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Phase transition and dielectric studies of a three-ring homologous
series with the –NCS terminal group
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Institute of Physics of the Jagiellonian University, Reymonta 4, 30-059 Cracow,
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The synthesis route and phase properties for a new three-ring homologous series, 4-(trans,trans-
4-alkylbicyclohexyl )benzene-isothiocyanates (nCCHBT) with n = 2–7, are presented. The
substances exhibit very broad range nematic phases exceeding 200 K, and low viscosity with
a low activation enthalpy. The dielectric properties of the nCCHBT materials are compared
with those of their long known two-ring analogues (nCHBT). The static permittivity, esd

is
considerably lower for the three-ring compounds. It is found that esd

decreases with n at
temperatures as low as Tr = T /TNI = 0.7. The relaxation time, t

d
shows the odd–even e� ect,

the amplitude of which reverses on going from Tr = 0.7 to 1. The activation enthalpy for
molecular rotation about the short axis alternates with n practically in the same manner
for the corresponding members of both homologous series. It is argued that the present
results are at odds with models assuming that the activation enthalpy consists of the viscosity
and nematic potential components.

1. Introduction The nCCHBTs give very broad temperature ranges
(nearly 200 K) of the nematic phase (N), see � gure 1 andTechnical applications of liquid crystals (LCs) stimu-

late the search for new classes of compounds having table 1. On the other hand, the N phase of the nCHBT
predetermined physical properties. The temperature range
of existence of a given LC phase, the dielectric and
optical anisotropy, the elastic constants, as well as a low
viscosity are very important factors in this respect. Many
homologous series with the isothiocyanato (–NCS)
terminal group demonstrate such favourable properties.
They were synthesized in the Institute of Chemistry,
Military University of Technology, Warsaw [1–4] and
studied in the past by di� erent research groups, e.g.
[5–9]. In this paper we present results of dielectric
studies of two classes of very low viscosity materials:
(1) the 4-(trans-4-alkylcyclohe xyl)benzene-isothioc yanates
(nCHBT), and (2 ) the 4-(trans,trans-4-alkylbicyclohexyl)-
benzene-isothiocyanate s (nCCHBT). The members with
n = 2–12 of series nCHBT were synthesized many years
ago [1, 2] while members of series nCCHBT with n=2–7
were prepared by us recently.

Figure 1. The phase transition points for the nCCHBT
(circles) and nCHBT (triangles) homologous series: full
points—clearing, TNI ; open points—melting, TCr . The hori-
zontal dashed line indicates the upper limit of temperature
accessible for the physical studies.*Author for correspondence; e-mail: ufurban@cyf-kr.edu.pl
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1818 S. Urban et al.

Table 1. Phase transition temperatures (ß C) (upper line) and enthalpies (kJ molÕ 1 ) ( lower line) for the compounds 2, from DSC
measurements.

Heating
Cooling

n Cr1 Cr N I Temp. of crystallization Purity

2 E 45a E 66 E 190 E 30 Bb

3 E 76.5 E 248.7 E 65.5c � 32.7 99.6
10.45 1.46 7.15 1.67

4 E 49.1 E 239.4 E 21.1c � 12.5 99.6
22.57 1.67 5.43 7.10

5 E 38.4 E 55.5 E 2.37 E 49.6d � 98.5
12.5 10.45 1.46 9.99

6 E 42.2 E 223.1 E 26.2c � 20.0 98.4
26.33 1.3 7.1 16.3

7 E 54.9 E 217.8 E 52.0c � 23.5 99.3
33.86 1.67 12.96 15.0

a Compound contains a small percentage of cis-isomer; this temperature is the melting point of the eutectic mixture of cis- and
trans-isomers.

b B: cis- and trans-isomers are not separated by crystallization or during chromatographic analysis (capillary column HP; 5,
25 m lengths and 0.32 mm diameter), so the concentration of the cis-isomer is not known exactly.

c Unstable form.
d Transformation to the second polymorphic form after 3 h.

series exists in the vicinity of room temperature (� gure 1, the compounds was tested by gas chromatography—
(Hewlett-Packard 5890) with � ame ionization and mass[1, 2]). Since molecules of both series di� er only by

the presence of an additional cyclohexyl ring in series selective detector.
nCCHBT, it seems interesting to compare their dielectric
behaviour. 2.2. Phase transition temperatures and enthalpies

Because the clearing points of the nCCHBTs are rather The transition temperatures and enthalpies of the com-
high (� gure 1) our dielectric studies had to be limited pounds 2 were measured using a di� erential scanning
to the lower temperature range of N (below c. 120 ß C). calorimeter (DSC) SETARAM’92. The heating and cool-
In spite of this, some general observations can be made ing rate was 2 ß C minÕ 1 . The phases were identi� ed using
which seem to be applicable to the whole range of a polarizing optical microscope (Biolar-PZO) equipped
the phase. with a Linkam heating system.

2. Experimental
2.3. V iscosity studies2.1. Synthesis

A single compound of the nCCHBT series was dis-The preparative route for the CCHBTs is shown
solved (20 wt%) in a eutectic three component mixturein � gure 2. The bicyclohexylbenzene core was formed in
of nCHBTs (mixture A: propyl, hexyl and octyl membersstages a–d. The condensation of the Mannich salt with
in the weight ratio 40 : 42 : 18). Then the kinematicethyl 2-alkylacetoacetat e gave the cyclohexenone ring
viscosity was measured by the capillary method in the(step b), which was reduced � rst to the cyclohexanone
temperature range from Õ 20 ß C to 50 ß C.ring (step c) and then to the cyclohexane ring. These

procedures derive from our previous work [12]. The ratio
of trans- to cis-isomers is increased after acetylation (step c). 2.4. Dielectric studies

The measurements of the complex dielectric permittivity,Therefore it was not necessary to separate the trans-isomer
earlier than after step e. Pure 4-(trans-4-alkylcyclohexy l)- e*(n) = e ¾ (n) Õ e ² (n), were made in the frequency range n

from 0.1 kHz to 13 MHz using a HP 4192A impedanceacetophenone was separated by crystallization for mem-
bers with alkyl chains containing 3–7 carbon atoms, but analyser. A parallel-plate capacitor of geometric capacitance

C0 # 50 pF and having a distance between the electrodesnot for n = 2. Since the acetophenone with n = 2 contained
cis-isomer, the � nal product 2CCHBT was contaminated of 0.12 mm was calibrated with standard liquids. Due to

the presence in the nCCHBT molecule of two cyclohexylby it and this was not removable by crystallization. The
preparative procedures for stages e–g were the same rings having a negative magnetic susceptibility [13], the

accessible magnetic � eld (B = 0.8 T) was not enough toas those used for the CHBT series [2]. The purity of
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1819New series of three-ring isothiocyanates

3. Results
The phase transition temperatures and enthalpies of

the nCCHBT homologous series are listed in table 1,
and viscosity values for their 20 wt % solutions compared
in table 2. The members n = 2–7 have a purity higher
than 98 wt% except for n = 2 which is contaminated by
cis-isomer. Their melting points are lower than the cyano
or � uoro [14, 15] analogues and their clearing points
are a little higher than cyano analogues [14] (about
5–10 ß C). In contrast to the cyano and � uoro compounds,
no smectic phases are observed for any of the members
investigated. The astonishingly low melting enthalpy of
c. 10 kJ mol Õ 1 is observed for the propyl homologue
upon cooling, all the compounds crystallize to a meta-
stable solid, which then transforms to another, more
stable crystal form. Members with an even number of
carbon atoms in the alkyl chain show a greater tendency
to supercool than those with odd carbon chains. The
presence of an nCCHBT in mixture A strongly increases
its clearing point and its viscosity only a little, on
increasing n—see table 2. The nCCHBTs are, there-
fore, convenient components for mixtures requiring low
viscosity and a weak sensitivity to temperature. The
viscosity activation energy is about 30 kJ molÕ 1 , values
for the odd members being a little higher than for even
members.

Typical dispersion and absorption spectra observed
for the n = 7 members of both series studied are presented
in � gure 3. The striking feature of these plots is the
very large shift of the relaxation frequency nR = 1/(2pt)
corresponding to the maximum losses for the three-ring
compound with respect to the two-ring analogue, both
measured at similar temperatures. All spectra obtained
are well � tted by the Debye equation

e* Õ e
2

es Õ e
2

=
1

1 +ivt
(1)

where es and e
2

are the static and high frequency
permittivities, respectively, and t is the relaxation time.Figure 2. Route for the synthesis of members of homologous

series nCCHBT. Figures 4 and 5 present the static permittivity esd
versus

temperature for all the substances studied. The relaxation
times t

d
are shown in � gure 6 in the form of activation

achieve orientation saturation. This was possible for the plots. More than two orders of magnitude separate both
nCHBTs, however. Therefore, we oriented our samples groups of substances at comparable temperatures. The
by using a d.c. electric � eld for which saturation was points lie nicely on straight lines (except in the vicinity
observed for E values larger than c. 1500 V cm Õ 1 . The of the clearing temperatures in the case of the nCHBTs)
very high purity of the samples studied ensured that that can be described by the Arrhenius equation
the dielectric spectra were free from conductivity e� ects

t
d

= t0 exp (DH
d /RT ) (2)

down to 100 Hz. Only the parallel component of the
dielectric permittivity, e*

d
, was measured. All measure- where R is the gas constant. The values of the activation

enthalpy DH
d

calculated from the slopes of the lines arements were carried out step by step on decreasing the
temperature. In this way several samples could be super- presented in � gure 7. The odd–even alternation typical for

many properties of substances belonging to homologouscooled considerably. The temperature stabilization was
within Ô 0.2 ß C above c. 90 ß C and Ô 0.1 ß C below it. series can be seen.
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Table 2. Kinematic viscosity (mm2 s Õ 1 ) of mixtures containing 80 wt % of A and 20 wt % of nCCHBT at di� erent temperatures.

n

Temp/ß C A 2 3 4 5 6 7

50 6.3 5.3 5.7 5.7 6.1 6.0
40 8.9 8.0 6.8 7.2 7.1 7.6 7.4
30 9.9 10.5 9.4 9.8 9.7 10.2 10.0
20 13.1 15.0 13.5 14.1 13.8 14.3 14.3
10 19.0 23.4 21.4 22.2 21.8 22.3 22.2
0 30.3 40.7 37.5 38.4 37.6 38.4 38.2

Õ 10 55.3 80.7 75.2 76.2 73.9 75.2 74.7
Õ 20 118.4 188.9 179.1 176.6 170.6 172.0 —

a DHA /kJ molÕ 1 31 30.6 31.7 31.1 30.8 30.3 30.5

TNI/ ß C 41 63 76 74 74.7 73 75

a Calculated from the equation n = n0 exp(Õ DHA /RT ).

Figure 3. The dispersion (full points) and absorption (open Figure 4. Static permittivity esd
as a function of temperature

points) spectra measured for 7CCHBT and 7CHBT. for six members of the nCCHBT homologous series.

4. Discussion
permittivity is given byThe physical properties of the nematic phase depend

primarily on the actual value of the order parameter S. (e
d

Õ 1 )
It is well known that S changes rapidly at temperatures
close to the clearing point, whereas its value becomes = e Õ 1

0 NFhGaÅ +
2

3
DaS +F

m2

3kT
[1 Õ (1 Õ 3 cos2 b)S]Hpractically constant below c. TNI Õ 40 K [13, 16–18]. Our

studies of the nCCHBT substances are limited to temper-
(3)

atures markedly lower than this value (see � gure 1).
Therefore it seems interesting to verify whether properties where e0 is the free space permittivity, N is the number

density, F and h are the local � eld factors, aÅ and Da arederived from the experimental data are still sensitive to
temperature this far from TNI . the mean polarizability and the polarizability anisotropy

of the molecule, respectively, and the dipole moment m
makes an angle b with the major inertia axis of the4.1. Static permittivity

According to the Maier–Meier theory based upon the molecule. From � gure 5, one � nds a strong decrease
of the permittivity on approaching the clearing point inOnsager model of the local � eld adopted to the aniso-

tropic medium [19], the parallel component of the static the case of the CHBTs, and a moderate decrease with
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1821New series of three-ring isothiocyanates

Figure 5. Static permittivity esd
as a function of temperature

for two pairs of homologous from the nCCHBT and
nCHBT series.

Figure 7. Activation enthalpy DH
d

versus the number of
carbon atoms in the alkyl groups for the nCCHBT (full
points) and nCHBT (open points) homologous series. The
error bars are Ô 3 kJ molÕ 1 .

Figure 6. Activation plots for all substances studied. The
vertical dotted lines mark the clearing points.

temperature for the CCHBTs having TNI above 220 ß C.
It follows from equation (3) that in the former case
e
d
3 S(T )/T , whereas in the latter case this should rather

be limited to e
d
3 1/T in the light of the above remarks

concerning the S(T ) behaviour. The plots of esd
vs. T Figure 8. Static permittivity versus the number of carbon

atoms in the alkyl chain of the nCCHBT compounds atpresented in � gure 4 are roughly parallel to each other
two reduced temperatures Tr = T /TNI .and the permittivity value increases with shortening of

the alkyl chain, except for the shortest side chains. This
exception correlates with a large di� erence between systematic decrease in the permittivity with lengthening

of the molecules is clearly visible. A similar behaviourthe clearing temperature of 2CCHBT and the other
nCCHBTs (� gure 1, table 1). It is instructive to compare has already been observed for other homologous series

having distinctly narrower ranges of the nematic orthe permittivity values at the same relative distance from
TNI . Figure 8 shows a dependence of esd

on n at two smectic phases, as well as for the isotropic phase [9, 20].
This is attributed to a ‘solvation’ of the dipole momentreduced temperatures Tr = T /TNI : 0.75 and 0.70. A
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in the longer alkyl chains. The permittivity of the two-
ring compounds is markedly larger than that of the
three-ring analogues in spite of the very di� erent temper-
ature separation from the clearing points in both cases,
see � gure 5. This means that the e� ective dipole moments
responsible for the relaxation domain are considerably
larger for the shorter compounds. This can be explained
as resulting from the increased � exibility of the bicyclo-
hexyl molecule, making the molecule more bent.
Consequently, the inclination of the major inertia axis
of the molecule from the para-axis of the benzene ring
is larger, and the same applies to the angle b.

4.2. T he relaxation process
Debye-type dielectric spectra were observed every-

where in the temperature range studied for all substances.
This indicates that the molecular rotation around the
short axis, responsible for this process, is not accompanied
by any other relaxation processes over the whole range

of the nematic phase. The activation plots are straight
lines except in the close vicinity of the clearing point of
the nCHBTs, see � gure 6. Taking into consideration the
results of dielectric studies on other substances with a

Figure 9. Relaxation times versus the number of carbonbroad range of the nematic phase (e.g. [21, 22]) one
atoms in the alkyl chain of the nCCHBT series andcan suppose that a similar behaviour would be observed
nCHBT series (open symbols) taken at several reducedfor the nCCHBTs as well. We therefore extrapolated
temperatures Tr .the Arrhenius plots up to the clearing temperature.

Surprisingly, the relaxation times at TNI for the nCCHBT
compounds become visibly shorter than those obtained 5. Conclusions
for the two-ring analogues (see � gure 9; compare the The recently synthesized homologous series of
same symbols corresponding to the reduced temperature nCCHBTs exhibits very broad temperature ranges of
Tr = 1.00, 0.95 and 0.90 and note the logarithmic scale the nematic phase exceeding 200 K. The materials have
in the abscissa axis). Notably, the odd–even alternation low viscosity and low activation energy for this process,
of t

d
observed for the nCCHBTs becomes inverted at high purity and high thermal stability. For this reason

low temperatures with respect to the situation observed the substances are convenient components of mixtures
at TNI . for display technology. Dielectric studies have shown

The small curvature of the activation plots observed that the static permittivity of the three-ring compounds
for the nCHBT compounds close to TNI can be attributed (CCHBT) is considerably lower than that measured for
to a rapid change in the nematic potential q assumed to two-ring analogues (CHBT). In spite of the fact that
be proportional to the order parameter S [23–25]. It is measurements had to be made far from the clearing
commonly assumed [25–27] that the activation enthalpy point, the permittivity still seems to be sensitive to
DH

d
consists of two parts: DH

d
= Wg+q, where Wg the value of TNI due probably to its dependence on the

accounts for viscosity e� ects. It has been proved experi- order paramater S. The dielectric relaxation spectra e*
d

mentally [9, 24, 28] that q3 S, so its value increases (n) of the CCHBTs are of the Debye-type, even 200 K
when the temperature is lowered. Because DH

d
= below the clearing point. The relaxation time t

d
shows

constant, this means that Wg is a decreasing function odd–even alternation at the clearing point as well as
of temperature! This physically doubtful conclusion close to the freezing point, although it becomes inverted.
indicates a necessity for revision of the above model to Astonishingly the activation enthalpies for the same
take account of other factors determining the activation members of both homologous series are practically the
barrier hindering molecular rotations around the short same. It is argued that models assuming that the acti-
axes. This is additionally clear on considering the fact vation enthalpy consists simply of viscosity and nematic
that the two- and three-ring compounds have the same potential parts should be revised in the light of the

results obtained.activation enthalpies (� gure 7).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1823New series of three-ring isothiocyanates

[12] Sasnowski, G., Bezborodov, V., Da¶browski, R., andFinancial support from the Polish Government (K.B.N.)
Dziaduszek, J., 1997, Mol. Cryst. liq. Cryst., 303, 313.grant No 2 P03B 059 13 is gratefully acknowledged.

[13] Buka, A., and de Jeu, W. H., 1982, J. Physique , 43, 361.
[14] Kojima, T., Tsuji, M., and Sugimori, S., 1982, DE-OS

3.223.637.
[15] Sugimori, S., Kojima, T., and Tsuji, M., 1981, DE-OSReferences

3.139.130.
[1] Da¶browski, R., Dziaduszek, J., and SzczucinÁ ski, T., [16] Urban, S., Gestblom, B., Brückert, T., and

1984, Mol. Cryst. liq. Cryst. L ett., 102, 155. Würflinger, A., 1995, Z. Naturforsch, 50a, 984.
[2] Da¶browski, R., Dziaduszek, J., and SzczucinÁ ski, T., [17] Emsley, J. W., Luckhurst, G. R., and Sachdev, H. S.,

1985, Mol. Cryst. liq. Cryst., 124, 241. 1989, L iq. Cryst., 5, 953.
[3] Da¶browski, R., 1990, Mol. Cryst. liq. Cryst., 191, 17. [18] Demus, D., and Inukai, T., 1999, Mol. Cryst. liq. Cryst.,
[4] Da¶browski, R., Dziaduszek, J., DrzewinÁ ski, W., 331, 2165.

CzuprynÁ ski, K., and Raszewski, Z., 1990, Mol. Cryst. [19] Maier, W., and Meier, G., 1961, Z. Naturforsch, 16a,
262, 470.liq. Cryst., 191, 171.

[20] Urban, S., Gestblom, B., and Würflinger, A., 1999,[5] Baran, J. W., Raszewski, Z., Da¶browski, R.,
Mol. Cryst. liq. Cryst., 331, 1973.Ke¶dzierski, J., and Rutkowska, J., 1985, Mol. Cryst.

[21] Urban, S., Novotna, E., Kresse, H., andliq. Cryst., 123, 237.
Da¶browski, R., 1995, Mol. Cryst. liq. Cryst., 262, 257.[6] Jadz¬yn, J., Parneix, J. P., Legrand, C., Njeumo, R.,

[22] Urban, S., Kresse, H., and Da¶browski, R., 1997,and Da¶browski, R., 1987, Acta Phys. Polon., A71, 53.
Z. Naturforsch, 52a, 403.[7] Urban, S., and Würflinger, A., 1992, L iq. Cryst.,

[23] Maier, W., and Saupe, A., 1959, Z. Naturforsch, 14a,12, 931.
982; Maier, W., and Saupe, A., 1960, Z. Naturforsch.,

[8] Da¶browski, R., CzuprynÁ ski, K., Przedmojski, J.,
15a, 287.

Baran, J., Jadz¬yn, J., and Czechowski, G., 1994, Mol. [24] Urban, S., and Würflinger, A., 1997, Adv. Chem. Phys.,
Cryst. liq. Cryst., 249, 51. 98, 143.

[9] Urban, S., Gestblom, B., and Da¶browski, R., 1998, [25] De Jeu, W. H., 1980, Physical Properties of L iquid-
L iq. Cryst., 24, 681. Crystalline Materials (Gordon and Breach), Chap. 5.

[10] Schadt, M., Buchecker, R., Villiger, A., [26] Schadt, M., 1972, J. chem. Phys., 56, 1494.
Leenhouts, F., and Fromm, J., 1986, IEEE T rans. [27] Ratna, B. R., and Shashidar, R., 1977, Mol. Cryst. liq.
Electron. Devices, 33, 1187. Cryst., 42, 185.

[11] Buchecker, R., and Schadt, M., 1987, Mol. Cryst. liq. [28] Emsley, J. W., Luckhurst, G. R., and Timimi, B. A.,
1987, J. Physique , 48, 473.Cryst., 149, 359.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


