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Results of dielectric studies of three 4,4’-di-n-alkyl-azoxybenzenes (nAOB) and 4,4’-di-n-alkoxy-
azoxybenzenes (nOAOB), n = 5, 6 and 7, are presented. The nAOB compounds exhibit positive, and
the nOAOBs negative dielectric anisotropy in the nematic phase. In the smectic A phase of 7AOB the
anisotropy changes its sign, whereas in the smectic C phase of 7OAOB it persists negative; moreover,
in the latter case the perpendicular component of the permittivity increases with respect to the value
of the nematic phase. This may be due to parallel dipole-dipole correlation of the perpendicular com-
ponents involved by the layer arrangements in both smectic phases. For all substances a systematic
decrease of the permittivity components with chain length was observed. Different types of smectic
order in the 7th members of both series are discussed in relation to the mean-field theory developed
recently by Govind and Madhusudana. The dielectric relaxation times and activation enthalpies char-
acterizing the molecular rotation around the principal inertia axes are given.
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1. Introduction

Recently, Govind and Madhusudana [1] have devel-
oped the mean-field theory which relates the type of
smectic order with the position of the dipole group(s)
in rod-like molecules. The lateral component of the
dipole moment in the molecule is essential for the
medium to exhibit the smectic C (SC) phase. More-
over, the lateral dipole moment must stand off of the
long molecular axis. Otherwise the smectic A (SA) or-
der is favoured. The alkyl- and alkoxy-azoxybenzenes
were treated as model substances for testing the pre-
dictions of the theory. However, the theory seems
to fail if only a central azoxy group is present in
the molecule. The heptyl-azoxybenzene exhibits N–S A
polymorphism, whereas the heptyloxy-azoxybenzene
shows N–SC polymorphism. The measurement of the
dielectric permittivity tensor components in differ-
ent phases should reflect the dipole structures of the
molecules. Additionally, it seems interesting to check
whether the molecular rotational motions around the
principal inertia axes is sensitive to the, rather subtle,
differences in molecular arrangements in the SA and
SC phases.
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Many experimental groups have studied the dielec-
tric properties of LC substances having an azoxyben-
zene core and symmetric end groups (e.g. [2 – 17]).
However, the dynamic properties established in the six-
ties and seventies [2 – 9] were based on experimen-
tal data consisting of a few points only in the broad
frequency bands necessary for covering the particu-
lar relaxation processes observed in LC phases. More-
over, the frequencies in the range between 10 MHz –
900 MHz were hardly accessible in that time. Nowa-
days experimental techniques give permittivities at
densities of frequencies that are as high as neces-
sary.

The aims of the present studies are: (i) to compare
the static and dynamic dielectric properties of repre-
sentative members of two similar homologous series
of LC compounds; (ii) to discuss the predictions of
the Govind and Madhusudana theory; (iii) to check
whether the information obtained in the past using a
resonance bridge and wave-guide techniques is con-
sistent with that yielded by the modern experimental
techniques (impedance analyser and time domain spec-
trometer).
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Fig. 1. Chemical structures of the two ho-
mologous series studied. The thick lines
indicate the group dipole moments, and
the broken lines show the postulated long
(l) and short (s) rotation axes of the
molecules.

Fig. 2. Tensor permittivity components of the three pairs of compounds.

Table 1. Transition temperatures of the six substances stud-
ied.
Substance Phase sequence
5AOB Cr – 25.2 ◦C – N – 69.0 ◦C – Is
6AOB Cr – 23 ◦C – N – 48.5 ◦C – Is
7AOB Cr – 38.8 ◦C – SA – 55.5 ◦C – N – 72.7 ◦C – Is
5OAOB Cr – 77.3 ◦C – N – 124.0 ◦C– Is
6OAOB Cr – 82.3 ◦C – N – 130.3 ◦C– Is
7OAOB Cr – 74.6 ◦C – SC – 95.0 ◦C – N – 124.0 ◦C – Is

2. Experimental

The substances studied belong to two homolo-
gous series: 4,4’-di-n-alkyl-azoxybenzenes (nAOBs in

short) and 4,4’-di-n-alkoxy-azoxybenzenes (nOAOBs
in short). The chemical and dipole structures of both
series are presented in Figure 1. The members with
n = 5, 6 and 7 of both series were chosen for the
present studies. Their transition temperatures are gath-
ered in Table 1. The members with n = 5 and 6 have
only the nematic (N) phase, whereas the seventh mem-
bers have both the N and a smectic phase (SA for 7AOB
and SC for 7OAOB). The nAOB substances were syn-
thesized in the Institute of Chemistry, Military Univer-
sity of Technology, Warsaw, and the nOAOBs come
from the Institute of Chemistry, University of Podlasie,
Siedlce, Poland (the authors wish to thank to Profes-
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Fig. 3. Typical dispersion and absorption spectra measured for parallel oriented samples. The lines are fits of the Debye
equation with the conductivity term (in the case of 5OAOB).

Fig. 4. Cole-Cole plots in the isotropic and nematic phases of
6AOB.

sors R. Da̧browski and J. Chruściel for kind by supply-
ing us with the samples).

The dielectric relaxation spectra, ε ∗( f ) = ε ′( f )−
iε ′′( f ), were collected with an HP 4192A analyzer
(1 kHz – 10 MHz) and a time domain spectrometer
(TDS) [18] (20 MHz – 3 GHz). In the LC phases the
samples were oriented by a magnetic field of 0.7 T.
Only nAOB compounds were studied by TDS in the
isotropic phase, since the clearing temperatures of the
nOAOBs are too high. All measurements were carried
at decreasing temperatures, which enabled us to super-
cool the samples. During measurements the tempera-
ture was stabilized within ±0.2 ◦C above and within
±0.1 ◦C below 70 ◦C.

3. Results

Figure 2 presents the tensor components of the static
permittivity in the isotropic (Is) and LC phases of all
substances studied. As can be seen the azoxy group
alone gives positive dielectric anisotropy ∆ε = ε‖ −
ε⊥, whereas the addition of the alkoxy groups leads
to negative anisotropy. In the case of 7AOB the di-
electric anisotropy changes sign within the smectic A
phase [4, 14, 16], which was not observed for the smec-
tic C phase of 7OAOB.
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Fig. 5. Examples of dielec-
tric relaxation spectra ob-
tained for 6OAOB in the N
phase in the sixties by Maier
and Meier [3] (top) and Ax-
mann [4] (bottom). The re-
laxation times derived from
these data are shown in Fig-
ure 8.

Substance 5AOB 5OAOB 6AOB 6OAOB 7AOB 7OAOB
Phase N N N N N SA N SC

l. f. 62±2 81±2 68±2 90±2 102±3 59±2 113±3 103±3
process (77) [10] (81.2) [16] (92) [10] (87,7 63,1) (108) (113) [6]

[16] (116) [10]
h. f. – 28±4 29±2 25±5 25±2 25±2 – 26±4
process (23,5) [16] (32,3) (24,6) (24) (17) [6]

[16]

Table 2. Activation enthalpy (in
kJ/mol) for molecular motions
around the principal inertia axes
of nAOB and nOAOB substances
in different phases (in parenthe-
ses: the data from other stud-
ies [6, 10, 16]).

Examples of the spectra collected in the isotropic
(for nAOBs only) and LC phases of substances stud-
ied are presented in Figs. 3 and 4. The spectra in all
phases can be described by the well known Cole-Cole
equation with the addition, if necessary, of the term re-
sponsible for conductivity,

ε∗(ω) = ε ′(ω)− iε ′′(ω)

= ε∞ +
εs − ε∞

1+(iωτ)1−α − i
σ

ε0ω
,

(1)

where εs and ε∞ are the static and high frequency per-

mittivities, respectively, and α characterizes the distri-
bution of the relaxation times τ . The disturbing contri-
bution of conductivity σ to the overall loss has been
taken into account by the second term (ε0 = free space
permittivity). Generally, the alkoxy compounds exhib-
ited a more pronounced conductivity than their alkyl
partners. In the case of the low frequency process in
LC phases, the α parameter is close to zero, indicating
a Debye-type process.

The low frequency relaxation times τ‖ derived from
the spectra are presented in Fig. 5 in the form of Arrhe-
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Fig. 6. The low frequency relaxation times obtained for par-
ticular substances in the LC phases. For a better clarity the
term (1/T −1/TNI) has been used instead of 1/T .

nius plots using normalization to the clearing temper-
atures. The slopes of the lines fitted to the points gave
the activation enthalpy ∆H = R(∂ lnτ/∂(T −1)) (R =
gas constant). The obtained values are listed in Table 2.

In Figs. 6 – 8 the low frequency and high frequency
relaxation times established for particular substances
are shown. The data obtained by other authors are in-
cluded (open symbols). Generally, they show satisfac-
tory agreement with the present results.

4. Discussion

The following features should be pointed out if the
results presented in Fig. 2 are considered: (i) In both se-
ries the permittivities systematically decrease with the
lengths of terminal groups. (ii) The tensor permittiv-
ity components of nOAOB compounds are consider-
ably greater than those characterising the nAOB sub-

Fig. 7. The relaxation times obtained for 5OAOB in the
present experiment (full points) and those established in
the past by Nguyen et al. [11 – 13, 16] (open points). The
point determined from the neutron scattering experiment
(QNS) [11] is also shown for comparison.

stances. (iii) All alkyl compounds have positive dielec-
tric anisotropy in the N phase, whereas their alkoxy
counterparts exhibit negative anisotropy. (iv) The per-
mittivity components in the smectic phases behave dif-
ferently with temperature. The first feature was men-
tioned as typical for the isotropic phase of many ho-
mologous series (e.g. [19]), here it is clear that it holds
for the N phase as well. The other properties can be
discussed taking into account the Maier-Meier equa-
tions [20],

(ε‖ −1) = ε0
−1NFh (2)

·
{

ᾱ +
2
3

∆αS+ F
µ2

eff

3kT

[
1− (1−3cos2 β )S

]}

(ε⊥−1) = ε0
−1NFh (3)

·
{

ᾱ − 1
3

∆αS+ F
µ2

eff

3kT

[
1+

1
2
(1−3cos2 β )S

]}
,



S. Urban et al. · Comparison of Dielectric Properties 679

Fig. 8. The relaxation times ob-
tained for the sixth member of
both series in the present exper-
iment (full points) and those es-
tablished in the past (open points)
by Maier and Meier (MM) [3] and
Axmann (Ax) [4].

∆ε = (ε‖ − ε⊥)

= ε0
−1N F h

[
∆α −F

µ2
eff

2kT
(1−3cos2 β )

]
S,

(4)

where N = NAρ/M (NA = Avogadro’s number, ρ =
density, M = molar mass), ε0 is the permittivity of free
space, ∆α = αl −αt is the anisotropy of the molecu-
lar polarisability and ᾱ = (αl +2αt)/3. The local field
parameters F and h are expressed by the mean polaris-
ability ᾱ and mean permittivity ε̄ ·S = 〈3cos2 θ −1〉/2
is the order parameter. µeff is the effective dipole mo-
ment of a molecule, that may differ from the molecular
dipole moment µ due to dipole-dipole correlations; the
ratio µeff/µ = gK is the Fröhlich-Kirkwood correlation
factor. All quantities on the right hand side of the above
equations are available from experiments [21]. Thanks
to that, the angle β , which the dipole moments form s
with the long molecular axis of a particular compound,
can be estimated.

In both series of compounds the net dipole moments
are inclined from the long molecular axis, treated as
the lowest inertia moment axis (Fig. 1). The dipole
moment of the azoxy N2O group equals to 1.70 D
and forms with the para-axis of the benzene ring the
angle 60◦, being thus larger than the “magic angle”
54.7◦ for which the dielectric anisotropy should be
zero, compare (4). Because ∆ε > 0 one can conclude
that β < 54.7◦. Thus, the long molecular axes devi-

ate from the para-axis of the benzene ring. Using (4)
and the data from [21] and Fig. 2, we obtained for
6AOB (at TNI − T = 10 K) the value β ≈ 45◦, which
agrees well with the Parneix estimation for 7AOB [24]
(named there as HEPTAB). The dipole moments of the
alkoxy –OCnH2n+1 groups equal 1.28 D and are in-
clined from the para-axis by 108◦ [22]. In principle,
their longitudinal components, µ l , should cancel due
to symmetry, but in fact some contribution to the mid-
dle dipole moment seems to be essential because the
parallel permittivities for nOAOBs are markedly larger
than those for nAOBs (Fig. 2). (This holds also if the
permittivities are normalized to 1 mole [23]). For the
nOAOBs the transverse dipole moment, µt , is of course
markedly greater than the longitudinal one, and this re-
sults in the negative dielectric anisotropy.

In the SA phase of 7AOB the dielectric anisotropy
changes its sign. This effect was first observed by
de Jeu and Lathouvers [4] and then by other au-
thors [14, 16]. This is explained by an increased dipole-
dipole correlation due to the formation of the smectic

planes (antiparallel correlation for µ‖ with g‖K < 1 and
parallel correlation for µ⊥ with g⊥K > 1). However, the
transition from the N to SC phase of 7OAOB is accom-
panied by an increase of both permittivity components,
that do not change within the smectic phase. Usually,
at the nematic – smectic transition point the orienta-
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Fig. 9. The relaxation times ob-
tained for the seventh member
of both series in the present ex-
periment (full points) and those
established in the past (open
points) by Maier and Meier
(MM) [3], Axmann (Ax) [4]
and Nguyen et al. (Ng) [9, 10].

tion of the sample is lost, which leads to an increase of
the smaller component (here ε‖) and a decrease of the
larger component (here ε⊥) of the permittivity (pow-
dering effect). Therefore the observed increase of ε⊥ at
the N-SC phase transition may mean that in the tilted
smectic layers the molecules show a tendency to par-
allel dipole-dipole correlation too (g⊥

K > 1). Unfortu-
nately, more detailed analysis of this behavior could
not be carried out because the permittivity components
in the SC phase were slightly different in two measure-
ment runs, thus indicating a non-perfect orientation of
the sample by the accessible magnetic field.

Summarizing, one can say that 7AOB, contrary to
7OAOB, does not fulfil the necessary conditions for
the creation of the SC phase, demanded in the Govind
and Madhusudana model [1], because the perpendicu-
lar component of the dipole moment is too small in this
case.

The relaxation processes observed in the LC phases
can certainly be ascribed to molecular rotations around
the principal inertia axes. Possible internal rotations
of the alkoxy groups in nOAOBs should lie at much
higher frequencies [10], not accessible in the present
experiment. Oka et al. [16] have separated yet an-
other relaxation process for 6AOB and 7AOB, which
was ascribed to the precession of the dipole moment
around the director. However, in our measurements

this subtle effect could not be separated (compare
Fig. 4).

The low frequency (l. f.) process connected with
the rotation of molecules around the short axes is es-
pecially sensitive to the molecular arrangements in
a given phase. This is well described by the De-
bye equation in all LC phases (Figs. 3, 4). This pro-
cess is strongly retarded at the isotropic – LC phase
transition point [25]. However, in the TDS spectra
of the isotropic phase of nAOBs the l. f. process is
hardly visible because a contribution of the high fre-
quency (h. f.) process connected with the much faster
molecular rotations around the long axes is domi-
nating (compare Fig. 4). As is shown in Fig. 5a,
the values of the relaxation times τ‖ normalized to
the clearing points are close for the substances with
the same n. Comparison (Fig. 5b) of the l. f. re-
laxation times for molecules with approximately the
same lengths (−CnH2n+1 with –OCn−1H2n−1 indicates
faster molecular rotations around the short axes in the
case of nOAOB compounds; this might results in part
from higher temperatures of the N phase (compare
Table 1).

It seems interesting to note that the transition from
the N to the SA phase of 7AOB causes considerable
diminishing of the activation enthalpy, but the relax-
ation time changes continuously (Fig. 8, Table 2). Con-
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trary, the transition N–SC in 7OAOB is accompanied
by jump-wise lengthening of the relaxation time with-
out marked change in the barrier. The first behavior is
well known from dielectric studies of many substances
with the N–SA polymorphism (e.g. [25 – 30]) and can
be treated as a common feature of substances having
N–SA polymorphism. Madhusudana et al. [27] have
suggested that such lowering of the activation barrier
is due to anisotropic packing effects: the volume ex-
pansion causes mainly an expansion within the smec-
tic layer, whereas the layer spacing hardly varies with
temperature; this favors a lowering of the activation en-
ergy in the SA phase. Recently, we have checked for
the SA phase of 14CB [31], that really the thermal ex-
pansion of the volume is greater than the expansion
of the layer spacing, indicating a small anisotropy of
the thermal expansivity. In the case of the N–SC poly-
morphism a step-wise behaviour of τ‖ is commonly

observed [29], but no rule concerning the relations
between activation barriers in the two phases could
be formulated. In this context it seems interesting to
add that for 6OPB8, exhibiting the N–SA–SC polymor-
phism, it was found [30] that ∆H(N) � ∆H(SA) but
∆H(SA) > ∆H(SC)!

The molecular rotations around the long axes are
not sensitive to the phase transitions, and the activa-
tion barriers are practically unchanged for both series
of compounds. It is worthy to mention that the cor-
relation time established for 5OAOB from QNS stud-
ies [11] is 25 times shorter than the h. f. relaxation time
(Fig. 7). This means that the two experimental meth-
ods detect different molecular processes: the overall
molecular rotations are observed in the dielectric relax-
ation measurements, and internal rotations of molecu-
lar moieties around ∅–N axes (∅ stands for the ben-
zene ring) in the QNS experiment [10].
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S. Wróbel, editors, Springer, Berlin 2003, ch. 1.2, pp.
35-51.

[19] P. Sakkar, P. Mandal, S. Paul, R. Paul, R. Da̧browski,
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