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In this review the effect on physico-chemical and electro-optical properties of the introduction
of the rrans-1,4-cyclohexylene fragment into the molecular core of liquid crystals is discussed,
rationalized in terms of existent theories, and compared with the effect of other well-known

molecular fragments.

1. Introduction

The rapid development of liquid crystal display (LCD)
technology is closely connected with the progress made
in liquid crystal materials research. It has been shown that
one of the important prerequisites for the development
of liquid crystalline materials for display applications is
the definition of the structure—property relationships for
the liquid crystals [ 1-5]. In continuation of our work
(see, for example [5-10]), the effect of introducing the
trans-1,4-cyclohexylene fragment into the molecular core
of liquid crystals for nematic display applications will be
reviewed, rationalized in terms of existent theories, and
compared with the effect of other well-known molecular
fragments.

In order to avoid additional effects on molecular
polarizability and flexibility [ 11, 12] and on the efficiency
of molecular fragments [6,8, 9], we decided to study
laterally unsubstituted liquid crystalline derivatives having
only single carbon-carbon bonds between their rings.

2. Mesomorphic properties

2.1. Thermal and general data
Many attempts have been made to understand the
factors such as rigidity, linearity, size and polarizability
of molecular fragments influencing mesophase stability
[1,2,4,13-15]. However, the prediction and rational-
ization of mesomorphic properties of liquid crystals still
remain difficult problems [2, 4, 16-18]. The purpose of
this section is therefore to define what relations can be
established for liquid crystals incorporating the trans-

* Author for correspondence; e-mail: leworks@hotmail.com

1,4-cyclohexylene fragment in their molecular cores, even
though these relationships may be empirical.

The effect of introducing the trans-1,4-cyclohexylene
fragment in the molecular core of liquid crystals on
their mesomorphic properties is shown in tables 1-12.
As can be seen from table 1, the weakly polar two-ring
dialkyl phenylcyclohexane derivative exhibits monotropic
smectic-nematic (7, ) and nematic-isotropic (7y_;)
phase transitions (compound 1-1). Replacing the trans-
1,4-cyclohexylene fragment in compound 1-1 by the
1,4-phenylene or pyridin-2,5-diyl or 1,4-bicyclo[2.2.2]-
octylene fragments, to give compounds 1-2, 1-3, 1-4,
respectively, significantly increases their melting and
clearing points. It is useful to express the effect of intro-
ducing the frans-1,4-cyclohexylene fragment on the meso-
morphic behaviour of liquid crystals, and compare with
that for other well-known liquid crystalline derivatives,
by the following order of increasing clearing temper-
atures (7, ) depending on the type of molecular fragment
A for the system (I):

HiGs— A =)= G g
O<LH<0<0O

The low nematic thermostability of compound 1-1 is
explained in terms of low density packing of its molecules
compared with that of the corresponding compounds
1-2 and 1-5 [ 19]. The replacement of the 1,4-phenylene
fragment in compound 1-1 by the trans-1,4-cyclo-
hexylene fragment to give compound 1-5 increases the
melting and clearing temperatures and creates a smectic
phase with a greater thermostability than that observed

Tel— A
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Table 1. Mesomorphic properties of some liquid crystals: H,, C;~A-B—H0),C, H, .+ , .

Compound B n m Phase transitions/°C Ref.
1-1 OO 0 5 Cr-08Sm(-8)N(-5)I [19]
1-2 o O 0 5 Cr 26 SmE 47.6 SmB 52.2 1 [19]
13 o O 0 5 Cr33Sm(32)1 [20]
14 ~ O 0 5 Cr 52N (33)1 [21]
13 O O 0 5 Cr 40 Sm 1104 1 [22]
1-6 O CE 0 5 Cr 33.5Sm 60 I [23]
17 O ‘D 0 5 Cr 17N (10) T [23]
1-8 & & 0 5 Cr 42 SmB 246 1 [24]
19 G 0 5 Cr 92.8 SmB 1341 [25]
1-10 OO 1 2 Cr 51 N (49) T [26]
1-11 o O 1 2 Cr72S811 [27]
1-12 o O 1 2 Cr605N 621 [20]
1-13 & O 1 2 Cr73N861 [21]
1-14 Cf; o 1 2 Cr851 [28]
1-15 <:2> o 1 2 Cr571 [29]
1-16 <:} o 1 2 Cr551 [29]
1-17 OO 1 2 Cr 35 SmB 56 N 63 1 [30]

for their biphenyl analogue 1-2. Replacing the trans-
4-pentylcyclohexyl fragment in compound 1-5 by the
pentylpyrimidine fragment to produce compounds 1-6
and 1-7 lowers their melting and clearing points:

HHCS_O“ A — CsHy an
O<y<<O

The replacement of two trans-1,4-cyclohexylene frag-
ments by two 1,4-bicyclo[2.2.2]octylene or trans-1,3-
dioxan fragments in compound 1-5 to give compounds
1-8 and 1-9, respectively, increases the clearing temper-
atures and maintains the highly smectic character of
their phases:

HisCs— A — B — CsHiy any

Td—> A— B : <=0 <<:2>—<:g><®—®

Tcl— A

As can be seen from table 1, the two-ring alkyl-
alkoxy trans-1,4-disubstituted cyclohexylene derivative
exhibits the lowest nematic thermostability among the
compounds, 1-10-1-13.

H11Cs — A —_)—0CzHs )
O<L <O <&

It should be noted that replacement of the rrans-
1,4-cyclohexylene fragment in compound 1-10 by sulphur-
containing fragments, to give the compounds 1-14-1-16
causes the disappearance of the mesophase. Replacing
the 1,4-phenylene fragment by the trans-1.4-cyclohexylene
fragment in the molecular core of compound 1-10, to
create the compound 1-17, results in increased nematic
thermostability and introduction of the smectic phase,
while their biphenyl analogue 1-11 remains the com-
pound with highest thermostability. This is opposite

Tel—> A



19:10 25 January 2011

Downl oaded At:

T he trans-1,4-cyclohexylene fragment

Table 2. Mesomorphic properties of some liquid crystals: H,, C;—~A-B-K-C, H, .

1143

Compound A B K Phase transitions/°C Ref.
21 OO O Cr29 Sm 160N 170 T [31]
22 ARAES Cr 180 SmE 200 SmB 214 SmA 218 I [32]
23 ~ O O Cr 175 SmB 191 N 210 T [21]
24 OO Cr 48.6 Sm 181 T [33]
2.5 OO Cr 48 SmB 163 SmA 184 N 1851 [34]
2:6 O OO Cr 58 SmB 124 SmA 134 N 156 1 [34]
2.7 O €S> o Cr 51 Sm 1901 [23]
2.8 OO O Cr 41 Sm 156 N 160 T [31]
2.9 OO {:}} Cr 101 N 1871 [35]
2-10 OO <2} Cr, 453 Cr, 124N 15731 [36]
211 O O 4 Cr37Sm 935N 1791 [37]
212 OO Cr, 113 Cr, 154 SmB 181 SmA 195N 201 I [38]
213 OO O Cr< 15 SmB 1571 [34]
214 oSO Cr 86 Sm 91 SmB 164 SmA 201 N 203 I [34]
215 o O D Cr 171 N 1981 [34]
2-16 SRR Cr 113 Sm 121 N 2251 [7]
217 o O <§} Cr 85.4 Sm (80.5) SmB 862 N 1629 | [36]
218 O O <§> Cr 77.8 Sm 1964 N 198.6 1 [39]

to the mesomorphic behaviour observed for compounds
1-1, 1-2 and 1-5.

These results, and the different orderings obtained for
the systems (I) and (IV), reveal that the influence on
mesomorphic properties of the trans-1,4-cyclohexylene
fragment depends also on the types of terminal
substituents.

As in the case of two-ring weakly polar dialkyl
trans-1,4-disubstituted cyclohexylene derivatives, the three-
ring weakly-polar 4-propyl-4'-(trans-4-pentylcyclohexyl -
biphenyl and 5-propyl-2-[ 4-(trans-4-pentylcyclohexyl)-
phenyl Jpyridine exhibit lower clearing and melting
points than those of the corresponding derivatives
incorporating the biphenyl and phenylpyridine frag-

ments, respectively, (compounds 2-1-2-3; 2-11, 2-15,

2-16; table 2):

Hi1Cs — A CaHy (V)
e O<Q <O
cr D <O <R
Hy1Cs — A —@-@— CaHy (V)
e a s O<D<O
2T1-a DD <O <&

where AT is the nematic range.
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Table 3. Mesomorphic properties of some liquid crystals: H,, C;—~A-B-K-C;H,, .

Compound A B K Phase transitions/°C Ref.
31 OO O Cr13Sm 164N 1701 [40]
32 O OO Cr< 30 Sm 189.8 I [33]
33 OO O Cr 50 Sm 196 1 [41]
34 o OO Cr 80 Sm 11271 [42]
3.5 o O O Cr 192 Sm 2131 [43]
3-6 o O Cr 99 Sm 205 1 [44]
37 AEAES Cr 106 SmA 1951 [45]
3.8 o <2> o Cr 84.5Sm 140 1 [46]
3.9 o {_N/ o Cr 1343 SmC 173.6 SmA 1822 N 1913 T [47]
3-10 AEEA) Cr 195Sm 219 N 224 T [48]
311 o OO Cr 150 SmC 169 N 1851 [49]
312 o {:jg O Cr 163N 17251 [50]
313 C,} o (’;E Cr 171.8 Sm 21341 [51]
3-14 C:} o :} Cr179 N 189.51 [52]
3-15 GO O Cr156N 1651 [46]
3-16 NN S NN Cr 50 SmB 1559 1 [53]

These results reveal that the effect of the trans-
1,4-cyclohexylene fragment in systems (V) and (VI)
depends on their structures. The introduction of the
trans-1,4-cyclohexylene fragment as a middle ring in
the molecular core of system (VII) gives liquid crystals
exhibiting only a low melting smectic phase with the
lowest thermostability among compounds 3-4—3-12:

HirCs—( )= A= CHyy i)
o N-N N-N N N N-N
o . AR P O 2 WP 2L AP/ AR
Tol A.O<<:O) < <0 </N_=) <<;N>< N <0<
N-N N N-N N-N
T A WELA R RN
a O <@ <l <e0 <

The effect of introducing trans-1,4-cyclohexylene frag-
ments, their quantity and positions in the molecular
cores of liquid crystals, is presented in tables 2 and 3,

and can be expressed as follows (compounds 2-1, 2-2,

2-4, 2-8; 3-1-3-5):

HyyCs — A — B — K — CgHy  (vIly

Tl A= B — K (O~ <(OAAD <O O~D <D

s n =8 = k- OO0 <O-0-0

HyCs— A — B — K — CgHy, 1x)

OO0

These results show that 1-(zrans-4-propylcyclohexyl)-

4-(trans-4-pentylcyclohexyl )-benzene exhibits the lowest
clearing point, while 1-[srans-4-pentylcyclohexyl)-
cyclohexyl ]-4-propylbenzene shows moderate thermo-
stability of its only smectic phase among system ( VIII)
compounds. Increasing the alkyl chain length results in
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Table4. Mesomorphic properties of liquid crystals: H,,,+, C,~A-B-K-L-X.

Compound n A B K L X Phase transitions/°C Ref.
4-1 5 OO OO CH Cr 58 SmB 232 SmA 251 N 311 [54]
42 5 O OO O C.H, Cr 55 Sm 255 N 3121 [55]
43 5 O (’ZE o O C.H, Cr 1194 Sm 186.5 N 323 1 [56]
44 5 QO O 0 C.H Cr 20 Sm 165.5 N 1721 [57]
45 5 sy O O O CH Sm 1979 N 25221 [58]
46 5 si )y & O Cs CH Sm 1919 N 23191 [58]
47 5 DEAEAGES C.H,, Cr 297 SmA 3521 [59]
48 5 O OO0 CH, Cr 55 Sm 247 SmA 275 N 305 1 [54]
4.9 5 ONOEANS CH, Cr< 30 Sm > 300 [60]
4-10 5 O OO 0 C.H, Cr20 SmA 30N 73 1 [57]
411 3 OEARIED F Cr 140 SmA 147 N 301 1 [61]
412 3 O OO O F Sm 190 N> 300 T [60]
413 3 O OO0 F Cr 1059 Sm 238 N 279 T [62]
4-14 3 sy OO O F Cr 149.1 Sm 1758 N 2498 1 [63]

changing the order of increasing 7, [systems (VIII) and
(IX)], showing that terminal groups can modify the
effect of introduced trans-1,4-cyclohexylene fragments
into the molecular core.

The effect on mesomorphic properties of replacing of
one of two frans-1,4-cyclohexylene fragments by other
molecular fragments is well illustrated by comparing the
phase transition temperatures of the compounds presented
in table 2 (compounds 2-1, 2-4-2-7; 2-1, 2-8-2-12):

H1105_O_ A“@"‘ CaHz (%)
> <O <O <) < ({:>
ans—O—@— A— CsHy (X

Tel— A

e a s ) <O <O << <G
1o ) < <D <<g:> <43 <«S;\>

The different results obtained for systems (X) and
(XI) show that the effect on mesomorphic properties

of introducing the depends on the position of the
trans-1,4-cyclohexylene fragment in their cores.

The effect of replacing two trans-1,4-cyclohexylene
fragments by other fragments in compound 3-3
(which exhibits only a smectic phase with moderate
thermostability), to give the compounds 3-5, 3-13-3-16
(table 3), is demonstrated by system (XII):

H11Cs — A——< >— B — CgHy, X1
e as s O0(ED <€) D <00 <0 O <G ¢

Interestingly, the replacement of two 14-phenylene
fragments by two frans-1,4-cyclohexylene fragments in
compounds 2-2; 2-14; 3-5 and 2-17 to give compounds
2-4, 2-8; 2-13; 3-2, 3-3 and 2-18, results in decreasing
and increasing clearing points, respectively.

The effect on mesomorphic properties of introducing
the trans-1,4-cyclohexylene fragment into the molecular
core of four-ring weakly polar dialkyl derivatives is
revealed by considering the thermal data recorded in
table 4 for compounds 4-1-4-6; 4-7-4-10, and can be
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Table 5. Physico-chemical properties of some liquid crystals: H, , C;~A-B-CN.

Compound A B Phase transitions/°C d, /A d, /A ¢ /A oA Ref.
5.1 OO Cr3IN551 259 54 [64,65]
52 o O Cr225N351 143 248 38" 58: [65,66]
53 o O Cr33.6N4351 154 07 42 52 [65,67]
5-4 & O Cr62N 1001 259 47 [65,68]
5.5 o O Cr 708 N (51.9)1 [69]
5-6 <§> o Cr 56 N (49) I 220 [46,70]
57 (3O st [71]
5.8 {f; o Cr74 N(19)1 [72]
5.9 (:fg o Crog 1 [73]
5-10 NN O craot [74]
5-11 QO Cr<201 [57]
512 OO Cr 62 Sm (43) Sm (52) N 85 1 272 [75,76]
513 o O N -251 [77]
5-14 v O Cr 566 N 6481 [78]
5-15 GO Cr456N 4671 [79]
5-16 & O Cr104N 1291 [77]
517 BES Cr 113N (50) T [77]

* Measuring temperature, 7,,,,. = Ty, — 10°C.

expressed by the following orders of increasing clearing
points and nematic ranges:

e — A oty o
T aT- A O <s )y <)
HiCs— )= A —{ 3~ D~ cay  xv)
o < O < (/::>
s1en s O <O <O

These results show that the introduction of the trans-
1,4-cyclohexylene fragment into the molecular core of
liquid crystals of system (XIII) results in the broadest

Tel—- A

nematic range with highest thermostability, while for the
system (XIV) it gives the narrowest nematic range with
moderate thermostability.

It is interesting to note that the replacement of
two of the four 1,4-phenylene fragments incorporated
in the molecular core of compound 4-7 by two trans-
1,4-cyclohexylene fragments, leads to decreasing melting
and clearing points and the creation of the nematic
phase in the case of symmetrical molecular structure
with two trans-1,4-cyclohexylene fragments with attached
alkyl chains (compounds 4-7 and 4-8); for compound 4-9,
however, it results in low melting and highly smectic
character of its mesophase.

As can be seen from table 4, the replacement of
two trans-1,4-cyclohexylene fragments by two trans-1,4-
silacyclohexylene and two 1,3-cyclopentylene fragments
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Table 6. Physico-chemical properties of some liquid crystals: H, , C;-A-B-X.

Compound A B X Phase transitions/°C d, /A d, /A olA  ¢lA Ref.
6-1 O o Crd54 N 5541 248 60 [6580]
6-2 O L oN Cr731 [81]
6-3 O 4> o~ Cr48 N 6421 273 4 [37,65]
64 O 4> oN Cr474N 681 154 2600 45 66  [7.6582]
6-5 O {.E CN Cr84N(36) 1 [83]
6-6 o CE CN Cr108.51 [69]
6-7 O {D CN Cr 70 Sm 94 N 98 T [23]
6-8 o <S§> CN Cr96 N 1091 [69]
6-9 () &>  CH=CH.CN  Cr49SmA 6l N 14951 30.0 2800 [84,85]
6-10 €Y O CH-CHON  Gre75NI5sIT 179 256 90" 150  [80,85]
6-11 > & CH-CHCN  Crs80SmA 99N 147.11 [86]
6-12 O O Nes Cr 67.5 N (49.5)1 [87]
6-13 O O Nes Cr 53 SmE 745 1 [87]
6-14 Y ©  Nes Cr 34 SmA 98.51 [88]
6-15 O Nes Cr 46 Sm 85.5 1 [89]
6-16 <§> > Nes Cr 60 SmA 79 I [90]
6-17 & O Nes Cr, 64.5Cr, 74 N 995 1 [91]

* Measuring temperature, 7,,,,. = Ty, — 10°C.

*T .. =Ty, — 75°C.

meas

in the compounds 4-1 and 4-8 to give compounds 4-6
and 4-10, respectively, leads to decreasing smectic and
nematic thermostabilities. It should be noted that increasing
the quantity of the rrans-14-cyclohexylene fragments
replaced by the rrans-1,4-silacyclohexylene fragments in
compound 4-1 results in decreasing smectic and nematic
thermostabilities and nematic ranges (compounds 4-5
and 4-6).

The effect on mesomorphic behaviour of introducing
the trans-1,4-cyclohexylene fragment into the molecular
core of two-ring strong polar cyano derivatives is shown

in tables 5 and 6; for compounds 5-1-5-11 having the
4'-cyanophenyl fragment it can be described as follows:

HiCs— A= = oN ()

To— A (3<©<Q<{§<€§<O<@
AT— A Q<©<O <®

These results show that the introduction of the
trans-1,4-cyclohexylene fragment into the molecular
core of system (XV) gives liquid crystals exhibiting a
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Table 7.  Physico-chemical properties of some liquid crystals: H,, C,~A-B—C —CN.

Compound A B Phase transitions/°C As M vmnes™' 4, /A 4, /A Ref.
7-1 O O N1 91 0.114 78" 207 307 [65,92-94]
7.2 O O cr130N2391 135 0356 90" 204 309 [66,80,95,96]
7.3 > O croosmieaN2541 204 0344 [80]

7-4 C,} O Cr124Sm2045N 25951 [97]

7.5 & O cr159N2691 180 307  [68,95]
7-6 C§> O cri13aN1781 [98]
77 NN ¢ Cr1147 SmB 160.7 N 21061 [99]

7.8 sy O Cr7915m(785)N 11431 [100]
7.9 O O  crsosNell 0. 0075 62 [57,93]
7-10 () O cr63s754N10671 65 0110 [93]
7-11 O (O Crs38Sm603N23441 130' 0170 94¢ [101,102]
7-12 O ¢ asNmi 133 0214 130" [94,103]
7-13 O Cﬁ Cr 100.5 N 2311 2300 0240° 200" [94,104]
7-14 O €Y crizNmst 140 0232 6.2 [80]
7-15 O {33 Cro2N 1701 [105]

T= T/ Ty =095 Th.... T/K

* Extrapolated from 10 wt % solution in ZLI-1132 at == 0.95.

cr=0.75.
¢ Extrapolated from 10 wt % solution in ZLI-1132 at 20°C.

¢ Extrapolated from 10 wt % solution in the mixture of cyanobiphenyls at 20°C.
"[7 VP, extrapolated from 10 wt % solution in ZLI-1132 at 25°C.

broad nematic range with high thermostability, which,
however, is lower than that of the corresponding
1,4-bicyclo[2.2.2 Joctylene derivative 5-4.

From the comparison of the results obtained for the
systems (I), (IV) and (XV), it follows that the influence on
mesomorphic properties of introducing the trans-1,4-
cyclohexylene fragment strongly depends on molecular
structures, particularly on terminal substituents. The
effect of the molecular core structure is also revealed
by considering the phase transition temperatures of the
following compounds presented in table 6. Replacement
of the trans-1,4-cyclohexylene fragment in compounds
6-1 and 6-5 by the 14-phenylene fragment to give
compounds 6-2 and 6-6, respectively, leads to increasing
melting points and decreasing nematic thermostability

or disappearance of the nematic phase; the same
replacement in compounds 6-3 and 6-7 to create com-
pounds 6-4 and 6-8, respectively, results in slightly
decreasing (compound 6-4) and significantly increasing
(compound 6-8) the melting points and increasing the
nematic thermostabilities.

The position of the trans-1,4-cyclohexylene fragment
introduced into the molecular core of two-ring cyano
derivatives plays a very important role in their meso-
morphic behaviour. This can be seen by comparing the
phase transition temperatures of compounds 5-1 and
5-13, showing that the latter exhibits a lower value of the
nematic-isotropic liquid phase transition temperature.
The replacement of the trans-1,4-cyclohexylene fragment
in compound 5-13 by other molecular fragments creates
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Table 8. Physico-chemical properties of some liquid crystals: H,,,+ , C,~A-B-K~CN.

Compound n A B K Phase transitions/°C niP As M Ref.
8-1 5 o OO Cr80ON 1601 [106]
82 5 oo O Cr76 N 23211 118 167 0.344 [80]
8-3 5 o (’;5 o Cr1255N 243 1 [97]
8-4 5 o (§> o Cr 110N 1651 [46]
8-5 5 o (33 o Cr103N 13271 [107]
8-6 s OISO asxor [108]
8-7 5 o {_N) oy Cr 131 SmA 140 N 263 T [109]
8-8 5 O O Cr1095N 1751 [104]
8-9 5 oy €:> O Cr112N 17551 [104]
8-10 3 OO O Cr133N 2301 [106]
8-11 3 O O O Cr73.1 Sm 81.1 N 2389 1 [101]
8-12 3 O O O Cr 95 Sm 197 N 236 1 [110]
8-13 3 o OO Cr123N 1601 [106]
8-14 3 AEAEAE Cr 182N 257,51 [66]
8-15 3 O O 4 Cr 1126 N 254,61 [111]
8-16 3 O O 43 Cr 88.5Sm 102.7 N 2452 1 [111]

* Extrapolated from 10 wt %% solution in ZLI-1132 at 25°C.
*r=0.7.

¢ Extrapolated from 10 wt %% solution in ZLI-1132 at 20°C.
4 X is unknown mesophase.

liquid crystals with enhanced nematic thermostabilities
(compounds 5-13, 5-2, 5-17, 6-2, 6-4, 6-6, 6-8; tables 5, 6):

HuCs—( )= A~ on V)

O<D<&<P<Y
N

O <D <D

The results obtained for the systems (XV and XVI)
show that the influence of the rrans-1,4-cyclohexylene
fragment depends on its position. From table 5, it follows
that replacing the 1,4-phenylene fragment by the trans-
1,4-cyclohexylene fragment in compound 5-1 to give the
compound 5-12 results in increased melting and clear-

Tel— A

AT— A

ing points and the creation of monotropic smectic
phases. The effect of introducing trans-1,4-cyclohexylene
fragments, their quantity and positions in the molecular
core of two-ring cyano derivatives, can be described as
follows (compounds 5-1, 5-2, 5-12, 5-13, table 5):

Hy1Cs— A— B — CN (XvI)

To, 8T A=8 <) <O < O < OO

These results show that the introduction of the second
trans-1,4-cyclohexylene fragment in the molecular core
of two-ring cyano derivatives of system (XVII) gives
liquid crystals with the broadest nematic range having
the highest thermostability; compound 5-13, having
only one trans-1,4-cyclohexylene fragment with attached
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Table9. Physico-chemical properties of some liquid crystals: H, .+ , C,-A-O —X.

Compound n A X Phase transitions/°C Ag Mt vimm? 57! Ref.
9-1 5 () OCHF, CrIN(I7)I 76 0058 7.0 [112]
9.2 5 <8> OCHF,  Cr23Sm(4)N(@8)I 146 0044 9.0 [88]
9.3 s L E> OCHF,  Cr20.1Sm?241 206 0123 14.0 [88,112]
9.4 s LY OCHE,  Cr26sm436l 159 0125 12,0 [88]
9.5 7 (& OCHE, Cr7l 56 0055 8.0 [88]
9.6 7 <§> OCHF,  Cr24.6Sm(22.7)N 2431 96 0044 124 [88]
9.7 7 & OCHF, Crl08N3161 38 0063 14.0 [88]
9.8 7 €Y  OCHE,  Cr221Sm4611 [88]
9-9 7 /.z> OCHF, Cr26 SmA 321 19.8 0.112 16.0 [112]
9-10 s (O  ocR Crl141 71 0046 [112]
9-11 5 2> OCF, Cr23.6 SmB 349 1 100 0.040 [88]
9-12 5 ’.§> OCF, Cr 32 SmA 42.51 185 0094 [88]
9-13 s LY ocE Cr18.6SmB38.5SmA 5241 118 0074 [88]
9-14 5 & ok Cré671 [113]

* Extrapolated from 10 wt % solution in ZLI-1132 at 20°C.
* Thyews = 20°C.

terminal cyano group, exhibits the lowest nematic
thermostability.

The effect of replacing the trans-4-pentylcyclohexyl
fragment in the compound 5-12 by other pentyl sub-
stituted fragments to create compounds 5-13-5-16 can
be expressed as follows:

HiCs— A < )— CN  (xvil)
Tel - A:©<<:8)<<:N<C><®
G<O<® <O

Here, the trans-4-pentyl-(trans-4'-cyanocyclohexyl -
cyclohexane exhibits the broadest nematic range with high
thermostability compared with those of other derivatives
of system (XVIII).

The effect of replacing the trans-4'-cyanocyclohexyl
fragment in compound 5-12 by other cyano substituted

AT—- A

fragments to give compounds 5-1, 6-1, 6-3, 6-5, 6-7 is
clearly shown in tables 5 and 6 and can be expressed by
the following orders of increasing 7;, and AT:

Hy:Cs —__ )— A — CN (XIX)
Tcl—»A:(’;S><©<Q<,{I_\<O<<:_\
(’ZS><<§;\><Q<N,\<©<O

The results obtained for systems (XVI) and (XIX)
reveal that the efficiency of the trans-1,4-cyclohexylene
fragments introduced into their molecular cores depends
on their structures.

The replacement of the terminal CN group in system
(XV) by the CH=CH—CN and the NCS groups to create
systems (XX) and (XXI), respectively, results in changing
the orders of increase of the clearing points and nematic
ranges (compounds 6-9—6-11; 6-12—6-17, table 6):

~

AT— A
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Compound A B K X Phase transitions/°C Ag An? Ref.
10-1 OO D OCHF, Cr 82 Sm 121 N 1694 T 10.2 0.170 [88]
10-2 O OO OCHF, Cr 50.8 Sm 692 N 1722 1 83 0.114 [88]
10-3 OO o OCE,Cl Cr96 Sm 1125 N 1231 92 0.154 [115]
10-4 OO OCE, Cl Cr82 N 1331 7.5 0.100 [115]
10-5 OO O F Cr983 N 15341 47 0.096" [116]
10-6 OO0 F Cr 54.1 Sm 96.6 N 1552 1 46 0.08% [116]
107 s_ )y O O F Cr802N 11931 [100]
10-8 si ) OO F Cr65N 109 1 [117]
10-9 O {g> o F Cr 824 N 1462 1 [103]
10-10 OEAES F Cr 99 Sm (76.5) N 15731 [118]
10-11 OO O OCF, Cr 90 SmB 129 N 151.4 T 0.166 [112]
10-12 O OO OCF, Cr 38 SmB 69 N 1537 1 0.088 [112]
10-13 o O OCF, Cr 90 Sm 104 SmA 129 1 [119]
10-14 OO0 OCF, Cr 44 Sm 112 SmB 147 N 189 T [119]
10-15 sy OO OCF, Cr42N 1061 [117]
10-16 C2> <:2> o OCF, Cr 1252 SmB 1958 I [25]

* Extrapolated from 10 wt % solution in ZLI-1132 at 20°C.

® Extrapolated from 20 wt % solution in the mixture of difluoro substituted derivatives at 25°C.

HysCs— A — ) oN (XX)
oA O <O <Oy AT A

Hi1Cs — A —0_)— NCS XXi)
Tad—> A : <:><® <<:g) <</:z> <Q <®

The results obtained for the systems (XV), (XX),
(XXI) show that the effect of the trans-1,4-cyclohexylene
fragments introduced into their molecular cores depends
on the structure of their terminal substituents.

The effect of introducing the rrans-1,4-cyclohexylene
fragment into the molecular core of three-ring cyano
derivatives is illustrated by the data collated in tables 7
and 8§; for the liquid crystals having the cyanobiphenyl
fragment it can be expressed by the following orders

O<Q <0

of increase of clearing points and nematic ranges
(compounds 7-1-7-10, table 7):

HysCs— A cN X1y
- A < () <sD) <<:z)<N:N<C><© <y <€z><®
a0 <O <sD <<::> <N:N<<’;S> < <O <& <O

These data reveal that the introduction of the trans-
1,4-cyclohexylene fragment into the molecular core of
system (XXII) creates liquid crystals having the broadest
nematic range with moderate nematic thermostability
compared with those of other derivatives of this system.

The introduction of the rrans-1,4-cyclohexylene
fragment as the middle ring in the molecular core of
three-ring cyano derivatives of system (XXIII) produces
liquid crystals having a moderate nematic range with
low nematic thermostability compared with those of
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Table 11.  Physico-chemical properties of some liquid crystals: H,, C;~A-B-CN.

Compound A B D & As g M k, (40°C)  vimns™' K., /K|, Ref.
5-1 O @ 463 53  11.22 059 0109  0.6333 21.5 177 [5,8,70,164-167]
5-2 @ @ 480 660 133 0530 0178  0.6523 263 143 [5,70,166-168]
5-3 Q @ 600 109 178 0518 0214  0.6538 50° [5,80,166]
5-4 @ @ 391 1000 0732 0.140 0.6590 235 [15,166,169]
5-5 </: S’ @ 600 80> 340 0580 0224 55 113 [70,94, 168]
5-6 Cg’ @ 600 80> 174 0585  0.055 47 1.36 [70,94,168,176]
5-12 O O 377 9 45 0.690  0.051° 0.6300 60° 1.5 [15,94,169,170]
6-1 O Q 584 108 12.1* 0615 0084  0.6353 41° [5,80]
6-3 O ,{,-\ 403 65 37 0676 0127 0.6381 [5,80,120]
6-2 @ /-,: 6.00 1790 0466 0204  0.6656 [5,80]
6-4 @ (j-\ 448 8.0 6.5 0537 0205  0.6631 [5,80,169]

Cr=T, .. /Tu,=095T,.... T../K.

* Extrapolated from 10 wt % solution in ZLI-1132 at 20°C.
¢ Extrapolated to 7,,.,, = T, [ 168].

ST =T,

¢ 7=0.96.

7. =22°C.

£7=0.99.

"7=094.

" Calculated using the data taken from [ 169, 170].
I T s =61°C.

* Calculated using the data taken from [ 146, 169].
"Tees = Tha— 10K

eas

other derivatives of this system (compounds 8-1-8-7,
table 8):

anﬁ_@" A"@"' CN

(XXt

e ac (PO <(Q <D< <D<y <
ston s (3<(3 <O <©<(’;S> <3 <Y

The results obtained for systems (XXII) and (XXIII)
show that the effect of introducing the trans-1,4-cyclo-
hexylene fragment depends on its position in their cores.
As can be seen from tables 7 and 8, the introduction of
the second trans-1,4-cyclohexylene fragment into the
molecular core of three-ring cyanophenyl derivatives
results in increasing nematic thermostability and range,
decreasing melting point and creation of the smectic
phase (compounds 7-1 and 7-11; 8-10 and 8-11). In the
case of three-ring cyanopyridine derivatives, such an intro-

duction decreases the clearing and melting points while
maintaining approximately the same nematic range, and
creates the smectic phase (compounds 8-15 and 8-16).

The effect of introducing trans-1,4-cyclohexylene
fragments, their quantity and positions in the molecular
core of three-ring cyano derivatives on mesomorphic
properties is as follows (compounds 7-1, 7-2, 7-11, 8-1,
tables 7, 8):

HiuCs— A — B —( ) cn
T~ A= B {3~ < O < O < OHD

These results show that the introduction of the frans-
1,4-cyclohexylene fragment as the middle ring in the
molecular core of system (XXIV) produces liquid crystals
with the lowest nematic thermostability and range,

(XXIV)
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Table 12.  Physico-chemical and electro-optical (d-cell gap =10 pm, U =3 V) properties of binary mixtures (C; and C, = 40:60 mol %o)
of the liquid crystals [ 7, 169]: R-A-B-CN.

TN

b b 1 b b
U, Uy, 7, Tzn

b
‘coff

B d,* VIb EP K, ¢ 1 on o
Compound A B 80 A Up oy g owt A M G N s ms fms Ref

121 O O 564 285 100 0410 168 54 92 0100 167 232 133 33 46
122 O O 390 274 110 0546 137 60 117 0184 130 178 85 21 69

o O
12-3 N 41 256 184 0540 125 107 160 0175 108 154 75 20 105

/N
12-4 > O 510 230 190 0565 106 87 196 0174 107 148 70 20 90

O
12-5 2 O s 134 143 89 133 0089 [171,172]
126 & O 965 278 36 0426 193 86 0114 [65,173]
27 O &Y 577 270 178 048 153 100 124 0093 153 216 114 30 95
28 O &Y 290 266 220 0495 131 113 153 0175 125 182 130 30 105
1z9 O 4D @3 140 0485 137 75 33 0104 250 345 130 20 43
210 O €D 1 279 350 0505 LI 87 73 0172 190 263 130 30 60

a7 =T.,— 10°C.

meas

T =25°C.

meas

T add Ty K=095.

meas

42 =520nm.
cU=5V.
T IT,, K=098.

meas

while 1-[trans-4-(trans-4-pentylcyclohexyl)cyclohexyl -
4-cyanobenzene exhibits the broadest nematic range,
with moderate thermostability, among the compounds
belonging to this system. The thermal data presented
in table 7 show that the replacement of the middle
trans-1,4-cyclohexylene fragment in compound 7-11 by
other molecular fragments to give compounds 7-12-7-15
decreases the nematic thermostabilities and ranges:

H1Cs— )— A =/ )— cn
Td- A <§3<© x(:g’ <Q <</;:’<O
<§3<Q < &S <</;S) <<_g) <O

As in the case of two-ring cyano derivatives, the results
obtained for systems (XXIII) and (XXV) reveal that
the efficiency of the trans-1,4-cyclohexylene fragment
introduced into their molecular cores depends on their
structures.

The effect on mesomorphic properties of replacing
one or two 1,4-phenylene fragments by one or two trans-

(XXV)

AT—- A

1,4-cyclohexylene fragments in compound 8-3 to give
compounds 7-13, 8-8, 8-9 can be expressed as follows:

N
Hy Cs— A —(’:’\?— B — CN  (XXVI)

Tel = A,B:O‘O <O O <O O <O O
210800 O <O O <O O <O .0

These results show that the introduction of two trans-
1,4-cyclohexylene fragments into the molecular core of
system (XXVI) gives liquid crystals exhibiting the lowest
nematic thermostability and moderate nematic range in
comparison with those of other derivatives of this system.

The effect of introducing three trans-1,4-cyclohexylene
fragments into the molecular core of three-ring cyano
derivatives is clearly shown in table 8 for compounds
8-10-8-12, 8-14 and is expressed by the following orders
of increasing T, and AT
(XXVIly

= =8 = 1 O <O~ <O-0D <O-0-0
87 =8 = K- OAHD <O < OO0 <O-O-0

HyCz— A — B — K — CN
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These data show that the introduction of three trans-
1,4-cyclohexylene fragments into the molecular core of
system (XXVII) creates liquid crystals with moderate
nematic thermostability and range, lower than those of
the corresponding bicyclohexylphenyl derivative.

As can be seen from table 8, replacing the trans-4'-
cyanocyclohexyl fragment by other fragments in com-
pound 8-12, to give the compounds 8-11 and 8-16, leads
to increasing nematic ranges and thermostabilities:

H703—O—O— A— CN  (XXVIH)
e oA (O <O <y aTo A (O <y <O

The thermal data collated in table 9 show that two-ring
trans-1,4-disubstituted cyclohexylene derivatives having
OCHEF,, or OCF, terminal groups exhibit a monotropic
nematic phase, or are not mesomorphic, compared with
other corresponding derivatives (compounds 9-1-9-4;
9-5-9-9; 9-10-9-13; excepting 9-14):

Hons1Cn— A —@— XXX
n=5X=0CHF;, 0CFs Td- A : () < Cg) < C:, < Q
Tcl—>A5<:><<:2)<®<</;z)</_,:l

Interestingly, increase in the alkyl chain length or
replacement of a OCHF, terminal group by the OCF,
group do not affect the order of increasing T;, obtained
for system (XXIX); introduction of a terminal CN group
in system (XXIX, n =5) to create system (XV) changes
the order of increasing clearing temperatures.

In contrast to the mesomorphic behaviour of two-
ring cyano derivatives presented in table 5 (compounds
5-1 and 5-12), replacement of the 1,4-phenylene fragment
by trans-1,4-cyclohexylene in compound 9-1 results in
the disappearance of the monotropic nematic phase
[114].

The effects of introducing the rrans-1,4-cyclohexylene
fragments into the molecular core of three-ring liquid
crystalline derivatives having halogenated terminal sub-
stituents are shown in table 10. It should be noted that
introduction of the second rrans-1,4-cylohexylene frag-
ment increases the nematic ranges and thermostabilities
(compounds 10-1 and 10-2; 10-3 and 10-4; 10-5 and
10-6; 10-11 and 10-12). As was observed for the weakly
polar trans-1,4-disubstituted derivatives presented in
table 4, replacing the frans-1,4-cyclohexylene fragment by
the trans-1,4-silacyclohexylene fragment in compounds
10-5, 10-6 and 10-12 to give compounds 10-7, 10-8
and 10-15, respectively, results in a decrease of nematic
thermostabilities. The effect of replacing the middle
trans-1,4-cyclohexylene fragment by other fragments in
compound 10-6 to give compounds 10-5, 10-9, 10-10
can be expressed as follows:

n=7,X=OCHF,

HiCs— = A~ F 000
Tc]-»A:<:2><©<O<Q st A D <O <O<<Z>

These results show that the introduction of the
trans-1,4-cyclohexylene fragment into the molecular core
of system (XXX) gives liquid crystals with moderate
nematic range and thermostability compared with those
of other derivatives of this system.

As can be seen from table 10, the replacement of
two trans-1,4-cyclohexylene fragments by two trans-
1,3-dioxane fragments in compound 10-12, to create
compound 10-16, significantly increases the melting and
clearing temperatures and causes the disappearance of
the nematic phase.

The effects of introducing trans-1,4-cyclohexylene
fragments into the molecular core of compounds
10-11-10-14 are as follows:

H;Ca= A — B — K — OCFs (XXXl

am 2= 0 k- OO <O < OO0 <O-0-O
57 A= 8= - OO <O-O-D <O-0-0 <O-0-0

These results reveal that the introduction of three
trans-1,4-cyclohexylene fragments into the molecular
core of system (XXXI) produces liquid crystals having
a moderate nematic range with highest thermostability
compared with those of other derivatives of this system.
The similar effects of introducing the trans-1,4-cyclo-
hexylene fragment into four-ring liquid crystalline
derivatives having halogenated terminal substituents can
be observed for compounds 4-11-4-14, as presented
in table 4.

Similar effects on mesomorphic properties have
been found for other liquid crystalline derivatives on
introduction of the trans-1,4-cyclohexylene fragment
[6-8, 10-12, 57, 80, 88, 93, 120-146]. According to the
theory of Maier and Saupe the nematic-isotropic phase
transition temperature is proportional to the anisotropy
of polarizability of the molecules forming the nematic
phase [147]. The trans-1,4-disubstituted cyclohexylene
derivatives, having decreased values of the anisotropy of
polarizability compared with those of the corresponding
aromatic liquid crystalline derivatives [ 15, 148], should
consequently exhibit decreased values of the nematic—
isotropic liquid transition temperature in comparison
with those of aromatic liquid crystals. However, some
of the presented results and those reported in [ 15, 148 ]
are found not to follow the Maier and Saupe theory.
It has been suggested that molecular packing pre-
dominantly influences nematic thermostability [ 19, 149].
The anisotropic dispersion interactions, and consequently
the anisotropy of polarizability, also influence the pack-
ing and hence the stability of the mesophases, but play
a secondary role compared with steric factors [ 149].
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Other molecular aspects, such as association [ 150] or
dipole—dipole attraction in polar liquid crystals, which
can influence molecular packing also affect the stability
of the mesophases [ 149].

2.2. X-ray data

It has been shown that X-ray diffraction (XRD) of
the nematic phase of liquid crystals is a useful method
for studying the effects of the association of liquid crystal
molecules on the structure of their nematic phases,
and consequently on the liquid crystal properties
[65,70,95,151,152].

XRD of polar liquid crystals has revealed the existence
not only of a layer structure in the smectic phase, but
also periodic density fluctuations in the nematic phase
having a period 4. Swarms containing tens to hundreds
of molecules are involved and are characterized by a
correlation length ¢ defined directly from the width of
the diffraction peak. For the nematic phase of some two-
ring cyano derivatives it has been shown that the ratio
d/L, where L is the molecular length, is about 1.2-1.5
[65,70,151,152]. Hence the period of the fluctuating
layer structure significantly exceeds a single molecular
length, and should be related to the size of the molecular
dimer. Such a dimer is formed by two polar molecules
being mutually antiparallel. Experimental values of the
layer structure period d, for cyano derivatives belonging
to various chemical classes, showed that 4 depends on
the molecular structure of the polar liquid crystals, and
characterizes the degree of overlap of the molecular cores
on dimer formation. Further XRD investigations of the
nematic phase of polar liquid crystals has revealed, in
some cases, the simultaneous existence of two fluctuation
layer structures with incommensurate periods d, and d, ,
where d, < L and L< d,< 2L [65,95,151,152].

It has been shown that for two-ring trans-14-
disubstituted cyclohexylene derivatives having cyano and
cyanoethynyl terminal groups, only one density wave with
a characteristic period d, is observed [65, 76,85, 151]
(compounds 5-1, 5-12, 6-1, 6-3, 6-9, tables 5 and 6),
while the replacement of the trans-1,4-cyclohexylene
fragment by the 14-phenylene fragment and pyridin-
2,5-diyl fragment in compounds 5-1, 6-3 and 6-9 to
give compounds 5-2, 5-3; 6-4 and 6-10, respectively,
results in the appearance of two incommensurate density
waves: monomeric with period d, (period d, is related
to the fluctuation layer structure formed by separate
molecules) and dimeric with decreased values of period
d, [ 65,85, 151]. As can be seen from tables 5 and 6, the
d, values for two-ring cyano derivatives differ significantly,
indicating different degrees of molecular core overlap
in dimer formation [ 150, 153]. The different &, values
probably result from significantly different electron density
distributions in the molecular structure (for the pyridine

derivatives this is shown in [154]) and steric factors
which are responsible for the type of dimerization. This
can be expressed by the following order of increasing d,
depending on the type of molecular fragment A:

HiCs— A = >—on  (xv)
dp - A:<:(O)><Q <O <O =&

It has been shown that the correlation length ¢&
characterizes the potential smectogenicity of nematic
liquid crystals [65,151,152]. For system (XV) the
potential smectogenicity grows depending on the type
of the molecular fragment A as follows:

O < <O <0

These results show that the two-ring trans-14-
disubstituted cyclohexylene cyano derivative 5-1 exhibits
moderate smectogenicity compared with that of other
derivatives belonging to system (XV).

As can be seen from table 5, increasing the number
of trans-1,4-cyclohexylene fragments introduced into the
molecular core of two-ring cyano derivatives further
increases the length of their dimers:

{2 = A ¢

Hi1Cs— A — B — CN  (XVIl)

It is interesting that this order of increasing d, coincides
with the order of increase of clearing points observed
for the same system (XVII) as shown above.

A similar influence of the number of trans-1,4-
cyclohexylene fragments incorporated in the molecular
core on their ¢, values has been reported for other liquid
crystalline derivatives [ 155].

The effect on the structure of their nematic phase
of replacing the trans-4-cyanocyclohexyl fragment in
compound 5-12 by other cyano substituted molecular
fragments is as follows:

Hics— )— A —CN  (xiX)

¢ A Y <O <O <l
te > A O <Ly < 4D

The d, values for the three-ring cyanoderivatives 7-1,
7-2 and 7-5 presented in table 7 are virtually the same.
It seems that the major contribution to interactions
in forming the dimer is made by the common cyano-
biphenyl molecular fragment. The molecular cores are
overlapped via this particular fragment, while the nature
of the third ring (1,4-phenylene, trans-1,4-cyclohexylene,
1,4-bicyclo[ 2.2.2]octylene) does not play a particular
role [65].
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3. Static dielectric properties
The relationship between the dielectric anisotropy
(Ae= g — &, , where ¢ and ¢, are, respectively, dielectric
constants parallel and perpendicular to the nematic
director n and the molecular structure of liquid crystals
is described by the theory of Maier and Meier [ 156]:

As= NhF|g,[ Aa— F12|kT(1— 3 cos’(B)]S (1)

where 1 =3¢*(2e* + 1), &* = (g + 26, )/3; Aa= (o — ay)
is the polarizability anisotropy; F is the cavity reaction
field; u is the dipole moment; B is the angle between
the molecular long axis and the dipole moment, N is
the number of molecules per unit volume and S is the
order parameter.

It has been shown that useful comparisons of the
dielectric (as well as optical and elastic) properties of
liquid crystals with different nematic-isotropic phase
transition temperatures 7, can only be made at con-
stant reduced temperature = T,,.,./ Tx [ 157]. Tables
7-12 present data on the dielectric properties of liquid
crystal compounds measured at a constant reduced
temperature and extrapolated from liquid crystal mixtures
at 20 or 25°C. According to [157], the extrapolations
are not valid; however these estimations are the only
way to obtain an estimate of the dielectric (as well as
optical and elastic) properties of non-mesomorphic com-
pounds, smectic liquid crystals, and liquid crystals with
a narrow nematic range.

The data on the dielectric properties of the compounds
and binary mixtures presented in tables 7-12 show
that replacement of the rans-1,4-cyclohexylene fragment
by 1,4-phenylene, pyridin-2,5-diyl, pyrimidin-2,5-diyl or
trans-1,3-dioxan fragments increases the dielectric aniso-
tropy due to the increase of molecular polarizability
(compounds 5-1 and 5-2, 5-3, 5-5, 5-6; 6-1 and 6-2; 6-3
and 6-4; 7-1 and 7-2, 7-3; 7-11 and 7-12-7-14; 7-14 and
8-2;9-1 and 9-2-9-4;9-5 and 9-6,9-9;9-10 and 9-11-9-13;
10-1 and 10-2; 10-3 and 10-4; 10-5 and 10-6; mixtures
12-1 and 12-2-12-5; 12-7 and 12-8; 12-9 and 12-10).
Replacement of the trans-1,4-cyclohexylene fragment by
the 1,4-bicyclo[2.2.2]octylene fragment in compounds
5-1 and 9-5 to give compound 5-4 and 9-7, respectively,
decreases the dielectric anisotropy (tables 9 and 11). A
similar decrease of dielectric anisotropy has been found
for the 1,4-disubstituted cycloheptylene derivative 7-10,
while the corresponding 1,3-disubstituted cyclopentylene
derivative 7-9 exhibits an increased value of As compared
with that of the corresponding rrans-1,4-disubstituted
cyclohexylene derivative 7-1 (table 7). It should be noted
that the replacement of the 4'-cyanophenyl fragment in
compound 5-1 by the trans-4'-cyanocyclohexyl fragment
giving compound 5-12 decreases the dielectric aniso-
tropy. These results are found to be in an agreement
with equation (1) [156].

Similar effects on their dielectric properties of
introducing trans-1,4-cyclohexylene fragments into the
molecular cores of other liquid crystal derivatives have
been found [6-8, 10, 26, 57, 80, 88, 93, 120-122, 128,
130, 141, 158-1611].

It has been shown that mesogenic molecules possess-
ing strongly polar terminal groups form associated
pairs. Both head-to-head and head-to-tail pairing occurs
[153,158,162,163], but antiparallel association pre-
dominates and reduces the effective dipole moment
[150]:

Lo = g (2)
, _%T(E—g")2518") 3)
Here ATV (giw+2)2

where §° =1.051; g is the correlation factor charac-
terizing the association tendency. For non-associating
systems g is equal to 1. The data collated in table 11
and in [7, 8, 150] show that all the compounds under
investigation exhibit values of g which are smaller than 1,
indicating an antiparallel association. The replacement of
the trans-14-cyclohexylene fragment by the 1,4-phenylene,
pyridin-2,5-diyl, pyrimidin-2,5-diyl, trans-1,3-dioxan or
1,4-bicyclo[ 2.2.2 Joctylene fragments decreases g (com-
pounds 5-1 and 5-2, 5-3, 5-5, 5-6; 5-12 and 5-1, 6-1,
6-3; 6-1 and 6-2; 6-3 and 6-4; table 11) or increases g
(compounds 5-1 and 5-4, table 11).

The relationship between the correlation factor g and
the molecular structures of liquid crystalline two-ring
cyano derivatives can be expressed by the following
orders of increasing g (table 11):

HiCs— A < )—oN ()

g~ A {Q<@<<’ZE><<Z><O<®
HiCs—_)— A — CN  (XIX)

D < Q < @ <O

Interestingly, an increase in the alkyl chain length in
system (XV) from pentyl to heptyl to give system
(XXXII), changes the order of increasing g [ 150]:

HsCr— A ) cn
g— A </;:) < @ < O

These results and those presented in [ 150, 162 ] show
that the introduction of the #rans-14-cyclohexylene frag-
ment into the molecular core of two-ring cyano derivatives
decreases the association tendency of their molecules com-
pared with that for other molecular fragments. An increase
in the number of srans-1,4-cyclohexylene fragments
introduced further lowers this association tendency.

g— A

(XXXI)
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4. Optical properties
The phenomenological relation between refractive
index and electric polarization is defined as [ 174, 175]:

(n** = 1) (n** +2) = No*|3g, (4)

where the mean polarizability o* = (et 20,)/3; the
mean refractive index n**=@2+2n2)3; n, is the
ordinary and n, is the extraordinary refractive index.
From equation (4) and the previous section, it follows
that aromatic compounds which have a large induced
polarizability of their highly conjugated m-electron system
exhibit an optical anisotropy An=n,— n, which is
much larger than that of the corresponding trans-1,4-
disubstituted cyclohexylene derivatives; see compounds
5-1 and 5-2, 5-3, 5-5; 5-12 and 6-1, 6-3; 6-1 and 6-2; 6-3
and 6-4; 7-1 and 7-2, 7-3; 7-11 and 7-12-7-14; 7-14 and
8-2; 9-1 and 9-3, 9-4; 9-5 and 9-9; 9-10 and 9-12, 9-13;
10-1 and 10-2; 10-3 and 10-4; 10-5 and 10-6; 10-11 and
10-12; mixtures 12-1-12-4; 12-7 and 12-8; 12-9 and 12-10;
tables 7-12. Similar effects of increasing An can be
observed for the compounds 5-1 and 5-4, 9-5 and 9-7,
while the 1,3-disubstituted cyclopentylene derivative 7-9
and the 1,4-disubstituted cycloheptylene derivative 7-10
show decreased values of An compared with that of
the corresponding trans-1,4-disubstituted cyclohexylene
derivative 7-1 (tables 7, 9 and 11).

As can be seen from tables 9, 11 and 12, replace-
ment of the trans-14-cyclohexylene fragment by the
trans-1,3-dioxane fragment in the molecular cores of
liquid crystals results in decreasing optical anisotropy
(compounds 5-1 and 5-6; 9-1 and 9-2; 9-5 and 9-6;
9-10 and 9-11; mixtures 12-1 and 12-5), see also [171].
An increase in the number of trans-1,4-cyclohexylene
fragments introduced into the molecular core of two-
ring cyano derivatives further lowers their optical aniso-
tropy (compounds 5-1 and 5-12; 10-1 and 10-2; 10-3 and
10-4; 10-5 and 10-6; 10-11 and 10-12, tables 10 and 11).
These effects can be explained in terms of a reduction
in the effective conjugation length of the T-electron
system, resulting in a shorter resonance wavelength of
the UV absorption spectrum for the liquid crystals
incorporating the trans-1,4-cyclohexylene fragment than
for corresponding aromatic liquid crystalline derivatives
[177,178].

Similar effects of the ¢rans-1,4-cyclohexylene fragment
on the optical properties of other liquid crystalline
derivatives have been reported [ 6-8, 10, 26, 57, 93, 120,
128, 130, 148, 165].

5. Visco-elastic properties
It has been shown that nematic liquid crystal materials
for display applications should have a low viscosity for
acceptable response times [157,179]. According to
the results on the kinematic viscosity v and rotational

viscosity y, presented in tables 7,9, 11 and 12, trans-1,4-
disubstituted cyclohexylene derivatives exhibit lower
values of the kinematic and rotational viscosity than those
of the corresponding 14-phenylene, pyridin-2,5-diyl,
pyrimidin-2,5-diyl, zrans-1,3-dioxan, and 1,4-bicyclo[2.2.2]-
octylene disubstituted derivatives (compounds 5-1, 5-2,
5-3, 5-5, 5-6; 7-11 and 7-12, 7-13; 7-14 and 8-2; 9-1 and
9-2-9-4; 9-5 and 9-6, 9-7, 9-9; mixtures 12-1-12-6; 12-7
and 12-8; 12-9 and 12-10; tables 7-9, 11, 12):

HnCs—A"@—CN Xv)
v = A:O<©<<:g)<®<<’;§>

Hons 1Ci— A ——@— QOCHF, XXIX)
n=5,u - A :O <<:g> </,': <</;E) n=7, v - A : O <<:g) <® <</;z)

It has been found that the replacement of the rrans-
1,4-cyclohexylene fragment by the 1,3-pentylene fragment
in the molecular core of liquid crystals decreases the
kinematic viscosity (compounds 7-1 and 7-9, table 7; see
also [57]).

An increase in the number of trans-1,4-cyclo-
hexylene fragments in the molecular core of two-ring
and three-ring cyano derivatives significantly increases
the kinematic viscosity (compounds 5-1, 5-2, 5-12; 7-1,
7-2,7-11; tables 7, 11):

HyCs— A— B — CN XvI)

H11C5—-A——B-—©— CN  (XX1v)

The effect on viscous properties of increasing the number
of trans-1,4-cyclohexylene fragments in the molecular
cores of three-ring derivatives having halogenated
terminal substituents is not clear: both increasing [ 112]
and decreasing v[112,116] have been reported.

Replacement of the trans-4'-cyanocyclohexyl fragment
in compound 5-12 by the 4'-cyanophenyl or 2-cyano-
pyridine fragments to give compounds 5-1 and 6-1,
respectively, lowers the kinematic viscosities (table 11):

HnCs"'O— A= CN (X1x)
O <O <O

The viscous behaviour of cyano derivatives can be
explained in terms of the changed tendency for association
[ 180] expressed by the correlation coefficient g (see §3).
Similar effects on viscous properties of introducing
the trans-1,4-cyclohexylene fragments into other liquid
crystals have also been found [4-6, 128, 130, 167].

v —> A
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The elastic constant ratio K,,/K,, of liquid crystal
materials is a very important parameter in super twisted
nematic-liquid crystal displays (STN-LCDs), defining
their electro-optical performance [ 181]. As can be seen
from tables 11 and 12, two-ring trans-1,4-disubstituted
cyclohexylene cyano derivatives exhibit larger values of
K.,/ K,, than those of other corresponding liquid crystals
(compounds 5-1 and 5-2, 5-5, 5-6; mixtures 12-1-12-5;
12-7 and 12-8; 12-9 and 12-10), see also [15, 70, 130,
150, 159, 1717]:

rR— A—_)— cN
Kag /Kig — A ;{S)<Q < <<:8> < <&

The replacement of the trans-1,4-cyclohexylene frag-
ment in compound 5-1 by 1,4-bicyclo[ 2.2.2 Joctylene to
give compound 5-4 further increases the elastic constant
ratio (table 11; see also mixtures 12-1 and 12-6, table 12).
Interestingly, an increase in the number of trans-1,4-
cyclohexylene fragments in the molecular core of two-
ring cyano derivatives lowers K ,,/K,, (compounds 5-1
and 5-12, table 11). These results can be explained the
XRD study of these compounds. It has been shown that
elastic constant ratio K,,/K,, is a linear function of
the squared dimeric density wave period d; for binary
mixtures of the two-ring cyano derivatives presented in
table 12 [65]. In this interpretation dimers formed by
the cyano derivatives play an important role. In com-
bination with the increased development of the dimeric
density wave, as compared with the monomeric one;
this shows that for the fifth and greater homologues
of two-ring trans-1,4-disubstituted cyclohexylene cyano
derivatives, and for other cyano derivatives, the balance
in the monomer-dimer system 2M <« D (considering data
on the correlation factor g in table 6 and on the
correlation lengths ¢in [151]) is biased towards dimers
defining the liquid crystal properties [7, 8, 65].

Similar effects on the elastic properties of other liquid
crystals containing the rrans-1,4-cyclohexylene fragment
have been found [26, 159, 182].

(XXXHI) [7. 65, 171]

6. Molecular packing
It has been shown that liquid crystal molecular pack-
ing plays a very important role in the creation of their
mesophases [19] and defines their optical properties
[174]. The molecular packing coefficient is expressed in
[166] as:

ky =N\ Vol M (5)
where N, is the Avogadro number, p is the density, M

is the molecular weight, and ¥ is the intrinsic (van der
Waals) volume of the molecule, calculated from the

van der Waals volume increments of the individual
atoms or by using the average atomic radii and chemical
bond lengths.

As can be seen from table 11, replacement of the
trans-1,4-cyclohexylene fragment in compounds 5-1,
5-12, 6-1 and 6-3 by the 1,4-phenylene, pyridin-2,5-diyl
or 1,4-bicyclo[2.2.2] octylene fragments to give com-
pounds 5-2-5-4; 5-1, 6-1, 6-3; 6-2 and 6-4, respectively,
results in the increase of their molecular packing
coefficients:

HinCs— A ~{)— o (xv)
e h OO <Q <O

An increase in the number of frans-1,4-cyclohexylene
fragments in the molecular core of two-ring cyano
derivatives further decreases the molecular packing
coefficient (compounds 5-1, 5-2, 5-12, table 11):

Hi1Cs— A — B — CN  (XVII)

e ams OO < O-0 < OO

Replacement of the trans-4'-cyanocyclohexyl fragment
in compound 5-12 by the 4'-cyanophenyl and 2-cyano-
pyridine and 5-cyanopyridine fragments to create com-
pounds 5-1 and 6-1, 6-3, respectively, enhances the
molecular packing:

HﬂCs—O—A—CN (XIX)
kp — A:O<©<Q< (‘_\

These results can be associated with the difference
in the energy of intermolecular interactions (and there-
fore with the difference in the activation energy of the
rotational viscosity recorded for these compounds in
table 12 [ 166]).

7. Comparative characteristics of liquid crystals

Selection of the best components for liquid crystal
materials and the prediction of useful new chemical
structures need comprehensive comparative investigations
of the physico-chemical and electro-optical characteristics
of liquid crystal compounds. It has been shown that the
dielectric, diamagnetic, viscous, and elastic constants, as
well as the nematic-isotropic transitions of solutions of
homologues, approximately obey the additive rule [ 183].
This fact has been employed for comparison of the
physico-chemical and electro-optical properties of liquid
crystal trans-1,4-disubstituted cyclohexylene derivatives
(and other corresponding derivatives) having narrow
nematic ranges. This was done by using binary mixtures
(containing a pentyl and a heptyl homologue) which give
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Table 13. Physico-chemical and electro-optical parameters of the liquid crystalline mixtures. Measuring conditions of electro-optical
parameters: d =10 pm, 7 =25°C, U,,,.. =2U,, [67,169].

meas

Mixture e T, /°C & ° Ag An* U,, IV U, IV 7,./ms 7 Ims 2, /ms
Al* <-10 68.8 6.1 3.0 0.111 2.55 3.55 35 150 30
A2° <-10 83.1 64 5.1 0.178 2.05 295 90 130 30
A3® <-20 65.8 7.7 12.0 0.160 145 1.95 60 90 25
A4° <-20 694 7.5 11.7 0.163 145 1.95 65 120 25
A5® <-30 67.7 7.6 132 0.164 145 2.00 60 100 25
A6® <-10 69.7 79 13.6 0.179 1.40 1.90 70 100 25

* The mixtures A1, A2 were composed at 26 wt %6 of the 4-ethoxyphenyl ester of trans-4-butylcylohexanecarboxylic acid, 16 wt %%
of the 4-ethoxyphenyl ester of trans-4-hexylcyclohexanecarboxylic acid, 10 wt % of the 4-cyanobiphenyl ester of trans-4-butylcyclo-
hexanecarboxylic acid, 19 wt % of the third and 29 wt % of the fifth homologues of 2-(trans-4-alkylcyclohexyl)-5-cyanopyridines
and 2-(4-alkylphenyl )-5-cyanopyridines, respectively [ 169].

® The mixtures A3, A4, A5, A6 were composed of 26 wt % of the 4-ethoxyphenyl ester of trans-4-butylcylohexanecarboxylic acid,
16 wt % of the 4-ethoxyphenyl ester of trans-4-hexylcyclohexanecarboxylic acid, 19 wt % of 5-propyl-2-(4-cyanophenyl)pyridine,
29 wt % of 5-pentyl-2-(4-cyanophenyl)pyridine and 10 wt % of the compounds 2-11, 2-16, 7-1, 7-3, respectively [ 169].

C T =25°C, *T,, ... = 20°C.

meas meas

broad nematic ranges, with clearing points depending
on the molecular structure as observed for pure com-
pounds in §2. Table 12 shows that two-ring rrans-1,4-
disubstituted cyclohexylene cyano derivatives exhibit the
lowest values of the response time 7, and the largest
values of the threshold voltage U,, of the twist-effect, in
comparison with those of other corresponding liquid
crystals. These findings are consistent with the lowest
values of the viscosity [179] observed for trans-1,4-
disubstituted cyclohexylene derivatives (tables 11 and 12),
and with the dependence of the threshold voltage of
the twist-effect on the dielectric anisotropy and elastic
constants [ 157]:

Uy * Tkl g, Ae]'? (6)

where « is the elastic expression, k=[K,, + (K, — 2K ,,)/4].

In order to estimate the effect of using the trans-1,4-
disubstituted cyclohexylene derivatives as components
of liquid crystal mixtures, some mixtures containing
these compounds and other well-known liquid crystals
were prepared. Table 13 presents the physico-chemical
and electro-optical properties of liquid crystal mixtures
containing trans-1,4-disubstituted cyclohexylene derivatives
and the corresponding 14-disubstituted phenylene,
2.5-disubstituted pyridine and 1,4-disubstituted bicyclo-
[2.2.2]octylene derivatives. From this table, it follows
that the use of trans-14-disubstituted cyclohexylene
derivatives gives the lowest values of the response time
7, of the twist-effect, compared with the effect of
other liquid crystal derivatives (mixtures A1 and A2,
A3 and A4, A5 and A6). Replacement of the rrans-
1,4-disubstituted cyclohexylene derivatives by the other
corresponding derivatives effects the clearing points,
dielectric and optical properties of these mixtures in
ways which are consistent with those observed for pure
compounds in the previous sections.

8. Conclusions

The effects of trans-14-cyclohexylene fragments, in
relation to their quantity and positions in the molecular
core of liquid crystals, on liquid crystal physico-chemical
and electro-optical properties have been studied; some
general trends have been identified and explained. We
believe that the results of these studies will broaden
the understanding of fundamental structure—property
relationships in liquid crystals, for the better satisfaction
of the requirements for components of liquid crystal
materials for nematic display applications.
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