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DIELECTRIC ANOMALIES AND MOLECULAR PHENOMENA IN THE
SOLIDIFICATION OF rn-CETYL ALCOHOL AND ITS SOLUTIONS
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The temperature dependence of electric permittivity & and electric conductivity ¢ were
investigated for n-cetyl alcohol and its solutions in benzene and hexane around their freezing
points. Two temperatures of freezing were found: at the first one the liquid, while solidifying,
passes into gel phase in which & and ¢ increase suddenly; at the second one a solid phase arises
from the gel phase, and the & and o drop rapidly to values lower than those for the liquid. Basing
on the theory of Debye-Onsager-Kirkwood as well as on the theory of A. Piekara which concerns
the role of hydrogen bonding in polarization of alcohols, the author proposed explanations of
the anomalies &(f) and o(f), indicating some molecular phenomena which may be responsible
for the behaviour of the two quantities ¢ and ¢. They are: orientatjonal polarization of hydrogen
bonds in the gel phase (sudden increase in £and o at the temperature of the first freezing point),
polarization reversal effect of the OH-chains in the gel phase caused by the transition of protons
through the potential barrier in the bridge O0—H...0, and a probable structural change of the
hydrogen bonds chain from open to cyclic form at the temperature of the second freezing point
(sudden drop of & and o).

1. Introduction

n-cetyl alcohol belongs to substances associating strongly by the hydrogen bonding.
The existence of the type O—H... O interaction presumably allows us to explain the pheno-
menon of anomaly of electric permittivity in n-cetyl alcohol, found also in other compounds
by Smyth and co-workers [1, 2], and also studied by the author in pure alcohol and its
solutions in benzene and hexane.

The anomaly of electric permittivity &, observed during the solidification, consists
in a sudden and a very great increase in ¢ at the freezing point (Fig. 1¢); by further cooling
down the substance, the electric permittivity remains high until the temperature at which &
drops rapidly to values lower than &;, 4 (the temperature of the second freezing point).
However — in most of the dipole liquids a sudden drop of the electric permittivity may
already be observed at the first freezing temperature (Fig. 1a), caused by stiffening of the
dipoles in the crystal lattice, and at the same time the system receives the characteristics of
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non-polar substance (¢ = n%. On the other hand, in some substances such as camphor
and its derivatives [3], or in solutions of the palmitic acid in hexane [4] for any temperature
above and below the freezing point there is a monotonic increase in electric permittivity
(Fig. 1b). This proves that reorientation of dipoles can occur in the liquid phase as well as
in the solid one (that concerns mainly the spherical or cylindrically shaped molecules).
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Tig. 1. Three types of the dependence of (7) in the solid state of substances (schematic). (@) Normal effect of

freezing: the electric permittivity & drops rapidly to the values & & n?; (b) and (c) Anomalous effect of freezing:

’(b) monotonic increase in &, (¢) sudden and very great increase in & at the freezing point for many long-chain
compounds

The measurements of electrical conductivity o taken for n-cetyl alcohol and its solutions
have shown the existence of a similar anomaly, just like the one which occurs in the depend-
ence &(2). Tests have been undertaken in order to explain ﬁon-typical' curves &(¢) and o(?),
assuming the proton mechanism of electric conductivity, in which the existence of two energy
states of the hydrogen bridge is postulated [5].

In the present paper, the dielectric and electric properties of n-cetyl alcohol and its
solutions in benzene and hexane are reported for the temperature range around the freezing
point. This paper is also an attempt to determine the structure of the systems of associated
molecules in both phases formed during solidification.

2. Experimental

:

The measurements of electric permittivity were performed by a beat method with
oscillographic registration (Fig. 2). The condenser filled with the liquid to be investigated
was connected to one of the two RF generators (a:108Hz) which, together with an RF mixer,
constituted a heterodyne circuit. Capacity changes of the condenser were compensated by
a calibrated, rotating-scale Philipps’ condenser with an accuracy of 0.02 pF. The conducted
current was measured with a microammeter. In order to remove the air evolving during the
solidification of pure alcohol, the measurements were performed in a special condenser
adapted for investigations under vacuum and immersed in oil bath, in a thermostat.
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The measuring condenser (Fig. 3) consisted of a cylindrical shield (@) acting simultane-
ously as electrode and of an inner elecirode (b) fixed to a kalite insulator (%), both electrodes
of stainless steel. The distance between the elecirodes was d = 0.05 cm and radius of the
inner electrode r = 1.00 cm. The internal electrode was pressed to the base (a) by threaded
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Fig. 2. Block diagrain of the electronic arrangement for the measurement of small changes in capacity Cys. Cpr—
measuring condenser, OT — oil-thermostat, Cp-Philipps condenser

Fig. 3. The liquid condenser for measuring in vacuum

metal ring (c) whose lower edge was caulked with rubber disc (d); to the upper edge was
#astened by araldit a little bell-glass (e) with tube (f) onto the vacuum and metalic ending (g)
from the internal electrode. The liquid was introduced into the condenser through the
inflow tube (). This condenser was calibrated with benzene which was distilled and then
dehydrated by means of metallic sodium,
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3. Results and discussion

3.1. n-cetyl alcohol

Fig. 4. presents the results of the measurements; the curve of £(t) and o(t) shows the
anomaly of electric permittivity and electric conductivity as well as the hysteresis loop
obtained in the temperature interval between the f(irst {reezing (48.3°C) and the second
freezing point (24°C). Earlier investigations [6] have shown that similar hysteresis curves
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Fig. 4. Anomalous effect of freezing in n-cetyl alcohol. Next to the measuring points in the diagram of &(t) are
given the freezing times at the constant temperature

are obtained for gelling solutions, and that may justify the name ‘‘gel” phase given here
to the intermediate phase of solidified alcohol being formed between the first and the second
freezing point, during which a soft, gradually hardening geleous mass is formed. The phase
which is formed below the second freezing point has been called the solid phasel.

3.1.1. Electric permittivity investigation

The variation of ¢ and ¢ as a function of temperature at the boundary between the
liquid and the gel phase as well as between the gel and solid phase suggests the existence
of certain molecular phenomena responsible for the observed anomaly. The study of these
phenomena would shed some light on the matter of steuctural form of the hydrogen bond
chain in multimers which form the solid as well as the gel phase of alcohol.

The orientational polarization of multimers may be mentioned as the first phenomenon.
In llquld phase the orientation of multimers is disturbed by thermal motion, whereas at
the threshold of the gel phase the multimers pass, as it may be assumed, from a random
space distribution of molecules to a much more orderly one, with greater ease of reorientation

1 Smyth and his co-workers designate the gel phase as o and the solid phase as § [7].
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oP
and that seems to justify the considerable increase in permittivity g, because e =1 +4m —,

OF
where P and E are dipole polarization and external field respectively.
The second phenomenon which may play a great role in explaining the facilitated re-
orientation, responsible for great values of & in the gel phase of alcohol, is the polarization
reversal effect of the chains of hydrogen bonds in multimers (Fig. 5). According to A. Pie-
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Fig. 5. Polarization reversal of the chains of hydrogen bonds (simulates rotation of multimers). Collective proton
shift to the potential cavity with greater energy causes the reversal of electric moments of the OH groups, with
simultaneous splitting off of hydrogen from the last chain link

kara [5] it consists in the apparent reorientation of electric moments of the hydroxyl groups,
and is caused by collective proton shift along the whole chain of bonds from the potential
cavity I with smaller energy (Fig. 6) to the cavity 2 with greater energy, and that corresponds
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Fig. 6. The process of proton migration in the hydrogen bridge: two energy states of the bridge (I) and (2)
correspond with the two positions of the proton

with two extreme positions of hydrogen in the bridge O—H...0. The polarization reversal
efect may be, in principle, considered as a process of reorientation of multimers, which
should be understood not as free rotation of systems of molecules but as a phenomenon
of rotation simulated by the inversion of the electric moments [8].

The third phenomenon is connected with the sudden drop of the &, during transition
of the gel phase into solid phase, until the value which is characteristic for non-polar com-
pounds (¢ = n?; u = 0). This property of the nascent solid phase suggests that the new
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phenomenon changing the dieleciric properties of the polar gel phase into those of the non-
polar solid phase is perhaps the change in hydrogen bonds structure in multimers, consisting
in the transition from open structure (in gel phase) to the closed structure (in solid phase).
Tt may be expected that the most probable closed form could be the cyclic tetramers, which

are also subject to polarization reversal effect (Fig. 7). It seems that the mechanism of
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Fig. 7. The process of polarization reversal of cyclic tetramers presumably formed in the solid phase (below the
temperatures of thé second freezing). The votential energies of the two forms and their electrical moments are
the same (1= 0)

polarization reversal effect of the hydrogen bridges O——H...0 is common for all structures
of alcohol, assuming that the potential berrier separating the two cavities is not too high.
In the case of the cyclic tetramers both conformations have the same potential energy and
the same electric moment y = 0; this may explain the fact that no dielectric saturation in

the solid phase was found by the present author.

3.1.2. Investigation of electric conductivity

The great increase in electric conductivity (and also permittivity) observed during the
first freezing process (Fig. 4) may be explained, assuming that: 1° — transport of the elec-
trical charge occurs through the process of migration of proton in the hydrogen bridge,
2° —in the gel phase the long-chain hydrogen bonds have a tendency to be aligned with
their axes parallel to each other.

The hypothesis of polarization reversal effect of the chains also seems to explain the
fact of the occurrence of large ¢ values in the whole region of the gel phase. In the process
of polarization reversal the jumps of proton through the potential barrier in hydrogen bridges,
constituting the chain links of hydrogen bonds, lead to a situation in which proton splits
off from the last OH group and becomes attached with the beginning of the neighbouring
chain, thus assuring the transport of electric charge between the chains (Fig. 5). It ensues
from the mechanism of this process that intensity of the conducted current depends upon
the degree of orientation of multimers and that is corroborated by the measurements: in
the gel phase of n-cetyl alcohol the value of electric conductivity is greater by almost
two orders of magnitude than in the liquid phase. The possible appearance of closed struc-
tures in the solid phase at the temperature ¢ = 24°C, seems to justify the decrease in the
conductivity of alcohol by two orders of magnitude (namely from the value of 3.10? down
to 2.10-11 om~temY), because the cyclic structure of the multimers does not create a situa-
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tion which renders possible the splitting off of the proton. Similar influence of the structural
forms of hydrogen bridges on the electric conductivity has been observed in benzoic acid [9]
(dimers closed, ¢ = 5.10720), in p-nitrophenol [10] (chains open, ¢ = 1 - 10716} and in other
substances.

3.1.3. Hysteresis curves &(2) and o(t)

The analogy between the dependences of s(t) and o{t) applies not only to cooling
curves, but also concerns the hysteresis curves (Fig. 4). A comparison of cooling and heating
curves permits us to observe that the differences between cooling and heating processes
consists in a transition delay of the solid phase into gel phase:

24°C
solid phase *—— gel phase.
. 30°C

This delay may be caused by the differences in the activation energy for both directions
of transitions from open forms of chain multimers into closed ring forms and vice versa.

3.1.4. Theoretical calculations

The long-chain molecules of n-cetyl alcohol form in the gel phase a two-layers structure
which is the consequence of the mechanism of the above described molecular phenomenaj; in
those layers the molecules are arranged almost parallel to one another (11). Since the
multimers in the gel phase have the freedom of reorientation caused by the exchange of
electrical moment of the OH groups for the reverse (polarization reversal effect), the multi-
mers of alcohol form a system whose properties are similar to those of liquids. This fact
justifies the possibility of applying the Onsager formula for molar polarizability of dipolar
liquids for n-cetyl alcohol in gel phase

2 2
A - sin = Z(j)go (_zfgzn”)- M (1)

where y is the angle formed by the direction of electric moment with the longitudinal

M
axis of the molecule; = is the molar volume. The value of refraction index for yellow light

has been taken as the value n_,.

The Onsager formula is valid for non-associating liquids, but as it follows from Cole’s
diagram [11] as well as from the small value of & for n-cetyl alcohol, it can be applied with
good approximation for the tested alcohol. Kirkwood [12] has generalized that formula by
introducing correlation factor g on the lefthand of the Onsager formula:

g=1+zcosy @)

where y is the angle between a given dipole and its neighbour,Tsy is an average value over
all orientations of both dipoles, and z is the number of nearest neighbours of a given molecule.
In the absence of orientation the factor g has the value of 1; with parallel orientation of
molecules (11) as in the case of n-cetyl alcohol, the value of g = 2 (if z = 1). The Kirkwood-
Onsager formula allows us to calculate the electric permittivity ¢ in the gel phase by substi-
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tuting the following values: p = 1.66 - 10718, T'= 299°K, n® ~ 2.1, dyg == 0.85, hence
for g = 2 we receive &y == 4.74. Comparing this value with that measured & = 4.74
(see Fig. 4) we receive excellent agreement, and thus the model of the system of molecules
arranged in parallel in gel phase can be regarded as realistic. By comparing the Kirkwood-

Onsager formula with the expression for molar orientational polarizability
4'7'EN A
kT ©)

where p2 is the average square value of dipole moments of the multimers present in alcohol,
we obtain

. g2

Pdip —

p=utg
therefrom for the temperature ¢ = 26°C (u2) .y = 5.5D2. However the value (u2),e, f0
the temperature ¢ = 50°C obtained by the present author [13] by measuring the electrlc
permittivity and density amounts to (%), = 4.04 D2. Substituting this value into the
relation (4) we obtain the correlation factor with a value of g = 1.4, thus indicating a great
degree of dipole-dipole interaction for molecules of liquid alcohol (50°C). One may remark

that the Kirkwood correlation parameter g is identical with the A. Piekara correlation factor
of polarizability R, (see [14] and [15]).

)

3.2. Solutions of n-cetyl alcohol in benzene and hexane

The results of measurements of electric permittivity € as a function of the temperature
and concentration are presented in Fig. 8. It can bee seen that for the concentrations between
0.316 < f < 1 there is always the same temperature of the second freezing point (24°C)
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Fig. 8. In the diagtams of () with the gel phase (b, ¢, d, e, f) we observe the same temperature of the second
fieezing point (24°C) for various concentrations of n-cetyl alcohol in benzene

which is identical with the temperature of the second freczing point for pure n-cetyl alcohol.
This temperature has also been observed in solutions in hexane. The fact of its occurrence
indicates that the multimers of alcohol presumably play a dominant role in these solutions.
They are probably responsible for the anomaly of permittivity ¢ in solidified solutions
(Fig. 8b, ¢, d, e) as well as for the hysteresis curves (Fig. 8c, €).



475

The process of the decreasing difference e, ;4,34 manifests the influence of complexes
consisting of molecules of alcohol and of a molecule of solvent. Their presence in a solution
may probably diminish the degree of the orientdtional polarization of all the systems of
molecules during the solidification process. The measurement of dipolar polarizability in
liquid solutions made by the author [13] corroborates this opinion. It is found that, when
the concentration of the solutions decreases, the average square of the dipole moment of
the systems of molecules present in the solution, and calculated from the formula (3), also
decreases.

Fig. 9 presents the curves of electric permittivity &(t) for solutions with various concen-
trations of alcohol in benzene (measurement points marked with circles) and in hexane
(measurement points marked with triangles) in the region of the temperature of the first
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Fig. 9. Comparison of the electric permittivity values at the temperature of the first freezing point for solutions
a-cetyl alcohol in benzene and in hexane. The linear distribution of values ¢ is characteristic for the gel phase
of solutions in benzene (B) and in hexane (H)

freezing point. For the solutions with concentrations greater than f = 0.332 in hexane and
greater than /= 0.316 in benzene one observes linear distribution of the value ¢, corresponding
to the various temperatures of first freezing. Whereas for the solutions in benzene with con-
centrations smaller than /= 0.316, in which the gel phase is not formed, the values of &
measured during the solidification of the solutions do not lie on the straight line of freezing.
The slopes of the lines for solutions in benzene and hexane are different thus indicating
various degrees of activity of the solvents.

The gel phase which was formed at the first freezing point, seems to be for all concentra-
tions a mixture of multimers with open structure of hydrogen bonds, and of complexes
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and molecules of pure solvent. In the solid phase of the solutions obtained from gel phase
there presumably develops a predominance of tetramers with the cyclic structure, whereas in
the solid phase of the diluted solutionk freezing below the temperature of 24°C, there
appears a predominance of the complexes; these, probably, are not subject to simulated
rotation (the polarization reversal effect), because in complexes at the end of the chain
of hydrogen bonds they find a molecule of solvent. In both cases the electric conductivity
of solid phase is much smaller than that of the liquid solutions.

The author is much indebted to Professor A. Piekara and his co-workers for valuable
discussions throughout this work.
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