 42.1 39.2 36.2 33.0 3I.5
B e e o ey 68.1 68.7 68.4 66.9 63.0 58.8 52.9 45.9 42.6
(¢) Solid phase, C;H:.NO..OH.

O Crla s s 2070 2801 204 14.5 8.4 o
s T DN ® 52.4 63.4 72.9 82.9 89.795.3

27. p-Nitrophenol.—Two compounds were obtained: C-Hs0..CeH . NO,.-
OH, melting at 72.3°, and C;H;0..2CHsNO..OH, melting at 58.2°.
Both compounds are stable at their maxima.

(a) Solid phase, C;H3sO..

LA 00 8 100 88.1 77.0 68.8 64.6 60.8 57.8
i bt e T e 132.1  125.5 114.5 101.3 oI.4 B80.2 68.3
(b) Solid phase, C;H;30..C;H,. NO..OH.

S & 0 R M PR 57.2 53.5 50.6 47.2° '43.8 404 37.4
o LS N e e £ i S 68.3 D 72.2 70.9. 67.2 62.1 \56.4

' (c) Solid phase, C;H;0,.2CsH;.NO,.OH.

s B 3 {0 PRCREE R S R 374 M3435:1033:60532.9, 1 31.6 30.0
S e §7.0 58:1 58.2 . 58.1  57.9 574
(d) Solid phase, C;Hs.NO..OH.
AR 5 P P B eI 30,0 1 28e20n26 222 255 9.1
e e e R 57.:4 165:4 72i2. 82,2, ¢6.6 , 105.271.113.8

28. 2,4-Dinitrophenol.—The compound C7Hg0:.CoH;.(NO;)2.OH was
obtained; m. p. 78.4°.
: (a) Solid phase, CyHsO:.
9 CiHgOs. . ... el 100 89.4 80.1 69.9 63.9  58.2
S T 132.1 126.0 118.0 105.6 05.2 83.2
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(b) Solid pha.se, C?HﬂOg.CgHg.(NO&}g.OH.

9 CiHgOs....... b 55.2 51.8 48.1 45.0 41.8
A e i e vk B saniiacs 77.5 78.3 78.1 77.5 75.8
(C) Solid phase, CsHa.(NOz)z-OH.
% (Byd = 576 P R ) Tl AR 34.8 31.9 25.1 17X 9.3 o

s e A TRy 81.1 86.3 95.1 102.9 109.0 I14.0

29. Picric Acid.—The compound C;Hg0,.CeHy(NO2);.OH was obtained;

point of fusion, 100.8°.
(G) Solid phase, C;H3gO,.
% C:H;0,... 100 88,0 19859 a4 M el 6 BT TN AR s DU LR e T S
i IR NE o PR L 132.1 124.0 I111.2 10I.1 90.0 83.5
(b) Solid phase, C;Hg0:.CsH,.(NO2);. OH
% CsHgO:... 66.7 65.2 63.8 61.9 59.5 55.7 52.6 50.0 47.7 43.638.4 34.71
Bossimnm 81.9 86.7 89.5 92.9 06.1 98.9 100.2 100.8 100.4 98.8 94.9 87.6
(¢) Solid phase, C¢Ha.(NO.);.0H.

9% C;HgO.... 30.0 26.1 22.4 15.5 9.6 o
N ot I, 87.5 92.4 07.4104.8 110.6 118.4

30. Trinitrotoluene.—The pseudo-acid trinitrotoluene was examined
with dimethylpyrone, but no indication of compound formation could be
observed. The curve resembles that of o-nitrophenol.

(a) Solid phase, C;H;O:.
% CrH g i5m w5500 100 86.3 75.3 65.0 57.2 5I.1 46.1 41.0 35.4

................. 132.1 I24.5 115.5 105.3 97.5 90.3 84.0 77.6 70.2

(b) Solid phase, C7H;. (NO:);.
%CJ—I;O: .......... 20,30 24011 GXEU6 0 M o)
................. 64.2 67.4 72.4 76.7 80.7

31. a-Naphthol.—Interesting results were obtained with the naphthols;
the freezing point diagrams are given on page 1225, Fig. 2. «-Naphthol
gives two compounds with dimethylpyrone: C;Hs0,.CioH7.OH (m. p.
69.8°, by extrapolation), and 2C;H;z0,.3C;0H;.0H (m. p. 79.1°). The
former is unstable at its maximum.

(a) Solid phase, C;H;z0..
% CHsOsoove . 100 8.0 777 68.8 60.5 56.9

................ 132.1 126.0 116.5 103.6 85.2 73.0

(b) Solid phase, CTHSOZ.C}GH?OH‘

Fo - CH 09 v 54.1 53.0 51.5
B icsmtamnly s sagsms 65.6 67.8 69.3
(¢) Solid phase, 2C;H ;0. 3CWH7 OH.

% CiHsOq......... 50.0 48.8 47.3 453 427  40.6.. 38.8. a7z
e S B 70.5 73.2 75.6 77.4 78.3 79.0 78.8 78.4
% CiHs0p. ... . 35.8 34.4 32.0 29.8 27.9 25.0 e
ol ity ISR 2 AT 77.6 76.8 73.8 69.7 65.0 56.6 s

(d) Solid phase, C;oH;.OH. .
% C:HgOz..oo.... 23.4 20.7 17.7 12.0 6.2 o

[T A S I 56.0 65.7 73.8 84.2 90.7 096.1 = P
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32. B-Naphthol.—Two compounds were obtained: 2C;H0:.3C1oH7.0H
(m. p. 39.5°) and C/Hs0;.2C;eH;OH (m. p. 44.6°). The former com-
pound is unstable at its maximum point, but, owing to the readiness with
which solutions of this system exhibited persistent supercooling, it was
found possible to carry the curve some distance into its unstable region.
(See diagram, page 1225, Fig. 2.)

(a) Solid phase, C;HgO:.

% CiHg0,... 100 876Y 56,4 66,6616 smio. S84 551 dgia A6LE
Wi cimrearia 132.1 126.0 114.5 99.5 87.1 74.5 68.2 54.9 40.7 24.3
(&) Solid phase, 2C;H0..3C1oH;0H.

% CiH40:... 46.5 44.7 43.8 42.2 40.6 37.3 35.0
ot 36.6 38.0 38.4 39.0 39.4 38.8 37.4
(¢) Solid phase, C;H505.2CyoH,0H.,
% CiHgO:... 43.8 40.2 38.1 35.9 33.6 33.0
4 34.4 40.3 42.5 43.-9 44.5 44.6
(d) Solid phase, CjoH;OH.
% C:HgOs... 30.2 27.3 25.1 21.4 14.1 9.6 0
i Ll 54.5 70.6 79.9 92.0 107.9 °'113.8 12I1.6
Consideration of Results.

Thirty-two organic substances of acidic nature have been examined
with dimethylpyrone, and the existence of thirty-seven addition compounds
has been indicated by the freezing point curve. These compounds may be
divided into three classes:

(a) 24 of the general type C;Hs0..HX.

(b) 3 of the general type 2C;Hg0:.3HX.

(¢) 10 of the general type C;HgO,.2HX.

No instances of the formation of compounds containing excess of di-
methylpyrone, or of mixed crystals, were observed.

The addition compounds exhibited, in general, beautiful erystalline
structure, either in the form of needles radiating from a common center,
star-clusters, or lustrous plates. Consequently, in practically all of the
systems examined, it was extremely easy to identify changes in the solid
phase.

The melting points of the compounds are usually much below those of
their components. The few exceptions are to be found in those cases where
the melting point of one component is also very low.

It is interesting to compare the difference in behavior of isomeric sub-
stances examined. As examples the following may be noted:

I. o-Toluic Acid.—The compound C;H30,.C;H;.COOH crystallizes only
from solutions containing excess of acid. m-Toluic acid. The compound
formed is stable at its maximum. ¢-Toluic acid. The compound crystal-
lizes only from solutions containing an excess of dimethylpyrone.

II. o-Nitrophenol—No compound is formed. wm-Nitrophenol. The
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compound C;HgO,.CsH.NO-OH is formed. p-Nitrophenol. Two com-
pounds: C;HgOs.CeHNO2.OH and C/Hs0,.2CHNO,.OH are formed.

IIT. a-Naphthol—The compounds C;Hz0..C;oH;OH and 2C;Hz0s.-
3C1oH;,0H are formed. B-Naphthol. The compounds 2C;HgOs.3CH1-
OH and C;H30;.2C,(H;OH are obtained.

Particular attention is due to those compounds isolated, which are
unstable at their maximum. ‘These cannot be obtained at all by the simple
o method of mixing the

components in the re-
W quired proportions. The

N\ Sl freezing point curve

/ gives, however, all the

\/_ necessary data for the

\ preparation of such a

" compound. For exam-

\’_ / ple, dimethylpyrone ace-
\

-\/ tate, which Collie and
Tickle failed to isolate,
\\
N

150

100

50

may readily be obtained
as follows (see diagram,
\ page 1225, Fig. 2): A
me i = II mixture of 359, dimeth-
\ ylpyrone and 659, acetic

: e e acid (molecular percent-

—100 ages) is taken. This
\/ I melts at 24° and, on

cooling, the solid phase
separating out 1is the

100 75 50 25 o equimolecularcompound.

Per cent dimethylpyrone. The best yield may be

I. 0-Cresol. Add 140° to temperature scale. btai b R Y
II. o-Nitrophenol. Add 100° to temperature scale. OPtained by cooling to
III. m-Nitrophenol. Add 40° to temperature scale. °, filtering off the re-
IV. p-Nitrophenol. Temperature scale correct.

Fig. 3.

ALY

Temperature.
o

maining liquid, and dry-
ing the crystals with filter
paper. The compound thus obtained melts at 30°, at the same time de-
composing into its components and depositing dimethylpyrone.

The addition compounds obtained are always more or less dissociated
into their components in the liquid state. For the acids examined, the
rule holds, in general, that the extent of dissociation is greater, the weaker
the acid is. The degree of dissociation may be approximately determined
by the sharpness of the maximum, . ., the decrease in the temperature
of fusion of the compound on addition of either component. If dis-
sociation is slight the decrease is rapid, with more highly dissociated com-
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pounds the decrease is small and may even (in extreme cases) be con-
verted into an increase.!

The following table shows the decrease in the temperature of fusion
of the equimolecular compounds of dimethylpyrone and acid, due to the
addition of 59, of acid, for all cases where data are available from the results
given above. The dissociation constants of the acids? are included for

comparison.

Acid. T(50% CiHs02)—T (45% CeHs02). 100 K.
L8411 6) o o) T S S S S 2.2° 0.155
Dichloroacetics vy s v 3.2 5.14
TrichlOroacetiC. oo v «isssins 4.3 121.0
Lrehlarobutyric iisysaE S ER it 308 10.0
Trichlorolactic. ................. 1.8 0.465
a-Chlorocrotonic................ 1.3 0.072
BeTZ01Cs == rict i ST Ry AT 1.2 0.0060
- TONIC. Lt vy s 1.2 0.00514
Salieylict wo il Bl Rt et 2T 0.102
o-Nitrobenzoic. ................. 1.8 0.616
QNI O o oyl b i, 0.6 0.00355
D aridelyc T e T W e R 1.6 0.0417

The connection between the degree of dissociation of the compound
and the strength of the acid is made quite evident from the above figures;
the two extreme cases (trichloroacetic and cinnamic acids) are illustrated
in the diagram on page 1224, Fig. 1. The relation is important, but can,
however, only be approximate, since for the acidic strengths we should
compare values, not in aqueous solution, but in dimethylpyrone.? The
dissociation of the compounds is also compared at their various points of
fusion, whereas the temperature factor is important in regard to the degree
of dissociation of addition compounds.*

The tendency to form addition products is greatest at low temperatures;
this is well illustrated in the case of hydrates. 'The effect of temperature
is best seen, in the results of the present investigation, in the compounds
formed from phenol and its derivatives. These are little dissociated into
their components in spite of the weak acidic nature of the substances em-
ployed, owing, in general, to their low temperatures of fusion. Tempera-
ture seems, indeed, to be more important here than acidic strength, thus
(to compare the stable 50% compounds) the compound of o-cresol is less

1 Kremann, Monals., 25, 1222 (1904).
2 @stwald, Z. physik. Chem., 3, 418 (1889).
3 The researches of Walden indicate that the general order of acidic strengths in

two solvents will be the same, although exceptions are to be found. That dimethyl-
pyrone is a good ionizing medium has been shown by Poma, Gazz. chim. ital., 41, II,
518 (1911).

4 The heat of fusion of the compound, which will vary in different cases, is also to
be considered.
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dissociated than that of dinitrophenol, or even than that of picric acid,
both of which have considerably higher melting points.

Constitution of Dimethylpyroné and its Addition Compounds.—It remains
to discuss the bearing of the results obtained on the several hypotheses as
to the constitution of dimethylpyrone and its addition products, considered
in the introduction.

The difficulty of representing the structural formulae of compounds, more
complex than equimolecular, except under the scheme (I), has already been
mentioned. The thirteen compounds of the general types 2C;H;0,.3HX
and C;Hg0..2HX, obtained in the research, cannot be accounted for by
(IT) or (III), but may readily be expressed structurally according to (I).

The mixture acid-dimethylpyrone was, in every system studied, colored.
The color varied from pale yellow (with weak acids) to dark red (with
strong acids). In this connection the view of Vorlinder and Mumme,!
that the change of color is due to a change in the degree of saturation of
one or more elements composing the substances, is of importance.

A further point to be noticed is that the reaction between dimethyl-
pyrone and acids is instantaneous. In no case could it be observed that
the freezing point of a mixture changed at all with time; equimolecular
mixtures gave the same point of fusion immediately after preparation as
after several days. Similarly Baeyer and Villiger,? who first stated that
time was necessary for the formation of dimethylpyrone hydrochloride,
subsequently?® withdrew this statement. Now, an organic reaction of the
‘type (II), involving the breaking up of the simple acid molecule as well
as of the carbonyl oxygen linkage, would probably be a time reaction.
On the other hand, ionic reactions are essenizally instantaneous.

We may consider the formation of the addition product C;Hz0..HX as
praceeding as follows:
0}

CH;/O\’CH; CHg’/\\lCHa

’ + Ht + X- =

\C/=0i \c/=o<z

Dimethylpyrone is here regarded as tlie ionizing medium,* and the carbonyl
oxygen as primarily active. Formation of the more complex compounds

involves the activity of the second oxygen atom.

! Ber., 36, 1470 (1903).

2 Ibid., 34, 2679 (1901).

3 Ibid., 35, 3612 (1902).

4 The fact that dimethylpyrone is a good ionizing medium is also an indication of
its unsaturated character. See Stieglitz, ‘‘Qualitative Chemical Analysis,”’ Part I,
1912, p. 64, and Kendall, THIS JoURNAL, 36, 1069 (1914).

(Iv)
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This view is supported by the fact that the equilibrium point of the
above reversible reaction (i. e., the extent of dissociation of the addition
compound formed into its components) is a function of the acidic strength,
as has been demonstrated above. The stronger the acid is, the more com-
pletely does the reaction from left to right proceed. In agreement with
this, also, is the extent of color change on mixing'the components; for ex-
ample, cinnamic acid with dimethylpyrone gives the faintest tinge of yel-
low, while trichloroacetic acid gives a dark red solution.

The results of this investigation point, therefore, in favor of the as-
sumption that the addition compounds of dimethylpyrone with acids are
true oxonium salts, in which oxygen functions as a quadrivalent atom.
The equilibrium of the reaction is best represented as in (IV) above.

In conclusion, the advantages of the method followed above, for the
general study of addition reactions, may be pointed out. Its first ad-
vantage is its rapidity; after the technique has been mastered, a system
presenting no special difficulties can easily be completed in two days.
Secondly, it indicates all compounds formed between the components
chosen, including such compounds as are not stable at their maxima and
cannot be obtained by the ordinary methods. In few cases is a special
analysis of the solid phase necessary, the composition of the compounds
obtained is read directly from the freezing point curve.! It is possible
that sometimes a compound cannot be isolated owing to supercooling;
however, its existence may be recognized by the form of the curves. Fi-
nally the curves indicate also the degree of dissociation of the compounds
into their simple components.

The method is being extended to other similar systems. It is hoped,
also, that further evidence as to the nature of these reactions will be ob-
tained from conductivity measurements.

Summary.

The freezing point curves of monobasic organic acids and phenols with
dimethylpyrone have been examined. The existence of a large number
of addition compounds has been demonstrated.

A consideration of the results obtained leads to the view that the re-
action is ionic, and that the compounds formed are true oxonium salts. -

NicHoLS LLABORATORIES OF INORGANIC CHEMISTRY,
CorLumBia UNIVERSITY,
New York Cirty.

1 Cases of “‘solid solutions” may be recognized by the fact that any maximum on
the freezing point curve will not be (except by chance) at a point of simple molecular
composition.
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The theoretical study of the heat of vaporization of liquids—a branch
of physical chemistry long neglected—has recently attracted a great
deal of investigation. The subject is of interest from its connection with
the equation of van der Waals and the problem of molecular attraction.
A number of formulas for representing variation of heat of vaporization
with temperature have lately been put forward; some of these claim a
theoretical basis, some are admittedly empirical. During the past year,
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in particular, the rate of appearance of new formulas has increased to
the proportions of an epidemic.

It has seemed of importance, therefore, to the author, in view of pre-
vious work upon the subject, to make a critical examination of the various
equations that have been proposed. Their relative theoretical merits
—a field already fruitful in polemics—are not touched upon at all in this
paper. The sole point of investigation is agreement with the experi-
mental data. In the present imperfect state of our knowledge of this
subject, where even first principles are hotly disputed, it appears reason-
able to apply to all equations the one practical test, free from any possible
bias—the test of accuracy.

It is true that we possess no direct determinations of heats of vaporiza-
tion .for any normal liquid, throughout an extended temperature range,
sufficiently trustworthy to be of value for the above purpose. However,
the thermodynamical equation of Clausius and Clapeyron (see Equation
1 below) affords a method of obtaining the heat of vaporization indirectly
by the measurement of other quantities. These quantities are all accu-
rately determined for a large number of liquids and through a wide range
of temperature in the extensive researches of Young and his collaborators.

The results of Young have recently been revised and published in col-
lected form.! The necessary data are now available for thirty pure
liquids, of which twenty-six are normal or non-associated.

It is impossible, from space considerations, to examine all of those in
the present paper; consequently, a few typical cases have been selected.
The agreement of the various formulas with the experimental results
for octane, methyl, butyrate, carbon tetrachloride and fluorobenzene is
tested in the tables given below.

The above liquids were chosen, without previous knowledge as to the
nature of the results they would supply, for the following reasons. It
is important, in testing any function which varies with temperature, to
be able to consider as large a temperature range as possible. Hence
octane was selected from the ten hydrocarbons investigated by Young,
since it possesses the highest critical temperature. (The lowest tempera-
ture for which data are available is 0° in all cases.) Methyl butyrate
was chosen as the typical example of the ten esters studied, for the same
reason. ‘T‘he remaining liquids—carbon tetrachloride and fluorobenzene—
are among those regarded by investigators as ‘ characteristically” normal
liquids? both have, also, high critical temperatures. That the data
selected are really representative may be confirmed by a study of the col-
lected tables.?

! Young, Proc. Roy. Soc. Dublin, 12, 374 (1910).
2 Applebey and Chapman, J. Chem. Soc., 105, 742 (1914).
3 Mills, THIS JOURNAL, 31, 1099 (1909).
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The equations examined are developed briefly below: The following
notation is employed.

T—absolute temperature R—constant of gas equation, PV = RT,
I—temperature centigrade equal, under the units employed, to 62340,/ M
V—volume of one gram of saturated T —critical temperature

vapor. v—volume of one gram of liquid
d—density of liquid d.—critical density
D—density of saturated vapor P—vapor pressure in mm. of mercury
P —critical presstire L—total heat of vaporization! of one gram
M—molecular weight of liquid, expressed in calories

With this notation, the thermodynamical equation is expressed as
follows:
L = 0.0531833 (dP/dT)T. (V —u) (1)
(The numerical factor is the reciprocal of the value of the mechanical
equivalent of heat under the units stated.) 'The heat of vaporization
at any temperature ‘is thus obtained in terms of 7', V, » and dP/dT, and
the degree of accuracy of the calculated value will depend upon the limits
of experimental error in the determination of these quantities, and upon
the relative effect of such errors in the calculation of the equation. These
points have been carefully examined by Mills.? The conclusion drawn
is that, except at zero centigrade and in the neighborhood of the critical
temperature, the calculated values for the heat of vaporization are sub-
stantially true. At o° C. the values derived are usually too high; near
T, the difficulty in the exact determination of dP/dT renders the results
somewhat uncertain. The above equation may, therefore, be safely
employed as a basis for comparison throughout the greater part of the
experimental range, small divergences at 0° C. and near 7, being dis-
regarded.
A simple formula developed by Mills:?
L = 0.0s31833 P (V — ) + u/'(3Vd — VD) (2)
(u' is a constant varying with the liquid under consideration) has been
thoroughly tested by him, and found to be in excellent agreement through-
out with the thermodynamical equation for all normal liquids. For its
theoretical significance reference must be made to the original papers.
A third formula, proposed by Dieterici:?
L = 0.0,31833 P (V —v) — 4.577 ¢ (T/M) log (d/D) (3)
(c is a constant varying with the liquid) has also been examined by Mills.?
It is found to be consistently inaccurate at low temperatures, although
! Internal + external, at constant temperature 7.
* Mills, Loec. cit.
3 Mills, J. Phys. Chem., 6, 209 (1902); 8, 383 and 593 (1904); 9, 402 (1905); I0,

1 (1906); 11, 132 and 594 (1907); 13, 512 (1909); 15, 417 (1911); 18, 101 (1914).
4 Dieterici, Ann. Physik, 25, 569 (1908).
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the agreement at higher temperatures is remarkably good. A similar
equation was previously suggested by Crompton.!

Kleeman® has deduced mathematically, from assumptions regarding
molecular attraction, the equation:

L = 0.0431833 P (V —19) — K (d* — D?) (4)
(K is a constant varying with the liquid.) 7The same equation has also
been put forward by Batschinski.? ]
The present author* has shown that the following simple relation holds:
L = k(T —T)" (s)
(k is a constant varying with the liquid, # is for all normal liquids equal

to 0.386.) Later investigation showed that the above is an interpolation
formula, and is dependent upon the two equations:

d — 3Wd, = k(T — 1)
Wd, — 3D = ky(T, — T)"
which were demonstrated to hold satisfactorily for normal liquids. By

combining these equations with that of Mills (Equation 2 above), we
obtain:

K = 0.031833 P (V—1) + kup/(Te— 1) + las'(Te— 1) (50)
This is the more correct expanded form of Equation 5 above. ‘The first
part of the equation represents the external heat of vaporization, which
is variable in magnitude, but at most temperatures is comparatively small;
the exponent # = 0.386 in Equation 5 is, consequently, intermediate
between the two simple values (one-third and one-half) in Equation sa.
For associated liquids the equation still holds if the value of # is modified.®

Tyrer® has recently proposed a somewhat similar formula:

L = 0.0i31833 P (V—1v) + C(T.— T)l"‘/(dl/s + D' (6)
Cis a constant varying with the liquid under examination.

Applebey and Chapman” have deduced the relation:
I = RT log. (V —b)/(w—b) + RT2[1/(w—Db) + 1/(V—b)] db/dT (7)

! Crompton, Proc. Chem. Soc., 17, 61 (1901).

* Kleeman, Phil. Mag., [6] 20, 665 (1910). A somewhat different formula was ad-
vanced in a previous paper, Phil. Mag., [6] 19, 795 (1910).

3 Batschinski, Ann. Physik, 14, 288 (1904).

4 Kendall, Meddel. fran K. Vel-Akads. Nobelinstitut, Band 2, No. 29 (1912); ‘“The
Properties of Liquids as Functions of the Critical Constants.” Since this paper is not
generally available, the significance of the equation is briefly indicated above.

5 Kendall, Meddel. frin K. Vet-Akads. Nobelinstituf, Band 2, No. 36 (1913); “The
Heat of Vaporization of Associated Liquids.”

8 Tyrer, J. Phys. Chem., 17, 717 (1913).

7 Applebey and Chapman, J. Chem. Sec., 105, 734 (1914). The equation, in the
original paper, is referred to molecular volumes. These are here changed to V and v
(volume of 1 g.). The constant b in 7 is consequently the usual van der Waals’ con-
stant divided by M (mol. wt.). The same holds for equation 10.



1624 JAMES KENDALL.

in which b (the constant of van der Waals' equation) is assumed to vary
linearly with the temperature. Methods for the determination of 0,
(the value of b at the critical temperature) and db/dT are developed;
when these quantities are known, L can be evaluated.
Rodzewitz! has recently put forward the equation:
L = 0.0,31833 KT:{(P,— P)/P}. (dP/dT) (8)
(K is 4 constant varying with the liquid.)
The validity of this equation depends on that of the relation:
(V—9v) = KI'(P,— P)/P
On examination, however, it is found that, while the above relation is
approximately true at low temperatures (as the figures given by Rodze-
witz show), yet it fails entirely at temperatures approaching the critical
point. This will be evident from the following tabulation where the
results for octane and carbon tetrachloride are shown:
1, 80 100 120 140 160 180 200 220 240 260 280

100 K(CEL).. T.16 1,15 .15 X160 1319 LI.2Y  1.200 T35 'I.54: 1:99. 0.44
100 K(octane) .. O i o (5 8 Ve A S fo il e oY SRR G S Wl

The equation can, therefore, be employed only at low temperatures.
The same is true of the general equation of Arrhenius:?

L =A, —CI? (9)
where A, and C are constants dependent on the liquid. Similarly, the
formula of Bakker:? g

L = RT log. (V.—b)/(v—b) (10)
although directly deduced from the equation of van der Waals, is not in
agreement with the results of experiment. ' Finally, there may be mentioned
the equation of McLewis:* :

L = (T/)(d/8) (11)
(e = coefficient of expansion, 8 = compressibility) which gives approxi-
mate agreement with the experimental values for the few cases where
data for normal liquids are available.

It will be seen that most of the above equations contain a constant de-
pendent upon the liquid under consideration. It is usually possible to
remove this, and so generalize the equation, by combination with the
rule of Trouton or some similar law. Thus equation 5 becomes:

ML = 20.7 T (x— T/T,)" : (50)
a relation perfectly general for all normal liquids. Since, however, the
rule of Trouton is only approximately correct, such equations will not
! Rodzewitz, J. Russ. Phys. Chem. Soc., Phys. 45, 355 (1914).
2 Arrhenius, Meddel frin K. Vet.-Akads. Nobelinstitut, Band 2, No. 8 (1911).

3 Bakker, Z. Phystk. Chem., 18, 519 (1895).
1 McLewis, Phil. Mag., [6] 22, 268 (1911).
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usually reproduce the experimental values sufficiently closely to be of
practical utility. '

In the following tables only those equations (2 to 7, inclusive) are com-
pared with the thermodynamical Equation 1 which are applicable through-
out the whole of the available experimental range. The constants em-
ployed are shown in Table I; values not tabulated previously, and calcu-
lated by the present author, are indicated by a star. The collected re-
sults are given in Tables II-V; divergences from the experimental values

TABLE I.—ConNsTanTs oF EQUATIONS.

Methyl Carbon
Octane. butyrate. tetrachloride. Fluorobenzene.
e e e e G D0 569.2 554.25 556.15 559.55
ML) SRR e 93.16 91.3I 44 .01 85.65
¢ (Dieterici).......... 1.858 1.824 1.667 I.711
K (Kleeman)..,....... 176.2 113.37 19.74 81.44
& (Kendall).......-..: 9.72 10.47 5.92 10.04
C. . (Tyrer)....... 134.4% 140.8% 133.0% 146.0%
b. (Applebey).......... 190.63 131.74 107 .54 105.85
db/dt (Applebey)........ 0.11732 0.08459 0.06674- 0.06472
TaBLE II.—OcraNE. HEATS OF VAPORIZATION.

I!. Ther. Mills. Dieterici. Kleeman. Kendall. Tyrer. Applebey.

o 89.46 85.69 97.63 95.69 87.49 89.83
120 71.43 71.83 73.05 7337 71.56 72.38 73.82
140 68.28 68.61 69.36 69.36 68.28 68.83
160 64.75 65.06 65.52 65.31 64.79 64.96
180 60.91 61.14 61.40 60.90 60.93 60.85 59.57
200 56.61 56.72 56.89 56.15 56.64 56.38
220 52.03 51.80 51.83 50.98 51.81 51.39
240 45.97 45.72 = 45.63  44.76  46.02  45.57 = 42.92
260 39.14 38.63 38.46 35.75 38.85 38.61 e
280 28.26 28.17 27.85 27.55 28.50 28.69 25.96
290 19.10 19.50 19.12 19.20 19.35 20.34 17.87

TABLE IIe.—OcTANE. DIVERGENCES.

(5 Mills. Dieterici. Kleeman. Kendall. Tyrer. Applebey.
o —3.77 +8.17 +6.23 —I1.97 +0.37
120 +0.40 +1.62 +1.94 +o0.13  +o0.95 +2.39

140 +0.33 +1.08 +1.08 0.00 +o0.55
160 +0.31 ~+0.77 ~+0.56 +0.04 “+o0.21
180 +o0.23 +o0.49 —o0.01 +o0.02 —0.06 —I.34
200 +o0.11 +o0.28 —0.46 +o0.03 =022
220 —0.23 —0.20 —1I.05 —0.22 —0.64
240 —o0.25 —0:34 —1.21 —0.05° —0.40 —3.05
260 —0.5I —0.68 —1I.39 —0.29 —0.53
280 —o0.09 —0.41 —0.71 +o.24 +o0.43 —2.30
200 +o0.40 +o.02 +0.08 +o0.25 +1.24 —1.23
Av. (120-280°) 0.27 0.65 0.93 0.11 0.44 2.13
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are shown in Tables IIa-Va. In the calculation of the ‘‘average diver-
gence,” the figures for 0° and for temperatures within 10° of the critical
are disregarded.!

TABLE III.—METHYL BUTYRATE. HEATS OF VAPORIZATION.

t Ther. Mills.  Dieterici. Kleeman, Kendall. Tyrer. Applebey.
] 95.79 90.91 101.88 101.17 9235 95.08
100 77-80 7813. 79.58 80.41 77.95 79.02 i
120 74.31 74.72 75.58 76.10 74.48 75.17 80.79
140 70.84 71.04 71.61 71.62 70.77 75713
160 66.53 66.87 67.08 66.87 66 .69 66.77 65.88
180 62.00 62.26 62.45 61.79 62.26 62.01
200 57.41 57.19 57.31 56.43 57.18 56.86 55.20
220 51.31 51.07 51.08 50.23 51.28 50.83
240 44.14 43 .69 43.61 42.70 44 .00 43.74
260 34.44 34.06 33.85 33.26 34.10 34.25 32.00
280 11.16 11.98 11.64 12.42 I1.59 12.62 11.77
TaBLE IIla.—METHVYL BUTYRATE. DIVERGENCES.
Lt Mills. Dieterici. Kleeman. Kendall. Tyrer. Applebey.
o —4.88 +6.09 +5.38 —3.44 —o0.71
100 3 +0.33 +1.78 +2.63 +0.15 +1.22 +2.99
120 +o0.41 +1.27 —+1.89 +o0.17 +0.86
140 ' +o0.20 “+0.77 +o0.78 —0.07 +o0.29
160 +0.34 +0.55 +o0.34 —+0.16 “+o0.24 —o0.65
180 “+o0.26 4-0.45 —0.21 “+0.26 “+o0.01
200 —0.22 —0.10 —0.98 .23 —0.55 —2.2X
220 —o0.24 —0.23 —1.08 —0.03 —0.52
240 —0.45 —0.53 —1.44 —0.14 —0.40
260 —o0.38 —0.59 —1.18 —0.34 —o0.19 —2.44
280 +0.82 +0.48 +1.26 +0.43 +1.46 “+o0.61
Av. (100—260°) 0.31 0.70 I.19 0.17 0.48 2.00

TaBLE IV.—CARBON TETRACHLORIDE. HEATS OF VAPORIZATION.

8 Ther. Mills. Dieterici. EKleeman. Kendall. Tyrer. Applebey.

o 51.87 52.40 54.13 56.14 52.36 53.62

8o 46.00 46.44 46.11 47 .41 46.03 46.60
100 44.15 44.58 44.20  45.16 44.23 44.58  44.33
120 42.08 42.54 42.18 42.75 42.30 42.44 s
140 39.92 40.36 40.1T 40.35 40.22 40.21
160 37.95 38.08  37.99  37.92 37.95 37.86  38.38
180 35.40  35.46 35.47 35.22 35.43 35.25
200 32.61 32.52 22,67 32.18 32.62 32.39
220 29.45 20.14 20.35 28.77 20.33 209.13 29.72
240 25.56 25.10 25.35 24.76 25.33 25.24
260 20.07 19.70 19.89 19.49 19.90 2008 « o e
280 10.43 10.45 10.48 10.48 9.22 10.29 10.71

1 Applebey and Chapman have calculated all results (except for fluorobenzene) at
intervals of 30°. In the tables their figures for intermediate temperatures are omitted
to economize space, but for the final calculation of “average divergences” all results
within the temperature range indicated above have been taken into account,
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TABLE IVa.—CArRBON TETRACHLORIDE. DIVERGENCES.

i Mills. Dieterici. Kleeman. Kendall, Tyrer. Applebey.
o +o0.53 +2.26 +4.27 +0.49 +1.75
8o “+0.44 +o.11 +1.41 +o0.03 “+0.60
100 +0.43 +o0.05 +1.01 +o0.08 +0.43 +o0.18
120 +0.46 +4o0.10 +-0.67 +o0.22 +o0.36
140 +0.44 +o0.19 +0.43 +o0.30 . +o.29
160 +0.13 +o0.04 —0.03 0.00 —o0.09 +0.43
180 “+0.06 +o0.07 —0.18 +o0.03 —o0.15
200 —o0.09 +o0.06 —0.43 +o.01 —0.22
220 —0.31 —o0.10 —o0.68 —0.12 —0.32 +o0.27
240 —0.46 —o0.21 —0.80 —0.23 —0.32
260 —0.37 —0.18 —0.58 —0.17 —0.02
280 “+0.02 +o0.05 +o0.05 —1.21 —0.14 +0.28
Av. (80-260°) 0.32 0.11 0.62 0.12 0.28 0.28

TABLE V.—FLUOROBENZENE. HEATS OoF VAPORIZATION.

L ; Ther. Mills. Dieterici. Kleeman. Kendall.  Tyrer. Applebey.
o 87.78 88.39 93.51 94.80 89.14 o1.44
8o 8o0.07 79.11 79.53 80.56 78.60 79.99 79.76
100 77.10 76.11 76.19 76.79 75.59 76.48 ko 0 ¢
120 73.03 72.69 72.55 72.80 72.34 72.80 73.24
140 68.75 69.00 68.79 68.71 68.84 68.91 69.27
160 64.37 64.99 64.79  64.45 64.97 64.81 65.39
180 60.17 60.65 60.55 59.91 60.87 60.41 61.08
200 55.35  55.79  55.78  54.9r  56.16  55.63  55.8:
220 50.37 50.36  350.51 49.41 50.73 50.27 50.34
240 44.07 43.80  43.97 43.00  44.22  43.87  43.77
260 35.65 35.32 35.43 34.70  35.60  35.64 35.21
280 20.82 2116 21.07 20.17 20.74 21.60 19.95

TABLE Va.—DIVERGENCES.

¥ Mills. Dieterici. Kleeman. Kendall. Tyrer. Applebey.
o +0.61 +5.73 +7.02 +1.36 +3.66
8o —o0.96 —o0.54 +0.49 —I.47 —o0.08 —0.31
100 —o0.99 —0.91 —o0.31 —I.51 —0.62 “+o.11
120 —0.34 —0.48 —0.23 —0.69 —0.23 +o0.21
140 +0.25 “+0.04 —0.04 +o0.09 +o0.16 +o0.52
160 ~+0.62 +0.42 +0.08 “+o0.60 +0.44 +1.02
180 +0.48 +0.38 —0.26 “+0.70 +0.24 +o0.01
200 “+o0.44 “+0.43 —0.44 —+0.81 +0.28 +o0.49
220 —0.01 +0.14 —0.96 +0.36 —0.10 —o0.03
240 —0.27 —0.10 —1.07 +o0.15 —0.20 —0.30
260 —0.33 —1,.22 —0.95 —0.05§ —0.01 —0.44
280 +o0.34 +o0.25 —o0.65 —o0.08 +0.78 —0.87
Av. (80—260%) 0.47 0.37 0.48 0.64 0.24 0.43

In the discussion of the above figures, Tables II-IV will be considered
first, since the results obtained are essentially the same throughout.
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‘I'able V (fluorobenzene) gives results of a different nature, requiring fur-
ther investigation; it is, therefore, dealt with subsequently.

From the results obtained with octane, methyl butyrate and carbon
tetrachloride, it is evident that the equations of Kendall and of Mills
afford values most consistent with the experimental figures. The di-
vergences are always small, except at 0° and near the critical point, where
the experimental values are liable to error. Even at these temperatures
the divergences are usually smaller than those obtained with the remain-
ing formulas. The equations of Kleeman and of Dieterici (and, to a
smaller degree, that of Tyrer) are not so accurate, and lead to values at
the lowest temperatures which are consistently too high. The equation
of Applebey and Chapman gives values differing fairly considerably from
the experimental. It must be mentioned, however, that the effect of
small experimental errors upon the calculated values is much greater
here than in any of the other equations.

The final table for fluorobenzene shows exactly the opposite results.
The equations of Kendall and of Mills here give the poorest agreement
with the experimental data. (Kleeman’s values may be appreciably
improved by a slight modification in the value of the constant employed
by him.), Also, for practically all of the formulas, the calculated values
at the lowest temperatures (80-120°) are uniformly too low.

This difference in behavior may be satisfactorily explained by a considera-
tion of the experimental data. It is found on examination that the values
for fluorobenzene at low temperatures are affected by errors of observation.

The method employed for illustrating this is as follows: The function
dL/dT is plotted against temperature. Now, in all normal curves, the
heat of vaporization, after a rapid increase with decreasing temperature
near the critical point, increases more and more slowly as temperature is
further lowered. When the rate of this increase (dL/dT) is plotted against
T, therefore, we obtain a smooth curve, with rapid change of slope near
the critical temperature, but approximating more nearly to a straight
line at lower temperatures. The values for dL/dT will decrease contin-
uously, but more and more slowly, as temperature falls.

The results for the lower temperatures are shown in the accompanying
diagram. 'The values for dL/dT are found, at intervals of 20°, by inter-
polation from the preceding tables, e. g., for octane at 130° dL/dT =
1/20 (Lo — Liyo). It is evident that, while the results for octane and
carbon tetrachloride lie fairly closely upon smooth curves of the required
type, the values obtained in the case of fluorobenzene show considerable
fluctuations.! ‘The experimental data in this case are clearly inconsistent,

! The values for methyl butyrate are not plotted to avoid confusion in the diagram.

The curve is almost identical with that for fluorobenzene. The agreement in this case
is not quite so good as with octane or carbon tetrachloride,
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and a repetition of the observations would probably lead to results in
agreement with those obtained from other liquids, i. e., exhibiting close
concordance with Equations 2 and 5.

0.3

//

dL x
aT *
oO.1 - r 3
o |\flugrobensene
x |\Octane
a |Carborn
Zetrachloride
80° " 130° 180° 230°
Temperature.

It is in this direction—the correction of the experimental data—that
the equation of Mills has already repeatedly proved itself to be of service.
Large divergences were existent between the original experimental values
of Young and the calculated values of Mills for several liquids. It was
invariably found, when the observations were repeated, that the experi-
wmental values were in error.!

The utility of the various equations proposed will probably be restricted,
for the present, to this practical application. It is hard to conceive how
much progress can be made on the theoretical side until the fundamental
points at issue are settled. For the most obvious conclusion to be drawn
from the present investigation is that the heat of vaporization is a quantity
which is peculiarly adaptable to representation by empirical formulas.
It is impossible that all of the equations considered can be of theoretical
significance. Were this the case, an army of physicists might devote
their lives to tabulating the different relations, between the quantities
concerned, obtainable by the combination and recombination of these
equations.? It will be evident, however, that the fact that a formula,

! Mills, Phil. Mag., [6] 21, 84 (1911); 24, 483 (1912).

2 From three equations alone, Mills obtained thirty-six new relations (Tuis Jour-
NAL 31, 1099 (1909)). The number possible soon increases to billions as more equations
are introduced. (Compare Bridgman, Phys. Rev., 3, 273 (1914).)
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in this field, fits the experimental results is no confirmation, taken alone,
of the truth of the principles involved. :

Further approximate or empirical relations will consequently be super-
fluous, so long as the fundamental theoretical principles of the subject
remain indefinitely outlined. The rigorous mathematical development
of the laws of molecular attraction—a field in which Mills has already
performed valuable pioneer work—is the necessary prerequisite to any
real progress.

3 Summary.

The accuracy of the various equations proposed for representing heats
of vaporization has been tested by comparison with the experimental data
of Young. In three out of the four cases examined, the equations of the
author and of Mills afford most satisfactory agreement. In the remaining
case the experimental figures are shown to be inaccurate.

It has been pointed out that the heat of vaporization is a quantity so
adapted to representation by different formulas that no conclusions can
be drawn as to their relative theoretical merits. At present, the equations
are useful only as checks upon the experimental data.

NicHoLS LABORATORIES OF INORGANIC CHEMISTRY,
Corumpia University, NEw Vork City.



