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508 KNOX AND RICHARDS . THE BASIC PROPERTIES OF

XXXVIHI.-—The Basic Properties of Oxygen in Organic
Acids and Phenols ; and the Quadrivalency of
Oxygen.

By Joseps Knox and Marion Broox RicaArDS.

OxvGEN 1s usually regarded as a bivalent element in most com-
pounds, but its position in Group VI of the Periodic Table affords
good ground for the assumption that it may in certain cases have
a higher valency from analogy to sulphur, selenium, and tellurium,
all of which may function, not only as bivalent, but also as quadri-
valent and sexavalent elements.

The quadrivalency of oxygen has been assumed from time to
time to explain the constitution of certain compounds, a summary
of the earlier assumptions of this nature being given by Walden
(Ber., 1901, 34, 4185). The work of Collie and Tickle on
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dimethylpyrone (T., 1899, 75, 710), and of Baeyer and Villiger
(Ber., 1901, 34, 2679; 1902, 35, 1201), first drew general atten-
tion to the subject. The former were of the opinion that only in
specially favourable cases could additive compounds containing
quadrivalent, oxygen be formed, but the latter showed that organic
compounds of practically all classes containing oxygen, such as
ethers, alcohols, aldehydes, ketones, etc., could combine with acids
to give crystalline salts. Since that time, many similar assump-
tions of the quadrivalency of oxygen have been made, for example,
by Biilow and Sicherer for salts of anhydrobenzopyranols and
benzopyranols (Ber., 1901, 34, 3916), by Kehrmann and Mattisson
for salts of phenanthraquinone (Ber., 1902, 35, 343), by Will-
stitter and Pummerer for compounds of pyrone with acids (Ber.,
1904, 37, 3740), by Farmer for acid salts of monobasic acids (T.,
1903, 88, 1440), by Cohen and Gatecliff for compounds of ethers
with nitric acid (P., 1904, 20, 194; but see also McIntosh, J.
Amer. Chem. Soc., 1905, 87, 1013), by Blaise for compounds of
magnesium iodide and zinc iodide with ethers (Compt. rend., 1904,
139, 1211; 1905, 140, 661), and by Meyer for salt-like compounds
of quinones with acids (Ber., 1908, 41, 2568).

Much work on this subject has been done by McIntosh and his
collaborators, who have prepared additive compounds’ of ethers,
alcohols, aldehydes, ketones, etc., with halogens and anhydrous
halogen hydrides (T., 1904, 85, 919, 1098 ; 1905, 87, 784 ; J. Amer.
Chem. Soc., 1905, 27, 26, 1013; 1906, 28, 588; 1908, 30, 1097;
1910, 32, 542, 1330; 1911, 88, 70; 1912, 34, 1273).

Fewer instances have been recorded of the formation of additive
compounds of organic acids and phenols with other acids. Baeyer
and Villiger obtained no crystalline compounds of acids with acids
(Ber., 1901, 34, 2692). Hoogewerff and van Dorp, however, pre-
pared additive products of sulphuric acid with various organic
acids, and of phenols with phosphoric acid (Rec. trav. chim., 1899,
18, 211; 1902, 21, 349). Maass and Mclntosh obtained a com-
pound of benzoic acid with hydrogen bromide, and of resorcinol
with hydrogen bromide and hydrogen chloride (J. Amer. Chem.
Soc., 1911, 33, 70). Pfeiffer also has prepared a number of com-
pounds of organic acids with acids (Ber., 1914, 47, 1593), and in
a recent series of papers Kendall has described the isolation, by
the freezing-point method, of additive compounds of organic acids
in pairs, of organic acids and phenols with sulphuric acid, and of
phenols with organic acids (J. Amer. Chem. Soc., 1914, 36, 1722,
2498; 1916, 38, 1309).

It will be seen that the organic compounds which form these
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additive products are of the most diverse types. In practically all
the cases cited, the organic compound is combined with an acid,
forming an unstable additive compound, so that evidently the com-
pound formation is due to basic properties in oxygen of higher
valency than two. These additive compounds are generally
regarded as “oxonium’ compounds, containing quadrivalent
oxygen, derived from the hypothetical base H;0-OH, analogous to
the sulphonium compounds formed by the passage of sulphur from
bivalency to quadrivalency. A typical example is Friedel’s
dimethyl ether hydrochloride (Buill. Soc. chim., 1875, [ii], 24,

160): (CH,),0+ HCI = gfnﬁ>0<gl, the analogy of which to a

sulphonium compound is evident:
CH CH
(CH,),S + CH,I = CHi>S<I 3,

The sulphonium salts are derivatives of the strongly basic
sulphonium hydroxide, R;8:OH, so that in the salt-like character
of the oxonium compounds, and the basic properties of quadri-
valent oxygen, there is a parallel in the case of well-known sulphur
compounds.

To explain the formation of these additive compounds, special
kinds of valencies of oxygen have from time to time been assumed
—crypto-valencies, complex valencies, residual affinities. In view
of the fact, however, that oxygen may exhibit a higher valency
than two in the ordinarily accepted sense, there seems to be mno
reason to assign special kinds of valencies to oxygen, any more
than to sulphur or the other elements of the same group.

The additive products of organic oxygen compounds with acids
have mainly been isolated in the solid state, and very little work
has been done on the investigation of these compounds in solution.
The compounds are all more or less unstable, and for the most part
are decomposed by water into their original constituents. Farmer,
for instance, could find no evidence for the existence of acid salts
in solution (T., 1903, 83, 1440), but there is evidence to show that
oxonium compounds do exist to a certain extent, at least, in solu-
tion. Thus Maass and McIntosh (J. Amer. Chem. Soc., 1913, 35,
535), by a study of the conductivity measurements of the two com-
ponent systems—hydrochloric acid and ethyl ether, hydrochloric
acid and methyl ether, hydrochloric acid and ethyl alcohol, hydro-
chloric acid and methyl alcohol—showed the probability of the
existence of the compounds in solution. Rordam (J. Amer. Chem.
Soc., 1915, 387, 557), by comparing the conductivity of a solution
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of dimethylpyrone hydrochloride with that of a solution of hydro-
chloric acid with the same concentration of chlorine ions, electro-
metrically measured, proved that dimethylpyrone hydrochloride is
a real salt showing electrolytic dissociation as well as hydrolytic
dissociation into its components. Schuncke (Zeitsch. physikal.
Chem., 1894, 14, 331) found that the solubility of ether is greater
in hydrochloric acid solutions than in water, and increases with
the concentration of the hydrochloric acid, and Jiittner (Zeitsch.
physikal. Chem., 1901, 88, 56) gave as the reason the formation
of ether hydrochloride in solution. Similarly, Sackur (Ber., 1902,
85, 1242) found that the solubility of cineole increases in hydro-
chloric, nitric, and acetic acid solutions,

It is possible, therefore, that the existence of other oxonium
compounds in solution may be shown by solubility determinations,
If additive compounds of organic acids with acids exist in solution,
we should expect to find some influence of this salt-formation on
the solubility of the organic acid in solutions of the other acids.
If no such disturbing influence comes into play, the solubility of
the organic acid should continuously diminish with increasing con-
centration of the solvent acid, in accordance with the law that the
solubility of an electrolyte is diminished by the addition of another
electrolyte with a common ion.

A few instances have actually been recorded where organic acids
do not obey this law. Thus, Herz (Zeitsch. anorg. Chem., 1910,
66, 93) found that for solutions of oxalic acid in boric acid the
solubility increases continuously with the concentration of the boric
acid. Stépanov (Annalen, 1910, 3783, 221) found that for picric
acid in hydrochloric acid solutions the solubility diminishes to a
certain point, after which it begins to increase. Masson (T., 1912,
101, 103) found a similar result for solutions of oxalic acid in
hydrochloric and nitric acid solutions.

It seems very probable that these cases may be instances of a
general phenomenon, and that the unexpected results obtained for
the solubility curves are caused by the existence in solution of an
oxonium compound, formed by direct addition of the ions of the
solvent acid to an oxygen atom of the organic acid, according to
the equation

R~_C: R enrH
HO> 0+HX HO>c:.0< -

or, for phenols,

R’ .
H>O +HX

R _H
7 0<x-
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This assumption would be sufficient to account for the observed
results. At first with a strong solvent acid, such as hydrochloric
or nitric, the effect of the common hydrogen ion prevails, and the
solubility diminishes. With increasing concentration of the solvent
acid, however, the influence of the formation of the more readily
soluble salt becomes stronger, and the solubility reaches a mini-
mum, and finally begins to increase. If the solvent acid is weak,
for example, boric acid, the initial decrease may be too small to be
measurable; hence the only perceptible effect would be the con-
tinuous increase observed by Herz.

If the true explanation of the results observed by Herz,
Stépanov, and Masson is the formation of an oxonium compound
in solution, we should expect other organic acids to behave in a
similar manner, and the present investigation serves to prove that
this is actually the case.

EXPERIMENTATL.
I. Acids.

The solubilities of a number of organic acids of practically all
classes have been determined in solutions of other acids. The
number of organic acids which could be used was greatly limited
by the lack of suitable methods of analysis. Many of the
commonest acids could not be employed, since no sufficiently
accurate method is known for their estimation, or since, even at
the ordinary temperature, they volatilise from solution on evapor-
ation. Much time was spent in testing various analytical methods
given in the literature for a large number of acids, and in deter-
mining whether the acids volatilised from solution on evaporation.
Amino-acids were avoided, as the presence of the basic amino-group
might lead to the formation of salts of the ammonium type. In
most cases, the solvent acid is hydrochloric, but experiments have
also been performed in nitric, sulphuric, acetic, formic, and lactic
acids.

The following series have been investigated :

Monobasic Acids.—Phenylacetic, diphenylacetic, benzilic, o-nitro-
benzoic, m-nitrobenzoic, 3:5-dinitrobenzoic, cinnamic, diphenylene-
glycollie, trichlorolactic, mandelic, diphenic, and salicylic acids in
hydrochloric acid solutions; trichlorolactic acid in sulphuric acid;
mandelic acid in sulphurie, acetic, and formic acids.

Didasic Acids.—Malonic acid in hydrochloric and sulphuric
acids; oxalic acid in sulphuric, acetic, formic, and lactic acids;
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phthalic acid in hydrochloric and nitric acids; suberic acid in
hydrochlorie, nitric, sulphuric, and acetic acids; succinic acid in
hydrochloric, nitrie, sulphuric, acetic, and formic acids; and tartaric
acid in hydrochloric, sulphuric, and acetic acids.

Tribasic A cid.—Citric acid in hydrochloric and sulphurie acids.

Method.—The solubilities were determined at 25°, excess of the
solid being shaken for several days in a thermostat with solutions
of the solvent acid of varying concentration. After saturation, the
clear solution was analysed both for dissolved and solvent acid by
one of the following methods:

(1) Solvent acid determined gravimetrically; dissolved acid by
direct weighing after evaporation in a vacuum over soda-lime,

This method was used for most of the sparingly soluble acids in
hydrochleric acid solutions.

(2) Total acidity determined by titration with standard
sodium hydroxide; dissolved acid by weighing after evaporation
either (a) in a vacuum, or (b) on the steam-bath; solvent acid by
difference.

This method was used for nitric, acetic, and formiec, and in a
few cases for hydrochloric, acid solutions.

(3) Total acidity by titration; solvent acid gravimetrically; dis-
solved acid by difference.

Sulphuric acid solutions were analysed by this method, also cases
of acids very readily soluble in hydrochloric acid.

(4) Permanganate methods for oxalic acid solutions: total
acidity by alkali; oxalic acid by potassium permanganate, either
(a) directly, in sulphuric acid solutions, or (b) after precipitation
as caleium oxalate in other cases; solvent acid by difference.

Where an evaporation method was used, a preliminary test was
made to ascertain whether the organic acid was left unchanged
after evaporation from a solution in the solvent acid.

The results of the various experiments are given in the follow-
ing tables. The method of analysis is indicated in each case by
a number corresponding with the above arrangement, and refer-
ence is made to the diagram in which the corresponding solubility
curve is to be found. In all cases, the concentrations of the acids
are expressed in equivalent normalities.
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II. Phenols.

The solubility of a number of phenols has been determined in
the same way, the series investigated being:

Monohydric  Phenols.—p-Nitrophenol, m-nitrophenol, and
B-naphthol «n hydrochloric acid; trinitrophenol (picric acid) in
nitric acid.

Dihydric Phenols.—Resorcinol, quinol, catechol, and trinitro-
resorcinol (styphnic acid) in hydrochloric acid ; trinitroresorcinol in
nitric acid.

Trihydric Phenol.—Pyrogallol in hydrochloric acid.

Methods of Analysis.—b. For all phenols in hydrochloric acid,
the acid was determined gravimetrically, and the phenol by weigh-
ing after evaporation (¢) in a vacuum, or (b) on the steam-bath.

6. For picric acid and styphnic acid in nitric acid, the concen-
trations of the nitric acid solutions were determined at 25° before
adding the solid, owing to the difficulty of titrating solutions con-
taining these phenols. As the phenols are only sparingly soluble,
however, any change in volume that might occur when they dis-
solve could have no appreciable effect on the results. The phenol
was determined by weighing, after evaporation (&) in a vacuum,
or (b) on the steam-bath.

Some of the phenols gave deeply coloured solutions, but the
residues obtained on evaporation were practically colourless, and
a preliminary experiment showed that they were left unchanged
when evaporated to dryness with hydrochloric acid or nitric acid.

The results are given in tables 39 to 48, the solubilities of
the phenols being given in gram-molecules per litre, whilst the
concentrations of the solvent acid are expressed, as before, in
equivalent normalities.

Consideration of Results.

A glance at the solubility curves will suffice to show that the
results observed by Herz, Stépanov, and Masson were no isolated
phenomena, but that, as regards the solubility of organic acids and
phenols in solutions of other acids, deviation from Nernst’s law
is the rule and not the exception. It will be seen that the curves
obtained are of two main types, according as the solvent acid is a
mineral or an organic acid, but in each case the assumption of
oxonium salt-formation is sufficient to account for the observed
results.

Owing to exigencies of space, only a few typical solubility curves
can be reproduced. The other solubility curves, which can be
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constructed from the tables, will be referred to by the number of
the table containing the necessary data. Thus (1) refers to the
solubility of phenylacetic acid in hydrochloric acid, and so on.
The curves obtained for solutions in the mineral acids all
resemble more or less those obtained by Stépanov and Masson, that
is, the solubility diminishes rapidly at first, reaches a minimum,
and afterwards increases steadily with increasing concentration of
the solvent acid. The results, however, vary somewhat according

Fia. 1.
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Normality of dissolved acid.
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R
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to the solubility of the organic acid or phenol, and the concentra-
tions attainable with the mineral acid. Thus with sparingly
soluble acids and phenols, such as phenylacetic (1, 25, Fig. 1) and
nitrobenzoic acids (4, 5), and the nitrophenols (39, 40, Fig. 7),
the curve in every case shows a distinct turning point. Other
examples are 2, 3, 6, 7, 8, 11, 12, 23, 24, 25, 26, 27, 39, 40, 41,
42, 46, 47. With very readily soluble substances, such as malonic,
citric, and tartaric acids, quinol, and catechol (17, Fig. 3), (34,
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Fig. 6), (37, 43, 44, 45, 48), the concentration of hydrochloric
acid reached is not sufficient to show clearly the upward tendency
of the curve, although the general shape makes it evident that the

Fia, 2.
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curve has reached its minimum at the concentration attained, and
is just about to turn upwards—a conclusion which is further
justified by the fact that in sulphuric acid solutions, where the
concentrations attainable are considerably greater, even the very
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readily soluble acids give a definite turning point (18, Fig. 3),
(36, Fig. 6), (38).

When the solvent acid is organic, modification of the shape of
the curve results from two causes, namely, (@) the weakness of
organic acids in general, and (b) the wide difference between the

Fic. 3.

Normality of dissolved acid.

0 T * - y - 4 T T T T
2 4 6 8 10 12 14 16 18 20 22 24
Normality of solvent acid.

solubilities of the dissolved acid in water and in the organic acid
solvent.

(¢) When both solvent and dissolved acids are weak, the effect
of the common hydrogen ion is, as a rule, 4oo small to be measured.
Of the acids the solubilities of which were determined in an erganic
acid solution, oxalic acid is the only one of sufficient acidic strength
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to show any perceptible initial decrease in solubility (21, 22,
Fig. 4). The others show increase in solubility from the beginning,
except tartaric in acetic (36, Fig. 6), ‘and oxalic in lactic acid
(20, Fig. 4), where no evidence of salt-formation was obtained.
(&) ‘If the dissolved acid is more readily soluble in the solvent
organic acid than in water, the resulting curve shows a continuous
Increase—an increase which may be partly due to salt-formation
or entirely due to increasing solubility in the solvent acid, so that

Fia. 4.
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no conclusion as to salt-formation can be drawn. An instance of
this may be seen in the curve for suberic acid in acetic acid (28).
Other cases give clear evidence of salt-formation, the curve show-
ing an initial inerease in solubility, owing to the formation of the
more readily soluble salt, with a subsequent decrease, caused by
decreasing solubility in the solvent acid. The curves which show
this effect clearly are: (1) succinic acid in acetic and formic acids
(32, 33, Fig. 5), (2) oxalic acid in acetic and formic acids (here
the ionic effect is first perceptible, before the increase due to salt-
x*
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formation) (21, 22, Fig. 4), and (3) mandelic acid in acetic and
formic acids (15, 16, Fig. 2).

(It will be observed that in three of these cases, namely, oxalic
acid in acetic and formic acid solutions, and mandelic acid in
formic acid, there is apparently a break in the curve. The cause
of this has not been investigated, but Masson, who obtained a
similar break for oxalic acid in nitric acid, attributed the result
to dehydration of the oxalic acid.)
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From the curves, it may be inferred that salt-formation does
not take place with equal readiness in all the mineral acids. Where
curves have been determined for the same organic acid or phenol
both in hydrochloric and nitric acid solutions, it will be seen that
in each case the nitric acid curve lies above that for hydrochlorie
acid, evidently indicating that additive compounds are formed
more readily with nitric acid; see, for example, the curves for
suceinic (29, 30, Fig. 5), phthalic (23, 24), suberic (25, 26), and
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styphnic acids (46, 47) in hydrochloric and nitric acid respect-
ively.

Again, a comparison of the curves for the same acid in hydro-
chloric and sulphuric acid solutions shows uniformity of behaviour
in all the cases investigated. There is at first a more rapid
decrease in solubility in hydrochloric than in sulphurie acid (prob-
ably due to the greater acidic strength of hydrochloric acid, and
the correspondingly greater ionic effect), but the turning point is
more quickly reached and the hydrochloric acid curve soon cuts
the other, from which we may infer that salt-formation takes place
with greater ease in hydrochloric acid. A comparison of the curves
for succinic (29, 31, Fig. 5), citric (37, 38), tartaric (34, 35, Fig. 6),

Fia. 6.
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malonic (17, 18, Fig. 3), mandelic (13, 14, Fig. 2), and trichloro-
lactic acids (9, 10) in hydrochloric and sulphurie acids, respectively,
will make this clear. (In the case of suberic acid [25, 27], the
result appears to be similar, but owing to the small solubility of
suberic acid, and the necessity for estimating the suberic acid in
sulphuric acid solutions by difference, this curve is not sufficiently
accurate to enable the distinction between the two curves to be
clearly seen.) It would therefore appear that, of the mineral
acids, sulphuric acid shows the least tendency to salt-formation,
whilst nitric acid shows the greatest.

No quantitative connexion can be established between the turn-
ing point of the curve and the strength of the organic acid in

x* 2
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question. XKendall found that, in general, for additive compounds,
both of organic acids in pairs and of organic acids with sulphuric
acid, the tendency towards the formation of additive compounds
is dependent on the difference in acidic strengths. Very weak
organic acids most readily form additive compounds, and an

Fic. 7.
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increase in the acidic strength is accompanied by a diminution or
loss of this property. The rule is, however, merely qualitative.
This result is, in general, confirmed by the present investigation,
although the question is complicated by the fact that the turning
point in the solubility curve depends largely on the solubility of
the organic acid.
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General Summary of Results.

From determinations of the solubility of organic acids and
phenols in solutions of other acids, it has been shown that in such
solutions compounds are formed between the organic acid or
phenol and the solvent acid. The most probable explanation is
that the organic acids and phenols contain a basic oxygen atom,
and that this forms salts of the oxonium type with the solvent
acid, the oxygen becoming quadrivalent. This view is strongly
supported by the work of Kendall, whose earlier papers were pub-
lished during the progress of the present research.*

Thanks are due to the Carnegie Trust for a Fellowship that has
enabled one of the authors to take part in this investigation.
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