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DIFFERENTIAL THERMAL ANALYSIS (DTA) AND DIELECTRIC 
STUDIES ON 4-(TRANS-4-PENTYL-CYCLOHEXYL)-BENZONITRILE 
(PCH-5) UNDER HIGH PRESSURE 

T. BRUCKERT, D. BUSING AND A. WRFLINGER 
Institute of Physical Chemistry 11, Ruhr-University, D-44780 Bochum, 
Germany 

s. URBAN 
Institute of Physics, Jagellonian University, Reymonta 4, 30-059 Cra- 
cow, Poland 

Abstract : The phase diagram of 4-(trans-4-pentyl-cyclohexyl)-ben- 
zonitrile, PCH-5, was obtained by DTA measurements up to a tem- 
perature of 370 K and up t o  pressures of 260 MPa. Dielectric stu- 
dies on the static and complex permittivity have been performed on 
PCH-5 in the pressure range 0.1 - 140 MPa, the frequency range 
1 kHz - 13 MHz and the temperature range 311 - 350 K. From the 
relaxation times in the nematic phase, T,,, we have calculated the ac- 
tivation volume, A*V,,, of about 70 cm'/mol (decreasing with increas- 
ing temperature). and the activation enthalpy, A* H , , ,  of approximate- 
ly 70 kJ/mol. The pressure dependence of A'H,, is weaker than that 
found recently for 5CB. We have also calculated the (isochoric) 
activation energy of about 40 kJ/mol. The low-frequency relaxation 
process connected with molecular rotations about the short molecu- 
lar axis was analysed in terms of the Martin-Meier-Saupe theory, 
yielding q = 1 0  kJ/mol for the nematic potential. The results are 
compared with recent high pressure results on 4-n-alkyl-4'-cyanobi- 
phenyls. 

1. INTRODUCTION 

Many liquid crystals (LCs) with a strong positive dielectric anisotropy in 
the nematic phase are of special interest because of their use in elec- 
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trooptical devices. Because of these dielectric properties a large number of 

thermotropic LCs have been studied a t  atmospheric pressure [1,21. On the 
other hand, investigations of these substances a t  high pressures are  relati- 
vely scarce. However, our  recent high pressure studies on several 4-n-al- 
kyl-4'-cyanobiphenyls [3-73 and 6CHBT 181 have provided additional valuable 
information of the dielectric relaxation process. Now we start to investiga- 
te the alkyl-cyclohexyl-benzonitrile series, in order t o  check the influence 
of different molecular frames on the dielectric behaviour. 

In particular we are concerned with the investigation of t he  low-fre- 

quency relaxation process connected with molecular reorientations about 

t h e  short  axis in the  nematic phase. This motion is observed for  the pa- 
rallel orientation of the sample in the electric field. The rotations about 
the short  molecular axes are  strongly opposed by neighbouring molecules. 
To take into account this interaction Maier and Saupe introduced the ne- 
matic potential q [91. 

2. EXPERIMENTAL 

The experimental set-up fo r  the DTA measurements as  well as for  the 
dielectric studies was the  same as in previous studies and has been descri- 
bed fo r  example in [I01 and HI]. The measurements of the complex per- 
mittivity, E* = E' - k*', were performed in the  frequency range 1 kHz t o  13 

MHz using a Hewlett  Packard impedance analyzer (model HP 4192A). The 

conductivity contribution to the dielectric losses was fully subtracted. The 
capacitor and the high pressure vessel do not  allow u s  t o  orient the sam- 
ple by a magnetic field during the measurements. However, due to  the 

very low conductivity of t he  sample ( G  = 0.1 pS/m) we were able t o  apply 
a DC bias field E = 300 V/cm. Because of t h e  s t rong dipole moment di- 
rected along the  symmetry axes of the molecules this field oriented the 
molecules of our  sample parallely to the measuring field ( n I[ Ebias 1. 

After filling the  capacitor with the sample we carried ou t  the meas- 
urements a t  atmospheric pressure in the temperature range covering the 

nematic and isotropic phase of PCH-5. The dielectric spectra under pressu- 
re were in general obtained by gradually decreasing the pressure a t  a con- 

s t an t  temperature, af ter  pressurizing the  sample t o  140 MPa o r  a point 
near the phase boundary to the solid state.  To check the reliability of the 
results we repeated some runs at  T = constant and a t  p = constant.  The 
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reproducibility of the results was usually better than 2%. 

3. RESULTS 

3.1. Phase behaviour 
The phase behaviour of PCH-S a t  elevated pressures has been partly deter- 

mined by Kuss et al. N21, without reporting the melting curve. However, 

the knowledge of the exact solid-nematic coexistence curve is important 
for our dielectric measurements, in order t o  avoid unwanted crystallization 

of the sample. Therefore the phase diagram of PCH-5 was established 

using high pressure differential thermal analysis H31. The agreement bet- 
ween our data for the nematic-isotropic coexsistence curve and the data 

reported by Kuss is very good (see FIG.l). 

The phase transition lines for PCH-5 can be represented by polyno- 

mials: 

so l idanemat ic :  
nematic a isotrop: T(K) = 328.1 + 0.440.  (p/MPa) - 1.11. 

T(K) = 303.1 + 0.246. (p/MPa) - 1.09. 10.'. (p/MPa)' 

(p/MPa)' 

0 40 80 120 160 200 240 280 
p/M Pa 

FIG.1 : Phase diagram of PCH-S. 

The DTA peak areas have been calibrated against the solid-liquid 
transition of cyclohexane t o  obtain the enthalpy changes accompanying the 

phase transitions. Some thermodynamic data a t  normal pressure are compi- 
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led in TABLE 1. The volume changes have been calculated using the Clausi- 

us-Clapeyron equation. The agreement with the literature data is satisfac- 

tory. 

TABLE 1 : Thermodynamic Properties of PCH-5 a t  1 atm 

transition T/K AH/kJ mol-' AV/cm3 mol-' literature 

solid - nematic 303.05 21.9 17.33 this work 
- 303.15 21.353 MERCK El41 

nematic -* isotrop 328.14 0.923 1.29 this work 
- 328.05 0.963 MERCK El41 

328.15 1.30 Abdah [lSI - 

3.2. Measurements at atmomherk pressure 
FIG.2 shows the static permittivity, E ~ I I ,  measured a t  atmospheric pressure 
in comparison t o  the results obtained by MERCK 1141 and Sen et af. [%I. 
In the nematic phase our results agree well with the results reported by 

MERCK; whereas relatively large differences are observed between our val- 

ues and the data reported by Sen et al. for the nematic and isotropic 

phase. 
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We have measured the variation of the dielectric permittivity E' and 

the dielectric loss factor E" as a function of the frequency of the measur- 
ing field a t  different temperatures in the nematic and isotropic phase of 

PCH-5. The maximum of the loss curves is shifted to  higher frequencies 
with increasing temperature. The curves for the nematic and isotropic pha- 
se are clearly discernible. The loss curves for the nematic phase have been 
fitted t o  the Jonscher, Havriliak-Negami, Cole-Cole and Cole-Davidson 
equations. The Jonscher equation was preferred t o  calculate the dielectric 
relaxation time '111 from the frequency of maximum loss. The Cole-Cole 

plots demonstrate that  in the nematic phase a single relaxation domain of 
t h e  Debye-type is prevailing. 

In the isotropic phase the low and high frequency processes merge 
t o  give one broad relaxation spectrum. Due t o  the frequency limit of our 
bridge (<I3 MHz) we could only measure part of the loss curve in the iso- 
tropic phase. Therefore, for further evaluations we used some data obtained 
a t  atmospheric pressure with the aid of time domain spectroscopy (TDS) 
up t o  frequencies of 1 GHz C171. These results from TDS-method have 
shown that even in the isotropic phase the best fitting of the loss-curves is 
achieved by the use of the Cole-Cole equation. 

3.3. Measurements at elevated DXSSWS 

18 

17 
16 
IS 
14 

€01 

, , / I ,  , 8 . 8  I , 
I , , , ,  

, , # \ I  
I , / / ,  

, , , I ,  
$ , , X ,  

I , , , ,  

, , , # I  

I , , , ,  

13 

12 
11 
10 

0 20 40 60 80 100 120 140 
p/MPa 

FIG.3 : Static permittivity as a function of pressure in the nematic 
and isotropic phase of PCH-5; the temperature for the diffe- 
rent isotherms varies in steps of 3 K. 
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In FIG.3 the static permittivity, ~ ~ 1 1 ,  is plotted as a function of pressure 

a t  different temperatures. On approaching the clearing temperature the 
permittivity decreased strongly and remained essentially constant in the 

isotropic phase. In FIG.4a we present some examples of the frequency de- 

pendence of the real and imaginary parts of the complex permittivity me- 
asured a t  different pressures in the nematic and isotropic phase of PCH-S. 

18 

€ '  16 

14 

12 

10 

8 

E" 
T = 338 K 

lo g(f /Hz)  
FIG.4a : Dielectric dispersion and absorption as a function of 

pressure a t  T = 338 K. 

E''lll 8 

4 1  
c 

i 
T = 338 K 

119.5 MPa 

0 = 80.5 MPa 

i. = 40.0 MPa 

- _  . -  

nematic 

0 i. 
- o-o-oOo-. 0 = 20.0 MPa 

-0-5 li ~ 0- " 00 
7.0 

1.0, 
00 v 

i. 0, 00 

" a ,  00 
70 
4 
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FIG.4b : Cole-Cole plots for different pressures a t  T = 338 K. 
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DTA AND DIELECTRIC STUDIES [ 1503112 15 

The maximum of the loss curves is shifted t o  higher frequencies with dec- 
reasing pressure. In the nematic phase the dielectric spectra obey a single 
Debye relaxation very well (see FIG.4b). The relaxation times T I I  calculated 
with the use of the Jonscher equation for different pressures in the nema- 

tic and isotropic phase are presented in semi-logarithmic scale in F1G.S. In 
the nematic phase the relaxation times are not a strictly exponential func- 

tion of the pressure, the In.cll versus p curves are a little bit bent, especi- 
ally in the vicinity of the nematic-isotropic transition lines. Neglecting the 
points very close t o  these lines, we have calculated the slopes of the cur- 
ves by means of linear regression. The figure shows also some plots for 

the isotropic phase which have been extrapolated beyond the phase boun- 
dary t o  the nematic phase in order to  estimate wvalues which will be 
used t o  calculate the retardation factor (see below). 

- 16 

- 17 

- -18 

-19 

-20 

0 20 40 60 80 100 120 140 
p/MPa 

Fig.5 : Logarithm of the relaxation times as a function of pressure 

for different temperatures in the nematic and isotropic phase: 
the temperature for the different isotherms varies in steps of 

3 K. 

From the temperature and pressure dependence of the relaxation time 
511 we have calculated the activation volume: 

of approximately .70 cm3/mol, decreasing with increasing temperature, (see 
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FIG.6) and the activation enthalpy : 

of about 70 kJ/mol, decreasing very little with increasing pressure, (see 

FIG.7). 
We have used some p-V-T data from Kuss et al. D21, in order to  calcula- 
te  the (isochoric) activation energy : 

of 5 BOkJ/mol, decreasing with increasing molar volume (see FIG.8). 

4. DISCUSSION 

In FIG.6-8 we have plotted the activation quantities for PCH-S and the 
corresponding data for  SCB. I t  can be seen that the A*Vll- and 
A* H ll-values are significantly higher for PCH-5. This relatively large diffe- 

40 1 
l , , , , l , , , , l , , , , r , , , , 1 , , , , l , , , , l , , , , l , , ~ , l , , , , l ~ ~  

300 310 320 330 340 350 
T/K 

FIG.6 : Activation volume, A*Vll, as a function of temperature. 

rence cannot be explained by the different molar masses (M= 255.40 g/mol 
for PCH-S and M= 249.35 g/mol for SCB) of the substances. The higher 
activation volume for PCH-5 is probably connected with the higher flexibi- 
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lity of the cyclohexyl ring that requires more space for the reorientation 

process. The pressure dependence of the activation enthalpy is relatively 

weak in the case of PCH-S (FIG.7). Its variation with pressure is nearly ze- 

ro within the limits of experimental error. On the other hand SCB shows 

a strong decrease of A*HIl with increasing pressure. 

0 20 4.0 60 80 100 120 
p/MPa 

FIG.7 : Activation enthalpy, A*H,,, as a function of pressure. 

Even larger discrepancies are observed for the activation energy, A* Ul, ,  

as a function of the molar volume. FIG.8 shows that PCH-S and SCB ex- 

I 42 
40 

& 
0 38 - 

$34 
?I 32 361 

o =  PCH-5 

I 1  = 5CB i 
~ ( $ 0  mz 2.18 w 256 200 264 268 

\.',/crn? inol-' 
FIG.8 : Activation energy, A*Ull, as a function of the molar volume. 
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hibit even different signs of the slopes in the A*Ull versus Vm plot. The 
decrease of A*U,, with increasing molar volume is also in general observed 
for  plastic crystals H81, whereas for SCB an opposite behaviour has been 
found [31. In the case of SCB and its homologues up t o  8CB the peculiar 
pressure dependence has been discussed in the frame of a monomer-dimer 

equilibrium. Increasing pressure destroys more or less associates of antipa- 
rallel dimers thus reducing the activation enthalpy with pressure. Therefore 
i t  is open to  question, whether for PCH-5 the same monomer-dimer equili- 

brium exists, although this was proposed in the literature [19,201. 

Striking differences are also observed for the pressure dependence of 
the static permittivity. Both substances, PCH-5 and SCB, have practically 
the same dipole moment, p, of about 4.2 Debye. Therefore, in the isotropic 
phase of the two components the Eo-ValUeS are comperable (~~40); where- 

as the values for in the nematic phase are considerably different (for 

SCB ~ ~ l l = 2 0 ,  for PCH-S ~ ~ 1 1 = 1 6 ) .  For the 4-n-alkyl-4'-cyanobiphenyls ~~~l 

increases much more with rising pressure than for PCH-5. This increase 
can be interpreted as an increase of the Kirkwood-g-factor caused by the 
destruction of antiparallel dimers. For PCH-5 the pressure dependence of 
E~~~ is much less pronounced (FIG.3). Certainly the higher activation quanti- 
ties as well as  the weaker sensitivity on pressure of the activation para- 
meters and E ~ I ~  are caused by stronger dipole-dipole correlations in the ne- 
matic phase of PCH-5. 

The low-frequency relaxation process about the short molecular axis 
was also analysed in terms of theories from Martin, Meier and Saupe Ell. 

They introduced so called retardation factors, g, , ,  as ratios of the relaxa- 
tion time, T ~ , ,  in the nematic phase and TO , being the relaxation time of a 
hypothetical state with a nematic potential q = 0. We have taken our meas- 
ured pressure dependencies for T i s o  and connected them with the normal 
pressure values for T i s o ,  measured by Gestblorn and Urban [171, in order 
t o  get reliable data for the relaxation times in the isotropic phase a t  ele- 
vated pressures. TO is obtained from an extrapolation of these .cis0-values 
beyond the phase boundary t o  points corresponding t o  the nematic phase 
[6-81. 

This equation enables us to estimate the nematic potential as a function 
of temperature and pressure (see FIG.9), yielding q = 10 kJ/moi (decreasing 
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with increasing temperature and with decreasing pressure). 

This value for the nematic potential is distinctly higher than the 

p/MPa 

FIG.9 : Nematic potential q as  a function of pressure a t  different 
temperatures. 

corresponding value for SCB, q = 6 kJ/mol. Nevertheless the temperature 
and pressure dependencies are the same for both substances. The Maier- 

Saupe-Theory predicts a gll-factor of 4 a t  the clearing temperature. In our 
studies on the nCB series we have always found gll-factor 2 3 or  even 
less a t  the clearing point. In the case of PCH-S we have calculated 

gll-factors close t o  6 near the clearing point. 

Acknowledgement 

Financial support of the Deutsche Forschungsgemeinschaft ( W u  97/8-1) 

and grants f o r  an exchange between the Jagellonian University and the 

R u h r  University, Bochum, are gratefully acknowledged. 

REFERENCES 

[ll W.H. de Jeu, "Physical Properties of Liquid Crystalline Materials", Gor- 
don & Breach, New York 1980. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
06

 1
8 

Fe
br

ua
ry

 2
01

3 



220/[ 15081 T. BRUCKERT ET AL. 

121 H. Kresse, Adv. Liq. Crvst. 6, 109 (1983). 

[31 H.-G. Kreul, S. Urban, and A. Wurflinger, Phvs. Rev., m, 8624 (1992). 

[41 S. Urban, H.G. Kreul, and A. Wurflinger, Lia. Crvst., l2, 921 (1992). 

[SI S. Urban, T. Briickert, and A. Wiirflinger, Liq. Crvst., Is, 919 (1993). 

161 T. Briickert, A. Wiirflinger, and S. Urban, Ber. Bunsenaes. Phvs. Chem., 

97, 1209 (1993). 

[71 S. Urban, T. Bruckert, and A. Wurflinger, Z. Naturforsch. 49a, 552-558 
(1994). 

[81 S. Urban, and A. Wurflinger, Lig. Cryst., i2, 931, (1992). 
[91 W. Maier, and A. Saupe, Z..Naturforsch., 1&, 882 (1959); 12, 287 

(1960). 

[lo1 A. Wurflinger, Ber. Bunsenges. Phys. Chem., 79 (12), 1195 (1975). 

[HI U. Poser, and A. Wurflinger, Ber. Bunsenaes. Phvs. Chem., 92, 785 

(1988). 
[121 E. Kuss, Mol. Crvst. Lia. Crvst., Vo1.79, 199-210 (1981). 

[13! D. Busing, Diploma thesis,  Ruhr-University Bochum, 1994. 

[141 U. Finkenzeller, T. Geelhaar, G. Weber, and L. Pohl, preprint, to  appe- 
ar in "Liq. Cryst.". 

[151 M. M. M. Abdah, Srinivasa, N. C. Shivaprakash, J. Shashidhara Prasad, 

J. Chem. Phys. 77(5), 2570-2576 (1982). 

[161 S. Sen, K. Kali, S. K. Roy, and S. B. Roy, Mol. Cryst. Liq. Cryst., 
V01.126, pp.269-279 (1985). 

[171 B. Gestblom, and S. Urban, unpublished results.  
[181 A. Wiirflinger, Int. Rev. Phvs. Chem., V01.12, No.1, 89-121 (1993). 

[191 R. Dabrowski, and J. Szulc, J. Phvs., Paris, 45, 1213 (1984). 

[201 G. Kromer, D. Paschek, and A. Geiger, Ber. Bunsenaes. Phvs. Chem., 
97, N0.10, 1188-1192 (1993). 

[211 G. Meier, and A. Saupe, Mol. Crvst. Liq. Cryst.,  1, 515 (1966); 

A. J. Martin, G. Meier, and A. Saupe, Svmp. Faraday SOC. 5, 119 (1971). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
06

 1
8 

Fe
br

ua
ry

 2
01

3 


