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he association of liquids and several solubility phenomena have been

explained by the assumption of a hypothetical hydrogen bond % 5& %a,7,
Some authors have sought to explain these phenomena as an electrostatic
attraction between more or less deformed dipoles 8712; regarding the smallness
of the H atom the X—H partial moments (X being the negative heteroatom)
are easily available for an arrangement from which a strong attraction fol-
lows %2, Hence, an interpretation of the association phenomena on the basis
of electrostatic attraction is not excluded, as a rule. The schools maintaining
this opinion have been supported by the fact that their calculations agree
better with the experimental data than does the attempt to calculate the H
bond energy on quantum mechanical basis as a resonance phenomenon 13,
However, Harms 1 and others 1! are forced to assume distances between the
dipoles much shorter than those calculated from van der Waals’ radii (Table 3)
in order to get the right magnitude of the energy. Moelwyn-Hughes 8 bases
his calculations on the interaction of dipoles instead of that of separated
charges, which is hardly permissible (cf. Bauer and Magat '4). Pauling &
interprets the hydrogen bond mainly as an electrostatic attraction of the
proton to the two negative atoms linked through the bond. He states that

 this explanation overbridges the discrepancies between the different inter-
pretations of association. It seems, however, to be rather difficult to draw
any definite conclusions without detailed calculations.

The closest agreement with experimental values is obtained by Bauer and
Magat 14, who calculate the energy of water association with due consideration
to separate charges and polarizability effects. Their method is doubtless
adequate so far as it concerns the association of water and other simple mole-
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cules, as for instance ammonia (calculations made by van Velden and Kete-
laar %) and hydrogen fluoride. This method is not opposed to the quantum
mechanical one, but is a suitable approximation when the polarizabilities of
the groups of atoms in question are known from experiments. Otherwise, the
polarizabilities might be calculated, if possible, with the aid of quantum
mechanics, or the whole problem might be treated through a direct study of
the wave functions involved. However, such calculations have not been made
as yet.

Summing up, it may be said that no satisfactory general treatment of the
hydrogen bond has been made hitherto.

In the event of association between two molecules, similar or different,
both carrying an active H atom the cause of association is difficult to interpret
because one or the other or both H atoms might partake in the H bond forma-
tion. In the case of association between two molecules, only one of which
contains an active H atom there is only one possibility of H bond formation.
Gordy et al.15 have studied such simple cases with infrared absorption measure-
ments. Following a similar line we have, in a preceding paper 8, investigated
solutions of water in diethyl ether and divinyl ether (solubility, surface tension,
partial molar volume, and polarization measurements). The present paper
will treat these and some other systems with uni-directional H bond forma-
tion, viz. the effect of double bond on the water solubilities of ethers, amines,
and halides. From this study conclusions concerning the properties which
encourage H bond formation can be drawn.

ETHERS

Our experimental data 8 could be explained by the assumption that di-
ethyl ether associates with water, about 50 9, of the water molecules in ether
solution being present as a (hypothetical) binary complex with y = 2.44 D,
whereas divinyl ether is more like benzene in its ability to dissolve water.

The size of the dipole moment, cf. Table 1, and the steric configuration at
the oxygen atom of the two compounds being almost the same the different
affinity for water cannot be due to a different ability to attract water electro-
statically. Regarding physical data of the ethers and their mixtures with
indifferent solvents we were able to conclude that the pure liquids are practi-
cally uni-molecular and that, if there is any association, it is of the same order
of magnitude in the two compounds. Their uni-molecularity (cf. Harms 10)
is further illustrated by the similarity in boiling points and entropies of
vaporization between the ethers and the hydrocarbons of corresponding
molecular weight and degree of unsaturation (Table 1, ¢f. also Table 4). Both
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Table 1. Physical data of ethers.
L. | EntoPY | qolubility in . Exalta- | Heat
Bm.lmg of Vf%porl- water Dipole r tion of |of hydro-
Substance point zation moment D MR, | genation
cal. 7-1.
°C mol-1 mol . 1-1 10186, 5. u. cm3 ecm3  [cal - mol-1f
Diethyl ether| 34.6 33 20.7 37 [1.010 (20°) 41b gas: 0.304153| 1} 0.22 —
0.632 (38°) 41a; 1,14 44—46
1.2 (25°) 856 11047
benzene soln:
1.22 48—50
1.15 51
1.27 52
1.23 88
Ethylvinyl scarcely
ether 35.7 34 soluble 42 26740 34 %
Divinyl ether| 28.3 87 | 20.838 0,11 (25°) 35b| benzene soln:(0.313087| -+ 0.56 |57236 34*
0.056 (37°) 43 1.06 87 88
Cyclopropyl- 0.25 (27°) 3=
ethyl ether| 68352 0.23 (25°) 35b
Cyclopropyl-
vinyl ether 67 36 0.08 (25°) 36
Diethyl
methane 36.23% | 20,039 (0.005 (16°) 26 07, 82 10,3504 75 0
Divinyl
methane 26,0383 | 21,040
(isoprene)

the low heat of hydrogenation and the high specific refraction, r,, of divinyl
ether show that the electron configuration of this compound is similar to
those of molecules with conjugated double bonds. Electrons from the oxygen
atom must be involved in the conjugation. Hence, the electron cloud around
the O atom becomes less polarizable than in diethyl ether which is the possible
cause of the diminished miscibility with water.

Table 1 contains also data to show that the diminished attraction for
water molecules seems to be a general property of ethers with a double bond
in the vicinity of the oxygen atom. Gordy et all® have found a smaller fre-
quency shift of the O—D bond in the system CHz;OD-ether in the cases of
phenetol and B, g-dichloroethyl ether compared to diethyl ether. They assume
a diminished negativity of the oxygen to be the cause.

* (Cf. allyl alcohol: 31458 cal . mol-1 34,
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Table 2. Physical data of heterocyclic compounds.

Boiling | Entropy of Solubility in Dipole moment
Substance point vaporization water at 20°C (benzene solution)
°C cal. 7-1.mol-1 mol . 1-1 1018 o, 5. u.

Furan 31.3 87 20.8 5 insoluble 58 0.63 68; 0.6754; 0.71 87
Tetrahydrofuran 64.1 87 oo (22°) 59; 4.2 (25°) 60 1.6854; 1.7187
Thiophene 84 54 0.002—0.005 61 0.54 54, 0.63 69
Tetrahydrothio-

phene 120 54 insoluble 62 1.87 54
Pyridine 11533 22.0 87 oo 63 2.1149,50; 2.2670; 22171
Piperidine 106 33 19.9 56 oo 84 1.17 7%
Pyrrole 13188 insoluble 22 1.80 54
Pyrroline 90 83 very soluble 66 1.4254
Pyrrolidine 88.5 38 oo 68 1.57 54
Trimethyl amine 2.933 oo 63 gas: 0.607% 0.8278
Triethyl amine 89.4 33 22.5 57 1.41 67, o0 (< 18.6°) 87| gas: 0.7674; 0.8273

HETEROCYCLIC COMPOUNDS '

A similar difference as to the ability to associate with water is found in a
comparison between furan and tetrahydrofuran, Table 2. In this case the
involvement of the oxygen electrons of furan is even more marked because of
the aromatic structure. This will lead to an electron displacement towards the
centre of the molecule, which is a probable cause of the diminished dipole
moment. The small dipole moment of furan cannot account for the insolubility
of the compound, because molecules (the tertiary amines of Table 2) with the
same dipole moment, about the same molecular weight, about the same cohe-
sion in the pure liquid (entropy of vaporization, boiling point), the same or
greater steric hindrance, and a somewhat larger radius of the negative atom *
(Table 3) are very soluble in water. A comparison between thiophene and
tetrahydrothiophene shows the same peculiarities of dipole moment and
electron displacement, but since the sulphur atom does not form H bonds to

Table 3. Van der Waals' radii of atoms®®,
N [0 F P 8
1.40 1.9

H
12 A

ct

1.5 1.35 1.85 1.80

* Tt might be supposed, cf. pyrrole 17, that the oxygen atom of furan were positive. From the
dipole moment of furfural, 3.61 D 18, the moment of the aromatic aldehyde group, — 2.95 D 19,
and the bond angles of furan from electron diffraction measurements 2 the oxygen atom of
furan is shown to be negative.



HYDROGEN BOND II

Table 4. Physical data of halides.

673

Boiling Entro'py .Of Solubility in Dipole moment
Substance point 33 | vaporization water at 20°C 1018 o, 5. u
°C cal . -1 . mol-1 mol . I-1 R
Ethyl fluoride —37.7 0.09 (14°) 33 1.92 80
Vinyl fluoride —51 insoluble 78
Ethyl chloride 12.2 20.9 84 0.089 77, 25 2.02 81
Vinyl chloride —13.9 0.014 33a 1.44 27
Ethyl bromide 38 21.1 85 0.083 78; 0.088 (17.5°) 25 2,02 80
Vinyl bromide 15.8 insoluble 33 1.4874; 1.41 27
Ethyl iodide 72.2 20.6 37 0.026 78; 0.025 (22.5°) 258 1.90 80
Vinyl iodide 56 insoluble 33 1.26 27
Butane — 0.6 0.007 (17°/772 mm) 33 0
1,3-Butadiene — 3 21.6 86 0.011 (25°/520 mm) 7 083

any appreciable extent % (larger atomic radius, Table 3) both compounds are
clearly insoluble. In the case of pyridine and piperidine both are very soluble
in water. The polarizability of the unshared electron pair of the nitrogen atom
is not much changed in the aromatic state: like amines, pyridine can easily
donate an electron pair in proton addition, forming the pyridonium ion. A
similar proton addition to furan leads to a breakdown of the molecule. In his
interesting work, Gordy % has found a relation between basicity constants of
amines and frequency shifts of the O—D band (see above). The importance of
this relation has also been regarded by Bernal 2.

In the pyrrole series the aromatic compound carries no unshared electron
pair. Accordingly, pyrrole cannot act as electron donor in a supposed H bond
and is, compared to its hydrogenated derivatives, very slightly soluble. Like
furan it is incapable of forming a stable positive ion through proton addition.
Naturally, pyrrole might be a proton donor in an H bond (c¢f. Harada et al. 22,
Ingold et al. 8, and Gordy et al. #). The high solubilities in water of di-, tri-,
and tetrazoles are understood on similar grounds 7.

ETHYL AND VINYL HALIDES

Unsubstituted alkanes are incapable of H bond formation and, conse-
quently, are not very soluble in water 2, the solubility being chiefly due to
dispersion forces (cf. London %). In this case the introduction of double bonds
will increase the molecular polarizability and the mutual solubility (cf.
butane-butadiene, Table 4; as to the solubility of water in hydrocarbons,
4
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see the recent measurements by Black ef al.8%). This is & common effect, though
immeasurably small when the solubility is dominated by the presence of a
heteroatom capable of H bond formation. In the latter case the introduction
of a double bond in the vicinity of the heteroatom will have the opposite
effect on the water solubility. The unshared electrons of the heteroatom
become partly involved in interaction with the m-electrons of the C = C
bonds.

The halides show the same solubility peculiarities as the ethers. In this
case, too, the decreased availability of the electrons of the heteroatom might
be responsible for the decreased solubility of the unsaturated compounds
(Table 4). In comparison to ethers, a more marked electron displacement
occurs in the halides 27720, ¢f. their dipole moments.

DISCUSSION

The examples mentioned above demonstrate that attraction between dipo-
les is not solely responsible for the water solubility of polar compounds (cf.
Hildebrand 4). This is shown most clearly in a study of the pair diethyl ether-
-divinyl ether. Hence, the interpretation of association phenomena on the
bagis of electrostatic attraction between dipoles is not sufficient.

The present examples show that the availability of unshared electrons at
the heteroatom is greatly significant for the water solubility.

This fact has been mentioned casually by several authors 8% 18 but it has not been
regarded in the interpretation of the phenomena in question. It should be mentioned that
this view as to »H acceptor atoms» is contrary to that of Huggins 31, who states that
decreased electron availability means increased strength of the H bond, generally.

An involvement of the electrons of the hetercatom through conjugation or
displacement, i. e. a decreased polarizability of the electron cloud around the
heteroatom, will diminish the attraction of molecules with an active H atom.
Consequently, data make it fitting to explain association phenomena with the
concept of a hydrogen bond.

The energy of the hydrogen bond has been calculated by several
authors 13, 14, 81, 32 yging more or less modified Morse functions. This treat-
ment seems, as a rule, to give the right order of magnitude of the energy, but
it is to coarse for any estimations of such properties as those concerned in
solubility and similar phenomena. Probably, experimental facts might be
sufficiently accounted for only through more refined calculations of the energy
of the system on the basis of quantum mechanics with due consideration to
the change of the electronic orbitals effected partly by the rest of the molecule
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and partly by the contiguity of the other molecule of the complex. Such
calculations will be tried on the case of associates between water and different
ethers.

SUMMARY

The water solubilities of ethers, tertiary amines, and halides are treated. Un-
saturated or aromatic compounds, where the electron cloud of the hetero-
atom is less polarizable (through conjugation or displacement), are less
soluble in water. It is fitting to explain the association phenomena studied
with the concept of a hydrogen bond, for the formation of which the
availability of unshared electrons at the heteroatom is important.

Acknowledgement: Thank you, Brother Arrhenius, for & cup of coffee and a good
discussion!
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