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Dielectric measurements on a binary system of two liquid crystalline diols were carried out.
These show a SmA and a cubic phase. In the middle concentration range of the system, a
columnar phase is induced. The self assembly of the molecules giving different liquid
crystalline phases is clearly seen in the dielectric spectrum, and therefore details of this process
may be discussed. All the samples show a high frequency dielectric absorption which is related
to the dynamics of the network of hydrogen bonds. In the columnar phase an additional low
frequency mechanism is seen which may be caused by the internal dynamics in the columns.

1. Introduction

The molecules of the amphiphilic diols investigated

consist of hydrophobic alkyl chains and two hydroxyl

groups as the hydrophilic unit. Both, the hydrophobic

interaction and the tendency to build a hydrogen-bonded

network, are responsible for the self-assembly of these

compounds. Thus, thermotropic and lyotropic poly-

morphism can be observed in such amphotropic samples

[1–4]. As is known from water, a network of hydrogen

bonds can produce a high dielectric permittivity. This

effect has also been observed in simple alkyldiols forming

a smectic Lb phase with a two-dimensional network of

hydrogen bonds [5]. Depending on the number of

aliphatic chains in the hydrophobic part of the molecules,

the lamellar (SmA) phase as well as columnar and cubic

superstructures can appear. In the latter case, the

hydrogen bonds are ordered like a wire in the central

part of the columns which are arranged in a hexagonal

packing (ColH2). Cubic phases are formed by inverse

spherical micells (CubI2) with even more localized

hydrogen bonds. In samples showing the polymorphism

CubI2/ColH2 a strong increase of the dielectric absorption

intensity has been observed at this phase transition [6].

There was also some indication of low frequency

dynamics in the columnar phase. Clear evidence of this

process was difficult to obtain because all diols exhibit a

high conductivity.

A binary system consisting of components with the

same hydrophilic part has now been investigated. The

components differ only in the number of alkyl chains.

The advantage of a binary system is that the phase

behaviour can be systematically changed by a variation

in the concentration of the components. This now gives

the possibility of relating changes in the dielectric

behaviour more clearly to differences in the super-

structure. This possibility is interesting particularly in

our case because a ColH2 phase is induced in the middle

concentration range of the binary mixture.

2. Substances and binary system

The substances were synthesized as described elsewhere

[7] and characterized by DSC and polarizing micro-

scopy. Substance 1, p-n-dodecyloxy-N-(2,3-dihydroxy-

propyl)benzamide, shows the polymorphism Cr 358

SmA 403 I (phase transition temperatures in K from the

first heating run). For the second compound, 3,4,5-

tridodecyloxy-N-(2,3-dihydroxypropyl)benzamide, 2, the

polymorphism Cr 344 CubI2 399 I was confirmed [7].
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The phase diagram shown in figure 1 was first

published by Borisch et al. [7] and extended by our

measurements. The molar fractions of compound 2

(x2) investigated are indicated by arrows.

3. Dielectric investigations

The components and mixtures were heated to about

410 K in order to evaporate additional water and filled,

after a waiting time of about 20 min, into the calibrated

measuring capacitor (brass cell coated with gold,

d50.05 mm). The samples could not be oriented,

resulting in problems which will be discussed later.

Dielectric measurements were made during slow cooling

using the Solartron–Schlumberger Impedance Analyzer

Si 1260 and a Chelsea Interface. Experimental details

are given elsewhere [8]. The complex dielectric function

e*5e92je0 (j2521) of both substances at low tempera-

tures and the fits to equation (1) are presented in

figures 2 and 3. In particular at low frequencies and

high temperatures, the contribution of the conductivity

to e0 and that of the electrical double layer to e9

dominate the spectrum. As seen in figure 2, the real part

of the measured dielectric function e9 approaches the

‘static’ dielectric permittivity e0 at frequencies of about

10 kHz. At frequencies of about 1 MHz an absorption

range is seen which is much more pronounced in

substance 2 because this sample could be cooled to

lower temperatures without crystallization.

The experimental data could be well fitted to two

Cole–Cole mechanisms,

e�~e2z
e0{e1

1z jvt1ð Þ1{a1
z

e1{e2

1z jvt2ð Þ1{a2
{

jA

f M
z

B

f N
ð1Þ

and the limiting values ei of the dielectric permittivity and the corresponding relaxation times ti with v52pf

(f5frequency), ai-Cole–Cole distribution parameters,

the conductivity term A as well as M, B and N as

further fit parameters responsible for the slope of

conductivity and capacity of the double layer were

calculated. These last terms become important for our

samples and mixtures because of the high conductivity.

In most cases only one relaxation process or even only

the static dielectric permittivity e0 was necessary for the

description of the data as demonstrated in figures 2 and

3. For calculation of the specific conductivity, data of

the dielectric loss e0 between 100 and 1000 were fitted to

the fourth term in equation (1) under the condition

M51. This limitation was necessary in order to exclude

saturation effects seen at very high dielectric losses, and

on the other side the influence of dielectric relaxation.

The condition M51 was practically also fulfilled with

M as an open parameter, because the data for M

obtained in this way are in the range 0.985,M,1.000.

Figure 1. Phase diagram of the binary system as a function of
the concentration of compound 2 with inserted structure
models in which the black part indicates the network of
hydrogen bonds. The arrows give the molar fractions of
compound 2 investigated.

Figure 2. Complex dielectric function of sample 1 and the
fitted curve.

Figure 3. Complex dielectric function of sample 2 in the
CubI2 phase.
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From the fitted A-parameter the specific conductivity k
was calculated according to

k~A 2 p 8:85|10{12 S m{1 9½ �: ð2Þ

The errors in the static dielectric permittivity e0 fitted in

the SmA and CubI2 phases are about 1% at low and 2%

at high temperature. The fitted e1 and t1 parameters

show an uncertainty of about 2% and 20%, respectively,

and a specific conductivity of 1%. All data measured in

anisotropic phases additionally contain a much higher

error of the permittivities, which arises from the

unknown orientation of the samples.

Experimental results for both components are pre-

sented in figures 4–7. The static dielectric permittivity of

compound 1 increases with a step at the phase transition

and then increases continuously with decreasing tem-

perature to a value of about 40. This indicates that 2D

networks of hydrogen bonds dominate the dielectric

behaviour in the SmA phase. In the isotropic state the

dielectric permittivity increases linearly with falling

temperature. This should result from the dielectric

response of the isotropic distribution of single mole-

cules. Both the aggregation of molecules to the SmA

phase, and the resulting formation of the 2D network of

the hydrogen bonds, take place at the phase transition.

The increase in conductivity at the I/SmA transition

demonstrated in figure 5 may indicate that smectic

A layers are oriented preferentially parallel to the

measuring electric field (see also [9]). In this configura-

tion also, the contribution of the hydrogen bonds to e0

is higher.

The dielectric data for substance 2 are presented in

figures 6 and 7. Due to the appearance of the cubic

phase no orientation effects need be discussed here. In

contrast to the results for compound 1, the static

dielectric permittivity e0 decreases in this case at the I/

CubI2 transition and increases in the isotropic phase

with increasing temperature (figure 6). The unusual last

effect can only be explained by an equilibrium between

spherical micells with a compensation of the long-

itudinal dipole moments of the molecules and singleFigure 5. Specific conductivity of sample 1.

Figure 4. Static dielectric permittivities of sample 1.

Figure 6. Dielectric permittivities of sample 2.

Figure 7. Specific conductivity of sample 2.
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molecules. This equilibrium is shifted at higher tem-

peratures in the direction of single molecules. This

means that at the clearing temperature only the cubic

lattice, but not the micelles, are completely destroyed.

The negative step of the static dielectric permittivity at

the I/CubI2 transition DePh is caused by the formation of

the cubic lattice. This may indicate that this process also

influences the equilibrium between micelles and single

molecules. The change in the order is also seen in the

decrease in the specific conductivity at the I/CubI2 phase

transition, which reflects a stepwise formation of the

isolated system of hydrogen bonds. Similar results were

obtained for the mixture with x250.9 which also forms

the CubI2 phase.

In order to demonstrate the influence of the orienta-

tion on e0, two measurements of the same sample with

x250.05 are shown in figures 8 and 9. For the first

measurement, the layers of the SmA phase are

preferentially oriented perpendicular to the measuring

field, therefore both the static dielectric permittivity and

the conductivity increase at the transition into the

isotropic phase. For the second run, which was

performed two days later, essentially no step in these

quantities is seen, which indicates a more statistical

orientation of the layers to the measuring electrical

field. The difference in conductivity for both measure-

ments in the isotropic phase may be due to different

water contents of the samples. Such extreme behaviour

was only found for this concentration.

As mentioned earlier, in the middle concentration

range of the binary system the ColH2 phase appears.

The ColH2 phase shows an additional dielectric absorp-

tion at low frequencies. This process is difficult to detect

and is only seen in the real part of the dielectric

function. For example, the experimental data for the

isotropic and ColH2 phases of the same sample are

compared with each other in figure 10. The real part of

the dielectric function in the isotropic phase can well be

fitted by the last term of equation (1) and the static

dielectric permittivity e0. To demonstrate this, the two

limiting lines for e0 and the influence of the double layer

are given in figure 10. This simple fit fails for the raw

data of the ColH2 phase, particularly in the range of

10 kHz. In this case the two limiting lines for e1 and the

double layer show a much larger difference from the

raw data in the range between 1 and 10 kHz. Therefore

an additional absorption range has to be introduced,

and the fit gives a relaxation frequency of 23 kHz

(e0519.0, e1514.3, a50.26). Thus, the data in the

columnar phase may be well described. Due to the

dominating term of the double layer the error in e0 and

in the related relaxation time is large. At lower

temperatures a pronounced second relaxation range

appears. The raw data of this absorption shown

in figure 11 could only be well fitted under the

assumption of the two processes. A fit using only one

Havriliak–Negami process [9] is also possible. Therefore

we do not try to assign the high frequency process of

this relaxation range as a separate mechanism.

Equation (1) contains only two relaxation ranges

instead of the required three. Therefore the high

Figure 8. Static dielectric permittivities of the sample with
x250.05, for two runs.

Figure 9. Specific conductivity of the sample investigated in
figure 8.

Figure 10. Raw data of the real part of the dielectric function
in the I and ColH2 (upper curve) phases for x250.6. The static
dielectric permittivity and the relaxation frequency are
indicated by arrows.
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frequency part was fitted separately and the beginning

of the low frequency mechanism described formally as a

double layer of ions at the interface and the appearance

of a d.c. conductivity. The exponent M in the last term

of equation (1) responsible for the ‘conductivity’ in this

case is 0.73 and not between 0.98 and 1.00 as is usually

the case. This also proves the existence of the low

frequency relaxation discussed earlier. The results of the

fit for the mixture x250.6 are presented in figures 12

and 13. The specific conductivity is shown in figure 14.

The dielectric permittivity in the isotropic phase

decreases only very slightly with increasing temperature.

The strong increase of e1 and the appearance of an

additional low frequency absorption range with the

limit e0 in the ColH2 phase demonstrate the formation of

the columns and the organization to a hexagonal lattice.

Similar behaviour was found for the other two mixtures

showing the ColH2 phase.

The conductivity shown in figure 14 increases at the

transition into the ColH2 phase. This means that the

columns are ordered preferentially in the direction of

the measuring field. Thus, the current can pass through

the network of the hydrogen bonds in the centre of the

columns as in a ‘wire’. The irregular behaviour of the

specific conductivity at about 380 K arises from the two

phase range of the binary system. The lines in figure 14

are only guides for the eye.

4. Summary

The dielectric results provide insight into the process of

the self-assembly of both components. This was

discussed before in detail. In order to see special effects

in the middle concentration range the data have to be

summarized. Figures 15 and 16 show the absolute

values of the dielectric permittivities of the different

mesophases at 363 K and the steps in the dielectric

permittivities e0 and e1 at the phase transition from the

liquid crystalline phase into the isotropic state;

DePh5eLC2eI estimated from linear extrapolation of

the data (see figure 6). The data near to the phase

transition were excluded in order to avoid the influence

of the two-phase range. Open symbols denote date

taken from a second run at the same concentration.

Particularly in the SmA phase, large differences between

the two experimental runs (closed and open symbols) of

the e data, but not in the relaxation frequencies, are

seen. This points to orientation effects. Generally the

dielectric permittivity increases with the formation of

Figure 12. Limits ei for the molar fraction x250.6.

Figure 13. Relaxation frequencies for the mixture with
x250.6.

Figure 14. Specific conductivity for the mixture x250.6.Figure 11. Dielectric function and fitted curves for the
mixture with x250.6; e3 was fitted to 3.71.
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the ColH2 phase from the CubI2 state at about x250.7 as

seen in figure 15. This indicates the much higher dipole

moment due to the 2D network of hydrogen bonds and

a columnar structure.

In the SmA and CubI2 phases only one relaxation

process with a relaxation frequency of about 1 MHz at

343 K was detected, which is also seen in the ColH2

state. We have related this process to the dynamics of

the hydrogen-bonded system but it may also be due to

the reorientation of the carboxylic groups. The addi-

tional low frequency process seen only in the ColH2

phase must be attributed to the appearance of the

columns. The simple explanation is a rise in the

collective process within the columns, for example an

elastic deformation of the columns. Possible processes

are a bend of the whole column or, more probably in
our case, a change of the symmetric distribution of the

molecules in the plane perpendicular to the column axes

(see figure 1, inserted structure model). Whether the

NH...OC hydrogen bond between different molecules in

the plane orthogonal to the column axes produces a

‘rotating’ dipole moment [6], which reacts to the

external electrical field, is not clear at this time.

The steps DePh in the dielectric permittivities at the

clearing temperature reflect the changes in the dipolar

arrangement at this phase transition. Large steps are

only detected at the ColH2/I transition as shown in

figure 16. For the interpretation of these steps we have

additionally to consider the very weak linear decrease of

the dielectric permittivity in the isotropic phase seen in

figure 12. This slope may consist of two parts, the
normal decrease of the static dielectric permittivity with

increasing temperature, as seen in compound 1 (fig-

ure 4), and an increase due to the destruction of a part

of the columns. Consequently, the step DePh at the

ColH2/I transition must contain contributions, from (a)

the organization of the molecules to columns and (b)

that of columns to the hexagonal phase.
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Tschierske. Angew. Chem., 109, 2188 (Angew. Chem. Int.
Ed. Engl. 36, 2087) (1997).

[5] B. Gestblom, H. Kresse, C. Tschierske, S. Urban. Liq.
Cryst., 22, 459 (1997).

[6] H. Kresse, H. Schmalfuss, B. Gestblom, K. Borisch, C.
Tschierske. Liq. Cryst., 23, 891 (1997).

[7] K. Borisch, S. Diele, P. Göring, H. Kresse, C. Tschierske.
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