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With the aid of DTA the phase diagram of 4-(trans-4-heptyl-cyclohexyl)-benzonitrile, 7PCH, was 
redetermined. Dielectric studies on the static and complex permittivity have been performed on 
7PCH in the pressure range 0.1 -220 MPa, the frequency range 1 kHz-13 MHz and the temperature 
range 290-380 K. For the slow relaxation process in the nematic phase, characterized by the relaxa­
tion time Tjj , we have calculated the activation volume, A* Vu, of about 80 to 60 cm3/mol (decreasing 
with increasing temperature), and the activation enthalpy, A *Hn, of approximately 70 kJ/mol. The 
isochoric activation energy, A* Un, amounts to about 36 kJ/mol. The pressure dependence of A * Hu 
is less pronounced compared with previous findings for 5PCH and 7CB. Estimates of t 0 (extrapo­
lated from the relaxation time in the isotropic phase) allow the calculation of the retardation factor 
gu = Tn/t0 that is analysed in terms of theories of Martin-Meier-Saupe and Coffey in order to evalu­
ate the nematic potential q. Using data for the order parameter 5 from NMR studies it was possible 
to determine the strength of the interaction potential in the nematic phase and to check the relation 
q~S which is valid at p = const., but not at V= const. The results are compared with recent findings 
for other homologous series.

Key words: Dielectric Relaxation, High Pressure, Liquid Crystals, Activation Parameters, Phase 
Transitions.

1. Introduction

Dielectric properties of liquid crystals (LCs) are im­
portant for many industrial and scientific applications 
[1]. In the last years a growing interest of dielectric 
studies under pressure can be noticed [2-5]. In fact the 
pressure dependence of both the static and complex 
permittivity yield valuable information about activa­
tion quantities and the intermolecular potential [6-11]. 
Recently we started to investigate the alkyl-cyclo- 
hexyl-benzonitrile series with 5PCH [11-12]. The re­
sults are compared with previous detailed studies of 
the alkyl-cyano-biphenyls, nCBs [5-10], in order to 
check the influence of different molecular frames on 
the dielectric properties.

Both series are described in the literature as being 
characterized by the formation of antiparallel dimers 
in the nematic state [13-16], Nevertheless noticeable 
differences in the dielectric behaviour have been ob­
served for 5PCH and 5CB [11], In the present study we 
extend the investigation to 7PCH in order to get more

Reprint requests to Prof. A. Würflinger

insight in the dynamics of the reorientational be­
haviour in the nematic state.

The temperature and pressure dependence of the 
dielectric relaxation time does not only allow to calcu­
late the activation parameters (A*Hn, A*Un, A^F,,), 
but also retardation factors gn and then to evaluate 
the nematic potential q according to relations derived 
by Meier and Saupe [17,18] and Coffey et al. [19-21].

2. Experimental

The experimental set-up for the high-pressure DTA 
has been described in [22]. For the dielectric measure­
ments a new high-pressure autoclave is employed that 
was recently developed for ultrasonic measurements 
[23], see Figure 1. The pressure vessel is made of cop­
per beryllium alloy and closed by a Bridgman piston 
for the electrical feed-throughs. Some changes in the 
dielectric cell and the lead connections were necessary 
for the dielectric studies at somewhat higher tempera­
tures [24], The pressure is transmitted by compressed 
silicon oil using a hand-operated pump. In previous 
dielectric measurements the pressure transmitting gas
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Fig. 1. High pressure set up for dielectric measurements -  
1: connections for the electrical leads, 2: screw, 3: pressure 
ring, 4: three terminal capacitor, 5: screw with thermocouple, 
6: inlet for the pressurizing medium, 7: high pressure vessel, 
8: sealing, 9: electrical feed-throughs, 10: Bridgman piston.

caused often leakages, so that many runs were neces­
sary in order to obtain reproducable results. The new 
set-up facilitates the measurements considerably. The 
frequency dependence of the permittivity was mea­
sured with the impedance bridge Hewlett Packard 
4192 A up to 13 MHz. In the nematic state the sample 
was oriented parallel to the probing electric field by 
superimposing a constant field of E ~  300 V/cm. For 
details see [6-11]. The 7PCH sample was obtained 
from Merck.

3. Results

3.1 Phase Behaviour

7PCH reveals a remarkable polymorphism at am­
bient pressure that has been thoroughly studied by 
Haase and Pendzialek [25]. These authors report four 
crystalline phases, some of which occur only as 
metastable phases. The phase behaviour of 7PCH at 
elevated pressures has partly been determined by 
Friedrich et al. [26], reporting also metastable phase 
transitions. However, the exact knowledge of the 
phase boundaries is important for performing the di-
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Fig. 2. Temperature-pressure phase diagram for 7PCH, 
□ = DTA, o = dielectric measurements, ♦ = [26].

electric measurements. Therefore the phase diagam of 
7PCH was redetermined with the help of DTA. Fig­
ure 2 shows the phase boundaries, including also data 
from the dielectric measurements. The pressure de­
pendence of the clearing temperature is well estab­
lished with both experimental procedures. However, 
the lower phase transition line (Cn-N after [25]) could 
not be detected by the dielectric method. Obviously 
the crystalline form C„ belongs to a metastable phase. 
Contrary to Friedrich we could observe both transi­
tion lines C,-N and Cn-N at lower pressures, depend­
ing on the thermal treatment. However, these transi­
tions did not appear in the same run.

The phase transition lines for 7PCH can be repre­
sented by polynomials:

Cj, -»• nematic:
T(K) = 291.4 + 0.272 (p/MPa) -  1.40 ■ 10"4(p/MPa)2, 
C, nematic:
T{K) = 303.5 + 0.311 (p/MPa) -  1.68 • 10"4 (p/MPa)2, 
nematic isotr.:
T(K) = 331.0 + 0.420 (p/MPa) -  2.86 • 10" 4 (p/MPa)2.

Some thermodynamic data at normal pressure are 
compiled in Table 1. The volume changes have been 
calculated using the Clausius-Clapeyron equation. 
The transition enthalpies were taken from [25].

Table 1. Thermodynamic Properties of 7PCH at 1 atm.

Transition T/K Atf/kJ moP1 AF/cm3 moP1

N - I 330.9 1.0 1.27
C, -> N 303.3 25.5 26.2
C„ N 290.7 19.0 17.8
C,„-N 289.3 19.6 18.4
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3.2 Dielectric Measurements

S ta tic  P e rm ittiv ity

At atmospheric pressure the static permittivity of 
the nematic phase, £SII, is higher than in measure­
ments where the sample is oriented with a magnetic 
field [14, 27, 28], A detailed discussion will be given in 
a forthcoming paper [29]. The temperature depen­
dence for es in the isotropic phase reveals a small 
maximum a few degrees above the clearing tempera­
ture that has also been reported for other nematic LCs 
with strong dipole moments [30, 31].

The pressure dependence of the static permittivity 
is shown in Figure 3. The measurements were per­
formed on decreasing the pressure starting from 
points close to the nematic-solid phase boundary. In 
the neighbourhood of the clearing temperature the 
permittivity drops distinctly to smaller values. The 
variation of e in the isotropic phase is not strong, but 
clearly visible in Figure 4. All isotherms for e (p) in the 
isotropic phase reveal a maximum at ca. 40 MPa be­
low the N-I transition line, similar to the behaviour of 
s(T) at ambient pressure. Such a maximum as a func­
tion of pressure has been resolved for the first time, 
due to the improved high-pressure set-up that enables 
us to extend the measurements to higher tempera­
tures.

The static permittivity for 7PCH is significantly 
smaller (~15%) than that for 5PCH. For the molar 
susceptibility (e — 1 )M/q (calculated with density data 
from Kuss [32]) this difference is appreciably reduced 
(~  2%). Nevertheless there remains an influence of 
the alkyl chain length that cannot be solely explained 
by the different molar mass or densities [33]. Appar­
ently the longer alkyl chain performs motions with 
larger amplitudes that smears out the position of the 
main molecular axis and causes a looser packing in 
the nematic phase [34]. Striking differences in the as­
sociation behaviour of 5PCH and 7PCH have also 
been observed by Majumder et al. [35] in dielectric 
studies of diluted solutions.

D ie lec tric  R elaxation

The frequency dependence of the real and imagi­
nary part of the complex permittivity, e*(w) = 
E'((D) — is"(co), is displayed in Figure 5 a. With increas­
ing pressure the frequency of maximum loss, / max = 1/ 
(2 7i Tjj), is shifted to lower values. The Cole-Cole plots
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Fig. 3. Static permittivity as a function of pressure in the 
nematic and isotropic phase of 7PCH; the temperatures for 
the different isotherms vary in steps of 3 K.

Fig. 4. Static permittivity as a function of pressure for se­
lected isotherms in the isotropic phase of 7PCH.

(Fig. 5 b) show that the relaxation in the nematic 
phase is very close to a single Debye process, in accor­
dance with previous results for nematic LCs. Never­
theless we prefer to fit the loss curves with the Jon- 
scher equation that is an unambigous and convenient 
way to determine the dielectric relaxation time r.

The dielectric relaxation time t is presented in 
Fig. 6 in a semilogarithmic scale as a function of the 
pressure. There is a considerable shift of r at the ne- 
matic-isotropic phase transition. In the isotropic 
phase we can only measure the low frequency part of 
the loss curves, due to limitations of our impedance 
bridge. Therefore we have taken relaxation times t iso 
from recent TDS measurements at atmospheric pres­
sure [29] and extrapolated them to higher pressures

12 -
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Fig. 5. a) Dielectric dispersion (e') and absorption (e") as a 
function of pressure at T= 360 K, b) Cole-Cole plots for dif­
ferent pressures at T= 360 K.

according to the observed pressure dependence of the 
measured spectra. The temperature and pressure de­
pendences of t yield the activation parameters in the 
usual way [6-11].

4. Discussion

4.1 Dielectric Behaviour

Liquid crystals with strongly polar end groups like 
CN or N 0 2 exhibit a tendency to form antiparallel 
dimers that appreciably influence their dielectric 
properties. Thus the effective dipole moment is re­
duced resulting in a Kirkwood-gr-factor less than 
unity. The usefulness of the Onsager equation being 
doubtful for anisotropic systems [5], we shall discuss 
the observed effects only qualitatively.

The maximum of 6S iS0(T) in ambient pressure mea­
surements was attributed to an increase of the number 
of dimers (with decreasing temperature) in a dynamic 
monomer-dimer equilibrium [30,31]. Additionally, 
some fluctuations of the nematic clusters embedded to 
the isotropic liquid near the transition temperature 
may also influence the static permittivity [31]. In our 
studies the pressure was decreased at T= const within 
the isotropic phase starting from pNI. According to the 
phase diagram this corresponds to an increase of T at 
p = const starting from TNI. Thus both observed max­
ima have the same origin, i.e. breaking of the dipole- 
dipole associations of the molecules caused by appro­
priate temperature or pressure changes. A more thor­
ough discussion will be given elsewhere [33].

Fig. 6. Logarithm of the dielectric relaxation times as a func­
tion of pressure for different temperatures in the nematic and 
isotropic phase of 7PCH; the temperatures for the different 
isotherms vary in steps of 6 K.

4.2 Activation Parameters

In Figs. 7 and 8 we have plotted the activation 
volume, A* V = RT{d\m/dp)T, and the activation en­
thalpy, A*H = R(d\m/dT~l)p, for 7PCH both for the 
nematic and isotropic phase. The decrease of A*Fn 
with rising temperature is quite normal, but the pla­
teau at higher temperatures has not been observed for 
other related liquid crystals. The small decrease of 
A* Vu with temperature in the isotropic phase is of the 
order of the experimental error and therefore neglect­
ed. That is, we use a constant value of 37 cm3 mol-1 
for the evaluation of the retardation factors (see be­
low).

The activation enthalpy A *Hn remains practically 
constant, whereas a distinct decrease was observed for 
the n-CB series [6-10]. The isochoric activation en-

nematic

"381k

isotropic

40 80 120 160 
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Fig. 7. Activation volumes as a function of temperature for Fig. 9. Activation energies as a function of the molar volume
the nematic and isotropic phase of 7PCH. of the nematic phases of 7PCH and 5PCH.
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Fig. 8. Activation enthalpies as a function of pressure for the 
nematic and isotropic phase of 7PCH.

ergy, A* UU = R(61nrn/ 9 T ' \ ,  calculated with pVT 
data from Kuss [32], exhibits even an opposite density 
dependence than the n-CBs, although less pronounced 
as for 5PCH (Figure 9). Anyway, the large non-zero 
A* Un -  values indicate that the Tn-relaxation process 
cannot be explained only by volume effects [36],

For the n-CBs the peculiar pressure dependence has 
been discussed in the frame of a monomer-dimer equi­
librium. Increasing pressure destroys more or less as­
sociates of antiparallel dimers thus reducing the acti­
vation enthalpy with pressure. Because the formation 
of antiparallel dimers is also accepted for the n-PCH 
series [13-16, 30, 31], we believe that the weak pres­
sure dependence of A *HU is caused by stronger 
dipole-dipole interactions, so that the dimers cannot 
so easily be destroyed with rising pressure. Similar dif­

ferences are also observed for the pressure dependence 
of the static permittivity, when we compare the n-CB 
and n-PCH series [33].

4.3 Retardation Factors and Nematic Potential

Two main factors are responsible for the consider­
able slowing-down of the low-frequency relaxation 
process when passing the isotropic -  nematic phase 
transition: The appearance of the nematic potential 
and the change in the viscosity. According to the 
Maier-Saupe mean field theory [37] the nematic 
potential q is proportional to the order parameter 
S = <(3cos20 —1)/2>, where 6 is the angle between the 
main molecular axis and the director: q — v S. The 
interaction coefficient v, being a measure of the 
strength of the molecular interactions in the nematic 
phase, is supposed to be independent of temperature, 
but it depends on the molar volume. The dielectric 
relaxation studies can give valuable information 
about q and v [33], provided S is available as a func­
tion of temperature and pressure.

In order to characterize quantitatively the changes 
in the relaxation times Meier and Saupe introduced 
the concept of retardation factors, gn = th/ t 0, where t 0 
is the relaxation time at q = 0 [17, 18]. Strictly speaking 
Xq can only be measured in the isotropic phase. How­
ever, we can assume a hypothetical state with q = 0 for 
T/p-conditions within the nematic phase. Then t 0 is 
obtained by an extrapolation from the T(p)-depen­
dence of t iso. The ^„-factors change between ca. 4 close 
to Tn, and ca. 14 close to the freezing line. Two equa­
tions are employed which relate the retardation factor
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Fig. 10. Nematic potential q as a function of pressure after 
Meier et al. and Coffey et al.
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Fig. 11. Nematic potential q as a function of the order pa­
rameter S at p = const and V= const; black points: Meier et al. 
[17], open points: Coffey et al. [19-21],

gu with the nematic potential barrier parameter o = q/ 
(RT):

e ° - l
du = ------ , (1)o

The first one was obtained by Meier and Saupe [17] 
with simplified assumptions about the form of the 
orientational distribution function, the second one is 
more general and was derived by Coffey et al. [19-21], 
who considered a single axis rotator in a uniaxial 
potential.

Both equations have been used to calculate the ne­
matic potential q, see Fig. 10. The g-values after Coffey 
et al. are systematically larger than after Meier and 
Saupe, but they both depend similarly on temperature 
and pressure. In order to check the proportionality 
between q and S, we use data obtained by Emsley et al.

[38] at p = 43 MPa and F= 292 cm3 mol-1. Figure 11 
shows that both sets of g-values give nice proportion­
ality to 5 at p = const, but not at V=const. From the 
slopes we obtain the strength parameter v = 21.5 kJ/ 
mol for (1) and 27.0 kJ/mol for (2). However, because 
the order parameters were obtained from NMR mea­
surements of a biaxial solute dissolved in a nematic 
solvent, they seem to be underestimated. As will be 
outlined in [29], the strength parameters should be 
divided by a factor of 1.4, yielding v = 15.4 and 19.3 kJ/ 
mol, respectively. These values are still larger than 
those found for nCBs [33, 39] and nOCBs [33, 40].
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