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The complex dielectric permittivity of 4-(2-hexyloxy-ethyloxy) 4’-cyano-
biphenyl measured in the frequency range from 0.03 Hz to 10° Hz is pre-
sented. Monotropic sequence of thermodynamic phases was found with two
stable phases (isotropic and crystal) and three metastable states (supercooled
isotropic phase, its glass and a smectic phase observed only on heating the
sample first cooled rapidly to the liquid nitrogen temperature). In isotropic
and supercooled isotropic phases the temperature dependence of the dielec-
tric relaxation time was described by the same Vogel-Fulcher—-Tammann for-
mula while in a smectic phase it was of the Arrhenius type. In the transition
from a supercooled isotropic phase to a smectic phase the relaxation rate of
molecular motions around the short axes increases by two decades. Compari-
son of the relaxation behaviour and polymorphism of 4-(2-hexyloxy-ethyloxy)
4’-cyanobiphenyl of linear molecules with two chiral cyanobiphenyls is dis-
cussed.
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1. Introduction

Derivatives of the cyanobiphenyl form a class of liquid crystalline compounds
which has been studied dielectrically since the middle of seventies due to the fact
that the strong dipolar moment of molecules is situated almost parallel to the
long axes [1]. In higher members of the homologous series smectic phases were
found [2]. Cyanobiphenyls having linear molecules indicate the reversible system of
phase transitions and the Arrhenius type of relaxation. Recently two derivatives of
cyanobiphenyls, namely optically active pentyl (5*CB) and octyloxycyanobiphenyl
(8*OCB) were studied by several experimental methods [3-5]. Both were found to
be fragile glass-formers [6] having monotropic sequence of phase transitions. The
evidence of non-Arrhenius evolution of the so-called a-relaxation on approaching
glass transition has been given. It was specially interesting that crystallization was
observed on heating the sample.

In the present paper the results of the dielectric relaxation studies in the
4-(2-hexyloxy-ethoxy) 4’-cyanobiphenyl CHz(CH3)50(CH3)20(CeHy4)2CN, abbre-
viated as 6020CB, are presented. The molecules are non-chiral, however, their
hexyloxy-ethoxy terminal chain (CsH130C;H40—) with two oxygen atoms has a
complicated shape similarly as chiral chains of the previously studied compounds.
It seems interesting to find out whether the relaxational behaviour and the poly-
morphism of 6020CB with linear molecules resemble those of substances with
chiral molecules of similar structure.

2. Experimental details

The sample was synthesized in Professor R. Dabrowski laboratory at the
Military University of Technology, Warsaw. It is a liquid at room temperature
and crystallizes at 292 K. The measurements of complex dielectric permittivity
e*(v) = &'(v) — ig"(v) were performed in the frequency range v from 0.03 Hz to
1.8 x 10° Hz. The value ¢ means the real permittivity and ¢ is the dielectric
loss. In measurements the Solartron FRA 1260 frequency response analyzer with
the Novocontrol active sample cell BDC-S of 10~ resolution of ¢/ was used up to
107 Hz. In higher frequencies, from 10° Hz to 1.8 x 10° Hz, the Hewlett Packard
4291A impedance analyzer with a resolution in tan & better than 102 was applied.
In both ranges of frequency the liquid sample was placed between two brass elec-
trodes of effective diameter 1 ¢cm and 0.5 em (for higher frequencies) with 0.05 mm
distance between them kept constant using several teflon strips. The studies were
performed on heating the sample (after rapid cooling to 100 K with cooling rate of
100 K/min) in the temperature range from 200 K to room temperature at 2.5 K
intervals with accuracy of 0.1 K. The sample temperature was controlled using a
Novocontrol Quatro system with a liquid nitrogen cryostat. In chosen temperature
ranges, the measurements on cooling were also performed. The rate of temperature
changes during measurements was of about 0.3 K/min.
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3. Results

Several temperature runs were performed to check the sequence of phase
transitions in 6020CB. On slow cooling the sample (0.3 K/min) the crystallization
was always observed at 292 K. When the sample was first cooled rapidly to 100 K
(with the cooling rate of about 100 K/min) a glass (G) was obtained. Then on
heating with a rate of 20 K/min a softening of the glass to the supercooled isotropic
phase (Isc) occurs. On further heating with a rate of 0.3 K/min several phase
transitions were found. They are shown in Fig. 1 by the temperature changes of
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Fig. 1. Temperature changes of real dielectric permittivity observed at frequency
120 Hz on heating the sample up to 253 K (o) then on cooling to 210 K (&) and
on further heating up to 300 K (o). The experimental run illustrates the monotropic
sequence of phases for 6020CB. Measurements were performed with the rate of tem-

perature changes of 0.3 K.

electric permittivity for a chosen frequency of 120 Hz. The phase sequence seems
to be the following:

228 K 260 K
—

G— 1, BKg 292 K

C =1

where S means a smectic phase, C — a crystal and finally I — the stable isotropic

bl

phase. It was found that when heating was stopped at 253 K then on immediate
cooling no phase transition was detected at all till 200 K and on subsequent heating
the crystallization and then the melting were found. It means that the transition
from I4 to S is irreversible and already at 253 K there are nuclei of the crystalline
phase in the sample.

Figure 2 presents the frequency changes of dielectric absorption for 6020CB
in the frequency range from 0.03 Hz to 10° Hz on heating the sample, which pre-
viously had been cooled rapidly to 100 K, i.e. to glass. In Fig. 3a and b addi-
tionally the real and imaginary parts of permittivity are shown in a form of the
three-dimensional plots in frequencies below 3 MHz. Observing the temperature
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Fig. 2. Dielectric losses vs. frequency observed for several temperatures on heating
6020CB sample with the heating rate of 0.3 K/min. The data are presented in the
double logarithmic scale. Meaning of the symbols in supercooled liquid: A — 219 K,
o — 224 K and O — 226 K, in the smectic phase: ¢ — 234 K| # — 245 K and m— 255
K, for the crystallization process: 57 — 257 K and © — 260 K and in the isotropic phase:
+ — 296 K, x — 330 K and O — 360 K. The data were collected by two apparatuses

operating in two frequency ranges.
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Fig. 3. (a) Real dielectric permittivity vs. frequency and vs. temperature observed on
heating previously rapidly cooled 6020CB sample (cooling rate 200 K/min) is presented
for clarity at temperatures below 300 K and in the frequency range up to 3 MHz. Three
dispersion ranges are shown: first in the supercooled isotropic phase (below 228 K),
second in the smectic phase (between 228 K and 260 K) and the third in the isotropic
phases (after melting at 292 K). At about 260 K the crystallization is presented. Mea-
surements were performed with the rate of temperature changes of 0.3 K. A part of the
electric conductivity at high temperatures and low frequencies is cut-off. (b) Dielectric
loss vs. frequency and vs. temperature is presented. The thermal treatment of the sam-
ple and the temperature and frequency ranges are the same as for the corresponding
real dielectric permittivity results in Fig. 3a. A part of the absorption connected with

the electric conductivity at high temperatures and low frequencies is cut-off.
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changes of ¢’ and the dielectric absorption strength one can find the evidence of
three phase transitions. A significant drop of ¢ and a shift of position vy, of
absorption peak towards lower frequencies found during transition at about 228 K
are presented in double logarithmic scale in Fig. 4. These results support the hy-
pothesis that the sample transforms from the supercooled isotropic phase (Ig) to
the smectic phase (S). Most likely arrangement of molecules in smectic layers di-

Fig. 4. Temperature changes of dielectric absorption in the vicinity of the isotropic
to the smectic transition observed on heating of 6020CB sample (O — 223 K in the
isotropic phase, x — 228 K for the mixture of the isotropic and smectic phases and
A — 233 K in the smectic phase). Data are presented in the double logarithmic scale.
The results of fitting Eq. (1) are presented by the solid lines.

minishes the effective dipolar moment of reorienting molecules (£

! ox decreases by

factor 6) and slows molecular motions by factor 100 (when approximating to the
same temperature)’. On further heating the sample in a temperature range from
257 K to 261 K the decay of £’(v) absorption curves characteristic of the crys-
tallization can be seen; at 260 K the strength of absorption is very small and the
electric conductivity below 100 Hz was observed mainly. In a temperature range
between 261 K and 290 K there is no dielectric relaxation at all which means that
all molecules have lost their mobility. The melting of the crystal starts at 290 K
which is shown in Fig. 5. One can see that both processes, i.e., the crystallization
and the melting are not instantaneous and each lasts of about 50 minutes (be-
tween points measured at the successive temperatures there is about 20 minutes

tThe permittivity and dielectric absorption values in the smectic phase cannot be treated
as the material constants as their values are not the same for each experimental run (/. (v)
varies in the range from 0.3 to 0.8). This can be explained by the fact that external alignment
of molecules in the smectic phase has not been possible as 6020CB does not form the nematic
phase [7]. Important is that it does not disturb interpretation of polymorphism and the molecular
motions.
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Fig. 5. Dielectric losses observed for several temperatures on heating the crystalline
6020CB sample — data are from two apparatuses operating in different frequency
ranges. Filled symbols illustrate ¢”(v) for crystal (m — 290 K) and for crystal during
melting (o — 291 K, Y — 292 K) while open symbols show the dielectric absorption
in the isotropic phase (O — 295 K, o — 330 K and v — 370 K). Lines are the guides
to the eyes only. The solid lines without symbols were calculated using the symmetrical

reflection of the suitable experimental points with respect to vmax.

for temperature stabilization). Long lasting recovery of the molecular mobility of
the isotropic phase suggests that the melting process is complex.

Taking into account the structure of the 6020CB molecules the dielectric
relaxation observed in isotropic liquid and in smectic phase can be related with
reorientations of CN dipoles around the short axes. The experimental results of
¢’(v) are divided into electric conductivity and dielectric relaxation according to
the Havriliak—Negami equation [§]

g0

' (v) = Semy —Im [AE (1+ (2iﬂ'1/7’)b)_g] , (1)

where og means the electric conductivity, ¢ — dielectric constant of vacuum and
7 =1/(27v) is the average relaxation time. The dielectric increment Ae = g9 —¢oo,
where g and £., denote the static and high frequency limits of electric permittivity,
respectively. Relaxation time distribution parameters b and bg fulfill the relations
0 <b<1and 0 < bg <1 and they are defined by the following equations
(see [8, 9]):

dloge” dloge”

for v € vmax b and for v > vmax  bg =

~ dlog 27y ~ dlog2my’

The relations between the Havriliak—Negami distribution parameters and those of
the Cole—Cole and Cole-Davidson formulae are the following: ac_c = b for g =1
and Bc_p = g for b = 1. For the Debye type of relaxation both 8 = 1 and ¢ = 1.
The Aeg, b, g, the half-width Avy/5 and the respective values of relaxation time

were obtained by fitting the formula (1) to the experimental data — two of the
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examples of the fitting results are presented in Fig. 4. In the isotropic phase there
is b = 1, while bg grows with temperature from 0.4 to 0.8. Thus, the relaxation is
of the Cole-Davidson type. The values of the half-width Ay, /5 decrease from 1.6
to 1.3 with increasing temperature so they are larger than Avy;5 = 1.14 typical of
the Debye relaxation. In the smectic phase the distribution parameters are b ~ 0.4
and bg ~ 0.5, and the half-width is over 3 which suggests a large deviation from
the Debye process. That fact can be ascribed to the strong hindrance of molecular
motions around the short axes in the smectic type arrangement of molecules.
One can see that for proper description of the dielectric relaxation both b and ¢
parameters are needed especially in the smectic phase.

The dielectric increment, Ae(T') = fNu?/(3kT), is proportional to the num-
ber of reorienting dipoles N, to u?, where u ~ 4 D is the dipolar moment of
molecule, to the so-called Kirkwood correlation factor f and it is reciprocal to the
temperature [10]. Ae equals nearly 6 in the isotropic phase and nearly 2 in the
smectic phase. In case when in the 1sotropic-smectic phase transition the N value
does not change one can say that f in the smectic phase is 3 times smaller than in
the isotropic phase close to the temperature of phase transition. Assuming further
weak mutual correlations between molecules in the 1sotropic phase, i.e. fis & 1, one
obtains faniz & 0.33. The estimation of the correlation factor in the smectic phase
with help of the Kirkwood—Frohlich relationship taking into account additionally
the local field factor gives exactly the same result [10]. That means the strong
antiparallel correlations between molecules arranged in the smectic phase. One
can see that the Ae diminishes in the smectic phase with decreasing temperature
which supports the above statement.

Figure 6 presents the temperature dependence of the position of the dielectric
absorption maximum observed on heating for the sample cooled at first rapidly
to 100 K. Unusual pattern of the log(27vmax) vs. 1000/7 results confirms that on
cooling the sample to 100 K a glass of the isotropic phase was obtained: One can
see that the relaxation in the supercooled isotropic phase (four points) and in the
isotropic phase can be commonly described by the same Vogel-Fulcher-Tammann
equation [11] typical for glass-formers

DTy

T = Ty exp T—To) (2)
It is especially interesting because between the supercooled isotropic liquid and the
isotropic phase there are two other thermodynamic phases, smectic and crystalline.
At 228 K the maximum absorption frequency diminishes abruptly due to the
transition to the smectic phase. At 260 K the crystallization occurs and there are
no experimental points up to the melting at about 292 K. The best fit of (2) to the
experimental data (solid line) was obtained for the following fitting parameters:
D = 3.6 and Ty = 167 K, where Ty denotes the lowest temperature at which a
glass can be obtained. The value of 7y has been fixed as 10135 g in order to
relate the D parameter with the fragility introduced by Angell for description of
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Fig. 6. The temperature changes of dielectric relaxation for 6020CB sample presented
by log(27ﬂ/max) vs. 1000/T for the temperature run are shown. Data were collected on
heating (m) then on cooling (A) and on further heating (O). The result of fitting the
formula (2) to the data for the isotropic and supercooled isotropic phase is shown by
the solid line. The lack of points in the temperature range from 260 K to 292 K means
the appearance of the crystalline phase. Straight lines show the fitting of the Arrhenius

formula.

the a-relaxation [12, 13]. D value is not far from D = 3 which is the limit value
for the most fragile glassest. It seems worth to note that at 228 K the relaxation
time in the smectic phase is 2 decades longer than in the supercooled isotropic
phase. Within the smectic phase the relaxation was observed also on cooling the
sample. The log [27vmax(1/7T)] points obtained on cooling and on heating are in
good agreement. One can see that the temperature behaviour of the molecular
dynamic in the isotropic phase and in the smectic phase is different: in the smectic
phase the linear Arrhenius temperature dependence of relaxation is observed giving
activation energy AH = 87.7 kJ/mol.

4. Final remarks

Our dielectric relaxation observations show that there are essential differ-
ences between 6020CB and two chiral substances with a similar shape of molecules
in respect to the crystallization phenomenon. Contrary to 5*CB and 8*OCB the
6020CB is not a glass-former: For 6020CB the crystallization is observed on cool-
ing while 5*CB and 8*OCB have crystallized only on heating the sample because
on cooling a glass was always obtained [3-5].

In the case when 6020CB sample was cooled rapidly (~ 100 K/min) to glass
a polymorphism of 6020CB and that of the chiral compounds have had common

tFragility of the o-relaxation is considered as a measure of generation of the configurational
entropy in the liquid [9, 6]. A higher fragility is manifested by the larger deviation of the relaxation
from the Arrhenius type of temperature dependence.
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features: The phase transitions are irreversible and form monotropic sequence of
phases. Non-chirality of 6020CB molecules seems to be the factor which helps
a creation of the smectic ordering which was unobserved for chiral samples. The
observed texture of this anisotropic phase is similar to that of ordered smectic
phases. To determine the full structure of this smectic phase more detailed studies
must be undertaken. Due to the fact that the crystallization observed for 6020CB
sample is a long lasting process, one can speculate that after it melts at about
292 K, immediately the second crystalline phase is being formed which melts at a
slightly higher temperature [4, 5]. Detailed studies by polarizing microscopy and
calorimetry were undertaken to search the second crystalline phase in 6020CB [14]
as it was found for 5*CB and 8*OCB [3-5].

In three substances which have been compared the dielectric relaxation in
the liquid phase fulfils the Vogel-Fulcher-Tammann equation in a very wide tem-
perature range. It is interesting that nearly 200 K above Ty the rate of molecular
motions behaves in isotropic liquid like in a glass-former even for 6020CB which
in fact is the substance where glass can be obtained only when the rate of cooling is
high. The 6020CB sample having D = 3.6 occurs to be a more fragile glass-former
than 5*CB and 8*OCB for which D 22 5.5 [3]. Analyzing the temperature depen-
dence of relaxation rate carefully one can see that similarly as for 5*CB [4] the
crystallization seems to be proceeded by the melting of the smectic phase to the
isotropic phase. This can be deduced from the deviation of the experimental points
in Fig. 6 in the vicinity of the crystallization from the activation behaviour (see
two points above the streight line).
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