
Soviet-era science, translated into English

M. I. Shakhparonov
1963

SovietRxiv

View the original and related papers at https://sovietrxiv.org/items/ru-196301.86069

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the original.

https://sovietrxiv.org/items/ru-196301.86069


Abstract
Full Text

M. I. Shakhparonov
ON THE QUESTION OF THE NATURE OF SUB-
STANCES WITH INTERMOLECULAR HYDROGEN
BONDING
(Presented by Academician A. N. Frumkin, 22 XII 1962)

According to existing views, the relatively high values of the dielectric permit-
tivity of water, alcohols, and a number of other substances with intermolecular
hydrogen bonds are usually explained by dipole polarization and by the influ-
ence of “association.”But these views contradict, in particular, the following
experimental facts.

1. The dielectric permittivity of water in static fields and at constant volume,
𝜀𝑆𝑉 , is a linear function of 1/𝑇 , where 𝑇 is the temperature in °K (for
water, it is possible to reduce the values of 𝜀𝑆 to the condition 𝑉 = const,
since the dependence of 𝜀𝑆 on 𝑉 is known over a wide temperature interval
(1,2)).

2. The static dielectric permittivity 𝜀𝑆 of a number of low-molecular alcohols
in the liquid and solid phases, and also of ice, is a linear function of 1/𝑇 .

3. The main region of dielectric relaxation of water and alcohols, within the
limits of experimental error, follows the Debye equations, i.e., it can be
characterized by one single value of the relaxation time 𝜏 .

4. The main region of dispersion of the dielectric permittivity of solutions of
methyl and propyl alcohols in each other is likewise described by only one
value of 𝜏 , although the relaxation times for the pure liquids differ by a
factor of 50 or more (3).

In addition, the existing views do not explain, for example, the experimentally
observed dependence of 𝜏 of alcohols on temperature (3), the sharp increase in
the high-frequency limit 𝜀∞1 of the main region of dielectric relaxation when
intermolecular hydrogen bonding arises, and a number of other facts. Let us
also note that a fully satisfactory theory of the hydrogen bond has not yet been
developed (see, for example, (4)).
The facts cited above show that the dielectric relaxation of water, alcohols, and,
apparently, many other substances with intermolecular hydrogen bonding is, in
its main part, a collective process, not directly dependent on the reorientation
of dipoles, and proceeding in such a way that the individual elementary com-
ponents of this collective process are statistically equivalent. The data on the
dielectric relaxation of water, a number of alcohols, etc., directly indicate this,
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and the linear course of the dependence of the dielectric permittivity on 1/𝑇
does so on the basis of the following considerations. If 𝜀𝑆𝑉 = 𝜀0 + 𝑐/𝑇 , where
𝜀0 and 𝑐 are constants, the density of the internal energy of a dielectric 𝑈 in a
field 𝐸 is equal to:

𝑈 = 𝑈0(𝑇 ) + Δ𝑈𝐸 = 𝑈0(𝑇 ) + 𝜀0𝐸2

8𝜋 . (1)

Here 𝑇 and 𝐸2 are independent variables, the volume 𝑉 = const, and Δ𝑈𝐸 is
the change in 𝑈 upon application of a static electric field 𝐸. In the general
case, for 𝑉 = const, and if in the temperature interval under consideration the
structure of the dielectric molecules does not change, i.e., the mean deformation
polarizability of the molecules 𝑎 does not depend on 𝑇 , Δ𝑈𝐸 can be represented
—

as a function of the statistical mean cosine of the angle 𝜃 between the direction
of the electric moment of an arbitrarily chosen molecule ⃗𝜇 and the direction of
the field 𝐸. With a linear dependence of 𝜀𝑆𝑉 on 1/𝑇 or of 𝜀𝑆 on 1/𝑇 (see (1)),
it follows from equation (1) that

𝜕Δ𝑈𝐸
𝜕𝑇 = (𝜕Δ𝑈𝐸

𝜕cos 𝜃 )
𝑎,𝑇 ,𝑉

𝑑 cos 𝜃
𝑑𝑇 = 0.

If the molecules have a permanent electric moment and the dielectric polariza-
tion is associated with a redistribution of dipole orientations, then cos 𝜃 = 𝑓(𝑇 ),
and consequently 𝑑Δ𝑈𝐸/𝑑cos 𝜃 = 0, i.e., the internal energy of the dielectric
does not depend on the manner of mutual orientation of its molecules. Any
mutual orientations of the molecules of such a dielectric are energetically equiv-
alent and therefore equally probable, just as in the dilute gas. But such a
conclusion would obviously be incorrect for ice and for the glassy phase of alco-
hols, where the linear dependence of 𝜀𝑆 on 1/𝑇 is retained, while order in the
distribution of molecular orientations exists. Therefore it remains to assume
that 𝑑 cos 𝜃/𝑑𝑇 = 0, and consequently that the process by which dielectric po-
larization is established in water, alcohols, and a number of other substances is
not connected with reorientation of dipoles, but has another nature.

As is known, owing to the interaction between particles, the energy levels of
the particles making up molecules (electrons, protons, etc.) in condensed sys-
tems are transformed into energy bands. It may be assumed that for protons
entering into the composition of molecules, as for electrons, in addition to the
valence band there is also a conduction band, while the band of forbidden states
between the valence band and the conduction band (see Fig. 1) is usually large,
so that protons do not enter the conduction band. But if the molecules contain
atoms O, N, F, Cl, S, then in a number of cases (with a favorable structure and
composition of the molecules) these atoms cause the appearance of an inter-
mediate band, analogous to an impurity band in electronic semiconductors (see
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Fig. 1

Figure 1: Fig. 1

Fig. 1). Then the transition of protons from the valence band to the conduction
band becomes possible and takes place in two stages. First the proton can pass
into the above-mentioned intermediate band, and then, under the influence of
thermal motion, into the conduction band. The motion of a proton in this band
in the field of negatively charged residues of molecules or atoms (and neutral
particles) occurs relatively freely, similarly to the motion of electrons in the
conduction band, with the difference that a proton gas is not pronounced at or-
dinary temperatures, since protons are almost 2000 times heavier than electrons.
The transition of a proton from the valence band of the proton donor into the
intermediate band, where the proton is located at the proton acceptor (an O, N,
F atom, etc.), occurs by means of a tunneling effect (5) with the corresponding
orientation of the molecules, when the donor and acceptor atoms are in direct
contact with each other. As a result of thermal motion this contact may be bro-
ken at a moment when the proton is at the acceptor atom, so that ions H3O+

and OH− arise in water, or ROH+
2 and RO− in alcohol (R is a hydrocarbon

radical). The proton remains for some time in the intermediate band and, un-
der the influence of thermal motion, may pass further into the conduction band.
Jumps of the proton from the donor atom to the acceptor atoms, accompanied
by rupture of hydrogen bonds, lead to migration of ions and, in the absence of
protons in the conduction band, could constitute the basis of the mechanism of
dielectric polarization. However, as calculations based on experimental data on
𝜏 show, the free enthalpy

Fig. 1

The activation ΔΦ++
𝜀 of this process for water considerably exceeds the free

enthalpy of activation for the transition of a proton from the intermediate zone
into the conduction zone. The latter for water is only about 2 kcal/mol. For
a number of aliphatic alcohols, ΔΦ++

𝜀 for the process of proton transition from
the intermediate zone into the conduction zone lies in the interval 3–5 kcal/mol.

With the aid of the concepts set forth here, the previously mentioned features of
dielectric polarization and relaxation for water, alcohols, and a number of other
substances with intermolecular hydrogen bonding receive a simple explanation.
As has already been said, in these substances some of the protons are in the
conduction zone, and there exists a temperature-dependent dynamic equilibrium
between the proton gas and the protons located in the intermediate zone. When
a weak external electric field is applied, a small redistribution of protons occurs
in the direction of the field. As a result, electric polarization arises. Since the
mean free path of protons in the conduction zone is small, this process can
formally be regarded as a redistribution of dipole orientations, as is usually
assumed. But the energy expended in such a redistribution is practically equal
to zero; therefore, despite the presence of hydrogen bonds between molecules,
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the dielectric constant in static fields proves to be a linear function of 1/𝑇 .

The time of proton relaxation, according to what was said above, does not
depend on the mutual orientations of the molecules. It is determined by the
difference between the energy levels of the protons in the conduction zone and
in the intermediate zone. This difference, far from the critical region, is approx-
imately the same for all protons in the liquid, and therefore proton relaxation
should obey the Debye equations. In solutions it is necessary to distinguish cases
in which the acceptor atoms are identical and the molecules of the components
are similar in structure, as occurs in mixtures of methyl and propyl alcohols,
from cases in which the acceptor atoms are different, or in which the types of
molecular structures containing acceptor atoms are different. In the first case
the corresponding energy levels of the acceptor atoms merge into one common
intermediate zone and, consequently, proton relaxation should, as before, be
characterized by a single value of 𝜏 .

In the second case, between the valence zone and the conduction zone there may
be several intermediate energy levels or zones and, correspondingly, a series of
values of 𝜏 . When water freezes, all or almost all molecules are connected
by hydrogen bonds. For the formation of OH+

3 , it is necessary to break at
least one of the hydrogen bonds. The free enthalpy of activation of proton
relaxation (as well as the enthalpy and entropy) increases discontinuously (thus,
ΔΦ++

𝜀 increases from 2 to 10 kcal/mol). Therefore the time of proton relaxation
sharply decreases. However, the number of structural defects is reduced, and the
mean free path of the proton increases. As the temperature is lowered, alcohols
gradually pass into a glass-like state. In this process the number of broken
hydrogen bonds gradually decreases, while the minimum energy required for
rupture of the hydrogen bonds that form gradually increases to values on the
order of 11 kcal/mol and higher. Correspondingly, the entropy of activation
of proton relaxation, Δ𝑆++

𝜀 , also increases. This explains the specific course
of the dependence of 𝜏 for alcohols on temperature, noted in (3). Since the
dependence of the viscosity of alcohols on temperature is explained mainly by
the same causes, the reason for the observed parallelism in the course of the
dependence of the free enthalpy and the enthalpy of activation of viscous flow
becomes evident.

Owing to the anomalous mobility of the proton in substances with intermolecu-
lar hydrogen bonding, the deformational polarizability of these substances must
be anomalously large, as is indeed observed experimentally.

In addition, there is a dispersion region associated with the rotational vibrations
of polar molecules. In water and alcohols at ordinary temperatures this region
merges with the principal dispersion region. At low temperatures, the indicated
second dispersion region is clearly observed in alcohols.

Thus, water, alcohols, and a number of other substances with intermolecular
hydrogen bonding apparently constitute proton semiconductors. In these
substances there is a proton analogue of the metallic bonding of electrons—pro-
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ton metallic bonding, i.e., a collective interaction between the “proton gas”
and the system of negative ions. Further analysis will show how far this paral-
lelism extends. A number of properties of water, alcohols, and other substances
are caused not by“association,”but by the presence of proton metallic bonding,
i.e., by protons in the conduction band.

The existing ideas about the nature of substances with intermolecular hydrogen
bonding apparently require some revision.

Here we have given mainly a qualitative description of the results of the in-
vestigation carried out. A more detailed analysis will be presented in another
paper.

Received
21 XII 1962

REFERENCES
1. M. I. Shakhparonov, ZhFKh, 37, No. 6 (1963).

2. V. V. Owen, R. L. Miller, C. E. Miller, J. Phys. Chem., 65, 2065 (1961).

3. R. H. Cole, Izv. AN SSSR, ser. fiz., 24, 4 (1960).

4. G. C. Pimentel, A. L. McClellan, The Hydrogen Bond, San Francisco,
1960.

5. B. E. Conway, J. O’M. Bockris, H. Linton, J. Chem. Phys., 24, 834
(1956).

Note: Figure translations are in progress. See original paper for figures.

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the
original.

sovietrxiv.org/items/ru-196301.86069 Machine Translation

https://sovietrxiv.org/items/ru-196301.86069

	Abstract
	Full Text
	M. I. Shakhparonov
	ON THE QUESTION OF THE NATURE OF SUBSTANCES WITH INTERMOLECULAR HYDROGEN BONDING
	REFERENCES


