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Mesomorphic and dielectric properties of fluorosubstituted isothiocyanates with different bridging
groups

Joanna Czuba*, Roman Dąbrowskib, Jerzy Dziaduszekb and Stanisław Urbana

aInstitute of Physics, Jagiellonian University, Reymonta 4, 30-059 Krakow, Poland; bInstitute of Chemistry, Military University

of Technology, Kaliskiego 2, 00-908 Warsaw, Poland

(Received 13 March 2009; final form 12 May 2009)

Results of the phase transition and the static and dynamic dielectric investigations of several new liquid crystalline
compounds, consisting of three phenyl rings with the alkyl and isothiocyanato terminals, fluoro lateral substitu-
ents, and different bridging groups, are presented. These compounds form the nematic phase accompanied in some
cases by a smectic phase. The dielectric parameters are analysed in relation to the dipole structures of the molecules.
In the nematic phase some compounds with a bridging carboxylic group exhibit the crossover of the principal
permittivity components within the megahertz frequency range.
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1. Introduction

Dielectric studies of liquid crystals (LCs) yield

important information on molecular reorientations

and their interactions in mesophases. Knowledge of

the dielectric properties of LCs is also important for

technical reasons, due to their application in electro-

optical display devices. The aim of the present work
was to analyse the influence of different substituents

and bridging groups on the dielectric properties of

selected isothiocyanates. The chemical structures of

the compounds studied are shown in Table 1. Most

of the investigated compounds are enantiotropic

nematogens in a broad temperature range, except

compounds 4 and 9. The former exhibits the mono-

tropic nematic (N) phase appearing in a narrow
temperature range during cooling, whereas the latter

does not exhibit a LC phase. The common features

of dielectrically studied substances are three phenyl

rings and the same terminal groups (-C4H9 and

-NCS). However, due to various bridging groups

(CH2CH2 and/or COO) and fluorine atom(s) at

different lateral positions, their dipole structures

are differentiated. All of them possess strong long-
itudinal and moderate transverse dipole compo-

nents. This should be reflected in the dielectric

properties of the N phase observed at low

frequencies (a static case), as well as at high fre-

quencies (a dynamical case). One of the aims of the

work was to find a relation between molecular

structure and crossover frequencies. The high bire-

fringence compounds changing the sign of dielectric

anisotropy are especially interesting, because they
enable one to accelerate the LC dynamics (1–4). In

addition, the dielectric properties of LC materials in

the high frequency region are now becoming objects

of increasing interest (5).

2. Experimental

All substances were synthesised in the Institute of

Chemistry, Military University of Technology,

Warsaw. The preparation of compound 1 is described

in (4), compounds 2 and 3 in (6) and the synthetic
routes to compounds 4–9 are shown in Scheme 1.

At the first stage nitroesters (see Scheme 1) were

synthesised from commercial 4-nitrophenol or

3-fluoro-4-nitrophenol (Aldrich) and 4-(4-alkylpheny-

lethyl-2)-2-fluorobenzoic acids or 4-(4-alkylpheny-

lethyl-2)-3-benzoic acids according to the multistage

procedure presented in Schemes 2 and 3, respectively.

The 4-(4-alkylphenylethyl-2)-2,3-difluorobenzoic acids
were prepared similarly to the 4-(4-ethylphenylethyl-2)-

2-difluorobenzoic acids (Scheme 3), but with the differ-

ence that 2,3-difluorotoluene was the first substrate and

C4H9Li was used for litation in the last stage. Then,

nitroesters were reduced to aminoesters by hydrogen in

the presence of a palladium catalyst on carbon and the

aminoesters were treated with thiophosgene. The pre-

paration conditions of all these synthetic steps were the
same as described in (7).

The phase transition temperatures (onset point)

and melting enthalpies were measured with a
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Table 1. Chemical structures, phase transition temperatures and melting enthalpy (from differential
scanning calorimetry measurements, onset point, �C and kJ mol-1, respectively) of the compounds studied.

Acronym Chemical structure

1

H9C4 COO

F F F

NCS

Cr 71.6 SmA 158.5 N 195.7 I [4]

2

H9C4 CH2CH2

F

NCS

Cr 57.7 N 111.8 I; �H=24.4 [6]

3

H9C4 CH2CH2 NCS

F

Cr140.9 Cr2 46.4 N 85.2 I [5]; �H1=14.4; �H2=7.95 [6]

4

CH2CH2 COO

F

NCSH2n+1Cn

n=3 Cr 119.5 N 126 I; �H=29.9 n=4 Cr 120.3 (N 116.3) I, �H=33.4

5

CH2CH2 COO

F

NCS

F

H2n+1Cn

n=3 Cr 85.1 N 115.3 I; �H=35.7 n=4 Cr1 52.9 Cr2 73.6 N 104.7 I; �H1=10.2; �H2=22.9

6

CH2CH2 COO

F

NCSH2n+1Cn

n=3 Cr 115.0 N 122.1 I; �H=39.5 n=4 Cr 95.4 N 112.5 I; �H=28.9

7

CH2CH2 COO

F

NCS

F

H2n+1Cn

n=3 Cr 63 N 111.7 I; �H=31.5 n=4 Cr 56.9 N 101.3 I; �H=31.9

8

CH2CH2 COO

F F

NCS

F

H2n+1Cn

n=4 Cr 91.9 N 102 I; �H=28.9

9

CH2CH2 COO

F F

NCSH2n+1Cn

n=4 Cr 132.2 I; �H=38.7
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SETARAM DSC141 microcalorimeter during the

heating cycle, with a heating rate of 2 degrees/min.

The LC phases were identified by observation of

their specific patterns under a polarising microscope

OLYMPUS BX51 equipped with a heating stage

LINKAM THMS600.

The dielectric relaxation spectra, "*(f) = "’(f) -
i"’’(f), were recorded with the aid of an impedance
analyser HP 4192A in the frequency range 1 kHz–

30 MHz. A parallel plate capacitor was used (Co ,
50 pF). The thickness of the samples was 0.7 mm

and the samples in the N phase were oriented by a

magnetic field of 0.8 T. Two experimental geome-

tries were applied, E || B and E \ B, enabling the

measurement of the "|| and "\ permittivity tensor

components, respectively. The temperature was sta-
bilised within �0.1 K in the range 20–90�C and

�0.2 K in the range 90–160�C. In the isotropic

phase a time domain spectrometer (TDS) was

employed to cover the frequency range from 10

MHz to 3 GHz (8). All measurements were carried

out with decreasing temperature, which caused

supercooling of the LC phases. In compounds 5

and 6, a monotropic phase (B or E) was
observed during dielectric measurement at room

temperature.

3. Results and discussion

Figure 1 presents comparisons of the tensor per-

mittivity components, "|| and "\, obtained for the

butyl compounds studied. The use of the shifted

Scheme 1. Synthetic route to fluorinated ester of series 4–7.
Compound 4 X1 = H; X2 = F; X3 = H, compound 5 X1 = H;
X2 = F; X3 = F, compound 6 X1 = F; X2 = H; X3 = H,
compound 7 X1 = F; X2 = H; X3 = F.

Scheme 2. Synthetic route of 4-(4-alkyl-phenylethyl-2)-3-
fluorobenzoic acids n = 3 or 4.
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temperature scale, TNI – T, clearly shows a large

scatter of the permittivity values taken at the same

distance to the clearing point. Some parameters

characte.rising the dielectric properties of com-

pounds under study are presented in Table 2. At

low frequencies all compounds have positive dielec-

tric anisotropy, �" = "|| - "\ . 0. However, due to

a pronounced dispersion of the parallel component
of the permittivity "’||(f) occurring at MHz frequen-

cies while the perpendicular component is almost

constant over those frequencies, the anisotropy

changes its sign in some cases: in the high fre-

quency region "|| becomes equals to "\ or lower.

The occurrence of the crossover effect basically
depends on the value of the perpendicular compo-

nent of the dipole moment. If only one F atom is

attached at a lateral position (compounds 2 and 3),

the perpendicular permittivity is close to the high

frequency permittivity "1|| (Figures 2(a) and (b)), the

carbonyl COO bridging group slightly enlarges the

"\ values and the crossover effect occurs (compound

6, Figure 2(e)). Certainly, the compounds having
two F atoms and the COO bridging group are more

effective in that respect – see Figures 2(c) and (d).

The values of the crossover frequency fco are given

in Table 2. They are higher than those observed for

cyanoesters (3). Figure 3 shows that fco strongly

depends on the temperature.

Figure 4 shows the structures of the molecules 5

and 6 simulated with the aid of HyperChemTM

Release 7.51 and CS Chem3D Pro with CS

MOPAC ProTM, based on the semi-empirical AM1

method (9). This software enabled us to calculate

the dipole moment components (gathered in Table 2)

in order to determine the principal inertia

moments axes (marked as 1, 2, 3 in Figure 4) and

to estimate the angle �cal between the net dipole

moment and the long molecular axis (the 1-axis),
as well as the angle �chem between the net dipole

moment and the x-axis, defined as the para-axis of

the middle phenyl ring. As one can see from

Figure 4, the para-axis differs from the 1-axis by

the angle ��.

Figure 1. Tensor permittivity components for all substances
studied versus shifted temperature.

Scheme 3. Synthetic route of 4-(4-alkylphenylethyl-2)-2-
benzoic acid.
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In Table 2, the calculated dipole moment � for

particular substances, together with the angle �cal

formed by the dipole moment with the long molecu-

lar axis, are listed. The angle � can also be estimated

on the basis of the relaxation spectra in the isotropic

phase. Figure 5 shows the TDS spectra collected for

two substances in the form of Cole–Cole plots.

Superposition of two Debye-type processes,

Table 2. Quantities determined from the analyses of the results of dielectric measurements: "Is – the isotropic phase close to
TNI; �" = "|| - "\ taken close to the melting point; � – dipole moment calculated as explained in the text; �Ons, �cal – angles
formed by the dipole moment with the long molecular axis; �Hl.f. – activation enthalpy for the low frequency relaxation process
in LC phases; fco – the crossover frequency at T , Tmelting; �"hf – dielectric anisotropy at high frequency.

Substance �[D] �cal [�] �Ons [�] "I "|| "\ �" �Hl.f. [kJ mol-1] fco [MHz] �"hf

1 6.38 41.4 – – – – – 88 (SA) – –

2 3.25 25.2 26.1 7.10 16.54 4.73 11.81 53 – –

3 1.84 32.3 31.0 4.75 8.39 3.74 4,65 55 (N), 69 (Sm) – –

4 5.53 24.1 – 9.39 – – – – – –

5 6.38 29.5 25.3 10.86 25.22 7.85 17.37 67 2.86 -2.05

6 3.94 32.0 – 6.26 9.86 4.78 5.08 71.5 5.6 -0.83

7 4.86 36.2 31.9 8.60 17.54 6.85 10.89 62 0.77 -1.68

Figure 2. Dispersion spectra collected for compounds 2 and 3 having one F atom without carboxylic group (a), (b), for
compounds 5 and 7 having two F atoms and a carboxylic rigid group (c), (d), and compound 6 having one F atom and a
carboxylic group giving raise of components �l and �t of the dipole moment (e). (Small dispersion observed for "\(f), in
particular for 5 and 7, is connected with the lf relaxation process, because of the order parameter S , 1.)
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" � ð!Þ ¼ "¢� i"† ¼ "s1 � "11

1þ i!�1

þ "s2 � "12

1þ i!�2

; ð1Þ

can be fitted to the points that give the "s and "1
values for particular processes ("s and "1 stand for the

static and high frequency permittivities, respectively).

By applying the Onsager equation (10),

ð"s � "1Þð2"s þ "1Þ
"sð"1 þ 2Þ2

¼ N0

3"0

�2

3kT
; ð2Þ

separately to the low frequency increment, "s - "1,

governed by the longitudinal component �l, and to the

high frequency increment, governed by the transverse

component �t, one can calculate the angle �Ons =

tan-1(�t/�l). The obtained �Ons values are in reason-

able agreement with the �cal ones.

In the N phase, the low frequency relaxation
process connected with the molecular rotations

about the short axis dominate the spectra for the

parallel oriented samples – see Figure 6(a); the same

concerns the smectic A phase of 1 – see Figure 6(b).

In the monotropic smectic phase observed at low

temperatures of 3, the spectra exhibit a small incre-

ment, "s - "1, and a distribution of the relaxation

times (the centre of the semicircle is lowered with
respect to the "’ axis). The substance in this phase

had a consistency typical for crystal-like phases B or

E (for example, large plasticity) and remained stable

for 24 h at room temperature. After heating, the

substance transformed to the N phase. Figure 7

presents the Arrhenius plots for the relaxation

times determined for all LC phases. In the reduced

scale (1/T – 1/TNI), all values of � are fairly close.
The calculated activation enthalpy values, �H|| =

R@ln� /@(T-1), where R is the gas constant, are listed

in Table 2. In spite of the elongated molecular

cores, which consisted of three rings with bridging

groups, the barriers hindering this voluminous

motion seem to be relatively low. Taking into

account the very small dielectric increment in the

smectic phase of 3, "s - "1 , 0.1, and the relatively

Figure 3. Temperature dependence of the crossover
frequency for the N phase of 5. The log fco versus 1/T plot
shows the exponential form of the dependence.

Figure 5. Cole–Cole plots for compounds 2 and 5 in the isotropic phase. The semicircles correspond to two relaxation processes
connected with the molecular reorientations about the principal inertia axes. The rotations around the short axes are hindered
by the barrier of ca. 37 kJ mol-1, whereas the rotations around the long axes are hindered by ca. 17 kJ mol-1.

Figure 4. (Colour online). The structure of the 5 (left) and 6 (right) molecules obtained with the aid of the HyperChemTM

Release 7.51 program. The inertia moment axes are marked by 1, 2 and 3. p is the para-axis of the middle phenyl ring.
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short relaxation time at low temperatures (,1.6 �s),

one can suppose that the observed relaxation pro-

cess is connected with the molecular rotations

around the long axis rather than above the short

axis. In the isotropic phase of 5, the activation

barrier for the low frequency relaxation process is

equal to 35 kJ mol-1, the value typical for many
other LC substances (see, for example, (11, 12)).

It is interesting to compare the dielectric para-

meters of substances that differ by alkyl chain

length. Figure 8 presents the permittivity values for

the propyl and butyl members of three homologous

series (results for substances with the propyl and

NCS terminals will be published separately (13)).

Systematically, the "|| component is larger for the
shorter member, whereas the calculated dipole

moments are practically equal. This feature can be

attributed to the odd–even effect originated from

the variation with n of the order parameter and is

pronounced for short members of a homologous

series (14). According to the Maier and Meier equa-

tions (15), the dielectric anisotropy is proportional

to the order parameter divided by temperature:
�" , S(T)/T (other factors are only slightly depen-

dent upon T). It has been shown that the S-values

obtained in this way agree well with those deter-

mined by the nuclear magnetic resonance (NMR)

and optical anisotropy methods (16, 17). The order

parameters calculated in this way are presented in

Figure 9.

Figure 10 shows that the low frequency relaxation
times and the activation barrier that hinder the flip-

flop molecular motions are not sensitive to the change

of the alkyl tail length.

4. Conclusions

The substances consisting of three phenyl rings,

having the same terminal substituents but different

bridging groups and lateral substituents, allowed us

to search for the relationships between the structure

of molecules and phase transition and the dielectric
(static and dynamic) properties of compounds in LC

phases. The presence of a fluorosubstituted ethane

(CH2CH2) bridge in molecules of the investigated

compounds involves stronger decrease of the melt-

ing points than clearing points (compounds 2 and 3)

and, therefore, the N phase is observed in a large

range and also in a supercooled state down to room

temperature.
This is not fulfilled in the case of compounds hav-

ing simultaneously –CH2CH2– and –COO bridges, in

particular for mono- and difluorosubstituted com-

pounds in the central ring (compounds 6, 8 and 9).

Figure 7. Arrhenius plots for the low frequency relaxation
time in the N phase of five substances. On the abscissa axis
the scale reduced to the clearing point is used.

Figure 6. Examples of the Cole–Cole plots for the low
frequency relaxation process in LC phases of three compounds.
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This is an unexpected result, because usually com-

pounds fluorosubstituted in the central ring have the
lowest melting points. The presence of the polar COO

group and the flexible CH2CH2 bridge probably lead

to stronger packing of molecules in the solid phase,

which is confirmed by high melting enthalpy, as well as

high melting points. It was shown that nematogens

with one or two F atoms at the lateral positions,

combined with the carboxyl bridging group, lead to

the appearance of a crossover in the frequency depen-
dence of the dielectric anisotropy.
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