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The eŒect on the physico-chemical properties of achiral liquid crystals of introducing halogen
atoms into their terminal and linking groups is discussed and rationalized in terms of existing
theories; a comparison is made with the corresponding hydrogenated and other well-known
groups.

1. Introduction ring exhibit an electron-accepting inductive eŒect and
an electron-donating conjugation eŒect, decreasing inWith the use of liquid crystal displays (LCDs) in

information technology, the subject of liquid crystal- the sequence: F > Cl > Br > I. Among the halogens, the
� uorine atom has the smallest covalent radius, close toline materials is particularly rich and diverse. Today’s

commercial applications of liquid crystalline materials that of the carbon atom, resulting in conditions for maxi-
mum overlapping of the p orbitals. Therefore, despitebased on halogenated compounds (especially � uorinated )

clearly show the bene� cial eŒects of halogenation, and its highest electronegativity, the � uorine atom shows the
most pronounced electron-donating conjugation eŒectthe numerous ways in which LCD technology has taken

practical advantage of these eŒects [1–6]. This review among all the halogens [7, 8, 17–20].
In the last decades, the design and synthesis offocuses on the characteristic substituent eŒects that

underline the physico-chemical properties of achiral liquid liquid crystals containing � uoro-substituted terminal,
linking and lateral groups have attracted much interestcrystals containing halogenated terminal and linking

groups, particularly those important to the design of owing to their remarkable physico-chemical properties
which make them very useful for display applicationscommercial liquid crystalline materials for display appli-

cations. When possible, the physico-chemical properties [1–5, 21–36]. Indeed, the replacement of the � uorine
atoms by other halogens in liquid crystals results inof achiral LCs having halogenated substituents will be

compared with those of the corresponding compounds signi� cant changes of their physico-chemical properties
[1–3, 5, 9, 37–52]. The eŒects of lateral halogen sub-with hydrogenated and other well-known groups.

Many of the characteristic eŒects of halogenation stitution of liquid crystals have been studied in earlier
publications [1, 2, 3, 9, 25–27, 53–57]. In this paper, thecan be anticipated by comparing some fundamental

atomic properties of the halogens with those of hydrogen eŒect on physico-chemical properties of terminal and
linking halogenation of achiral liquid crystals will be(table 1). Among the halogens, � uorine exhibits the

highest ionization potential and lowest polarizability discussed, rationalized in terms of existing theories, and
a comparison made with the corresponding hydrogenatedleading to weak intermolecular interactions [15, 16], low

surface energies, and low refractive indexes for per� uoro- and other well-known substitutents.
carbons [7]. Due to the high electronegativit y of � uorine,
C–F bonds, having high ionic character, are the most 2. Mesomorphic properties
polar of carbon–halogen among bonds. Halogen atoms 2.1. T erminal substitution
linked to an unsaturated carbon atom or an aromatic Many attempts have been made to understanding the

in� uence of factors such as rigidity, linearity, size and
polarizability of the terminal and linking groups on*Author for correspondence; e-mail: lcworks@hotmail.com
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388 V. F. Petrov et al.

Table 1. Physico-chemical properties of halogen and hydrogen atoms and their derivatives [7–14].

X

Property F Cl Br I H

Electronegativity 3.98 3.16 2.96 2.66 2.20
Electron a� nity/kcal molÕ 1 79.5 83.3 72.6 70.6 17.7
Ionization potential/kcal molÕ 1 401.8 299.0 272.4 241.2 313.6
van der Waals radii/AÃ 1.47 1.75 1.85 1.98 1.20
Atomic polarizability/AÃ 3 0.352 1.761 2.189 4.700 0.172
Anisotropy of polarizability of C–X bond Ö 1024 /cm3 1.10 1.59 2.16 0.22
Mean polarizability of CH3X/AÃ 3 2.61 4.53 5.60 7.34 2.60
Mean polarizability of CH2X2 /AÃ 3 2.73 6.57 8.65
Mean polarizability of CHX3 /AÃ 3 2.88 8.51 11.79
Mean polarizability of CX4 /AÃ 3 2.91 10.45 2.60
Mean polarizability of C6H5X/AÃ 3 9.86 11.86 12.93 15.20 9.96
Anisotropy of polarizability of C5H11–C6H10–C6H4–C6H4X/AÃ 3 19.7 20.1 20.6 18.5

mesophase stability [1–3, 41, 58–60]. However, the pre- 2.1.1. One-ring derivatives
It has been demonstrated that neither 4-� uoro-,diction and rationalization of LC mesomorphic properties

still remain di� cult problems [2, 3, 59, 61–63]. The 4-chloro-, 4-bromo- and 4-iodo-benzene [64] nor
4-substituted benzene derivatives having poly� uorinatedaim of this section is therefore to de� ne what relations

can be established for LCs incorporating halogenated groups [18] show mesomorphic properties.
Mesophases can be observed for 1,4-disubstitutedterminal and linking groups, even though these may be

empirical. The phase transition temperatures of some benzene derivatives having per� uoalkyl groups attached
to the ring via connectors (compounds 2-1, 2-3, 2-6,halogenated LCs and the corresponding reference com-

pounds are summarized in tables 2–14, where Cr, SmH, 2-7, table 2, and [65–68, 74–78]). The importance of
the structures of the connector and other substituentsSmG, SmF, SmC, SmB, SmA, N and I are the crystalline,

smectic H, smectic G, smectic F, smectic C, smectic B, on mesomorphic properties is revealed by the phase
transition temperatures of compounds 2-1 and 2-2, 2-3smectic A, nematic and isotropic phases, respectively;

X is an uncharacterized mesophase. Values given in and 2-4, and 2-7–2-9 presented in table 2, see also
[65–68, 74]. Paticularly, increasing the length of theparentheses related to monotropic phase transitions.

Table 2. Mesomorphic properties of liquid crystals:

Compound Y k Z Phase transitions/ ß C Ref.

2-1 C6F13C2H4O 0 NO2 Cr 22 SmA 41 I [65]
2-2 C6F13C2H4OOC 0 NO2 Cr 55 I [66]

2-3 C6F13C2H4O 0 CN Cr 40 SmA 45 I [65]
2-4 C6F13C6H12O 0 CN Cr 70 I [67]

2-5 C4F9C8H16O 0 CN Cr 46 I [67]
2-6 C8F17C4H8O 0 CN Cr 72 SmA 73 I [67]

2-7 C10F21C2H4O 0 CN Cr 83 SmB 104 SmA 112 I [65]
2-8 C10F21C2H4O 0 F Cr 74 I [68]

2-9 C10F21C2H4O 0 CF3 Cr 60 I [68]
2-10 C6F13 1 H Cr 69 I [69]

2-11 C6F13C2H4O 1 H Cr 81.4 SmE 96.1 SmA 105.5 I [70]
2-12 C6F13 1 CN Cr 101 I [69]

2-13 C6H13 1 CN Cr 13.5 N 28 I [71]
2-14 C6F13C11H22O 1 CN Cr 84 SmC 96 SmA 131 I [72]

2-15 C8F17C5H10O 1 CN Cr 97 SmC 106 SmA 162 I [72]
2-16 C8F17C10H20O 1 CN Cr 100 SmC SmC 121 SmA 150 I [72]

2-17 C7F15CH2O 1 CN Cr 75 SmA 144 I [72]
2-18 C8H17O 1 CN Cr 54.5 SmA 67 N 80 I [73]
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389Halogenation in achiral L Cs

Table 3. Mesomorphic properties of liquid crystals:

Compound R1 R2 R3 R4 Z Phase transitions/ ß C Ref.

3-1 H F H H COOC2H4C8F17 Cr 27 SmB (7) I [68]

3-2 H H Cl H COOC2H4C8F17 Cr 17 I [68]
3-3 C6H13O Br H H COOC2H4C8F17 SmB 30 I [68]

3-4 C6H13O NO2 H H COOC2H4C8F17 Cr 44 SmB 49 SmA 51 I [68]
3-5 C6H13O Br H Br COOC2H4C8F17 Cr 52 I [68]

3-6 C6H13OOC H H H OC2H4C8F17 Cr 65 I [74]
3-7 C6H13OOC H Br H OC2H4C8F17 Cr 58 SmA (45) I [74]

3-8 C6H13OOC H NO2 H OC2H4C8F17 Cr 70 SmA (68) I [74]
3-9 C4H9OOC H H H OC2H4C8F17 Cr 70 SmA (52) I [74]

3-10 C4H9OOC H Br H OC2H4C8F17 Cr 75 SmA (52) I [74]
3-11 C4H9OOC H NO2 H OC2H4C8F17 Cr 73 SmB (54) SmA (72) I [74]

3-12 C2H5OOC H H H OC2H4C8F17 Cr 80 SmA (70) I [74]
3-13 C2H5OOC H Br H OC2H4C8F17 Cr 73 SmA (56) I [74]

3-14 C2H5OOC H NO2 H OC2H4C8F17 Cr 95 SmA (81) I [74]

Table 4. Mesomorphic properties of liquid crystals:

Compound Y Z Phase transitions/ ß C Ref.

4-1 C8H17O COOCH2C2F5 Cr 48 SmC 68 SmA 84 I [76]
4-2 C8H17O COOCH2C2F4H Cr 76 SmC (37) SmA (58) I [76]

4-3 C8H17O COOC2H4C4F9 Cr 71 SmC 109 SmA 111 I [76]
4-4 C8H17O COOC6H13 Cr 51 SmA 69 I [76]

4-5 C8H17O COOCH2C6F13 Cr 71 SmC 107 SmA 120 I [76]
4-6 C8H17O COOC2H4C6F13 Cr 88 SmC 122 SmA 129 I [76]

4-7 C4F9C4H8O COOC2H4C6F13 Cr 126.3 SmC (114.7) SmA (118.5) I [93]
4-8 C4F9C5H10O COOC2H4C6F13 Cr 92.8 SmC 114.7 I [93]

4-9 C4F9C3H6O COOC2H4C6F13 Cr 104.1 SmC 115.8 I [93]
4-10 C4F9C2H4OOC OC8H17 Cr 87 SmA 96 I [77]

4-11 C6H13OOC OC8H17 Cr 57 I [77]
4-12 CF3 OC5 H11 Cr 79 I [94]

4-13 CH3 OC5H11 Cr 61 Sm 63 I [94]
4-14 CF3O OC5H11 Cr 47 Sm 92 I [94]

4-15 CHF2O OC5 H11 Cr 61 N (56) I [94]
4-16 CH3O OC5H11 Cr 68 N 73 I [94]

4-17 C2F5O OC5H11 Cr 76 Sm 107 I [94]
4-18 C2H5 O OC5 H11 Cr 94 N 102 I [94]

connector, from ethyloxy to hexyloxy, results in the dis- per� uoroalkyl group and other substituents to the meso-
morphic properties of one-ring benzene derivatives hasappearance of the mesophase (compounds 2-3 and 2-4 ).

In terms of the ratio between the per� uorocarbon and been shown in [65–68, 74–78]. The introduction of
halogens and � uorinated groups into the molecularhydrocarbon parts of the substituents, an increase in the

� uorination content of the poly� uorinated group, having structure of per� uoroalkyl-subst ituted benzenes may lead
to smectic phases (compounds 3-1, 3-3, 3-6 and 3-7,twelve carbon atoms, leads to an increase in the melting

temperatures {crystal–smectic or crystal–nematic phase table 3), maintain the same smectic thermostability
(compounds 3-9 and 3-10 ), decrease the clearing temper-transition temperatures} (compounds 2-4–2-7, table 2).

The appearance of the smectic phase and an increase of atures {smectic–isotropic or nematic–isotropic phase
transition temperatures} (compounds 3-12 and 3-13 ),its thermostability (smectic–isotropic phase transition

temperature) have been recorded for only per� uorooctyl and suppress mesomorphism (compounds 2-8, 2-9, 3-2,
tables 2, 3) in comparison with those of the correspond-and longer derivatives (compounds 2-6 and 2-7, and

[67]). The importance of the relative positions of the ing hydrogenated derivatives (when it is applicable) . As
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390 V. F. Petrov et al.

Table 5. Mesomorphic properties of liquid crystals: These results and the phase transition temperatures pre-
sented in tables 2 and 3 for compounds 2-7–2-9, 3-3 and
3-4, show that the halogens and � uorinated groups exhibit
lower thermal e� ciency than the strongly polar NO2Compound Y Phase transitions/ ß C Ref.
and CN groups in one-ring per� uoroalkyl-substituted
derivatives.5-1 C3F7 Cr 93 I [97]

5-2 C4F9 Cr 82.5 Sm (80) I [97] From table 3 it is seen that increasing the quantity of
5-3 C5F11 Cr 100 Sm 123 I [97] bromine atoms introduced into the molecular structure
5-4 C6F13 Cr 100 Sm 124 I [98]

of per� uoroalkyl-substituted benzenes suppresses meso-
5-5 C7F15 Cr 104 Sm 136 I [97]

morphic properties (compounds 3-3 and 3-5, and [68]),5-6 CF3C2H4 Cr 99 Sm (57) I [99]
which is similar to results reported for other liquid5-7 CF3C3H6 Cr 74 I [99]

5-8 C3H7 Cr 103.5 N (51.4) I [100] crystalline derivatives [21]. It seems that the meso-
5-9 C4H9 Cr 66.1 N (41.4) [100] morphic properties of one-ring halogenated derivatives
5-10 C5H11 Cr 64.4 N (55.4) I [101]

are strongly in� uenced by its entire molecular structure,
5-11 C6H13 Cr 44.4 N 48.6 I [101]

while � uorophilic [49, 74] and � uorophobic [65–68,5-12 C7H15 Cr 44 N 56.5 I [101]
74–78] interactions between the per� uoroalkyl groups5-13 C4F9O Cr 80 Sm 128 I [98]

5-14 C5F11O Cr 143 Sm (136) N (142) I [98] and the residual hydrocarbon moiety play very important
5-15 C7F15O Cr 104 Sm 128 I [98] roles in the formation of the mesophases. Similar results
5-16 C4H9O Cr 92 N 104 I [100]

have been found for other per� uoro(alkoxy)alkylated
5-17 C5H11O Cr 87 N 96 I [100]

one-ring derivatives [65–68, 74–84].

2.1.2. T wo-ring derivatives
As in the case of 4-halogenobenzenes discussed in the

can be seen from table 3, decreasing the length of the
previous paragraph, 4-halogen as well as 4-per� uoro-

R1 group (C
n
H

2n+1
OOC) changes the e� ciency of the

alkyl substitutions of the biphenyl fragment do not
R3 group (H, Br, NO2 ) attached to the same benzene

change its non-mesomorphic character (compound 2-10,
ring (compounds 3-6–3-14 ):

table 2, and [64, 69]. Such non-mesomorphic behaviour
has been reported for the corresponding 4-alkylbiphenyls
[85]. The introduction of the connector between the

n 5 6 Tclp � R3 : H < Br < NO2
n 5 4 Tclp � R3 : H# Br < NO2
n 5 2 Tclp � R3 : Br < H < NO2 .

per� uorohexyl group and the biphenyl core can create
smectic mesophases (in contrast to the non-mesomorphic

Table 6. Physico-chemical properties of liquid crystals:

Compound Z Phase transitions/ ß C Dea Dna na/mm2 s Õ 1 Ref.

6-1 F Cr 31 I 3.2 0.024 3 [129, 130]
6-2 OCHF2 Cr 1 N (Õ 17) I 7.6 0.058 7 [23]

6-3 OCF3 Cr 14 I 7.1 0.046 4 [23]
6-4 CF3 Cr 21 I 10.9 0.040 9 [23]

6-5 SCHF2 Cr 7 I 7.2 0.055 14 [104]
6-6 OCH3 Cr 41 N (31) I Õ 0.5 0.090 8 [131]

6-7 COCHF2 Cr 39 I 11.1 0.076 21 [104]
6-8 COCF3 Cr 7 N (Õ 24) I 15.5 0.078 15 [104]

6-9 COCF2C3H7 Cr 20 SmB 33 N 53.9 I 5.7 0.096 17 [104]
6-10 CHFCF2CH3 Cr 13 I [132]

6-11 CF CHF (cis) Cr 30 N 61.9 I [107]
6-12 CH CF2 Cr 10 N 60 I [31]

6-13 OCF2CH CH2 Cr 29 SmB (9) N (20.3) I 0.066b [133]
6-14 CF2CN Cr 71 I 11.6 8 [134]

6-15 CH2CN Cr 53 X (19) Ic [135]
6-16 CN Cr 30 N 55 I 12.2d 0.119d 21.5d [136, 137]

a,b Extrapolated from 10 wt % solution in ZLI-1132 and ZLI-4792, respectively, measured at 20 ß C.
c X is an unknown mesophase.
d Tmeas 5 22 ß C.
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391Halogenation in achiral L Cs

Table 7. Mesomorphic properties of liquid crystals:

Compound Y Z Phase transitions/ ß C Ref.

7-1 C5H11 Cl Cr 29.7 I [138]

7-2 C5H11 COCH3 Cr 66.7 I [139]

7-3 C5H11 COC4H9 Cr 40 Sm 52.3 N 57.9 I [139]
7-4 C5H11 C3H7 Cr Õ 12.7 N Õ 11.2 I [109]

7-5 CHF2C4H8 CN Cr 29 N 34 I [140]
7-6 C3H7 CH CHF Cr 24 N 70 I [31]

7-7 C3H7 CH CF2 Cr 7 N 48 I [31]
7-8 FC4H8 CN Cr 42.6 N (33.7) I [52]

7-9 ClC4H8 CN Cr 64.9 N (31) I [52]
7-10 BrC4H8 CN Cr 63.5 I [52]

7-11 IC4 H8 CN Cr 71 I [52]
7-12 C4H9 CN Cr 41 N (40.5) I [136]

7-13 CHF CHC2H4 CN Cr 74 N (68) I [31]
7-14 CF2 CHC2H4 CN Cr 12 N 28 I [31]

7-15 CH2 CHC2H4 CN Cr 49.5 N 52.5 I [141]
7-16 FC2H4CH CH CN Cr 38.6 N 51.9 I [142]

7-17 CF3CH2CH CH CN Cr 46.1 I [142]
7-18 C2H5CH CH CN Cr 45.1 N 51.8 I [141]

Table 8. Physico-chemical properties of liquid crystals:

Compound Z Phase transitions/ ß C Dea Dna na/mm2 s Õ 1 Ref.

8-1 OCHF2 Cr < 20 I 2.3 0.040 [143]
8-2 CHF2 Cr 29 X 32.1 I 14 [144]

8-3 CH2CHF2 Cr Õ 1 X 82 I 0.040 11 [144]
8-4 C2H4CF3 Cr 50 X 75 I [145]

8-5 CF2C2H5 Cr 27.5 SmB 89.2 I [146]
8-6 CH2OCF3 SmB 55 I [147]

8-7 C2H4Br Cr 46 Sm 47.8 N 67.9 I [109]
8-8 COOCH2CF3 Cr 41 SmB 65 I 2.7 0.038 16 [104]

8-9 CH CF2 Cr Õ 2 SmB 49 N 62 I [31]
8-10c CF CHF (trans) Cr 33 SmB 37 I [148]

8-11c CF CHF (cis) Cr 20 SmB 23 N 70 I [148]

8-12 OCH CF2 Cr 34 N (31) I 4.6b 0.045b [149]
8-13 CH2OCH CF2 Cr Õ 8 SmB 72 I 0.051b 11b [150]

8-14 OCH2CH2F Cr 53.2 SmB 68.1 I [146]
8-15 OCH3 Cr 12 SmB 29 N 37 I [151]

8-16 C2H5 Cr Õ 8 Sm 76.1 I [109]
8-17 CN Cr 60 Sm1 (43) Sm2 (52) N 85 I 4.5 0.061 60 [130, 152]

a,b Extrapolated from 10 wt % solution in ZLI-1132 and ZLI-4792, respectively, measured at 20 ß C.
c Taken from the � gure in [148].

behaviour of the corresponding hydrocarbon derivatives been reported for weakly polar 4,4¾ -disubstituted biphenyls
having per� uoro(alkoxy)alkyl groups [89–92]. As was[86]), with the phase transition temperatures depending

on the structure of the connectors and on the ratio observed above for one-ring benzene derivatives, an
increase in the length of the connector leads to a decreasebetween the per� uorocarbon and hydrocarbon parts of the

substituents (compound 2-11, table 2, and [70, 86–88]). in the clearing point (compounds 2-15 and 2-16, and
[90]). However, replacement of the terminal cyanoAs can be seen from table 2, 4-per� uorohexyl-4¾ -

cyanobiphenyl 2-12 exhibits non-mesomorphi c behaviour group by an alkoxy group, and changing the structure
of the connector, can lead to the opposite behaviour ofin comparison with the low melting nematic phase of

its hydrocarbon analogue 2-13; mesophases appear for the clearing temperatures for biphenyls [89] and phenyl
benzoates (compounds 4-5 and 4-6, table 4, [76, 77]).compounds having the connectors introduced between

the per� uorohexyl group and 4 ¾ -cyanobiphenyl fragment The data collated in table 2 reveal that partial � uorina-
tion of the terminal hydrocarbon groups results in an(compounds 2-14–2-17, table 2). Similar results have
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392 V. F. Petrov et al.

Table 9. Mesomorphic properties of liquid crystals:

Compound Y Z Phase transitions/ ß C Ref.

9-1 C5H11 C3H7 Cr 15.6 Sm 95.6 I [34]

9-2 C5H11 OC2H5 Cr 35 SmB 56 N 63 I [151]

9-3 C5H11 COOC2H5 Cr 23.1 Sm 80.6 I [153]
9-4 C5H11 CH2OCH3 Cr 19.6 Sm 73.4 I [153]

9-5 C5H11 CH CH2 Cr Õ 8 SmB 50 N 63.0 I [148]
9-6 C3H7 CF3 Cr 43 I [154]

9-7 C3H7 OCHFCF3 Cr 51 Sm (45) I [155]
9-8 C3H7 OC3H6CF3 Cr 10 SmB 47 I [156]

9-9 C3H7 CF2OCH3 Cr 51.5 SmB 90.8 I [146]
9-10 C3H7 OCOCF3 Cr 37.7 SmB 56.7 I [157]

9-11 C3H7 OCOCHF2 Cr 68.9 I [157]

9-12 C3H7 Cr 38.4 SmB 65.6 N 124.1 I [158]

9-13 C3H7 Cr 51.3 I [158]

9-14 C3H7 CH3 Cr 7 Sm 25.7 I [109]
9-15 C3H7 OC2H5 Cr 49 N (30) I [151]

9-16 C3H7 OC4H9 Cr 32 SmB 74 I [151]
9-17 C3H7 CH2OCH3 Cr 44.8 Sm 51 N 52 I [153]

9-18 C3H7 CH CHCN Cr 38.9 Sm3 57.4 Sm2 59.3 Sm1 65.5 N 162.2 I [158]

Table 10. Physico-chemical properties of liquid crystals:

Compound n k Z Phase transitions/ ß C Dea Dna na/mm2 s Õ 1 kp , 40 ß C Ref.

10-1 5 0 F Cr 28.1 I 9.8 0.074 0.6593 [22, 159]

10-2 5 0 Br Cr 84 X (66) I [160]
10-3 5 0 OCHF2 Cr 26 Sm 43.6 I 15.9 0.125 12 0.5929 [22, 159]

10-4 5 0 OCF3 Cr 18.6 SmB 38.5 SmA 52.4 I 11.8 0.074 [22]
10-5 5 0 SCHF2 Cr 2.5 I 0.133 0.5838 [22, 159]

10-6 5 0 OCF2Cl Cr 36 I [24]
10-7 5 0 C6F13 Cr < 20 SmB 81.5 SmA (76.5) I 0.142 [22, 161]

10-8 5 0 C6H13 Cr 15 SmA 33 I [22]

10-9 5 0 CN Cr 33.6 N 43.5 I 17.8b 0.214 50 0.6538 [22, 162]
10-10 7 0 OC7F15 Cr 53.1 SmA 111.7 I [22]

10-11 7 0 OC7H15 Cr 24 SmH 31.5 SmG 40.3 SmF [22]
53 SmC 76.6 I

10-12 4 1 OCHF2 Cr 57.1 Sm 135.7 N 165.3 I 13.8 0.154 [22]
10-13 4 1 OCF3 Cr 35.1 Sm 149.2 N 154.8 I 10.6 0.123 [22]

10-14 4 1 SCHF2 Cr 41.5 Sm 95 N 119 I 14.1 0.144 [159]
10-15 4 1 OCF2Cl Cr 79.5 Sm 121.7 N 130.3 I 12.2 0.134 [24]

10-16 4 1 CN Cr 124 N 228 I 17.6 0.232 [159, 162]

a Extrapolated from 10 wt % solution in ZLI-1132 at 20 ß C.
b t 5 Tmeas /TN-I 5 0.95; Tmeas , TN-I /K.

increase in melting and clearing temperatures and the 5-5 and 5-12; 5-13 and 5-17; 5-14 and 5-18; tables 4, 5,
and [76, 77, 91]). It is important to note that increasingdisappearance of the nematic phases (compounds 2-17

and 2-18 ). the � uorination content of the terminal groups of phenyl
benzoates can lead to a lowering of their nematic thermo-An increase in the clearing temperatures, due to the

increase of the � uorine content of terminal groups, stability {nematic–isotropic phase transition temperature}
(compounds 4-15 and 4-16 ) and to the disappearance ofhas been demonstrated for weakly polar biphenyls

[89, 95, 96] and phenyl benzoates (compounds 4-1 and the mesophase (compounds 4-12 and 4-13, 5-1 and 5-8,
5-7 and 5-9 ); while the melting temperatures show an4-2; 4-3 and 4-4; 4-10 and 4-11; 4-14 and 4-16, 4-15; 4-17

and 4-18; 5-2 and 5-7, 5-9; 5-3 and 5-10; 5-4 and 5-11; increase (compounds 4-3 and 4-4; 4-10 and 4-11; 4-12
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393Halogenation in achiral L Cs

Table 11. Physico-chemical properties of liquid crystals:

Compound Z Phase transitions/ ß C Dea Dna na/mm2 s Õ 1 kp
e Ref.

11-1 F Cr 94.4 N 152.9 I 4.6b 0.098d 24.7c 0.6502 [30, 14, 171]

11-2 Cl Cr 135.7 N 185 I 0.125d 0.6700 [14, 171]

11-3 Br Cr 153.4 N 192.7 I 0.138d 0.6300 f [14, 171]
11-4 OCHF2 Cr 69 Sm 119.6 N 167.5 I 9.7 0.154 28 [22]

11-5 OCF3 Cr 43 SmB 128 N 147.4 I 8.9 0.140 16 [23]
11-6 CF3 Cr 123 N 124.2 I 12.9 0.159 32 [23]

11-7 SCHF2 Cr 56.2 Sm 94.7 N 114 I 11.4 0.174 [22]
11-8 CHF2 Cr 122 N 161.8 I 4.4 [105]

11-9 SCF3 Cr 60 SmB 78 N 105.2 I 9.4 0.149 39 [104]
11-10 COCHF2 Cr 80 N 158 I 10.2 0.200 83 [104]

11-11 COCF3 Cr 70 N 141.2 I 17.7 0.196 60 [104]
11-12 COCF2CH3 Cr 52 SmB 140 SmA 169 N 190.7 I 8.5 54 [104]

11-13 COOCH2CH3 Cr 90 SmB 128 SmA 165 N 170.5 I 7.6 0.162 78 [104]
11-14 SOCHF2 Cr 102 N 108.5 I 16.3 0.151 [104]

11-15 SOOCHF2 Cr 119 I 13.1 0.155 [104]
11-16 SOCF3 Cr 123 I 12.5 0.158 [104]

a Extrapolated from 10 wt % solution in ZLI-1132 at 20 ß C.
b,c Extrapolated from 20 wt % solution in the mixture of 3,4-di� uoroderivatives, measured at 25 and 20 ß C, respectively.
d t 5 0.95.
e Tmeas 5 150 ß C.
f Extrapolated to T 5 150 ß C.

Table 12. Physico-chemical properties of liquid crystals:

Compound Z Phase transitions/ ß C Dea Dna na /mm2 s Õ 1 kp
c Ref.

12-1 CF2CF2CH3 Cr 147 I 5.8 [132]

12-2 CHFCF2CH3 Cr 147 I 7.5 100 [33, 132]
12-3 CH2CF2CH3 Cr 148 I 6.9 76 [33, 132]

12-4 CF2CH2CF3 Cr 86 SmB 113 I 10.7b 0.133b [172]
12-5 CH2CHFCH3 Cr 43 SmB 146 N 160.2 I 6.5 [132]

12-6 OCH2CHF2 Cr 94 SmB 168 SmA 194 N 209.3 I 4.5b [173]
12-7 OCF2CHFCF3 Cr 176.5 SmB 181.5 I [174]

12-8 OCH2CH CF2 Cr 53 SmB 162 SmA 203 N 205.2 I 0.185b [133]
12-9 OCF2CH CH2 Cr 178 N (177.2) I 0.166b [133]

12-10 CH CF2 Cr 56.7 Sm 184 N 232 I [175]
12-11 COCF2Cl Cr 52 N 124 I 16.5 0.185 98 [104]

12-12 CF2CN Cr 59 N (47.7) I 12.9 46 [134]
12-13 C3H7 Cr 29 SmA 160 N 170 I 0.4 24 [33, 176]

12-14 OCH3 Cr 80 N 165 I 70 [129]
12-15 CH3 Cr 98 Sm 123 N 178 I [177]

12-16 H Cr 58 Sm 81.7 N 98 I [171]
12-17 CN Cr 96 N 222 I 17 0.210 90 0.6235 [129, 171, 178]

a,b Extrapolated from 10 wt % solution in ZLI-1132 and ZLI-4792, respectively, measured at 20 ß C.
c Tmeas 5 150 ß C.

and 4-13; 5-2 and 5-7, 5-9; 5-3 and 5-10; 5-4 and 5-11; mesophases [103–109], in contrast to the nematic and
smectic phases, with low melting and clearing points,5-5 and 5-12; 5-14 and 5-18; and [76, 77, 89, 91]) and

decrease (compounds 4-1 and 4-2; 4-14–4-16; 4-17 exhibited by the corresponding 4 ¾ -cyano [71] and
4 ¾ -alkyl derivatives [110], respectively. As in the case ofand 4-18; 5-1 and 5-6, 5-8; 5-13 and 5-17; tables 4, 5,

and [95, 96]), with increasing of � uorination content. cyano derivatives [111], it has been shown that the
introduction of the acetylenic bond between the terminalIt has been shown that the terminal 4 ¾ -substitution

of 4-n-pentylbiphenyl by iodine and short halogenated halogen substituent (Br, I ) and 4-n-pentylbiphenyl
signi� cantly increases the mesophase thermostabilitygroups (OCF3 , SCF3 , COCF3 , OCH2CF3 , CHF2 ,

CHFCF3 , CF CHCl, C2H4 I, C2H4Cl) does not create [112].
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394 V. F. Petrov et al.

Table 13. Physico-chemical properties of liquid crystals:

Compound X Phase transitions/ ß C Dea Dna na /mm2 s Õ 1 Ref.

13-1 F Cr 54.1 Sm 96.6 N 155.2 I 4b 0.097b 16b [30, 179]

13-2 Cl Cr 70 Sm 79 N 193 I 6b 0.125b 24b [179]

13-3 I Cr 119 Sm 139.2 N 189.2 I [180]
13-4 OCHF2 Cr 50.8 Sm 69.2 N 172.2 I 10.5 0.114 23 [22, 23]

13-5 OCF3 Cr 38 SmB 69 N 153.7 I 9.2 0.088 16 [23]
13-6 CF3 Cr 133 I 13.2 0.02 26 [23]

13-7 SCF3 Cr 51 N 109.5 I 8.6 0.100 29 [104]
13-8 SF5 Cr 121 I 11.6b 0.094b [35]

13-9 OCF2 Cl Cr 82 N 133 I 7.5 0.100 [24]
13-10 COCF2CH3 Cr 92 N 197.1 I 7.1 0.146 56 [104]

13-11 C2F4CH3 Cr 162 I [33]
13-12 CH2OCH2CF3 Cr 32.1 SmB 167.4 I [181]

13-13 CH2OCH2CF2CHF2 Cr 34 SmB 148.7 I [181]
13-14 CH CF2 Cr 51 Sm 88.6 N 233 I [175]

13-15 CF CHCl Cr 98 N 271.9 I [107]
13-16 CH3 Cr 64.6 Sm 109.7 N 179.8 I 0.2 0.111 22 [131, 182]

13-17 CN Cr 73.1 Sm 81.1 N 242.5 I 12.0b 0.182b 94b [179, 180]

a,b Extrapolated from 10 wt % solution in ZLI-1132 and ZLI-4792, respectively, measured at 20 ß C.

Table 14. Mesomorphic properties of liquid crystals:

Compound Y Z Phase transitions/ ß C Ref.

14-1 C3H7 H Cr 75.9 Sm 91.8 N 100.4 I [182]

14-2 C3H7 OCH3 Cr 79.2 Sm 128.4 N 211.5 I [182]
14-3 C3H7 C3H7 Cr 21 SmB 178 I [33]

14-4 C3H7 N(CH3 )CF3 Cr < 20 SmB 173 I [183]
14-5 C3H7 N(CH3 )CH3 Cr 59 Sm 189 I [183]

14-6 C5H11 C2F4CHF2 Cr 43 SmB 88 SmC 107 SmA 130 I [33]
14-7 C5H11 C3F7 Cr 127 N (126) I [33]

14-8 C5H11 C3H7 Cr 48.6 Sm 181 I [182]
14-9 CH3CHFCH2 F Cr 86 N 152 I [184]

14-10 CF2 CH CH3 Cr 73.2 Sm 93.1 N 170.5 I [185]
14-11 ClCH CH CH3 SmB 99.6 N 242.2 I [186]

14-12 CH2 CH CH3 Cr 63.5 N 159 I [185]
14-13 ClCH CH F Cr 103.3 N 204 I [187]

14-14 CH2 CH F Cr 85 N 145 I [36]
14-15 ClCH CH Cl Cr 211 N 266.5 I [187]

14-16 CH2 CH Cl Cr 102.4 N 179.5 I [188]
14-17 ClCH CH Br Cr 185.8 N 265.2 I [187]

14-18 BrCH CH Br Cr 207 N 267.8 I [187]

As is evident from table 5, the per� uoroalkylation The per� uoroalkoxylation of the corresponding cyano-
phenyl benzoates also promotes the formation of smecticof cyanophenyl benzoates creates smectic mesophases

with an almost suppressed odd–even eŒect in the phases and its eŒect on the odd–even dependence of the
clearing points is less disturbing (compounds 5-13–5-15,clearing temperatures in comparison with those of the

corresponding nematic alkyl-substituted cyanophenyl 5-16, 5-17 and [98, 100]).
Considering the eŒects of per� uoro(alkoxy)alkylationbenzoates (compounds 5-1–5-5 and 5-8–5-12, table 5,

and [69, 97, 98, 100–102, 113]): and poly� uoro(alkoxy)alkylation in other 1,4-phenylene
derivatives containing linking groups, we can point out
that increasing the � uorination content of their terminal
groups creates, in many cases, smectic phases and leads

X 5 F Tclp
� C

n
X

2n+1
: C3F7 < C4F9 < C5F11

< C6F13 < C7F15
X 5 H Tclp � C

n
X

2n+1
: C4H9 < C6H13 < C3H7

< C5H11 < C7H15 .

to decreasing [94, 99, 114–117] or increasing [26, 46,
76, 77, 91, 94, 97–99, 100–102, 114, 118–121] clearing
temperatures, and to decreasing [46, 94, 97–100, 114,
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395Halogenation in achiral L Cs

116] or increasing [26, 46, 76, 77, 91, 94, 97–102, the corresponding hydrocarbon derivatives. Increasing
114–118, 120, 121] melting points. the length of the connector between the second per-

It has been shown that the terminal halogenation of � uoroalkyl group and the molecular core in phenyl
4-octyloxy-N-(4-substituted benzylidene)aniline results benzoates may increase (compounds 4-9 and 4-7 and
in the formation of mesophases exhibiting the follow- [93]) or decrease (compounds 4-9, 4-7 and 4-8, table 4
ing orders of increasing the melting (Tm ) and clearing and [93]) the clearing and melting points.
temperatures (Tclp ) [39]: The thermal data collated in tables 6 and 7 reveal

that the terminal substitution of trans-4-n-pentylcyclo-
Tm

� H < CN < F < Cl < Br < I hexylbenzene by halogens and � uorinated groups does

not create mesophases (compounds 6-1, 6-3–6-5, 6-7,Tclp � Cl < CN < Br < I.
6-10, 7-1; except compounds 6-2 and 6-8 showing the

monotropic nematic phases at negative temperatures) .The low nematic thermostabi lity of 4-octyloxy-N-(4-cyano-
Increasing the length of the � uorinated groups, or usingbenzylidene)aniline, compared with those of the corres-
� uoroalkenyl groups, may enhance the mesomorphicponding halogen-substituted derivatives, is di� cult to
properties (compounds 6-9, 6-11–6-13, 7-6, 7-7 ). Theexplain in terms of the theory of Maier and Saupe, stating
corresponding derivatives having terminal hydrocarbonthat the nematic–isotropic phase transition temperature
groups usually exhibit the same non-mesomorphicis proportional to the anisotropy of polarizability of the
behaviour with higher melting points (compounds 6-7,molecules forming the nematic phase [122]. In such a
6-8 and 7-2 ) or mesophases with higher melting andcase, the cyano derivative, having increased the value of
clearing temperatures (compounds 6-2, 6-3 and 6-6;the anisotropy of polarizability, should exhibit a higher
6-9 and 7-3 ) or mesophases with lower melting temper-clearing temperature in comparison with those of the
atures (compounds 6-10 and 7-4 ). The introduction ofcorresponding halogen-substituted derivatives showing
the CF2CN group results in the disappearance of thelower values of anisotropy of polarizability [41, 14].
nematic phase, while a corresponding CH2CN substitutionAlso, a low melting temperature of the cyano derivative
leads to the creation of a monotropic phase with a lower(in comparison with that of the corresponding halogen-
melting point than that of the corresponding cyanosubstituted derivatives) does not support the suggestion
derivative (compounds 6-14–6-16 ). Partial � uorinationthat increasing the polarity of the terminal substituents
of the alkyl group in (trans-4-alkylcyclohexyl )-1-cyano-[39, 123] should increase the melting temperature [124].
benzene may lead to a decrease in melting and clearingIt has been demonstrated that per� uoroalkylation
temperatures (compounds 7-5 and 6-16, tables 6, 7) orof both achiral non-symmetrical terminal substituents
to an increase in melting and decrease in clearing pointsattached to the biphenyl core leads to the formation
(compounds 7-8 and 7-12, table 7). These � ndings showa ferroelectric repolarizable mesophase [125–127].
the importance of the structure of the terminal group andSymmetrical per� uoro(poly� uoro)alkoxylation in both
its � uorination content on the mesomorphic propertiesterminal positions of azoxybenzenes does not create
of � uoroalkylated LCs. Similar results have been foundmesophases, in comparison with the higher melting
for the other halogenated LCs 7-9–7-12 presented inmesophases exbited by the corresponding symmetrical
table 7.di-alkoxy derivatives [128]. Non-symmetrical per� uoro-

Interestingly, the eŒect of � uorination of the alkenyl(poly� uoro)alkoxy – alkoxy azoxybenzene derivatives
groups of the trans-1,4-cyclohexylene cyano derivativesexhibit mostly smectic character of their mesophases
on their mesomorphic properties depends on the � uor-[128], as was observed above for many other liquid
ination content, position of � uorine atoms and thecrystalline derivatives. Similar eŒects have been reported
structure of the alkenyl groups. So far the introductionfor non-mesomorphic 4,4 ¾ -bis-di� uoromethoxy- and 4,4 ¾ -
of one � uorine atom increases the nematic thermostabilitybis-tri� uoro-methoxy-substitute d benzaldazines, in com-
and may lead to increasing (compounds 7-13 and 7-15 )parison with the corresponding bis-methoxy derivative
or decreasing (compounds 7-16 and 7-18 ) meltingexhibiting a higher melting nematic phase [121]. It
points, while the introduction of two and more � uorineshould be mentioned that non-symmetrical per� uoro-
atoms decreases the melting and clearing temperaturesalkylation in both terminal positions of phenylbenzoate s
(compounds 7-6 and 7-7, 7-14 and 7-15 ) or results inresults in a decrease in clearing points and increase in
the disappearance of the mesophase with an increase ofmelting temperatures (compounds 4-6 and 4-7, table 4
the melting point (compounds 7-17 and 7-18, table 7).and [76, 77, 93]; while non-symmetrica l poly� uorination

As was observed above for per� uoroalkyl-substitutedor per� uoroalkylation–per� uoroalkoxylation in both

cyanophenyl benzoates, per� uoroalkylation of cyano-terminal positions of ShiŒs bases results in the disappear-
ance of the mesophases [118] compared with those of phenyl esters of cyclohexanecarboxyli c acid creates only
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smectic phases exhibiting higher clearing and melting (compounds 10-7 and 10-8; 10-10 and 10-11; and
[22, 163]); it also reduces the number of mesophasespoints than those of the corresponding alkyl-substituted

derivatives [97]. (compounds 10-10 and 10-11, and [22, 163]) or changes
the structure of the mesophase (compounds 10-7 andIn comparison with the above-considered biphenyls

and phenylcyclohexanes , the eŒect on mesomorphic 10-8 ). Partial � uorination of the alkyl and alkoxy groups
also increases the melting and clearing temperatures withproperties of terminal substitution of trans-4-n-pentyl-

or propyl-bicyclohexyl s by halogenated groups is more increase in � uorine content [163–167]. The importance
of the quantity of � uorine atoms and their positions inpronounced: in most cases we see the creation of meso-

phases exhibiting mainly smectic character (compounds the terminal groups on the mesomorphic properties of
liquid crystalline pyrimidin-2,5-diyl derivatives has been8-5–8-10, 8-13, 8-14, 9-7–9-10, except 8-1, 9-6, 9-11,

tables 8, 9). The replacement of the hydrogen atoms by demonstrated in [168].
� uorine and bromine atoms in the terminal substituents
decreases (compounds 8-1 and 8-15; 8-4, 8-5 and 9-1; 8-6 2.1.3. T hree- and four-ring derivatives and miscellaneous

systemsand 9-4; 8-7 and 8-16; 8-8 and 9-3; 8-9, 8-10 and 9-5;
9-6 and 9-14; 9-8 and 9-16; 9-12 and 9-18 ) or increases As expected, the terminal halogenation of three-

ring derivatives gives a more pronounced eŒect on(compounds 8-3 and 8-16; 8-11 and 9-5; 8-14 and 9-2;
9-7 and 9-15; 9-9 and 9-17, tables 8, 9) the clearing tem- their mesomorphic properties in comparison with that

observed for the one- and two-ring derivatives discussedperatures. The melting temperatures also show decreased
(compounds 9-8 and 9-16; 9-12 and 9-18 ) or increased in the previous paragraphs. It has been shown that the

terminal substitution of aromatic and heteroaromatic(compounds 8-3, 8-7 and 8-16; 8-8 and 9-3; 8-9–8-11
and 9-5; 8-14 and 9-2; 9-6 and 9-14; 9-7 and 9-15; 9-9 and systems by halogen or halogenated groups leads to the

formation of smectic phases which exhibit high melting9-17; tables 8, 9) values. The cyano group is still one of
the most thermally eŒective groups, providing the highest and in some cases high clearing temperatures, while the

introduction of cyclohexane or cyclohexene rings intomelting temperature among the substituted trans-4-n-
pentylbicyclohexyls (compound 8-17, table 8). As can be these systems gives rise to the nematic phase which

is dominant in the corresponding cyano derivativesseen from table 9, � uorination of cyanostilbene signi-
� cantly lowers the nematic thermostability, while the (tables 10–14 and [22–24, 162, 169, 170]).

As is evident from tables 11-14, the terminal halogenexchange of the cyano group and � uorine atom in this
group results in the disappearance of the mesophase substitution of three-ring derivatives leads to an increase

in clearing temperatures (compounds 11-1–11-3 and(compounds 9-12, 9-13 and 9-18 ).
It has been reported that moving the CF2 group in 12-16, 13-1–13-3 and 14-1, and [34, 38, 40, 189, 190]),

and increasing (compounds 11-1–11-3 and 12-16, 13-3a � uoroalkyl terminal substituent having the same
quantity of the carbon and hydrogen atoms away from and 14-1, and [34, 38, 40, 47, 189, 190]) or decreasing

melting points (compounds 13-1, 13-2 and 14-1, andthe rigid bicyclohexyl core, increases the clearing points
and lowers the melting temperatures [34]. [38]). It is interesting to note that the order parameter,

depending on the terminal substituent for compoundsIn contrast to the results received for biphenyls
and phenylcyclohexanes , the terminal halogenation of 11-1–11-3, 12-16, 12-17, grows as follows [42]: F < H <

Cl < Br < CN.two-ring heterocyclic derivatives of pyridin-2,5-diyl,
pyrimidin-2,5-diyl and trans-1,3-dioxan-2,5-diy l has a The thermal data presented in tables 11 and 13

and [34, 38, 40, 45, 47, 189–195] reveal that the e� ciencymore pronounced eŒect on their mesomorphic properties,
leading in some cases to higher clearing temperatures of the halogens introduced into the terminal position of

three-ring liquid crystalline derivatives increases in theof their mostly smectic mesophases than those of the
nematic phases of the corresponding cyano derivatives following order: F < I < Cl< Br. However, this order

may be changed upon introducing linking groups or(compounds 10-2–10-4 and 10-9, table 10, and [22, 23]).
The OCF3 group is more e� cient than OCHF2 and CN lateral substituents and/or replacing the molecular frag-

ments [34, 45, 196] F<Br<Cl; and [47] F<Cl< I<Br;groups for pyridin-2,5-diy l derivatives (compounds 10-4
and 10-3, 10-9 ) and for pyrimidin-2,5-diyl and trans-1,3- and [38] F < Cl# Br.

The melting temperature depends on the structure ofdioxan-2,5-diy l derivatives (only OCHF2 group) [22].
Terminal substitution by F, SCHF2 , of OCF2Cl groups the terminal halogen substituent in the following ways

(tables 11, 13, and [34, 38, 40, 45, 47, 189–194, 197])(compounds 10-1, 10-5, 10-6, and [22, 24]) does not
create mesophases, nor for the phenylcyclohexanes , as F < Cl < Br < I; and [47, 195] Cl < F < Br; and [34]

Cl < Br < F; and [193] F < Cl# I < Br.was observed (table 6). Per� uoro(alkoxy)alkylation of two-
ring pyridin-2,5-diy l and pyrimidin-2,5-diyl derivatives Considering the phase transition temperatures of

CF3 , OCF3 , SCF3 , CHF2 , OCHF2 , SCHF2 , and theresults in increasing the melting and clearing points
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397Halogenation in achiral L Cs

corresponding CH3 and OCH3 derivatives, we can derive for two-ring pyridin-2,5-diy l derivatives presented in
table 10. From tables 10, 11, 13 and the references, itthe following statement: the clearing temperatures of

tri� uoromethoxy and di� uoromethoxy derivatives are can be seen that di� uoromethoxy derivatives show higher
(compounds 10-12 and 10-13, 11-4 and 11-5, 13-4 andhigher than those of the corresponding tri� uoromethyl

and di� uoromethyl derivatives, respectively (compounds 13-5, [22, 23, 203]) or lower [23, 179, 203, 212, 215,
225, 226] melting temperatures than the corresponding11-5 and 11-6, 13-5 and 13-6, 11-4 and 11-8, and

[23, 33–35, 105, 179, 198–213]). An increase (compounds tri� uoromethoxy derivatives. Replacement of oxygen by
sulphur in the OCF3 and OCHF2 groups to give SCF313-16 and 14-2 ) or decrease (compounds 12-14 and

12-15 ) in clearing points are observed for three-ring and SCHF2 groups respectively, signi� cantly lowers
their mesogenic e� ciency (compounds 10-12 and 10-14,methoxy derivatives in comparison with those of the

corresponding methyl derivatives. The melting temper- 11-4 and 11-7, 11-5 and 11-9, 13-5 and 13-7, tables 10,
11, 13 and [22]). The melting points show a decreaseatures show lower (compounds 11-5 and 11-6, 13-5 and

13-6, and [23, 34, 35, 198–206, 210–213]) or higher for SCHF2 derivatives (compounds 10-12 and 10-14,
11-4 and 11-7 ) and an increase for SCF3 derivatives[23, 201] values for tri� uoromethoxy derivatives in com-

parison with those of the corresponding tri� uoromethyl (compounds 11-5 and 11-9, 13-5 and 13-7 ). A similar
decrease in the thermal e� ciency caused by replacingderivatives. As is evident from table 11 and the references,

di� uoromethoxy derivatives show lower melting temper- the carbon atom by a sulphur atom in other terminal
groups is shown in table 11 for compounds 11-10 andatures than those of the corresponding di� uoromethyl

derivatives (compounds 11-4 and 11-8, and [23, 33, 105, 11-14, 11-11 and 11-16.
As discussed above, terminal chloro substitution is179, 203]).

The partial and total � uorination of the methyl group more e� cient than � uoro substitution, however, the
replacement of � uorine by chlorine in the tri� uoro-(CH3 and CHF2 , CF3 groups) and total � uorination of

the methoxy group (OCH3 and OCF3 groups) decreases methoxy group to give the di� uorochloromethoxy group
lowers the thermal e� ciency (compounds 10-13 andtheir mesogenic e� ciencies (compounds 12-15 and 11-8,

11-6; 13-16 and 13-6; 12-14 and 11-5; 14-2 and 13-5; 10-15, 13-5 and 13-9, [22, 24, 227]). The melting temper-
atures of di� uorochloromethox y derivatives exhibit highertables 11-14, and [22, 23, 34, 40, 49, 156, 169, 177, 182,

192, 199, 214–217]), while the partial � uorination of (compounds 10-13 and 10-15, 13-5 and 13-9, tables 10,
13, and [22, 24, 227]) or lower [22, 24] values inthe latter group (OCH3 and OCHF2 groups) increases

(compounds 12-14 and 11-4 ) or decreases (compounds comparison with those of the corresponding tri� uoro-
methoxy derivatives. A similar decrease in thermal14-2 and 13-4, tables 13, 14, and [22, 23, 40, 182, 215])

its e� ciency. There are some exceptions from these rules: e� ciency has been reported for other chloro� uoro-
substituted groups (compounds 11-11 and 12-11, tablesincreasing the length of the alkoxy group and the

replacement of one of the molecular fragments in the 11, 12).
A comparison of the phase transition temperatures ofcore lead to higher clearing temperatures of three-ring

CF3 and OCF3 derivatives compared with those of the compounds 12-1–12-5 and 12-13; 13-11 and 14-3; 14-4
and 14-5; 14-6, 14-7 and 14-8 reveals an in� uence of thecorresponding CH3 and OCH3 derivatives, respectively

[49, 169]. As can be seen from tables 11–13 and the � uorination content and positions of the � uorine atoms
in poly� uorinated groups on their e� ciency, whichreferences, tri� uoromethyl and di� uoromethyl drivatives

exhibit higher (compounds 11-6, 11-8 and 12-15, 13-6 decreases with the increase in � uorine content (see also
[51]). Again, it is di� cult to explain these results inand 13-16, and [23, 49, 192, 216, 218]) or lower

[23, 33, 177, 182, 217] melting temperatures than the terms of the Mayer–Saupe theory, since increasing the
� uorine content of the terminal groups results in ancorresponding methyl derivatives.

The thermal data collated in tables 11–14 and the increase in their anisotropy of polarizability (see the
additive scheme of its calculation proposed in [228–230]references shows that di� uoromethoxy and tri� uoro-

methoxy derivatives show lower (compounds 11-4, 11-5 and table 1) which in turn, according to Mayer and
Saupe [122], should enhance the stability of the meso-and 12-14; 13-4, 13-5 and 14-2; and [22, 23, 34, 40, 169,

182, 199, 215, 219]) or higher [156, 179, 212, 215] melt- phase. The melting temperatures of these derivatives
show a decrease (compounds 14-4 and 14-5, 14-6 anding points than the corresponding methoxy derivatives.

The di� uoromethoxy group is more e� cient than the 14-8, and [51]) or increase (compounds 12-1–12-5 and
12-13, 14-7 and 14-8, tables 12, 14), with increase oftri� uoromethoxy group (compounds 10-12 and 10-13,

11-4 and 11-5, 13-4 and 13-5, and [22, 23, 36, 179, 203, � uorine content.
It is useful to express the eŒect of halogenation of the212, 215, 220–224]), while the replacement of one of the

molecular fragments and the introduction of linking terminal substituents on the mesomorphic properties of
LCs in the order of increasing clearing temperaturesgroups lead to the opposite order [23, 199], also observed
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398 V. F. Petrov et al.

(Tclp ), nematic range DT , melting temperatures (Tm ), and exhibiting lower polarity [123]. These � ndings in the
melting temperatures do not support the suggestion thatsmectic thermostabilities (Ts ), depending on the structure

of the terminal substituent Z in the system (I) (tables an increase in polarity of the terminal substituents
should increase the melting temperature [124].11, 12), and system (II ) (tables 10, 11):

As is evident from these orders, halogen-substituted As can be seen from tables 13 and 14, partial � uor-
ination of the propyl group results in the disappearancealkenyl groups (even those containing two diŒerent

halogen atoms) show enhanced thermal e� ciency in of the smectic phase and the creation of only the nematic
phase with a lower clearing point (compounds 14-9comparison with other groups. Increasing the length of

the poly� uorinated groups leads to increasing smectic and 13-1 ). Similar results have been reported for other
three-ring liquid crystalline derivatives containing twothermostability and decreasing nematic range. Sulphur-

containing � uorinated groups usually exhibit decreased non-symmetrica l halogenated terminal groups [202, 208,
231].values of thermal e� ciency. The cyano group is still one

of the most thermally e� cient groups providing a wide It has been shown that the introduction of the
same halogen in both terminal positions of three-ringnematic range with moderate melting point, lower than

that of some halogenated and hydrogenated groups p-phenylene dibenzoates results in the formation of a

Scheme. Mesophase properties of
system I and system II compounds.
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399Halogenation in achiral L Cs

nematic phase that exhibits high melting and clearing Lastly, there have been some reports showing the eŒects
of per� uoroalkylation on the mesomorphic behaviourtemperatures, with the following dependences on the

terminal substituents [124, 232]: Tm , Tclp
� H<F<Cl< of liquid crystalline carbohydrates [242], discotic liquid

crystals [243], laterally long branched mesogens [244],Br < CN. These results have been explained in terms of
the principal in� uence of the size of the terminal sub- swallow liquid crystals [245–247].
stituents and their polarity and polarizability on phase
transition temperatures. 2.2. L inking substitution

It has been demonstrated that the introduction of theSymmetrical per� uoroalkoxylation in both terminal
positions creates mostly smectic phases in comparison following � uorinated linking groups into the molecular

core of two-ring 1,4-phenylene derivatives does notwith the non-mesomorphi c or mostly nematic character
of mesophases observed in the corresponding di-per� uoro- produce a mesophase [32, 248]: CF2CHF, CF2CF2 ,

OCF2 , SCF2 .alkylated p-phenylene dibenzoates [94, 114]. Decreasing
the � uorination content of the terminal substituents in The trans-a, b-di� uorostilbene group shows a remark-

able ability to enhance mesomorphism (compounds 15-1these compounds enhances the clearing and melting
temperatures (for most members) [94, 114, 233]. and 15-3–15-6; 16-6 and 16-7, 16-9–16-13; tables 15,

16, and [258]) which, however, can be less thermostableIt has been demonstrated that di-halogen substitution
in both terminal positions of a,a ¾ -bis-(4-substituted than that of the corresponding hydrogen derivative

(compounds 16-6 and 16-8, table 16). Similarly, themethylphenylimino)-p -xylene gives a nematic phase
showing high melting and clearing temperatures , with the incorporation of the CF CF unit into the linking groups

increases the nematic thermostability (compounds 15-2following dependences on the terminal substituents [115]:
and 15-4, 15-13 and 15-16, 16-1 and 16-3–16-5, tables

Tm � F < H < Cl< CF3 < CH3 < Br < CN < I 15, 16, and [28, 265, 266]) which can be higher
(compounds 15-2 and 15-3, 15-13 and 15-14, table 15)Tclp

� F < I < CH3 < Cl# Br < CN.
or lower (compounds 16-1 and 16-2, and [250]) than
those of the corresponding hydrogenated derivatives.Interestingly, the introduction of the � uorine atom

creates the nematic phase and lowers the melting point, These results might be correlated with the fact that
� uorination of the trans-stilbene group causes a smallwhile replacement of the methyl group by tri� uoro-

methyl decreases the melting point and leads to the deformation of the p-electron distribution which raises
the vacant orbitals and increases the eŒects of interactiondisappearance of the mesophase [115]. The decreased

e� ciency of the CF3 group in comparison with the CH3 of the p-electrons in this group with the p-electron
system of a benzene ring [267].group has been explained in terms of the increased size

of the former, which broadens the molecule, thereby As seen from table 15, increasing the quantity of
the CF CF linking units leads to a pronounced odd–reducing the eŒective lateral attractive forces between

molecules in the nematic phase. Another reason is the even eŒect in the clearing temperatures (compounds
15-7–15-11 ), opposite behaviour to that of the corres-dipole properties of the CF3 group, which produces

instantaneous repulsions between neighbouring molecules. ponding di-methyl derivatives [29]. The observed
decrease in the melting and clearing temperatures forIt has been proposed that these repulsions will be less

signi� cant in the case of the less polar CH3 group [115]. the 1,4-diphenylper� uoro-1,3-butadiene derivative 15-7
in comparison with those of the corresponding hydrogenLet us discuss in detail the eŒect of halogenation on

the alkenyl group which is clearly shown in table 14 for derivative 15-12 has been explained in terms of the
disruption of the planarity of the transoid systemcompounds 14-10–14-18. Halogenation of the alkenyl

group increases melting and clearing temperatures (compound 15-12 ) and its transformation into the non-
planar cisoid system (compound 15-7 ) [29]. This is(compounds 14-10 and 14-12 ; 14-13 and 14-14; 14-15 and

14-16, and [36, 187]). The introduction of two halogen accompanied by a shortening of the C C bond length. It
might be useful to consider the structure of these com-atoms (the same or diŒerent) in both terminal groups

(one of them is the alkenyl) results in the formation of pounds for a possible explanation of the results. Firstly,
a,b-di� uorostilbene is non-planar and the torsionalonly the nematic phase with high melting and clearing

points (compounds 14-13, 14-15, 14-17, 14-18, and angle between the benzene rings relative to the C C
bond is equal to 25–26 ß [29, 268]. Secondly, a,v-diaryl-[142]). Bromine has been found to be more e� cient

than chlorine in the halogenation of alkenyl groups per� uoropolyenes Ar(CF CF)
n
AR, where n 5 2–4, show

all-trans con� gurations of the � uorine atoms and exist(compounds 14-17 and 14-18 ). Similar results, demon-
strating the eŒect of terminal halogenation of four-ring in twisted non-planar cisoid conformations with rotation

angles ranging from 0 to 23 ß . Torsional angles of theliquid crystalline derivatives on their mesomorphic
properties, have been presented in [208, 222, 234–242]. double bond planes relative to each other are from 47 ß
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400 V. F. Petrov et al.

Table 15. Mesomorphic properties of liquid crystals:

Compound A Y Z Phase transitions/ ß C Ref.

15-1 CH3 CF CF CN Cr 126.6 X 167.5 I [249]

15-2 CH3 CF CFCOO CN Cr 118 N 137 I [250]

15-3 CH3 CH CHCOO CN Cr 127 N 127.5 I [250]
15-4 CH3 COO CN N 63.3 I [251]

15-5 CH3 C C CN Cr 160 I [252]
15-6 CH3 — CN Cr 109 I [253]

15-7 CH3O (CF CF)2 OCH3 Cr 84 Sm 95 N 196 I [29]
15-8 CH3O (CF CF)3 OCH3 Cr 101 N 204 I [29]

15-9 CH3O (CF CF)4 OCH3 Cr 95 Sm 102 N 195 I [29]
15-10 CH3O (CF CF)5 OCH3 Cr 103 N 207 I [29, 254]

15-11 CH3O (CF CF)6 OCH3 Cr 82 N 176 I [29]
15-12 CH3O (CH CH)2 OCH3 Cr 225 N 238 I [29]

15-13 CH3O CF CFCOO OCH3 Cr 129 N 158 I [250]
15-14 CH3O CH CHCOO OCH3 Cr 118 N 137 I [250]

15-15 CH3O CH CH OCH3 Cr 216 N (176) I [255]
15-16 CH3O COO OCH3 Cr 125 I [256]

15-17 CF3 CBr CH OCH3 Cr 102 I [257]
15-18 CF3 CBr CBr OCH3 Cr 198 I [257]

Table 16. Physico-chemical properties of liquid crystals:

Compound A Y Z Phase transitions/ ß C e)
a Dea Ref.

16-1 C3H7 C CCF CFC C C3H7 Cr 90 N 144.1 I [259]

16-2 C3H7 C CCH CHC C C3H7 Cr 95.3 N 162.3 I [260]
16-3 C3H7 C C C3H7 Cr 73 I [196]

16-4 C3H7 C CC C C3H7 Cr 107.5 N 131.9 I [261]
16-5 C3H7 — C3H7 Cr 61.2 I [139]

16-6 CH3O CF CF C5H11 Cr 39.8 X 90.4 I [249]
16-7 CH3O CCl CH C5H11 Cr 35.9 N 51.4 I 4.09 Õ 0.390 [262]

16-8 CH3O CH CH C5H11 Cr 118 SmB (109.5 ) N 124.5 I 2.83 1 0.138 [262]
16-9 CH3O COO C5H11 Cr 28.9 N 41.5 I 5.61 1 0.073 [262]

16-10 CH3O N CH C5H11 Cr 48.6 N 63.7 I 4.27 Õ 0.335 [262]
16-11 CH3O CH N C5H11 Cr 40.3 N 62.9 I 4.67 Õ 0.352 [262]

16-12 CH3O N N C5H11 Cr 39.4 N 65.4 I 3.20 1 0.209 [262]

16-13 CH3O C C C5H11 Cr 43 N 55 I 3.47 1 0.140 [263]
16-14 C2H5O CCl N C5H11 Cr 47 N 48 I [264]

16-15 C2H5O CH N C5H11 Cr 63 N 90 I [264]

a t 5 0.97.

to 49 ß [29, 269, 270]. It has been found for compounds 16-13 ). A similar decrease in the melting and clearing
temperatures has been observed for chlorinated SchiŒswith n 5 5, 6, that their torsional angles are similar to

those of compounds with n 5 2–4, while their structures base (compounds 16-14 and 16-15 ).
As expected, the halogenation of linking groups intro-comprise the cisoid and transoid parts [29].

The data collated in tables 15, 16 reveal that a,b- duced into the molecular core of three-ring derivatives
gives a more pronounced eŒect on their phase transitionbromination and a-chlorination of trans-stilbene results

in the disappearance of the mesophase and decrease temperatures, consistent with the results seen for two-
ring systems (compounds 17-1–17-7, 11-5; 17-8–17-12,of the melting points (compounds 15-15 and 15-17,

15-18 ) or decrease of the melting and clearing points 11-1; 17-13 and 17-14, table 17). The introduction of the
di� uoromethoxy group lowers the clearing temperatures(compounds 16-7 and 16-8 ). It has been explained in

terms of disruption of the trans-stilbene planarity [255]. (compounds 17-1, 17-2 and 11-5; 17-8 and 11-1; 17-13
and 17-14 ), and increases (compounds 17-2 and 11-5 ) orIn comparison with other linking groups, the CCl CH

group shows lower (except compound 16-9 ) nematic decreases (compounds 17-8 and 11-1, 17-13 and 17-14 )
the melting temperatures in comparison with those of thethermostability (compounds 16-7 and 16-6, 16-8, 16-10–
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401Halogenation in achiral L Cs

Table 17. Physico-chemical properties of liquid crystals:

Compound Y Z Phase transitions/ ß C Dea Dna na/mm2 s Õ 1 Ref.

17-1 OCF2 OCF3 Cr 43 SmB 116 I 4.5 0.107 10 [32]

17-2 CF2O OCF3 Cr 68.3 SmB 80.5 N 90.2 I [271]
17-3 CF CF OCF3 Cr 78 Sm1 122 Sm2 190 N ? I [272]

17-4 CH CH OCF3 Cr 72 Sm 168 N 224 I 0.180b 54b [199]
17-5 C C OCF3 Cr 50 SmB 134 SmA 167 N 189.9 I 9.9b 0.219b 18b [23]

17-6 CH2CH2 OCF3 Cr 47 SmB 68 N 73.7 I 7.2b 0.104b 16b [23]
17-7 COO OCF3 Cr 106 SmB (84) SmA 131 N 167.9 I I 15.3b 0.134b 35b [23]

11-5 — OCF3 Cr 43 SmB 128 N 147.4 I 8.9b 0.140b 16b [23]
17-8 OCF2 F Cr 50 SmB 58 N 106 I 2.8 0.095 15 [32]

17-9 CF2CF2 F Cr 69 I 3.5 0.092 [248]

17-10 CH2CH2 F Cr 57 N 79 I [191]
17-11 C C F Cr 85.8 SmG 91.8 N 187.5 I I 0.230 24 [273, 274]

17-12 COO F Cr2 82 Cr1 93 N 156 I 3.9c [40]
11-1 — F Cr 94.4 N 152.9 I 4.6f 0.098h 24.7g [14, 30, 171]

17-13d CF2O OCF3 Cr 58.2 SmB 70.9 N 83.1 I 9.7e 0.109 11 [32, 271]
17-14d — OCF3 Cr 90 SmB 129 N 151.4 I 8.9b 0.166b 14b [23]

a,b Extrapolated from 10 wt % solution in ZLI-4792 and ZLI-1132, respectively, measured at 20 ß C.
c t 5 0.93.
d R 5 C3H7 .
e Extrapolated from 20 wt % solution in the liquid crystalline mixture at 25 ß C.
f,g Extrapolated from 20 wt % solution in the mixture of 2,4-di� uoroderivatives, measured at 25 and 20 ß C, respectively.
h t 5 0.95.

corresponding derivatives without linking groups. The crystals, their substituents, and their halogen content
and its distribution is also shown. These � ndings arein� uence on mesomorphic properties of the position

of the di� uoromethoxy group in the molecular core of not consistent with the theory of Maier and Saupe which
states that the stability of the mesophase is proportionalLCs is clearly shown in table 17 by comparison of the

thermal data of compounds 17-1 and 17-2. So far, point- to the anisotropy of polarizability of the molecules form-
ing the mesophase [122]. In such cases, halogenateding the oxygen of the di� uoromethoxy group toward the

4-tri� uoromethoxypheny l fragment (compound 17-2 ) LCs, having increased values of the anisotropy of polariz-
ability than those of corresponding hydrogenated liquidincreases the melting and lowers the clearing temper-

ature, and does not change the number of mesophases crystalline derivatives (see table 1), should consequently
exhibit increased values of the nematic–isotropic liquidcompared with the parent compound 11-5. Pointing that

oxygen in the opposite direction (compound 17-1 ) results transition temperatures in comparison with those of the
hydrogenated LCs. However, some of the results pre-in the disappearance of the nematic phase, and decreasing

or increasing, respectively, the clearing point in com- sented here and in [21, 34, 39, 51, 59, 60, 276] do not
support this suggestion.parison with those of the parent compound and com-

pound 17-2. As was observed for two-ring derivatives, It seems that there is no direct correlation between
the electronic structure of the halogenated terminal andtrans-a,b-di� uorostilbene shows increased e� ciency in

comparison with that of the corresponding derivatives linking groups (characterized by Hammet substituent con-
stants and resonance and � eld parameters [18, 277, 278]),without linking groups or having OCF2, C C, CH2CH2

and COO linkages (compounds 17-3 and 11-5, 17-1, and the mesomorphic properties of LCs incorporating
them. However, the electronic structure of halogenated17-2, 17-5–17-7 ), and increased melting temperature

compared with that of the corresponding trans-stilbene groups [7, 17–20, 265, 279–290] plays a very important
role in the intra- and inter-molecular interactions whichderivative 17-4. Interestingly, full � uorination of the

ethylene group leads to the disappearance of the meso- aŒect the packing of the molecules which predominantly
in� uences mesophase thermostability [291–294]. Aniso-phase (compounds 17-9 and 17-10 ). Similar results have

been reported for four-ring derivatives [275]. tropic dispersion interactions and, consequently, the
anisotropy of polarizability, also in� uence the packingThe presented results reveal that the terminal and link-

ing halogenation of achiral liquid crystals may increase and hence the stability of the mesophases but play a
secondary role compared with steric factors [292]. Otheror decrease the thermal stability of the mesophases

compared with that of corresponding hydrogenated aspects such as molecular association [295] or dipole–
dipole attraction in polar liquid crystalline derivatives,derivatives. The importance of the structure of liquid
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402 V. F. Petrov et al.

which can in� uence the packing of the molecules, also phase in which the molecules are shifted relative to one
another in an antiparallel con� guration [161]. SimilaraŒect the stability of the mesophases [292]. Particularly

in per� uoroalkylated derivatives , the per� uoroalkyl group, results have been presented showing the formation of
the monolayer smectic [39, 46, 76–78, 91, 93, 161,which is more rigid and linear than the corresponding

alkyl group [65, 75–77, 89, 102, 161, 293] promotes 245–247, 304, 305], partly bilayer smectic [49, 65, 67,
68, 72, 74, 76, 77, 90, 102, 161, 246, 247, 296], bilayermicrophase segregation [67, 87, 102, 245, 296] and

strong electrostatic interactions, such as � uorophobic smectic [65], and bilayer-like smectic phases with
the ratio d/L < 1 [164] in LCs containing halogen(s)[65–68, 74–78, 87, 102, 245, 296] and � uorophilic

[49, 74] interactions around the per� uoroalkyl groups, substituted terminally and linking groups.
that can be responsible for the pronounced layer
arrangements of molecules and phase formation.

3. Static dielectric properties
X-ray diŒraction (XRD) of the liquid crystals is a

The relationship between the dielectric anisotropy
useful method for studying the eŒects of the association

De 5 e
d

Õ e) , (e
d

and e) are, respectively, dielectric con-
of liquid crystalline molecules on the structure of their

stants parallel and perpendicular to the nematic director n)
phases and consequently on the properties of LCs formed

and the molecular structure of LCs is described by the
by these molecules [72, 161, 297–302]. The investigation

theory of Maier and Meier [306]:
of polar LCs by XRD has revealed not only the existence
of a layer structure in the smectic phase of these com- De 5 NhF/eo [Da Õ Fm2 /kT (1 Õ 3 cos2 b)]S (1)
pounds, but also periodic density � uctuations in the
nematic phase having a period d. They involve swarms where h 5 3e*/(2e* 1 1 ), e* 5 (e

d
1 2e) )/3; Da 5 (a

d
Õ a) )

is the polarizability anisotropy; F is the cavity reactioncontaining tens to hundreds of molecules and are charac-
terized by a correlation length j de� ned directly from � eld; m is the dipole moment; b is the angle between the

molecular long axis and the dipole moment, N is thethe width of the diŒraction peak. For the nematic phase
of some two-ring cyano derivatives it has been shown number of molecules per unit volume; and S is the order

parameter. It has been shown that meaningful com-that the ratio d/L , where L is a molecular length, is
about 1.2–1.5 [297, 298, 300, 301]. Hence the period of parisons of the dielectric (as well as optical and elastic)

properties of LCs with diŒerent nematic–isotropic phasethe � uctuating layer structure signi� cantly exceeds a
single molecular length, and should be related to the transition temperatures TN-I can only be made at a

constant reduced temperature t 5 Tmeas/TN-I
[6].size of the molecular dimer. Such a dimer is formed

by two polar molecules being mutually antiparallel. Tables 6, 8, 10–13, 16 and 17 present data on the
dielectric properties of liquid crystalline compoundsExperimental values of the layer structure period d, for

some other cyano derivatives belonging to diŒerent measured at a constant reduced temperature and extra-
polated from the liquid crystalline mixtures at 20 orchemical classes, showed that d depends on the molecular

structure of polar LCs and characterizes, in particular, 25 ß C. According to [6], the extrapolations are not
meaningful; however these estimations are the only waythe degree of overlap of the molecular cores in dimer

formation. Further XRD investigations of the nematic to obtain a rough de� nition of the dielectric (as well as
optical and elastic) properties of non-mesomorphic com-phase of polar LCs revealed in some cases the simul-

taneous existence of two � uctuation layer structures with pounds, smectic LCs and LCs with a narrow nematic
range. From these tables, it follows that for the de� niteincommensurate periods d1 and d2 , where d1 < L and

L < d2 < 2L [297, 299, 300, 301]. molecular structure of LCs, their dielectric anisotropy
decreases approximately in the same sequence as theIt has been reported that the XRD pattern of two-

ring 2,5-disubstituted pyridine cyano derivatives shows values of dipole moments for the terminal groups:
SO2CF3 , SO2CHF2 , CN, SOCHF2 , SOCF3 , SF5 , CF3 ,two incommensurate density waves: monomeric with

period d1 (period d1 is related to the � uctuation layer SCF3 , SCHF2 , OCHF2 , OCF3 , Cl, Br, F, I, OCH3 ,
CH3 diminish: 4.32, 4.08, 4.05, 3.93, 3.88, 3.44, 2.54,structure formed by separate molecules) and dimeric

with period d2
[297, 300, 303]. The replacement of the 2.50, 2.48, 2.46, 2.36, 1.59, 1.57, 1.47, 1.40, 1.28, 0.37 D

[18, 22, 123, 307]. Taking into consideration the anglescyano group by tri� uoromethoxy (compounds 10-4 and
10-9, table 10) results in the appearance of the smectic b of the dipole moments could provide a more accurate

analysis of the dielectric properties of the LCs presentedB and smectic A phases [161]. XRD studies of com-
pound 10-4 reveal a remarkable change in the structure [18, 123, 307].

As is evident from table 16, a-chlorination of trans-of its mesophases. Only one density wave was observed,
with an interlayer spacing greater than the molecular stilbene introduces an extra dipole moment that contri-

butes much more to e) than to e
d
, leading to a negativelength: d/L # 1.05–1.10. Depending on the temperature,

this corresponds to the creation of a partly bilayer Ad value of the diectric anisotropy which is highest
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403Halogenation in achiral L Cs

(in absolute value) among the compounds under con- and 6-2, 6-3; 10-3 and 10-4; 10-12 and 10-13; 11-4 and
11-5; 13-4 and 13-5, tables 6, 10, 11, 13, and [22, 23]).sideration (compounds 16-7 and 16-8–16-13 ). Similar

results have been found for the CF2CF2 linking group The growth in the Dn values for F-, Cl-, and
Br-substituted derivatives can be correlated with the(compounds 17-9 and 11-1, table 17). These facts are

employed for the design of LCs exhibiting a high negative corresponding increase of their anisotropy of polariz-
ability and decrease of their electronegati vity (compoundsdielectric anisotropy for active matrix display applications

[308]. 11-1–11-3, 13-1 and 13-2, tables 1, 11, 13) [14, 41, 316]:
Dn � F < Cl< Br.The introduction of the di� uoromethoxy linking group

into the molecular core of LCs also signi� cantly aŒects A similar decrease in optical anisotropy can be
observed for compounds incorporating � uorinated link-their dielectric anisotropy, lowering (compounds 17-1

and 11-5, 17-8 and 11-1 ) or increasing (compounds ing groups (compounds 17-1 and 17-4–17-7, 11-5; 17-8,
17-9 and 17-11, 11-1; 17-13 and 17-14, table 17). These17-13 and 17-14, table 17) its value. These results show

the importance of the position of the di� uoromethoxy eŒects can be explained in terms of a reduction in the
eŒective conjugation of the p-electron system resultinglinking group and, consequently, the direction of its

dipole moment in the molecular core, leading to a in a shorter resonance wavelength of the UV absorption
spectrum for terminally- and linking halogen(s)-decrease or increase of the total dipole moment in these

cases. substituted liquid crystalline derivatives than for the
corresponding cyano derivatives and compounds with-It has been shown that mesogenic molecules possess-

ing strongly polar terminal groups form associated pairs. out linking groups or having hydrogenated groups
[267, 316–319].Both head-to-head and head-to-tail pairing occurs

[309–312], but antiparallel association predominates
and reduces the eŒective dipole moment [295]: 5. Viscosity

It has been shown that nematic liquid crystalline
m2

eff 5 gm2 (2 )
materials for display applications should have a low
viscosity to give acceptable response times for LCDs

m2
eff 5

9kT (ei
Õ e2i ) (2ei 1 e2i )

4pNei (e2i 1 2)2
(3 ) [6, 320]. According to the results on the kinematic

viscosity n presented in tables 6, 8, 10–13 and 17,
where e2i 5 1.05n2

i , and g is the correlation factor charac- terminally- and linking halogen(s)-substitut ed derivatives
terizing the association tendency. For non-associating exhibit lower values than those of the corresponding
systems g is equal to 1. The data presented in [276, 313] cyano derivatives and compounds without linking groups
reveal that the replacement of a cyano group by a chloro or having hydrogenated linking groups (compounds
group in two-ring trans-1,4-cyclohexylene derivatives 6-1–6-5, 6-7–6-9, 6-14 and 6-16; 8-2, 8-3, 8-8, 8-13 and
(compounds 6-16, 7-1, table 6, 7) results in increasing 8-17; 10-3 and 10-9; 11-1, 11-4–11-6, 11-9–11-13, 12-3,
the factor g from 0.590 to 1.20 which corresponds to 12-12 and 12-17; 13-1, 13-2, 13-4–13-7, 13-10 and 13-17;
the change of character from antiparallel to parallel 17-1 and 17-4–17-7, 11-5; 17-8 and 17-11, 11-1; 17-13
association. and 17-14, and [22, 23]; except compounds 12-2, 12-11 ),

respectively. These results can be explained in terms of
4. Optical properties the diŒerent tendency for association [321] expressed

The phenomenological relation between refractive by the correlation coe� cient g of these compounds
index and electric polarization is de� ned as [314, 315]: (see § 3 ); and the predominant role of the dimers and,

possibly, the monomers in de� ning the LC properties(n*2 Õ 1)/(n*2 1 2) 5 Na*/3eo (4 )
for the cyano derivatives and compounds having short
halogen-substituted terminal substituents, respectivelywhere the mean polarizability a* 5 (a

d
1 2a) )/3; the mean

refractive index n*2 5 (n2
e 1 2n2

o )/3; no is the ordinary (considering data on the correlation factor g in § 3 and
on the XRD data [161, 276, 300, 322]).and ne is the extraordinary refractive indices. From

equation (4) and the previous section, it follows that As can be seen from tables 6, 11 and 12, replacement
of the hydrogen atoms by � uorine in the OCH3 groupcompounds which have a large induced polarizability of

their highly conjugated p-electron system (for example, decreases the viscosity with increasing � uorine content
(compounds 6-6 and 6-2, 6-3; 12-14 and 11-4, 11-5 ),cyano derivatives) exhibit an optical anisotropy Dn 5

ne
Õ no which is much larger than that of the correspond- while the partial � uorination of the C3H7 group and

total � uorination of the CH3 group results in an increaseing halogen(s)-substituted derivatives, see tables 6, 8,
10–13 and [4, 22, 23]. Increasing the � uorination con- of viscosity (compounds 12-13 and 12-2, 12-3; 13-16 and

13-6, and [33]). Interestingly, total � uorination oftent in the terminal groups (OCH3 � OCHF2 � OCF3 )
further decreases the optical anisotropy (compounds 6-6 the alkyl groups gives a lower viscosity than that of the
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[2] Gray, G. W., 1987, T hermotropic L iquid Crystals,corresponding partly � uorinated groups containing the
Critical Reports on Applied Chemistry (Chichester:same quantity of carbon atoms [33]. It is important to
Wiley), Chap. 2.

note that in most cases the OCF3 terminal substitution [3] Coates, D., 1990, in L iquid Crystals: Applications and
results in a lower viscosity than the corresponding Uses, Vol. 1, edited by B. Bahadur, (Singapore: World

Scienti� c Publishing Co.), p. 91.OCHF2 substitution (compounds 6-2 and 6-3, 11-4 and
[4] Petrov, V. F., 1995, Proc SPIE., 2408, 84.11-5, 13-4 and 13-5, tables 6, 11, 13, and [22, 23]). Also,
[5] Petrov, V. F., 1995, L iq. Cryst., 19, 729.we can note the positive role of the oxygen atom in
[6] Schadt, M., 1992, Displays, 13, 11.

decreasing the viscosity of the OCF3 derivatives com- [7] Smart, B. E., 1994, in Organo� uorine Chemistry,
pared with that of the corresponding CF3 derivatives Principles and Commercial Applications, edited by

R. E. Banks, B. E. Smart, and J. C. Tatlow (New York:(compounds 6-3 and 6-4, 11-5 and 11-6, 13-5 and 13-6,
Plenum Press), p. 57.and [23]). Moreover, the replacement of � uorine by

[8] Bondi, A., 1964, J. phys. Chem., 68, 441.chlorine in the COCF3 group to obtain the COCF2Cl
[9] Nagle, J. K., 1990, J. Am. chem. Soc., 112, 4741.

group increases the viscosity (compounds 11-11 and [10] Bode, K. A., and Applequist, J., 1996, J. phys. Chem.,
12-11, tables 11, 12). 100, 17 820.

[11] Gussoni, M., Rui, M., and Zerbi, G., 1998, J. mol.
Struct., 447, 163.6. Molecular packing

[12] Bunn, C. W., 1961, Chemical Crystallography (London:It has been shown that LC molecular packing plays
Oxford University Press), p. 313.a very important role in the creation of mesophases

[13] Bertucci, S. J., Burnham, A. K., Alms, G. R., and
[291, 293] and de� nes their optical properties [314]. Flygare, W. H., 1977, J. chem. Phys., 66, 605.
The molecular packing coe� cient is expressed in [323] [14] Muller, H. J., 1982, PhD thesis, Technical University,

Darmstadt, Germany.as:
[15] Kromm, P., Allouchi, H., Bideau, J.-P., and

kp 5 NA V r/M (5 ) Cotrait, M., 1995, Acta Cryst. C, 51, 1229.
[16] Kromm, P., Bideau, J.-P., Cotrait, M., Destrade, C.,where NA is the Avogadro number, r is the density, M

and Nguyen, H., 1994, Acta Cryst. C, 50, 112.
is the molecular weight, and V is the intrinsic (van der [17] Chambers, R. D., 1973, Fluorine in Organic Chemistry
Waals) volume of the molecule, calculated from the (New York: John Wiley).

[18] Yagupolskii, L. M., Ilchenko, A. Ya., andvan der Waals volume increments of the individual
Kondratenko, N. V., 1974, Rus. chem. Rev., 43, 32.atoms or by using the average atomic radii and chemical

[19] Downs, A. J., and Adams, C. J., 1973, in Comprehensivebond lengths.
Inorganic Chemistry (New York: Pergamon Press),

As is evident from table 10, the replacement of the Chap. 26.
CN group by F, OCHF2 or SCHF2 groups changes the [20] Sharpe, A. G., 1967, in Halogen Chemistry, Vol. 1,

edited by V. Gutman (New York: Academic Press), p. 1.molecular packing coe� cient in the following order
[21] Bezborodov, V. S., and Petrov, V. F., 1997, L iq.(compounds 10-1, 10-3, 10-5 and 10-9 ): kp � SCHF2 <

Cryst., 23, 771.OCHF2 < CN < F. A decrease of the � uorine content in [22] Pavluchenko, A. I., Smirnova, N. I., Petrov, V. F.,
the terminal groups (OCF3 � OCHF2 ) results in an Fialkov, Y. A., Shelyazhenko, S. V., and
increase in the molecular packing [324]. Similar results Yagupolsky, L. M., 1991, Mol. Cryst. liq. Cryst.,

209, 225.revealing an enhanced molecular packing of terminally
[23] Bartmann, E., Dorsch, D., Finkenzeller, U.,halogen-substit uted three-ring derivatives, in comparison

Kurmeier, H. A., and Poetsch, E., in Proceedings of
with that of the corresponding cyano derivative, are

the 19th Freiburger Arbeitstagung Flussigkristalle, P8.
shown in tables 11 and 12 for compounds 11-1–11-3 [24] Pavluchenko, A. I., Smirnova, N. I., Petrov, V. F.,
and 12-17: kp � CN < Br < F < Cl. Fialkov, Y. A., Shelyazhenko, S. V., Schadt, M.,

and Buchecker, R., 1995, Mol. Cryst. liq. Cryst., 265,
41.7. Conclusion

[25] Balkwill, P., Bishop, D., Pearson, A., and Sage, I.,Systematic studies on the eŒect of terminal- and
1985, Mol. Cryst. liq. Cryst., 123, 1.
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with attempts to correlate the molecular level parameters [27] Hird, M., and Toyne, K. J., 1998, Mol. Cryst. liq.

Cryst., 323, 1.with observed properties. The information presented
[28] Shtarev, A. B., Kremlev, M. M., and Chvatal, Z.,here may lead to a better understanding of the nature
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