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Liquid-Crystalline Oxygen-Containing
Heterocyclic Derivatives. 2 Six-Membered
Rings Containing Oxygen as Structural

Fragments in Liquid Crystals

VLADIMIR F. PETROV1,2

AND VLADIMIR I. YASHKICHEV3

1LC Works, Sydney, New South Wales, Australia
2Gubkin Russian State University of Oil and Gas, Department
of Physical Chemistry, Moscow, Russia
3The Moscow State Humanitarian University n.a. Sholokhov,
Department of Science, Moscow, Russia

The effect on the physico-chemical properties of introducing the oxygen atom
into the molecular structure of liquid crystals is discussed and rationalized in terms
of existent theories; a comparison is made with the corresponding hydrocarbon and
other derivatives.

Keywords Liquid crystals; oxygen; physico-chemical properties

Introduction

In continuation of our study of the structure–property relationships in oxygen-
containing liquid crystals (see, for example, the previous publications [1–5]) we
present here a review that examines in some detail the effect of the introduction of
the oxygen-containing six-membered rings and based on them systems into the
molecular structure of liquid crystals on the appearance of the mesophases and their
physico-chemical properties. When possible, the properties of the oxygen-containing
derivatives will be compared with those of the corresponding hydrocarbon and
heterocyclic derivatives.

Mesomorphic Properties

The phase transition temperatures of the oxygen-containing derivatives and
reference compounds are presented in Tables 1–12 where Cr, P, Sm, SmH, SmC�,
SmC, SmB, SmA, N, Ch, BP, and I denote the crystalline, plastic, smectic, smectic
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H, chiral smectic C�, smectic C, B, A, nematic, cholesteric, blue phase, and isotropic
phases, respectively. Values given in parentheses refer to monotropic phase transi-
tions. X is an uncharacterized mesophase.

One of the most useful fragments for the molecular design of liquid crystals is
trans-1,4-cyclohexylene [6]. Cyclohexane is known to exist in a chair conformation
with the C�C�C�C torsional angle 55� [7]. Two types of positions are available
for substituents in cyclohexane. There are the well-known axial and equatorial
locations. Axially substituted conformations are generally less stable than equatorial
conformations because of non-bonded repulsive interactions across the top of the
molecule [8].

Table 1. Mesomorphic properties of some liquid crystals:

No. n k A B Phase transitions (�C) Ref.

1-1 10 1 Cr 78.5 I [97]

1-2 10 1 Cr 78.8 SmA (61.4) I [97]

1-3 10 1 Cr 74.6 SmA 75.8 I [97]

1-4 10 1 Cr 106.9 I [97]

1-5 10 1 Cr 59.2 SmB (52) SmA 79.3 I [97]

1-6 10 l Cr 90.6 I [97]

1-7 10 1 Cr 78.1 SmA (57.5) I [97]

1-8 10 1 P 90 I [97]

1-9 10 1 Cr 77 I [97]

1-10 7 0 Cr 82 SmA (69.5) Ch (74.4) I [98]

1-11 7 0 Cr 104 X 211 I [99]

1-12 7 0 Cr 99 X 133 I [100]

Liquid-Crystalline Heterocyclic Derivatives 13
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The introduction of the oxygen atom into the cyclohexane ring results in the
formation of tetrahydropyran. It has been reported that tetrahydropyran has a chair
conformation and its ring is slightly flatter than cyclohexane [9]. Its molecule
resembles cyclohexane in geometry excepting the short C�O bond (1.41 Å) com-
pared to the C�C bond (1.54 Å). These two rings have very similar chair-to-twist
ring reversal processes [9]. The C�O�C�C, O�C�C�C, and C�C�C�C torsional
angles in tetrahydropyran are 59.9, 56.9, and 52.9�, respectively [7].

The introduction of two oxygens into cyclohexane gives the dioxane ring. It has
been estimated that the twist conformer of 1,3-dioxane is of higher energy relative to
its chair conformer than that in cyclohexane [10]. The oxygen atoms affect the ring
size and shape because of different bond lengths, with the C�O bond (1.41 Å) being
shorter than the C�C bond (1.54 Å). As a result, the dioxane ring is believed to be
hyper (more puckered than cyclohexane) in the O�C�O position of the molecule
and hypo (less puckered than cyclohexane) in the C�C�C region of the molecule.
The C(2)-C(3)-C(4) bond angle of 107.7� is comparable with that of of tetrahydro-
pyran (108.3�) and lower than that of cyclohexane (111.4�) [7]. In addition to this ring
distortion the O(1) and O(3) positions have no hydrogens so that there are no
1,3-syn-axial hydrogen interactions with axial substituents at the C(5) position [10].

In contrast to the results for these monocycles, in the bicycles, such as
bicyclo[2.2.2]octane, the rigidity of bridged structure permits more significant con-
formational effects than in the monocycles [11]. The bridging locks the cyclohexane
ring into the boat and=or twist-boat conformation. Bicyclo[2.2.2]octane has two
boat cyclohexane rings. The enthalpies of the boat and twist-boat conformers of
cyclohexane are 27 and 23 kJ=mol higher that that of the chair conformer.
Bicycle[2.2.2]octane has ring strain of 54 kJ=mol and the D3h or D3 symmetry [11].
There is a slight rotation around threefold axis that lowers the repulsion of the
eclipsing hydrogens at C(2) and C(3) positions [11]. Similar geometry can be

Table 4. Physico-chemical properties of liquid crystals:

No. A Phase transitions (�C) Dea Dnb m, D b (�) Ref.

4-1
Cr 79 SmB (78) N 184.5 I �6.0 0.096 [113]
Cr 66.9 SmB 79.9 N 185.1 I �5.4c �0.114c [114]

4-2 Cr 65.5 N 139.7 I �7.3c 0.107c 4.5 89 [114]

4-3 Cr 107.7 SmB (94.6) N 164 I �3.8c 0.112c 3.5 63 [114]

4-4 Cr 80 N 173.3 I �5.9 0.156 [113]

4-5 Cr 96 SmB (93) N 131 I �5.2 0.111 [115]

aExtrapolated from 10wt% solution in ZLI-2857 at 20�C.
bExtrapolated from 10wt% solution in ZLI-4792 at 20�C.
cExtrapolated from 15wt% solution in liquid crystal material at 25�C.
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proposed for the oxygen-containing 2-oxa- and 2,6,7-trioxabicyclo[2.2.2]octanes
[11]. As expected, these structural features can affect the mesomorphic properties
of the oxygen-containing liquid crystals.

It is obvious from Table 1 that the phase transition temperatures of three-ring
tetrahydropyran derivatives strongly depend on the position of the oxygen atom
in the tetrahydropyran ring. So far position 4 gives the liquid crystals exhibiting high
clearing (nematic-isotropic or smectic-isotropic phase transition temperatures) and

Table 5. Mesomorphic properties of some liquid crystals:

No. A n Phase transilions (�C) Ref.

5-1 1 Cr 139.8 Ch 170.8 I [116]

5-2 1 Cr 210.5 N 261 I [117]

5-3 1 Cr 190 N 270 I [118]

5-4 1 Cr 247 N 253 I [119]

5-5 1 Cr 178 N 218 I [120]

5-6 1 Cr 171 N 260 I [121]

5-7 1 Cr 195 Ch 206 I [122]

5-8 1 Cr l58 Ch 211.1 BP [122]

5-9 1 Cr 222 N (195) I [123]

5-10 8 Cr 134.7 Ch 151.7 I [122]

5-11 8 Cr 95 Ch 165.5 BP [122]

5-12 8 Cr 110.6 Sm ll8.7 N 132.3 I [124]

Liquid-Crystalline Heterocyclic Derivatives 19
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Table 6. Physico-chemical properties of some liquid cryslals:

No. A n Phase transitions (�C) Dea Dna c1
a (mPas) Ref.

6-1 3 Cr 66 N 94.1 I 9.7 0.075 160 [102]

6-2
3 Cr 71 I 14.1 0.060 136 [103]

Cr 74 I 15.0 0.074 [102]

6-3
3 Cr 59 N (50.9) I 12.2 0.071 182 [103]

Cr 57 N (52.2) I 12.7 0.078 [102]

6-4 3 Cr 74 I 13.3 0.056 203 [103]

6-5 3 Cr 48 I 12.8 0.064 205 [103]

6-6 3 Cr 74 N (51.2) I 17.0 0.068 201 [102]

6-7 3 Cr 87 I 23.7 0.055 241 [103]

6-8 3 Cr 117.3 I [125]

6-9 3 Cr 86.6 Sm (54.4) I 22.3b [126]

6-10 3 N 83.6 Ia 15.9 0.147 [127]

6-11 3 Cr 42 N (33) I 12.6 0.142 [128]

6-12 3 Cr 53.8 I 10.3b [129]

6-13 5 Cr 7 I 2.3 0.012 64c [19]

6-14 3 Cr 45 I [130]

6-15 3 Cr 32 I [130]

aExtrapolated from 10wt% solution in ZLI-4792 at 20�C.
bExtrapolated from 15wt% solution in liquid crystal material at 25�C.
cKinematic viscosity n (mm2 s�1) at 20�C.
dExtrapolated from 20wt% solution in liquid crystal material at 25�C.
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lowest melting (crystal-smectic or crystal-nematic phase transition temperatures)
points. Position 3 reduces the clearing temperature and gives the highest melting
point and position 2 leads to the disappearance of the mesomorphic properties
among those of the corresponding tetrahydropyran derivatives (compounds 1-1 to
1-3). It is important to note that the corresponding trans-1,3-dioxane derivative
1-4 is not mesomorphic at all. Similar comparison can be made for reference
derivatives (compounds 1-5 to 1-9; Table 1) where the trans-1,4-cyclohexylene
derivative shows the lowest melting temperature and rich smectic polymorphism
with high smectic thermostability among those of compounds under consideration.

The replacement of the cyclohexane ring by tetrahydropyran in two-ring deriva-
tives lowers their clearing points and the number of the smectic phases (compounds
2-1 to 2-5; Table 2), whereas moving tetrahydropyran closer to the terminal polar

Table 7. Physico-chemical properties of liquid crystals:

No A Phase transitions (�C) da (Å) d=La

7-1 CF3 Cr 74.4 SmA 102.8 I 24.80 1.103
7-2 OCF3 Cr 48.4 SmA 111 N 113.9 I 25.08 1.062
7-3 CN Cr 94 N 167 I 23.73b 1.039b

aTmeas¼Tcl� 20�C.
bTmeas¼Tcl� 50�C.

Table 8. Physico-chemical and electro-optical properties of some liquid crystals:

No. A Phase transitions (�C) jPs
aj (nCcm�2) s (ms) Ha (�) Ref.

8-1 Cr 69 SmC� 85 SmA 114 I 9.6 13.4 [131]

8-2 Cr 66 SmC� 95 SmA 135 I 1.3b 61b 13.5b [132]

8-3 Cr 68 SmA 133 I [132]

8-4 Cr 107 SmA 141 [132]

8-5 Cr 42 SmC� 81 SmA 175 I [133]

aTmeas¼TSmC��SmA� 15�C.
bTmeas¼ 85�C.

Liquid-Crystalline Heterocyclic Derivatives 21
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Table 9. Mesomorphic properties of some liquid crystals:

No. n A B Phase transitions (�C) Ref.

9-1 4 CN Cr 61 I [134]

9-2 4 CN Cr 42 N (36) I [135]

9-3 4 CN Cr 41 N 41 I [136]

9-4 5 CN Cr 87 N (85) I [137]

9-5 4 CN Cr 61.3 N 116 I [138]

9-6 4 CN Cr 74.6 Sm 61.5 N 221.2 I [108]

9-7 6 CN Cr 81 N 84 I [139]

9-8 6 CN Cr 64 N (47.5) I [140]

9-9 6 CN Cr 44.5 N 47 I [141]

9-10 6 CN Cr 50 N 73 I [142]

9-11 6 CN Cr 91.4 I [143]

9-12 5 C3H7 Cr 97.5 X (74.5) I [144]

9-13 5 C3H7 Cr 22.7 N (19.5) I [145]

9-14 5 C3H7 Cr 44.3 Sm (31.3) N (43.6) I [145]

9-15 5 CN Cr 103 N 132.7 I [146]

9-16 5 CN Cr 110 N 165 I [135]

9-17 5 CN Cr 80 X 160 I [147]
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CF3 group leads to the disappearance of the mesophase (compounds 2-2, 2-3). Simi-
lar comparison can be made upon the introduction of the dioxane ring with the same
positions of its oxygen atoms into the molecular core of weakly polar bicyclohexyl
derivatives (compounds 2-4, 2-6, 2-7; Table 2). The replacement of two cyclohexane
rings by two dioxane ones significantly enhances the melting and clearing tempera-
tures in comparison with those of the corresponding bicyclohexyl and
cyclohexyl-tetrahydropyran derivatives (compounds 2-4, 2-6, 2-7, 2-9). A similar
situation can be seen for three-ring dioxane derivatives (compounds 2-10 to 2-12:
6-1, 6-6; except compound 6-8. Tables 2 and 6). The simultaneous introduction of
tetrahydropyran and dioxane into the molecular core of liquid crystals makes if
roughly an average effect on their mesomorphic properties for two- and three-ring
derivatives (compounds 2-8, 6-7; Tables 2 and 6). For four-ring derivatives such
introduction results in the lowest clearing points among compounds under consider-
ation (compounds 3-6 to 3-12; 3-13, 3-14; Table 3). These findings can be expressed
by the following orders of increasing of clearing (Tcl) and melting temperatures (Tm),

Table 10. Physico-chemical and electro-optical properties of some liquid crystals:

No. k A Phase transitions (�C)
jPs

aj
(nCcm�2) sa0–90 (ms) Ref.

10-1 0 Cr 72 Ch 79 I �0 670 [148]

10-2 0 Cr 53 Ch 59 I 2.3b 205b [148]

10-3 0 Cr 53.3 SmA 59.2 N 62.9 I [149]

10-4 1 Cr 74 SmC� 154.5 SmA 167.5 �0c 800c [148]
Ch 187.5 I

10-5 1
Cr 115 SmC� 140 SmA
183 Ch 185 I

1.4b

6.4d
195b [148]

10-6e 1 Cr 99.8 SmC� (89.1)
SmA 134.6 Ch 136.1 I

100f [150]

10-7 1
OC�H(CH3) Cr 67 Sm 84 SmC� 107

SmA 152 I
50g [148]

aMeasured as 15wt% solution in liquid crystal material at 25�C.
bMeasured as 10wt% solution in liquid crystal material at 25�C.
cMeasured as 25wt% solution in liquid crystal material at 25�C.
dTmeas¼ 100�C.
en¼ 10.
fTmeas¼ 79�C.
gTmeas¼ 102�C.
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nematic ranges (DT):

The effect of the introduction of the saturated trans-1,4-cyclohexylene, trans-1,3-
dioxan-2,5-diyl, and trans-2,5-tetrahydropyranyl into the molecular core of liquid
crystals presented in Table 3 can be expressed by the following orders:

It follows from these orders and Table 3 that the cyclohexane derivatives exhibit
the high clearing and low melting points and widest nematic range. The dioxane
derivatives show low clearing and highest melting temperatures and moderate
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nematic range. The tetrahydropyran derivatives exhibit lowest melting and clearing
temperatures, and wide nematic range among compounds 3-1 to 3-5 presented in
Table 3. One can say that moving tetrahydropyran in the middle of the molecular
core lowers the smectic and nematic thermostabilities (for four-ring derivatives
3-6, 3-7; Table 3), and a further move of tetrahydropyran closer to the 3,4,5-trifluor-
ophenyl fragment results in the highest melting and clearing points and disappear-
ance of the smectic B phase among compounds 3-6 to 3-8. For three-ring
derivatives the same move lowers the melting temperatures and creates the nematic
phase (compounds 6-2, 6-3; Table 6).

The less pronounced mesomorphic behavior of the 3,4-dihydro-6H-pyran
derivatives compared with that of the corresponding tetrahydropyran and refer-
ence derivatives (compounds 1-10 to 1-12; 6-2–6-5) can be caused by their
half-chair conformation [12–14] with puckering of the oxygen atom by 0.612 Å
from the least-squares plane defined by the five carbon atoms [15]. These struc-
tural features can be responsible for the appearance of the cholesteric phase in
compound 1-10.

The data presented in Table 4 reveal again the importance of the position of
oxygen in the tetrahydropyran ring on the liquid crystal properties. Pointing the
oxygen atom of tetrahydropyran toward the 2,3-difluorophenyl fragment gives
liquid crystals exhibiting an additional monotropic smectic phase and significantly
higher melting and clearing temperatures in comparison with those of the opposite
case (compounds 4-2, 4-3; Table 4) and the following system:

It is evident from these orders and Table 4 that the cyclohexane derivatives
exhibit the highest nematic thermostability, wide nematic range, and low melting
temperature. The tetrahydropyran derivatives show moderate clearing points and
nematic ranges. The introduction of the tetrahydropyran ring into the molecular
core of three-ring di-methoxy derivatives creates only cholesteric phase exhibiting
the lowest melting and clearing points in comparison with those of the corresponding
reference nematic derivatives (compounds 5-1 to 5-6; Table 5). It can be seen from
Table 6 that 2-oxabicyclo[2.2.2]octane derivative 6-10 shows the highest clearing
point compared with those of the corresponding trans-1,3-dioxan-2,5-diyl and
trans-1,4-cyclohexylene derivatives 6-9, 6-11.
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It has been shown that the spirane skeleton is chiral if under experimental
conditions the rings can be considered nonplanar. The consequence of the chirality
of the spiro atom is the differentiation of substitution at positions 1 and 5 and the
lower stability of equatorial substitution at position 1 that of axial substitution
[16]. The spiro junction of the rings can cause distortions of the tetrahedral
arrangement around the spiro atom. For example, the equatorial hydrogen atoms
on C(1) and C(2) are closer to the axial hydrogen atoms on the other rings than
those on C(5) and C(7). This should lead to differentiation of bond lengths and
angles around the C(6) center of chirality [16]. The stereochemical situation is
the same in the heterocylic spirosystem (compound 9-1; Table 9) as for the spir-
o[5.5]undecane 6-13, but the bond angles and bond lengths are different and the
barrier for ring inversion is lower [17]. The data presented in Tables 6 and 9 reveal
that the 1,5-dioxa-9-azaspiro[5.5]undecane [18] and 1,5-dioxaspiro[5.5]undecane
derivatives containing the dioxane ring are not mesomorphic in comparison with
those of the corresponding reference derivatives (compounds 6-12 to 6-15; 9-1 to
9-6). It can be explained by the significant nonlinearity of the spiranes [19]. Parti-
cularly, one can say that the corresponding trans-1,3-dioxane and trans-1,4-cyclo-
hexylene derivatives (compounds 9-2 and 9-3), liquid crystals containing their fused
system (compound 9-4, approximately), and liquid crystals containing these both
two rings (compound 9-6) show the mesomorphic properties with increasing order
of their clearing points.

It has been suggested that the O�C(4)�C(5)�C(6)�O region of the 1,3,2-diox-
aborinane ring adopts a rapidly inverting chair conformation where the lone pairs of
the oxygen atoms and the vacant p orbital on boron are coplanar and overlap most
effectively [20,21]. The inter-conversion of 1,3,2-dioxaborinane goes via transition
state with 2,5-twist form and differs from 1,3-dioxane in having a lower potential
barrier. It is caused by the decrease in the number of intramolecular independent
interactions resulting from the planar configuration of the trigonal boron atom
[22]. The study and commercial applications of the mesomorphic 1,3,2-dioxabori-
nane derivatives have been attracted significant interest [23–31]. Particularly, it has
been demonstrated in the literature [29,30] by X-ray diffraction measurements that
the introduction of the 1,3,2-dioxaborinane ring into the molecular core of three-ring
derivatives creates the dimeric structure (d=L> 1, where d is a period of the density
wave and L is the molecular length) of their mesophases (compounds 7-1 to 7-3;
Table 7). Some other 1,3,2-dioxaborinane derivatives show low melting and the low-
est clearing temperatures in comparison with those of the corresponding reference
derivatives (compounds 8-1 to 8-5; 9-15 to 9-17; 11-7 to 11-12; Tables 8, 9, 11).
One can say that the presence of two oxygen atoms in the saturated six-membered
ring favors the creation of the chiral smectic C� phase in some liquid crystals (com-
pounds 8-1 to 8-4; Table 8). Particularly, in the chiral compounds, the 1,3,2-dioxa-
borinane derivative 8-1 exhibits lower smectic C� thermostability and range
compared with those of the corresponding trans-1,3-dioxane derivative 8-2. The
importance of the molecular structure of liquid crystals can be seen by comparing
the thermal efficiency of their rings—trans-1,3-dioxane (D), 1,3,2-dioxaborinane
(B), and trans-1,4-cyclohexylene (C):

B < C < D for compounds 9�15 to 9�17

B < D < C for compounds 11�7 to 11�9
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The fusion of the benzene and tetrahydropyran gives the 3,4-dihydro-2H-1-
benzopyran (chroman) fragment that adopts a half-chair conformation [32,33]. This
structural feature can be responsible for the observed mesomorphic properties of
the 3,4-dihydro-2H-1-benzopyran derivatives that show higher clearing points in
comparison with those of the corresponding tetrahydropyran, 1,4-phenylene, and
reference derivatives (compounds 9-7 to 9-11; 10-1 to 10-3; 10-4 to 10-6). The intro-
duction of nonlinear 3,4-dihydro-2H-1-benzopyran fragment into the molecular core
of some weakly polar liquid crystals promotes the formation of the cholesteric phase
with wider range in comparison with those of the corresponding 1,4-phenylene and
other reference derivatives (compounds 10-1 to 10-3, 10-4 to 10-6). A more puckered
1,4-dioxane ring than the cyclohexane one [8] can be responsible for the disappear-
ance of the mesomorphic properties of compounds 9-11 compared with that of the
corresponding cyclohexane derivative 9-10.

Similar fusion of the benzene and 1,3-dioxane gives the 4H-1,3-benzodioxin
fragment. It has a twisted structure with a barrier to planarity of 3475 cm�1 [34].
The introduction of this fragment into the molecular core of liquid crystals enhances
(compounds 9-12 to 9-14; 11-1, 11-2, 11-4) and lowers (compounds 11-1, 11-3, 11-5,
11-6) their clearing temperatures compared with those of the corresponding
1,4-phenylene and reference derivatives.

The fusion of the tetrahydropyran and 1,3-dioxane gives the chiral 2,4,7-trioxa-
bicyclo[4.4.0]decane fragment, which can be used as a structural unit in liquid crystals
presented in Tables 5 and 12. It is evident from Table 5 that the chiral 2,4,7-trioxa-3-
borabicyclo[4.4.0]decane derivatives, which have an additional boron atom in their
structure, exhibit the enhanced mesophase thermostability (compounds 5-7, 5-8;
5-10, 5-11), which is opposite to the results found above for the corresponding
1,3,2-dioxaborinane and trans-1,3-dioxane derivatives. Also, it is important to note
that the 2,4,7-trioxabicyclo[4.4.0]decane and 2,4,7-trioxa-3-borabicyclo[4.4.0]decane
derivatives exhibit higher melting and clearing temperatures than the corresponding
tetrahydropyran derivative (compounds 5-1, 5-7, 5-8, Table 5).

It has been shown that 2,4,7,9-tetraoxabicyclo[4.4.0]decane exists in trans or cis
forms [35–37]. Its cis system can exist in two possible diastereoisomeric chair–chair
forms, Oinside and Ooutside, which may inconvert by conformational ring inversion.
The trans form is both configurationally and conformationally fixed [37]. These struc-
tural features can be responsible for the nematic character of the mesophase of the
trans-2,4,7,9-tetraoxabicyclo[4.4.0]decane derivative and its significantly lower clear-
ing point in comparison with those of the corresponding 2,4,7-trioxabicyclo[4.4.0]
decane and 2,4,7-trioxa-3-borabicyclo[4.4.0]decane derivatives (compounds 5-7 to
5-9; Table 5). Similar lower clearing point and appearance of the nematic phase are
also shown by the 1,3,2-dioxaborinane derivative (compounds 5-10 to 5-12).

The data collated in Table 2 reveal that the nonlinear structure of the trans-pyr-
ano[3,2-c][1]benzopyran derivative 2-13 leads to the disappearance of the nematic
phase and lowering the clearing point in comparison with those of the corresponding
three- and four-ring reference compounds 2-14, 2-15. The introduction of the trans-
pyrano[3,2-c][1]benzopyran into the molecular core of pentyl-hexyloxy derivatives
creates the smectic A and nematic phases with high clearing point in comparison
with those of the corresponding two-fragment non-mesomorphic 2,4,7-trioxabicy-
clo[4.4.0]decane, 2,6,7-trioxabicyclo[2.2.2]octane [38] derivatives, trans-1,3-dioxane,
and other reference derivatives (compounds 12-1 to 12-9; Table 12). It is important
to note that the replacement of the hexyloxy group by hexyl one in
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non-mesomorphic compound 12-3 gives derivative 12-10, which exhibits the smectic
B phase with moderate thermostability. Similar trends have been reported for other
tetrahydropyran [39–42], dihydropyran [43–46], 1,3-dioxane [47–53], 3,4-dihydro-
2H-1-benzopyran [54–60], 1,3,2-dioxaborinane [61–66], 2,4,7-trioxabicyclo[4.4.0]de-
cane, and 2,4,7-trioxa-3-borabicyclo[4.4.0]decane, [67–73] derivatives and liquid
crystals based on oxygen-containing fused and spiro systems [74–76].

The presented results reveal the importance of the molecular structure of
oxygen-containing liquid crystals. We can propose that the electronic and geometric
structures of the oxygen-containing molecules [9–11,12–17,20–22,32–37] play a very
important role in the intra- and intermolecular interactions [77–79] that affect
the packing of the molecules, which predominantly influences mesophase stability
[77–81]. Anisotropic dispersion interactions, and consequently the anisotropy of
polarizability, depending on the electron density distribution in the molecular frag-
ments under consideration, also influence the packing and hence the stability of the
mesophases but play a secondary role compared to the steric factors [81]. Other mol-
ecular aspects such as the association [80] or dipole–dipole attraction in polar liquid
crystalline derivatives, which can influence the packing of the molecules, also affect
the stability of the mesophases [81].

Static Dielectric Properties

The relationship between the dielectric anisotropy De¼ ek� e?, where ek and e? are,
respectively, dielectric constants that are parallel and perpendicular to the nematic
director n and molecular structure of liquid crystals is described by the theory of
Maier and Meier [82]:

De ¼ NhF=eo½Da� Fl2=kTð1� 3 cos2 bÞ�S; ð1Þ

where h¼ 3e�=(2e� þ 1), e� ¼ (ekþ 2e?)=3; Da¼ (ak� a?) is the polarizability ani-
sotropy; F is the cavity reaction field; l is the dipole moment; b is the angle between
the molecular long axis and the dipole moment; and N is the number of molecules
per unit volume; S is the order parameter.

The total dipole moment and, consequently, the dielectric anisotropy of com-
pounds presented in Tables 2–4 and 6 are strongly affected by values and directions
of the dipole moments of the terminal, linking, lateral groups and molecular frag-
ments (see Eq. (1)). When the positions and orientations of the molecular fragments,
linking, lateral, and terminal substituents are chosen in such way that their dipole
moments contribute mainly to the parallel part of the total dipole moment, the posi-
tive dielectric anisotropy of liquid crystals can be achieved (Tables 2, 3, 6). Other-
wise, the negative dielectric anisotropy can be obtained for compounds presented
in Tables 2 and 4. Note that the replacement of the trans-1,4-cyclohexylene (l¼ 0
D) [83] by tetrahydropyran (l¼ 1.58 D) [83] and trans-1,3-dioxane (l¼ 2.06 D)
[83] in liquid crystals correspondingly increases their dielectric anisotropy (in absol-
ute value; compounds 2-1 to 2-9; 3-1 to 3-3; 3-6 to 3-12; 4-1, 4-2; 6-1 to 6-3, 6-6, 6-7;
Tables 2–4, 6). Similar behavior can be observed for the 3,4-dihydro-6H-pyran deri-
vatives (compounds 6-4, 6-5) and 2-oxabicyclo[2.2.2]octane derivative 6-10.
Increasing the number of oxygen-containing heterocycles introduced into the
molecular core of liquid crystals gives a more pronounced rise of the dielectric
anisotropy (compounds 2-4 to 2-9; 3-6 to 3-12; 6-1 to 6-3, 6-6, 6-7). Enhanced
value of the dielectric anisotropy (in absolute value) for compound 4-2 compared
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with that of compound 4-3 is caused by the increased dipole moment and its almost
perpendicular direction to the long molecular axis of former.

One can say that compound 2-13 with its nonlinear trans-pyrano[3,2-c][1]benzo-
pyran fragment and four-ring trans-1,3-dioxane derivative 2-15 shows very similar
dielectric behavior. The introduction of two oxygen atoms and one nitrogen atom
into the spiro[5.5]undecane fragment of derivative 6-13 to obtain compound 6-12
indeed increases the dipole moment of latter and, as a result, its dielectric anisotropy.
These findings can be expressed by the following orders of increasing the dielectric
anisotropy:
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Optical Properties

The phenomenological relation between the refractive index and the electric polari-
zation is defined as [84,85]:

ðn�2 � 1Þ=ðn�2 þ 2Þ ¼ Na�=3Eo ð2Þ

where the mean polarizability a� ¼ (akþ 2a?)=3; the mean refractive index
n�2¼ðn2e þ 2n2oÞ=3; no is the ordinary and ne is the extraordinary refractive indices.
From Eq. (2) and the previous section it follows that compounds that have a large
induced polarizability of their highly conjugated p-electron system (for example,
1,4-phenylene derivatives) exhibit an optical anisotropy D n¼ ne–no that is much lar-
ger than that of the corresponding saturated derivatives (compounds 3-1 to 3-5, 4-1
to 4-5; Tables 2 and 4). The fluorinated derivatives presented in Tables 2–4 and 6
show similar values of the optical anisotropy that have been observed earlier for
other fluorinated derivatives [86]. The influence of the molecular structure of
oxygen-containing liquid crystals on the optical anisotropy can be expressed by
the following orders:
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Viscous Properties

It has been demonstrated that the nematic liquid crystal materials for display appli-
cations should have a low viscosity for giving the acceptable response times to liquid
crystal displays [87,88]. The rotational viscosity c1 of a nematic liquid crystal (NLC)
is a dissipative coefficient describing the rate of reorientation of the NLC director
[89]. The magnitude of the rotational and flow viscosities depend on molecular struc-
ture, intermolecular association, and temperature [90,91]: as temperature increases,
viscosity decreases [90–93]. According to the results on flow and rotational viscosity
presented in Tables 2, 3, and 6, the introduction of the oxygen-containing molecular
fragments into the molecular core liquid crystals usually increases their viscosities in
comparison with those of the corresponding trans-1,4-cyclohexylene and reference
compounds (compounds 2-4 to 2-9, 3-8, 3-11, 3-12; 6-1, 6-3 to 6-7; Tables 2, 3, 6).
Surprisingly low viscosity has been reported for the tetrahydropyran derivative 6-2.
Increasing the number of the oxygen-containing heterocycles in the molecular
core of liquid crystals further enhances their viscosity (compounds 2-4 to 2-9; 6-1 to
6-7). These findings can be expreesed by the following orders of increasing the
viscosity:

Physical Properties of the smectic C� Phase

The spontaneous polarization Ps of the smectic C� liquid crystals is an important
parameter due to its linear coupling with an applied electrical field which is the basis
of the application of these materials [94]. The polarization is caused by the cramped
rotation of the dipoles of the molecules and varies with the position of these dipoles
with respect to the chiral group [94]. The spontaneous polarization Ps is a quantity
that is directly related to the response time s as a switching device [95]:

s ¼ c/ sin
2 H=PsE ð3Þ
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where c/ is the rotational viscosity, which refers to the rotation about an axis
perpendicular to the director n and Ps, H is the tilt angle, and E is an applied electric
field.

According to Scherowsky and Sefkow [96], liquid crystals should have the
following structural features in order to obtain high spontaneous polarization:

1. a high dipole moment perpendicular to the longitudinal molecular axis;
2. short distances between the chiral center and the lateral dipole and the mesogenic

part, respectively;
3. a restriction of free rotation in the chiral region.

It can be seen from Table 8 that the introduction of the 1,3,2-dioxaborinane ring
of liquid crystals enhances their spontaneous polarization compared with that of the
corresponding trans-1,3-dioxane derivative, and their tilt angles are approximately
equal (compounds 8-1, 8-2). According to the data presented in Table 10, the
3,4-dihydro-2H-1-benzopyran derivatives show almost zero value of the spon-
taneous polarization in comparison with that of the tetrahydropyran and reference
compounds (compounds 10-1, 10-2; 10-4 to 10-7). It has been reported that the cis
isomers of the tetrahydropyran derivatives usually show higher spontaneous
polarization than the trans ones [41].

Conclusion

Systematic studies on introducing the oxygen-containing fragments into the molecu-
lar structure of liquid crystals on the creation of the mesophases and their
physico-chemical properties have been performed, with attempts to correlate the
molecular-level parameters with the observed properties. The information here pre-
sented may lead to a better understanding of the nature of liquid crystals.
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