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CHAPTER 4

INFLUENCE OF MOLECULAR STRUCTURE, FLUORINATION AND
CHAIN LENGTH ON THE DIELECTRIC PROPERTIES OF
NEMATOGENIC BI-CYCLOHEXYL PHENYL DERIVATIVES

Part of the work has been published in Liquid Crystals., Vol. 40: No. 5: pp. 689—698, 2013.
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4.1 INTRODUCTION

Liquid crystal materials have many unique physical, optical and electro-optical properties
and have received much attention in case of display applications and nematic liquid crystals are
the most valuable in this regard. Nematic liquid crystals (NLCs) consist of anisotropic molecules
that tend to align in a common local direction called the director which results in possessing
several anisotropic properties like viscosity, elasticity, birefringence, dielectric permittivity, etc.
In addition to this, NLCs have long-range orientational order, which gives rise to many
properties important for LC displays [1-5]. Partially fluorinated phenyl-bicyclohexyl and
biphenyl-cyclohexyl compounds are wide-range nematic materials characterised by low viscosity
and high chemical stability, large dielectric anisotropy, low optical anisotropy and very good
voltage holding ratio and they exhibit mesomorphism at ambient temperatures and have high
bulk resistivity and low current consumption. These materials are, therefore, expected to be
useful in making active matrix displays (AMDSs) such as TFT (thin-film transistor) and MIM
(metal-insulator—metal) systems [6-9]. These materials are also found to be useful in large
information content display technology as well as for photonic applications [7-17]. Various
physical properties of the compounds of this series have been investigated by many authors
employing different experimental techniques like phase transitions and thermal properties [6,
18], optical birefringence [19], order parameter [12], viscosity [20], spectroscopic [21],
dielectric, and elastic properties [14,22,23].

In this chapter dielectric behavior of six fluorinated bicyclohexyl compounds have been
described which were studied in our laboratory by X-ray diffraction and optical birefringence
methods [24,25].

Dielectric studies of liquid crystals have proven to be very useful as a source of
information about specific intermolecular interactions, molecular associations, molecular
dynamics and relaxation mechanisms, also important in the development of electro-optic devices
[26-28]. The study of temperature dependence of the permittivity is also of considerable practical
importance. The threshold voltage (V) and other operational parameters of liquid crystal display
devices depend on the anisotropy of the permittivity (Ag) [29] and the multiplexity of matrix
displays may be limited by the temperature dependence of the permittivity. Due to frequency
dependence of Ag, Vi varies with frequency and causes the unfavorable problems on the display

quality like lowered contrast, cross talk, etc. Understanding the factors that determine the
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dielectric behaviour of liquid crystals will supplement the development of new materials with
better display properties. So, the dielectric permittivities of liquid crystals have extensively been
studied. Moreover, subject to an ac field, two non-collective molecular mode dielectric
relaxations are observed in non-chiral low-molecular mass nematic liquid crystals. One is
associated with rotation of the molecules around its short axis and the other occurs when the
molecule rotates around its long axis. Other than positional ordering, reorientations of entire
molecules around their short and long axes are one of the features that distinguish the liquid
crystalline state from crystalline phase where these reorientations as well as intramolecular
reorientations are usually frozen, and vibration of atoms about their equilibrium positions still
persist. Therefore, information about the nature of molecular dynamics is possible to obtain from
frequency and temperature dependent dielectric spectroscopic study [30—34].

Results of crystal structure analysis of one of the compounds (5ccp-fff) have also been
reported and an attempt has been made to find the effect of the molecular geometry and packing
in the crystalline state on its phase behavior and different physical properties [35]. Crystal and
molecular structures of related compounds 3ccp-ff and 3ccp-fff were reported from our
laboratory before [36,37].

The compound 5ccp-fff is obtained by the introduction of one ethyl group to the chain of
the compound 3ccp-fff and one ethyl group to the chain and one fluorine atom to the phenyl ring
of 3ccp-ff. It is observed that transformation of 3ccp-fff to 5ccp-fff leads to the substantial
increase of melting point and decrease of the nematogenic range [3ccp-fff: Cr 66.0 N 94.1 | and
5cep-fff: Cr 88.0 N 102.4 1], and in case of transformation of 3ccp-ff to 5cep-fff, change in the
above thermal behaviour is more drastic [3ccp-ff: Cr 46.0 N 123.8 I]. In order to investigate how
the molecular structure and packing of the three compounds differ in the crystalline state and
their effect on observed phase behaviour, we have determined the crystal structure of 5Sccp-fff.
An excellent review on crystal structures of many liquid crystal compounds and their effect on

mesogenic behaviour can be found in [38].

4.2 COMPOUNDS STUDIED

Molecular structures of the investigated fluorinated bicyclohexyl compounds along with

their abbreviated names and transition temperatures (in °C) are given in the Table 4.1. In the



Table 4.1: Molecular structures and transition temperatures of the studied compounds

Name

Molecular structure with transition temperature

4-propyl-4'-(4-fluorophenyl)
bicyclohexane (3ccp-f)

Cr 90.0 (71.0) N 158.0 |

4-propyl-4'-( 3, 4- difluoro-
phenyl)bicyclohexane (3ccp-ff)

|:

Cr 45.6 N 123.8 |

4-propyl-4’-(3,4, 5- trifluoro-
phenyl)bicyclohexane (3ccp-fff)

l:
|:

Cr 64.7 N 93.7 |

4-pentyl-4'-(4-fluorophenyl)
bicyclohexane (5ccp-f)

Cr 68.0SmB 75.0 N 157.0 |

4-pentyl-4'-( 3, 4- difluoro-
phenyl) bicyclohexane (5ccp-ff)

':

Cr 47.0(26.8) N125.2 |

4- pentyl - 4'-(3,4,5-trifluoro-
phenylbicyclohexane (5ccp-fff)

CsHi11 F

Cr 87.3N 101.2 |

148
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abbreviated names the number at the beginning denotes the number of carbon atoms present in
the alkyl chain, ‘c’ and ‘p’ represent respectively the cyclohexyl and phenyl ring in the core, f(s)
denote the number of fluorine atoms in the terminal phenyl ring. All the investigated compounds
exhibit nematic phase over a considerable temperature range, although the compound 5ccp-f
shows, in addition, SmB phase within small temperature range, however, no studies have been

made in that phase.

Table 4.2: Phase transition temperatures (°C) of 3ccp-ff, 3ccp-fff and related compounds

Compound Phase sequence
3cep Cr76 SmB 97 N 103 |
3cep-F Cr88.6 N 158.5 1
3cep-Cl Cr75.1Sm 79 N 192 |
3ccp-I Cr 119 Sm 139.2 N 189.2 |
3ccp-CN Cr73.1Sm81.1 N 23891
3ccp-ff Cr45.6 N 12381
3cep-fff Cr64.7N93.7 1
3cep - OCF3 Cr38.0Sm 69.0 N 154 |
Scep - CsHy Cr48.6 Sm 181 |
Scpp - CzHz Cr29Sm 160 N 170 |

It is observed from the literature [9,39,40] that unsubstituted 4-phenyl-4-propyl-
bicyclohexyl (3ccp) and para-substituted 3ccp, i.e. 3ccp-Cl, 3ccp-1 and 3ccp-CN or para-
substituted 5ccp-CsH7 and 5cpp-CszH- exhibit both smectic and nematic phases, whereas mono-,
di- and tri-substituted 3ccp exhibit only a nematic phase (Table 4.2). However, 3ccp-ff does not

show mesogenity at all [39].
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4.3 EXPERIMENTAL DETAILS

The phase behavior of the fluorinated bicyclohexyl compounds was studied using an
optical polarizing microscope. Crystal and molecular structure was determined by direct
methods. Static and frequency dependent dielectric properties was studied using computer
controlled impedance analyzers HIOKI 3532-50 (50 Hz — 5 MHz) and HP 4192A (100 Hz -13
MHZz). The elastic constants were measured by the Freédericksz transition technique [29]. The
dipole-dipole correlation factor (g.) was determined following Bata and Buka [41]. Details of all

the procedures have been described in chapter 2.
4.3.1 Structure Determination and Refinement

Crystal structure of only 5ccp-fff was determined as mentioned in the introduction.
Crystals suitable for structure determination by X-rays were obtained from a mixture of
dichloromethane and methyl alcohol by slow evaporation technique at room temperature.
Transparent plate-shaped crystal (approximately 0.40 x 0.25 x 0.20 mm?3) was used for data
collection on an CAD-4 diffractometer (Enraf-Nonius B.V., Rotterdam, The Netherlands) with
graphite-monochromated CuKa radiation and -26 scan. A total of 4112 unique reflections were
measured within the range -6 <h <6, 0 <k 53, 0 <I <11. Of these, 2528 were above the
significance level of 2.5 o(lobs) and were treated as observed. The range of (sin 0)/A was 0.044-
0.626A (3.9 < 0 <74.7°). Two reference reflections [(0 8 1), (1 2 1)] were measured hourly and
showed no decrease during the 60-h collection time. Unit-cell parameters were refined by a least-
squares fitting procedure using 23 reflections with 40.05 < 6< 42.49°. Corrections for Lorentz
and polarisation effects were applied. The structure was solved by the direct method program
package CRUNCH [42]. Positions of the hydrogen atoms were calculated. Full-matrix least-
squares refinement on F, anisotropic for the non-hydrogen atoms and isotropic for the hydrogen
atoms, keeping the latter fixed at their calculated positions with an atomic displacement
parameter (ADP) of U=0.15A2, converged to R=0.095, Rw = 0.093, (A/o)max=0.01, S=1.0. A
weighting scheme W = [2.5 + 0.01*{c(Fobs)}? + 0.001/{c(Fobs)}]* was used. A final
difference Fourier map revealed a residual electron density between —0.38 and 0.37 eA.
Scattering factors were taken from Cromer and Mann and International Tables for X-ray

Crystallography [43,44]. The anomalous scattering of F was taken into account [45]. All
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calculations were performed with XTAL [46], unless stated otherwise. Supplementary tables and
molecular picture were made with PLATON [47]. Important crystallographic data and
refinement parameters are given in Table 4.3. The crystal structure has been deposited at the
Cambridge Crystallographic Data Centre and allocated the deposition number CCDC 836063.

4.4 RESULTS AND DISCUSSIONS

4.4.1 Optimized Geometry Using Molecular Mechanics

To elucidate the structure of the investigated compounds, their optimized geometry was
calculated using PM3 molecular mechanics method in Hyperchem software package [48].
Optimized lengths of the molecules, dipole moments and the corresponding moments of inertia
values (along the three principal moments of inertia axes) are shown in the Table 4.4. It is
observed that the dipole moment of the molecules increases as one move from f to ff to fff
systems of a particular series, however increment is more in f to ff derivatives than in ff to fff
derivatives. However no change in dipole moment is observed when the number of carbon atom
in the chain increases. Such behavior has been reported before in NnCHBT and nCB series [49-
51], as discussed in chapter 3. Previously reported theoretical values for 3ccp-ff are 3.32D [7]
and 3.2D [14]. Thus the value obtained from our calculation (3.21 D) agrees with that reported
by Klasen et al. [14]. Molecular conformation in optimized geometry has been compared with

that obtained from crystal structure analysis in the next section.
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Table 4.3: Important Crystallographic data

Formula

Formula Weight

T(K)

Radiation, A (CuKq)

Crystal System
Space group

N o oo

Dcal
F(000)
Crystal Size

Independent reflections
No. of observed reflections
Refinement method

R (Observed reflection)
Rw (Observed reflection)

CasHassF3

366.49g/mol

293(2)

1.54180 A

monoclinic

P21/n

4.9860(9)A

42.875(5) A

9.623(3) A

92.08(2)°

2055.8(8)A3

4

1.184g/cc

792

0.4 0x 0.25x 0.20 mm?
4112

2528 [1>2.56(1)]
full-matrix least-squares on F
0.095

0.093

Table 4.4: Optimized length, dipole moment and moment of inertia of the investigated

compounds

Moment of Inertia (x10~%6 Kg m?)

Compound Optimized Dipole Moment
Length (A) (Debye) Ixx Ivy Izz
3ccep-f 17.01 1.93 383.40 7024.29 7106.98
3ccp-ff 17.02 3.21 440.27 7298.36 7954.52
3ccp-fff 17.02 3.72 580.69 8457.54 8573.88
5cep-f 19.38 1.93 426.42 9503.92 9568.43
5ccp-ff 19.38 3.12 519.99 10342.2 10477.9
5ccp-fff 19.46 3.77 675.42 11574.4 11678.6
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4.4.2 Three-Dimensional Crystal Structure Determination

Figure 4.1 represents the molecular structure and the atom numbering schemes of non-
hydrogen atoms. Final positional coordinates with equivalent isotropic thermal parameters,
anisotropic thermal parameters, bond lengths and bond angles of the non-hydrogen atoms are
listed in Tables 4.5 — 4.9. The average aromatic bond length and bond angle of the phenyl ring
are found to be 1.368 (9) A and 120.0 (6)°, consistent with corresponding values in 3ccp-ff and
3cep-fff which are 1.377 (6) A and 120.0 (4)° and 1.368(6) A and 120.0 (4)° respectively. These
values are also in agreement with the geometry of the other phenyl moieties reported in literature
[52-54]. The cyclohexyl groups are in chair conformation as was observed in 3ccpff, 3ccp-fff
and other mesogenic molecules [55-57]. The alkyl chain is in all-trans conformation with mean
bond distance of 1.509(9) A and bond angle 114.7(6)° as found in other mesogenic compounds
[58-60]. These values are in good agreement with the corresponding values in 3ccp-ff and 3ccp-
fff 1.519(8) A and 113.7(5)°, and 1.520(6) A and 111.6 (4)°. Bond lengths of C1-F1, C2-F2 and
C6-F3 are found to be 1.378(7)A, 1.361(8) A and 1.352(8) A close to the values observed in
3cep-ff [1.351(4) A, 1.353(5) A] and in 3ccp-fff [1.344(5) A, 1.354(4) A and 1.354(5) A] and in
other fluorophenyl compounds 1.347(3) A in reference [61] and 1.363(4) A in reference [62].
Thus it may be inferred that the bond lengths and angles of 5ccp-fff is similar to 3ccp-ff and

3ccp-fff and to other mesogenic molecules.

F1

Figure 4.1: A perspective view of 5ccp-fff molecule with atom numbering scheme. Meaning of

figures I-1V has been discussed in the text

Geometry of the 5cep-fff molecule may be described in terms of four planes of the phenyl
ring (1), the two cyclohexyl rings (11 and I11) and the plane of the alkyl chain (1V), as shown in
Figure 4.1. The phenyl ring is highly planar and the three fluorine atoms are almost in the same
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plane. Almost similar phenyl ring geometry was observed in 3ccp-ff and 3ccp-fff. The dihedral
angles between the planes (I and I1), (1 and I11), (I and V), (Il and 111), (11 and 1V) and (111 and
IV) are 47.2°, 68.7°, 91.7°, 22.5% 44.7° and 23.0° respectively. The corresponding angles are
83.2°%, 83.4% 51.3° 0.8° 35.9° and 36.4° in 3ccp-fff and, 122.1°, 123.5°, 8.8°, 3.4° 127.8° and
128.7° in 3ccp-ff respectively. Thus, in 3ccp-fff and 3ccp-ff, the dihedral angles between the two
cyclohexyl groups were found to be 0.8° and 3.4° respectively compared to 22.5° in this case.
The phenyl ring and the pentyl chain are at right angle (dihedral angle 91.7°) in 5ccp-fff whereas
they were at an angle 51.3° in 3ccp-fff and 8.8% in 3ccp-ff respectively. Dihedral angles between
the phenyl and nearby cyclohexyl ring is found to be 47.2° in 5ccp-fff, where the values were
83.2° in 3ccp-fff and 122.1° in 3ccp-ff respectively. Thus it is observed that molecular
conformation of 5ccp-fff is quite different from those of 3ccp-fff and 3ccp-ff systems, although
their bond lengths and angles are quite similar.

Table 4.5: Fractional co-ordinates and equivalent isotropic thermal parameters of the non-

Hydrogen atoms with e.s.d’s in parentheses of 5ccp-fff

Atom X Y z Ueq (A2)
F1 -0.0988(8) 0.44143(8) 0.3107(5) 0.0917(16)
F2 0.3085(9) 0.47200(10) 0.4424(5) 0.108(2)
F3 -0.4128(9) 0.47212(9) 0.1217(5) 0.0979(19)
C1 -0.0554(13) 0.47246(13) 0.2820(7) 0.058(2)
C2 0.1475(13) 0.48755(15) 0.3485(7) 0.066(2)
C3 0.1955(13) 0.51910(14) 0.3225(7) 0.063(3)
C4 0.0358(12) 0.53428(13) 0.2252(6) 0.0530(19)
C5 -0.1678(13) 0.51900(14) 0.1557(7) 0.062(2)
C6 -0.2083(13) 0.48733(14) 0.1883(7) 0.061(2)
C7 0.0938(12) 0.56910(13) 0.1967(7) 0.061(2)
C8 -0.0011(16) 0.58942(14) 0.3135(7) 0.078(3)
C9 0.0758(17) 0.62408(15) 0.2917(7) 0.080(3)
C10 -0.0190(12) 0.63688(13) 0.1530(6) 0.056(2)
C11 0.0647(16) 0.61570(15) 0.0364(7) 0.080(3)
C12 -0.0191(16) 0.58102(14) 0.0611(7) 0.078(3)
C13 0.0721(12) 0.67115(13) 0.1291(6) 0.054(2)
Cl4 -0.0137(15) 0.69319(14) 0.2438(7) 0.073(2)
C15 0.0760(14) 0.72708(13) 0.2182(7) 0.069(2)
C16 -0.0153(12) 0.73956(13) 0.0790(6) 0.057(2)
C17 0.0718(15) 0.71773(14) -0.0341(7) 0.071(2)
C18 -0.0219(14) 068352(14) -0.0109(7) 0.067(3)
C19 0.0869(13) 0.77282(13) 0.0511(7) 0.063(2)
C20 -0.0196(13) 0.79844(15) 0.1410(7) 0.071(3)
c21 0.0856(14) 0.83021(14) 0.1047(8) 0.072(3)
C22 -0.0195(15) 0.85694(16) 0.1927(9) 0.087(3)
C23 0.0952(19) 0.88741(17) 0.1604(11) 0.114(4)
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Table 4.6: Anisotropic thermal parameters of the non-Hydrogen atoms with the e.s.d’s in

The temperature factor is of the form

parentheses

exp [2n? (U1rh?a*2+U22k2b*2+Ussl?c*2+2U2hka*b*+2U1shla*c*+2U2sklb*c*]

Atom U1 U2z Uss U2s Uis U1z
F1 0.101(3) 0.051(2) 0.123(3) 0.015(2) 0.003(3) -0.002(2)
F2 0.118(4) 0.070(3) 0.133(4) 0.026(3) -0.043(3) 0.003(3)
F3 0.098(3) 0.064(3) 0.129(4) -0.010(2) -0.033(3) -0.012(2)
c1 0.063(4) 0.040(3) 0.072(4) -0.002(3) 0.003(3) -0.001(3)
C2 0.066(4) 0.057(4) 0.075(4) 0.011(3) -0.014(4) 0.010(3)
c3 0.072(4) 0.050(4) 0.080(5) 0.004(3) -0.003(4) -0.001(3)
C4 0.052(3) 0.047(3) 0.060(4) 0.001(3) 0.001(3) 0.008(3)
C5 0.065(4) 0.051(4) 0.070(4) -0.003(3) -0.006(3) 0.007(3)
C6 0.062(4) 0.049(3) 0.071(4) -0.010(3) 0.011(3) 0.001(3)
c7 0.059(4) 0.051(3) 0.072(4) -0.002(3) 0.007(3) 0.004(3)
cs 0.122(6) 0.043(4) 0.063(4) 0.003(3) 0.006(4) -0.006(4)
c9 0.124(6) 0.052(4) 0.064(4) 0.001(3) -0.001(4) -0.009(4)
C10 0.062(4) 0.045(3) 0.061(4) 0.001(3) 0.007(3) 0.005(3)
cl1 0.122(6) 0.049(4) 0.071(5) -0.003(3) 0.021(4) 0.008(4)
c12 0.127(6) 0.045(4) 0.063(4) -0.004(3) -0.001(4) 0.010(4)
C13 0.062(4) 0.044(3) 0.056(4) -0.002(3) 0.007(3) 0.001(3)
Cl4 0.103(5) 0.049(3) 0.068(4) -0.004(3) 0.020(4) -0.003(4)
C15 0.096(5) 0.042(3) 0.069(4) -0.004(3) 0.014(4) -0.003(3)
C16 0.061(4) 0.049(3) 0.062(4) 0.003(3) 0.012(3) 0.002(3)
c17 0.100(5) 0.048(3) 0.065(4) 0.004(3) 0.013(4) 0.005(3)
c18 0.090(5) 0.049(4) 0.062(4) 0.002(3) 0.004(4) 0.002(3)
C19 0.075(4) 0.038(3) 0.078(4) 0.000(3) 0.016(4) -0.001(3)
C20 0.069(4) 0.059(4) 0.086(5) -0.005(3) 0.022(4) -0.003(3)
c21 0.082(5) 0.041(3) 0.095(5) 0.001(3) 0.016(4) -0.002(3)
C22 0.087(5) 0.055(4) 0.119(6) -0.002(4) 0.024(5) 0.003(4)
c23 0.125(7) 0.049(4) 0.168(9) -0.007(5) 0.012(7) 0.002(5)




Table 4.7: Bond lengths (A) of the non-Hydrogen atoms

with standard deviations in parentheses

Atom Atom Bond Length Atom Atom Bond Length
F1 C1 1.378(7) C10 C11 1.514(9)
F2 C2 1.361(8) C10 C13 1.558(8)
F3 C6 1.352(8) C11 C12 1.565(9)
C1 C2 1.343(9) C13 Cl4 1.526(9)
C1l C6 1.323(9) C13 C18 1.507(9)
c2 C3 1.398(9) Cl4 C15 1.543(8)
C3 C4 1.371(9) C15 C16 1.498(9)
C4 C5 1.363(9) C16 C17 1.511(9)
C4 C7 1.547(8) C16 C19 1.541(8)
C5 C6 1.410(9) C17 C18 1.558(9)
c7 C8 1.512(9) C19 C20 1.507(9)
c7 C12 1.493(9) C20 c21 1.505(9)
c8 C9 1.551(9) c21 C22 1.529(10)
C9 C10 1.503(9) C22 C23 1.464(11)
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Table 4.8: Bond angles (°) involving non-Hydrogen atoms

with standard deviations in parentheses
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Atom Atom Atom Angle Atom Atom Atom Angle
F1 C1l c2 119.4(6) C9 C10 C11 11.7(5)
F1 C1l C6 120.7(6) C9 C10 C13 113.1(5)
C2 C1l C6 119.9(6) C11 C10 C13 111.5(5)
F2 C2 C1 119.7(6) C10 C11 C12 112.0(5)
F2 C2 C3 119.5(6) C7 C12 C11 111.3(5)
C1 c2 C3 120.8(6) C10 C13 Cl4 112.7(5)
c2 C3 C4 118.9(6) C10 C13 C18 112.4(5)
C3 C4 C5 120.7(5) Cl4 C13 C18 110.0(5)
C3 C4 c7 118.1(5) C13 Cl4 C15 112.2(5)
C5 C4 C7 121.2(5) C14 C15 C16 113.5(5)
C4 C5 C6 117.6(6) C15 C16 C17 109.7(5)
F3 C6 C1 119.8(5) C15 C16 C19 113.2(5)
F3 C6 C5 118.1(6) C17 C16 C19 110.0(5)
C1 C6 C5 122.2(6) C16 C17 C18 112.6(5)
C4 c7 cs 111.0(5) C13 C18 C17 112.0(5)
C4 c7 C12 114.7(5) C16 C19 C20 116.7(5)
C8 c7 C12 109.5(5) C19 C20 c21 113.2(6)
C7 C8 C9 111.5(6) C20 c21 C22 114.9(6)
C8 C9 C10 113.5(6) c21 C22 c23 114.0(7)

Length of the 5cep-fff molecule in the crystalline state is found to be 19.85 A [F1-H233],

whereas the model length in the most extended conformation is 20.14 A. Thus, the molecules are

almost in the most extended conformation as was observed in 3ccp-fff and 3ccp-ff.
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Packing of the molecules in the unit cell is shown in Figure 4.2, which shows that the
molecules run almost parallel to each other but not parallel to any crystallographic axis as was
seen in 3ccp-fff and 3ccp-ff systems. To describe the nature of packing, the direction cosines of
the molecular long axis, defined as the best fitted line through all the non-H atoms, have been
calculated and are found to be 0.4197, 0.8928 and 0.1637. In other words, the molecules are
inclined to the orthogonal X, Y and Z axes at angles 65.2°, 26.8° and 80.6° respectively. The
corresponding angles are 67.5°, 121.5° and 40.4° in case of 3ccp-fff and 75.95°, 99.0° and 16.8°
in 3ccp-ff.

Figure 4.2: Partial packing of 5ccp-fff molecule in the crystallographic unit cell

Projections of the crystal structure along the crystallagraphic axes a and ¢ are shown in
Figure 4.3 and Figure 4.4, respectively. It is evident that the molecules are packed with various
degrees of overlapping with the neighbouring ones. Orientation of the molecules in adjacent
layers is opposite to each other. Overlaps of the molecules in the neighbouring layers are in the
phenyl-phenyl groups in one side and in the cyclohexyl-alkyl chain part on the other side. Similar
type of overlapping has been found for the compounds 3ccp-fff and 3ccp-ff. This type of
imbricated mode of packing is usually observed in crystalline phase as a precursor to nematic
phase [15,58].
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Figure 4.3: Crystal structure of 5ccp-fff projected along a-axis.
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Figure 4.4: Crystal structure of 5ccp-fff projected along c-axis.

Intermolecular distances between the neighbouring molecules were calculated and several
van der Waals interactions were observed. Selected intermolecular distances, less than 4.0 A, are

shown in Table 4.9.

Table 4.9: Selected intermolecular short contact distances less than 4.0 A of 5ccp-fff

Atom Atom Distance Atom Atom Distance
F1 F2(a) 3511 F3 C6(b) 3.884
F3 F2(a) 3.429 F3 C12(b) 3.993
F3 Cl(a) 3.606 C5 F3(b) 3.352
F3 C2(a) 3.218 C6 F3(b) 3.884
F3 C3(a) 3.446 C12 F3(b) 3.993
F3 C4(a) 3.981 F1 C23(c) 3.549
C1 F2(a) 3.577 F2 C23(c) 3.821
C5 C3(a) 3.609 cs C23(d) 3.997
C6 F2(a) 3.555 Cl4 C19(d) 3.818
C6 C2(a) 3.613 C15 C19(d) 3.992
F3 F3(b) 3.436 C20 C17(d) 3.764
F3 C5(b) 3.352

Subscripted atoms are at (a) x-1, 'y, z (b) —x-1, - y+1, -z
(c) x-1/2, -y-1/2 , -z+1/2 (d) —x-1/2, -y+3/2, z+1/2
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Four different types of molecular overlaps are observed between neighbouring molecules as
shown in Figure 4.5: (i) pair of parallel molecules in head-to-head configuration overlaps
completely (related by symmetry operation ‘@’ having pair length 20.31 A), (ii) pair of
antiparallel molecules in head-to-tail configuration overlaps partially (related by symmetry
operation ‘b’ having associated length 35.23 A), (iii) pair of parallel molecules in head-to-head
configuration with no overlap (related by symmetry operation ‘c’ having associated length 41.36
A and (iv) pair of antiparallel molecules in head-to-tail configuration overlaps partially in the

alkyl cyclohexyl group (related by symmetry operation ‘d’ having associated length 27.03 A).
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Figure 4.5: Different types of molecular associations observed in the crystal structure of 5ccp-fff.
Values of the relevant inter atomic distances and meaning of the symmetry relations (a), (b), (c)

and (d) are given in Table 4.9

As noted before, a preliminary molecular modelling calculation was made using the semi-
empirical PM3 method and almost similar molecular conformation with molecular length of

19.46 A was obtained when the geometry of the molecule was optimised assuming it as if in
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vacuo. A single point energy calculation on an isolated molecule, as extracted from the crystal
data, yields a dipole moment (1) of 3.77 D with direction cosines 0.26, 0.95 and -0.17.
Optimised geometry also results in same dipole moment with same direction cosines. But in case
of 3ccp-ff and 3ccp-fff, the values are not same. In 3ccp-ff, single point energy calculation on
crystal data and optimised geometry revealed slightly different dipole moments (3.54 D and 3.21
D) and in 3ccp-fff the values are 3.61 D and 3.72 D, respectively. Moreover, dipole moments,
estimated from optimised geometry, are inclined at angles 18°, 17° and 43° with the molecular
long axes in 5cep-fff, 3ccp-fff and 3ccp-ff, respectively. Thus, conformation of 5cep-fff in vacuo
and in crystalline state appears to be same whereas they differ in two states in both 3ccp-ff and
3ccp-fff.

Calculated density in the crystalline state of 5ccp-fff is found to be slightly less (1.184
g/cc) than in 3ccp-fff (1.19 g/cc). Measured density in the nematic state was also less in 5cep-fff
(0.98 g/cc) than in 3ccpfff (1.08 g/cc) (near Cr—N transition point) [24]. Thus, 5ccp-fff
molecules are more efficiently packed in both crystalline and nematic phases compared to 3ccp-
fff. This explains that Sccp-fff has higher melting point than that of 3ccp-fff. From small-angle
X-ray diffraction study on magnetically aligned samples, average intermolecular distance (D)
and apparent molecular length (I) were also measured in our laboratory [63]. Observed D values
were found to be slightly more in 5ccp-fff (5.64 A) than in 3ccp-fff (5.55 A) and 3ccp-ff (5.35 A)
near Cr—N transition temperature. Apparent lengths of the molecules were found to be 27.1 A,
24.9 A and 22.8 A, respectively, in 5cep-fff, 3ccp-fff and 3ccp-ff systems. It is observed that in
each case the apparent molecular length (1) is more than the model length obtained from most
extended conformation. Thus, there exist some sort of bimolecular associations in all three
molecular systems. This type of molecular association was observed in the isothiocyanato
systems described in chapter 3 and was also reported in nematogenic 5CB and 7CB [64] and later

found in other systems [60,65].
4.4.3 Static Dielectric Study

Principal dielectric constants (g and €1) of all the six compounds were measured at 10
kHz in planar (HG) cell. In order to determine switching voltage required to switch molecular

alignment from planar (HG) to homeotropic (HT) configuration, dielectric permittivity was
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measured as a function of DC bias voltage across the cell and results are shown in the Figure 4.6
— 4.11. Values of threshold voltage (Vi), driving voltage (Vd) and driving field for the six
compounds are listed in Table 4.10.

Table 4.10: Threshold voltage, driving voltage and driving field of the compounds

Threshold Voltage (Vi) | Driving Voltage (Va) Driving Field
Compounds
(Volt) (Volt) (Vum)
3ccep-f 2.57 9.07 1.71
3cep-ff 1.61 8.08 1.52
3ccp-fff 1.02 6.12 1.20
5cep-f 2.73 10.0 1.96
5cep-ff 2.27 8.48 2.22
5ccp-fff 1.1 5.0 1.05

It is clear from the above table that, as number of fluorine increases threshold voltage as well as
driving voltage decrease considerably in both the series (3ccp series & 5ccp series) while with
increasing chain length Vi and V4 increases slightly except in triply fluorinated compound. In
other words, increase of chain length by two carbon atoms has less effect on switching property
compared to increased lateral fluorination. Similar behavior was also observed in isothiocyanato
compounds as described in chapter 3. It is further observed, comparing data in Tables 3.3 and
4.10, that threshold voltage in these compounds are considerably less than that observed in the
laterally fluoro-substituted terphenyl-based isothiocyanato compounds (2TP-3’F-4NCS, 2TP-
3’,3F-4NCS and 4TP-3",3F-4NCS). This is may be due to the replacement of two phenyl groups
by more flexible cyclohexyl groups and the bulky isothiocyanato group by small fluoro group.

However, driving field for all the compounds is suitable for thin (< 2um) TFT based LC display
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cells. Nevertheless, 5Vum™ field was used for switching from HG to HT configuration while

measuring g|and €1.

5.0

4.5 4

4.0 4

3.5

3.0

2.5

2.0

~
o

o
°
./ Temperature = 100°C
°
/
°
/
°
/
°

T T T T T T T T T T T
10 15 20 25 30
Bias Voltage (Volt)

o4
&)

35

Figure 4.6: Real part of dielectric constant (¢/) as a function of bias voltage at 10 kHz in 3ccp-f
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Figure 4.8: Real part of dielectric constant (¢/) as a function of bias voltage at 10 kHz in 3ccp-fff
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Figure 4.10: Real part of dielectric constant (¢/) as a function of bias voltage at 10 kHz in 5ccp-ff
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Dielectric constants parallel (g) and perpendicular (1) to molecular axis, their average
value cay, in nematic phase and value in isotropic phase (&iso) have been determined as a function
of temperature. Variations of principal dielectric constants with temperature are shown in Figures
4.12 — 4.17. Since the molecules possess quite strong axial dipole moment, value of dielectric
constants parallel to molecular axis is found to be large compared to component perpendicular to
the molecular axis. It is not clear why in 5ccp-f and Scep-ff systems g approaches quite fast to e
far away from Tni. Average value of the dielectric constant is found to be slightly less than the
extrapolated values of iso in all cases [labeled as (giso)ext in the figures]. Similar difference has
been observed in systems having strong axial moments [66-68]. In contrary, nonpolar molecules
like di-alkyl azobenzenes do not show such discontinuity [32]. This has been explained assuming
the presence of short-range antiparallel order in the nematic state [36,69].
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Figure 4.12: Temperature dependence of dielectric permittivity of compound 3ccp-f
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Figure 4.14: Temperature dependence of dielectric permittivity of compound 3ccp-fff
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Figure 4.17: Temperature dependence of dielectric permittivity of compound 5ccp-fff

Temperature dependence of dielectric anisotropy (Ae= g - €1) for all the compounds is shown in
Figure 4.18. It is found to be positive in all and also decreases with temperature. The highest Ag
values near crystal to nematic transition are found to be 2.36, 5.25, 7.48 in 3ccp-f, 3ccp-ff and
3ccp-fff respectively and that in 5cep series are 2.12, 4.22 and 6.46 respectively. It is clear that
increased fluoro substitution causes increased dielectric anisotropy as observed in terphenyl
compounds in chapter 3. However, unlike in terphenyl compounds, increased chain length causes
slightly decreased Ae in these compounds. Moreover, Aeg in this case is very less than that
observed in terphenyl-based isothiocyanato nematic compounds, described in chapter 3. This is
expected since dipole moment of fluorobenzene is 1.50 D while that of isothiocyanato group is
3.7D.
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Figure 4.18: Temperature dependence of dielectric anisotropy (Ae) of the compounds

The splay elastic constant (Ki1), is found to exhibit similar decreasing trend with
temperature as observed in dielectric anisotropy and is shown in Figure 4.19. It is noted that K11
near melting point for the compounds 3ccp-f and 5Scep-f are 13.9 x 102 N, 14.1 x 102 N; for
3cep-ff and 5cep-ff are 0.122 x 1029 N, 11.2 x 10°*2 N and for 3ccp-fff and Scep-fff are 6.9 x 107
12N, 5.6 x 10"*2 N. Thus with increased fluorination K11 decreases, becomes almost half in case
of single to triple fluoro substitution, but with chain length very small unsystematic change is
observed. Thus fluorination and chain length dependence of Kz is different from terphenyl based
compounds as discussed in chapter 3. Ki1 of the present compounds are also much less than that
observed in terphenyl-based isothiocyanato nematic compounds. This is probably due to the
replacement of two phenyl groups by more flexible cyclohexyl groups and the bulky
isothiocyanato group by small fluoro group. Since switching time is inversely proportional to
Ku1, faster response is expected in triply fluorinated compounds than the singly and doubly

fluorinated compounds.
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Figure 4.19: Temperature variation of splay elastic constant (K11) of the compounds

Effective value of the dipole moment in nematic phase for all the six compounds were
calculated following Bordewijk theory [70] of anisotropic dielectrics as detailed in chapter 2 and
found to be 1.82D, 2.96D, 3.50D, 1.83D, 2.95D and 3.56D for 3ccp-f, 3ccp-ff, 3ccp-fff, 5cep-f,
5cep-ff and 5cep-fff respectively whereas free molecule dipole moments were 1.93D, 3.21D,
3.72D, 1.93D, 3.12D and 3.77D respectively (Table 4.4 and 4.11). Smaller values of dipole
moments within nematic phase suggest anti-parallel association of molecules. From X-ray
diffraction study [24,25], it has observed that the apparent length of the molecules in nematic
phase was more than the single molecular length which also suggests the presence of molecular
associations. To obtain a quantitative measure of this anti-parallel correlation, dipole-dipole
correlation factor g» has also been calculated. It is noted that g. = 1 signifies no correlation at all
(monomeric system), g. = 0 means perfect antiparallel correlation and g» = 2 means perfect
parallel correlation. The ensemble averages of the || and L components of the dipole-dipole

correlation factor are listed in Table 4.11.
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Table 4.11: Effective values of dipole moments and dipole correlation factors

Compounds o] (near- melting gL (near melting et (D)
point) point)
3ccep-f 0.575 1.024 1.82
3cep-ff 0.386 0.923 2.96
3ccp-fff 0.523 0.891 3.50
5cep-f 0.479" 0.976 " 1.83
5cep-ff 0.488 1.028 2.95
5ccp-fff 0.473 1.119 3.56

*near SmB — N transition

Observed values of parallel correlation factor g signify weak anti-parallel correlation of the
components of dipole moments along the molecular axes in nematic phase for all the compounds.
Corresponding values of g suggests almost no anti-parallel correlation of the perpendicular
components of the dipole moments. It is further observed that, anti-parallel correlation along the
molecular axis slightly improves in mono and tri fluorinated derivatives of pentyl compounds
compared to propyl compounds, however in bi fluorinated derivative more correlation is

observed in propyl compound.
4.4.4 Dielectric Relaxation Study

To see the dynamic response of the compounds to ac field, frequency dependent dielectric
study was performed as a function of temperature. The frequency dependences of real and
imaginary parts of dielectric permittivities of the six compounds are shown in Figures 4.20 —
4.25. It is clear from the figures that the real part of dielectric permittivity remains almost
constant in the low temperature region (upto ~100 kHz) and decreases sharply at higher
frequencies and it decreases with temperature for all the compounds. Only one strong absorption
process is observed in the absorption spectra; for clarity spectra only at some selected
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temperatures are presented. In each case relaxation frequencies are found to increase with
temperature. Assuming the relaxation behavior is a result of Cole-Cole type process, the
complex dielectric permittivity was fitted with the modified Cole-Cole equation [33] to get the
actual values of relaxation frequency (fc) and symmetric distribution parameter (o)) as detailed in
chapter 2. As real and imaginary parts of dielectric constants are related through Kramers-Kronig
relations, the Cole-Cole plot of the fitted spectra only at one temperature for all the six
compounds are presented in Figures 4.26 — 4.31, which shows that the fitting was quite good.
Nature of the absorption process is found to be almost Debye type since in no case fitted o is

more than 0.05.
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Figure 4.21: Temperature variation of (a) real and (b) imaginary part of dielectric permittivity of

3ccp-ff
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Since reorientation around the long axis is usually found in GHz, observed relaxation

frequencies are assumed to be associated with rotation around short molecular axis (flip-flop

mode) and found to increase systematically with temperature. Observed range of relaxation

frequencies of all the compounds are listed in Table 4.12.
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It is observed that for 3ccp-ff, 3ccp-fff, 5cep-f and Scep-ff relaxation frequency varies from kHz
regime to few MHz regimes, but for 3ccp-f and 5ccp-fff, it varies within MHz regime. In low
temperature regime, relaxation frequency (fc) decreases sharply from f to ff derivatives but
increases from ff to fff derivatives in both the series. Increased chain length however, caused
increased relaxation frequency except in the mono fluorinated derivatives. In terphenyl series
also fc was found to decrease with increased fluorination as noted in chapter 3. Observed values
are lower than in cyanobiphenyls e.g. in 5CB it was 15.6 MHz [71]. This is expected since for
rigid molecules fc varies inversely with square root of moment of inertia [72] and present
molecules have larger moments of inertia (listed in Table 4.4) mainly because of large increase in

their molecular mass compared to 5CB.
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Table 4.12: Relaxation frequency and activation energy of the studied compounds

Compounds Relaxation Frequency (fo) within Activation Energy (kJ/mole)
nematic range
3cep-f 1.5 MHz (90°C) — 3.46 MHz (158°C) 16.14
3ccp-ff 270 kHz (45°C) — 1.78 MHz (124°C) 22.58
3ccp-fff 800 kHz (64°C) — 1.4 MHz (94°C) 20.56
5ccp-f 900 kHz (73°C) — 4.7 MHz (146°C) 29.45
5ccp-ff 400 kHz (48°C) — 2.25 MHz (128°C) 22.77
5ccp-fff 2.4 MHz (88°C) — 3.6 MHz (102°C) 32.63

Exponential increase of relaxation frequency with temperature suggests that it should
obey Arrhenius law [33,73,74], following this height of the activation energy barrier of the
thermally activated relaxation process was calculated and the values are listed in the Table 4.12.
Activation energies of the present compounds are substantially less than the terphenyl
compounds described in last chapter. These are also less than in 5CB which was reported to be
66 kJ/mole [33]. Above table also suggests that increased chain length substantially increases the
activation energy in nematic phase, however, increment is marginal in ff derivatives.

It is worth of mention that the present compounds, unlike the terphenyl compounds show

very low optical birefringence (An) in the range 0.067 to 0.034 [24,25].

4.5 CONCLUSION

Effect of fluorination and chain length on the physical properties of six phenyl
bicyclohexyl compounds (3ccp-f, 3ccp-ff, 3ccp-fff, 5Sccp-f, 5Scep-ff, 5Scep-fff) have been
investigated, all of which exhibit nematic phase over a wide range of temperatures. Molecular

mechanics calculation reveals that dipole moments of the molecules increases (1.93D to 3.37D)
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with fluorination in both propyl and pentyl based systems; increment in f to ff derivatives is more
than in ff to fff derivatives. However no change in dipole moment is observed with increased
chain length. Molecular geometry and conformation, packing in the crystalline state and density,
magnitude of molecular dipole moments and its orientation with molecular long axes of the
compound 5ccp-fff is found to be different from those in closely related compounds 3ccp-f and
3ccp-fff. These differences are probably the cause of the substantial increase of melting point and
decrease of nematic range in 5ccp-fff compared to compounds 3ccp-f and 3ccp-fff. The fact that
in the nematic phase apparent length of the molecules is more than the most extended molecular
lengths, average value of dielectric constant (eavg) is less than the extrapolated values of &iso in
isotropic phase, effective values of the dipole moments are less than the free molecular dipole
moments as well as calculated values of dipole-dipole correlation factors (g and g.) give
conclusive evidence of existence of short range antiparallel order in all the compounds.
Antiparallel correlation (gy) along the molecular axis is found to improve slightly with increased
chain length in mono and trifluorinated compounds. Increased fluoro substitution caused
increased dielectric anisotropy however; increased chain length resulted in opposite behavior but
in lower degree. As a result, improved switching characteristics (Vi and Vg) is observed in 3ccp
series compared to 5ccp series and increased lateral fluorination resulted in further improvement.
Increased fluorination also decreases splay elastic constant, thus faster response expected in
triply fluorinated compounds. Only one Debye type relaxation process, connected with
reorientations around the short axis, is observed. In low temperature regime, relaxation frequency
(fc) decreases sharply from f to ff derivatives but increases from ff to fff derivatives in both the

series. Increased chain length however caused increased relaxation frequency.
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