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Pyrimidine as a Structural Fragment in Calamitic
Liquid Crystals

Vladimir F. Petrov
LC Works, Camberwell, Australia

The effect on the physicochemical and electro-optical properties of introducing the
pyrimidine ring into the molecular structure of calamitic liquid crystals is dis-
cussed and rationalized in terms of existent theories; a comparison is made with
the corresponding nitrogen-containing six-membered ring derivatives and 1,4-
phenylene derivatives.

Keywords: electro-optical properties; liquid crystals; physicochemical properties;
pyrimidine

1. INTRODUCTION

In continuation of our study of the structure–property relationships in
nitrogen-containing liquid crystals (see, for example, the previous pub-
lications [1–4]), we present here a review that examines in some detail
the effect of the introduction of the pyrimidine ring into the molecular
structure of calamitic liquid crystals on the appearance of the meso-
phases and their physicochemical and electro-optical properties. When
possible, the properties of the pyrimidine derivatives are compared
with those of the corresponding nitrogen-containing six-membered
ring derivatives and 1,4-phenylene derivatives.

It has been demonstrated that structural nonrigidity is a general
property of heteroaromatic and aromatic six-membered rings such as
pyrimidine, pyrazine, pyridazine, pyridine, 1,2,4-triazine, and benzene
[5]. Changes in ring deformability in these molecules are correlated
with aromaticity [6] of cyclic conjugated systems and are governed
mainly by electronic effects [5]. Particularly, it has been shown
that the transition of the pyrimidine ring from a planar equilibrium

Address correspondence to Vladimir F. Petrov, LC Works, 6=68 Brinsley Road,
Camberwell, VIC 3124, Australia. E-mail: lcworks@hotmail.com

Mol. Cryst. Liq. Cryst., Vol. 457, pp. 121–149, 2006

Copyright # Taylor & Francis Group, LLC

ISSN: 1542-1406 print=1563-5287 online

DOI: 10.1080/15421400600598545

121

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



conformation to a nonplanar structure with a relevant torsion angle
value� 20� causes an energy increase of less than 2.6 kcal=mol [5]. It
should be noted that 18% of the pyrimidine molecules possess con-
siderable nonplanar geometry at every moment of time with values
of endocyclic torsion angles up to 15� [5]. It is believed that these struc-
tural features of the pyrimidine ring should affect the physicochemical
and electro-optical properties of the pyrimidine derivatives.

2. MESOMORPHIC PROPERTIES

The phase-transition temperatures of the pyrimidine derivatives and
reference compounds are presented in Tables 1–9 where Cr, Sm,
Sm�, SmG�, SmF�, SmI�, SmC, SmC�, SmB, SmA, N, Ch, and I denote
the crystalline, smectic, chiral smectic, chiral smectic G�, F�, I�, smec-
tic C, chiral smectic C�, smectic B, A, nematic, cholesteric, and
isotropic phases, respectively. Values given in parentheses refer to
monotropic phase transitions.

The clearing points (nematic–isotropic or smectic–isotropic phase-
transition temperatures) of the 2,5-disubstituted pyrimidine deriva-
tives can be lower (compounds 1-1, 1-2, 1-4, 1-7; 1-8–1-10, 1-12,
1-13; 2-1, 2-2; 2-10, 2-11, 2-15; 4-12, 4-13; 7-1, 7-3–7-6; 7-2, 7-4,
7-6; 8-2, 8-3; 8-5, 8-6; 9-1, 9-2, 9-4; 9-5, 9-6; 9-9, 9-10) and higher
(compounds 1-1, 1-3, 1-5, 1-6; 1-8, 1-11, 1-14; 1-9–1-14; 2-9, 2-13,
2-15; 2-12, 2-14, 2-15, 3-1, 3-2; 3-3, 3-4, 3-5–3-7; 3-8, 3-9, 3-10,
3-11; 4-3–4-8; 4-9, 4-10; 4-11, 4-13; 4-14, 4-15; 5-1–5-3; 5-4–5-6; 7-2,
7-3; 8-4, 8-6; 9-1–9-3; 9-7, 9-8) in comparison with those of the corre-
sponding reference compounds. The melting temperatures of the 2,5-
disubstituted pyrimidine derivatives can be lower (compounds 1-1–1-
7; 1-8–1-14; 2-3, 2-4; 3-3, 3-4; 3-8, 3-9; 4-11–4-13; 7-1, 7-3–7-6; 7-2,
7-4–7-6; 9-1–9-4; 9-9, 9-10) and higher (compounds 2-1, 2-2; 2-9,
2-11, 2-13, 2-15; 2-12, 2-14, 2-15; 3-1, 3-2; 3-5–3-7; 3-10, 3-11; 4-3,
4-4–4-8; 4-9, 4-10; 4-14, 4-15; 5-1–5-3; 7-2, 7-3; 8-2, 8-3; 8-4–8-6;
9-5, 9-6) in respect to those of the corresponding reference compounds.
Particularly, the influence of the introduction of the molecular frag-
ment A into the molecular core of compounds presented in Table 1
on their mesomorphic properties can be expressed by the following
orders of increasing the clearing temperatures (Tcl), melting tempera-
tures (Tm), and nematic ranges DT: System (I), shown in Scheme 1.

These results reveal that the introduction of the pyrimidin-2,5-diyl
fragment into the molecular core of weakly polar system (I) forms low
melting liquid crystals with moderate clearing points that show no
nematic phase. In the case of strong polar cyano derivatives (I), the
introduction of the pyrimidin-2,5-diyl fragment, depending on the
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TABLE 1 Mesomorphic Properties of Liquid Crystals:

No. A Z Phase transitions (�C) Ref.

1-1 C4H9 Cr 118 SmA 186 I [7]

1-2 C4H9 Cr 205 Sm 213 N 219 I [8]

1-3 C4H9 Cr 161.3 SmC 166.4 N 181.9 I [9]

1-4 C4H9 Cr 161 Sm 198 I [10]

1-5 C4H9 Cr 155 N 182 I [11]

1-6 C4H9 Cr 170 N 172 I [12]

1-7 C4H9 Cr 208 Sm 218 I [13]

1-8 CN Cr 93.5 N 244 I [14]

1-9 CN Cr2 69.5 Cr1 138 Sm 180 N 263 I [14]

1-10 CN Cr 129 SmA 139 N 256 I [15,16]

1-11 CN Cr 95 N 233 I [17]

1-12 CN Cr 143 SmC 164 N 258 I [11]

1-13 CN Cr 144 SmC 192 N 261 I [11]

1-14 CN Cr 154 N 242 I [18]

Pyrimidine as a Structural Fragment 123
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TABLE 2 Physicochemical Properties of Some Liquid Crystals

No. Compound

Phase
transitions

(�C) e? De De=e? Dn Ref.

2-1 Cr 43.1
Sm 48.2 I

18.9a 0.134a [19]

2-2 Cr 22
Sm 65.1 I

13.2a 0.134a [19]

2-3 Cr 50.8 I 14.7a [19]

2-4 Cr 95 I 9.4a [19]

2-5b Cr 31
N 60.5 I

3.3c 0.7c 0.21c 0.158c [20,21]

2-6 Cr 45
SmA 71 I

[22]

2-7 Cr 44
SmB 59

SmA 89 I

[22]

2-8 Cr 49
SmA 77 I

[15]

2-9 Cr 71
N (52) I

10.0d 21.3d 21.3d [23]

2-10 Cr 10 8.5 I [23]

2-11 Cr 87.5 I [23]

2-12 Cr 96
N 109 I

3.4d 3.4d 1.0d [23]

2-13 Cr 33.6
N 43.5 I

10.9c 17.8c 1.63c [17,24]

2-14 Cr 47.4
N 68 I

8.0c 6.5c 0.81c [1,17,25]

2-15 Cr 22.5
N 35 I

8.2d 8.3d 1.01d [23,26,27]

aExtrapolated from 10 wt% solution in ZLI-1132 at 20�C.
bK33=K11 ¼ 0.68, s ¼ 0.96 [27].
cs ¼ Tmeans=TN–I ¼ 0.95; Tmeans, TN–1, K.
ds ¼ 0.98.

124 V. F. Petrov
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TABLE 3 Physicochemical Properties of Liquid Crystals:

No. A B

Phase
transitions

(�C) e? De De=e? Dn Ref.

3-1 C4H9 Cr 69.1
Sm 111.1
N 131.4 I

5.0a 5.5a 1.10a 0.184b [19]

3-2 C4H9 Cr 41.5
Sm 95

N 119 I

5.7a 5.4a 0.95a 0.144b [19,28]

3-3 C4H9 Cr 30
Sm 130.6
N 135.2 I

16.1b 0.142b [29]

3-4 C4H9 Cr 79.5
Sm 121.7
N 130.3 I

12.2b 0.134b [29]

3-5 C5H11 Cr 116
N 158 I

16.9b 0.131b [30]

3-6 C5H11 Cr 98
N 150 I

7.9b [30]

3-7 C5H11 Cr 94.4
N 152.9 I

4.6c 0.098a [31,32]

3-8 C5H11 Cr 100.5
N 231 I

3.2d 18.1d 5.66d [33]

3-9 C5H11 Cr 113
N 228 I

3.2d 14.0d 4.38d [17]

3-10 C5H11 Cr 157
SmA (153)
N 235.3 I

[34]

3-11 C5H11 Cr 96 N 219 I 12.0b [35]

as ¼ 0.95.
bExtrapolated from 10 wt% solution in ZLI-1132 at 20�C.
cExtrapolated from 20 wt% solution in liquid-crystalline material at 25�C.
ds ¼ 0.75.
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TABLE 4 Physicochemical Properties of Some Liquid Crystals

No. Compound Phase transitions (�C) De Ref.

4-1 Cr 112 Sm 212.5
N 262 I

[14]

4-2 Cr2 99.5 Cr1 126.5
Sm 216.5 N 274.5 I

[14]

4-3 Cr 186 Sm 264 N 41.2a [36]

4-4 Cr 124 Sm 204.5
N 259.5 I

[14]

4-5 Cr 125 N 241 I [14]

4-6 Cr 76 N 232.1 I 19.6b [17]

4-7 Cr 90 Sm 162 254 I 21.4b [17]

4-8 Cr 130 N 239 I 13.0c [33,37]

4-9 Cr 199 N 203 I [36]

4-10 Cr 141 N 184 I [38]

4-11 Cr 171 Sm 213.4 I [39]

4-12 Cr 179 N 189.5 I [40]

4-13 Cr 192 Sm 213 I [13]

4-14 Cr 185 N 213 I [40]

4-15 Cr 183 N 208 I [41]

aExtrapolated from 2 wt% solution in liquid-crystalline material at 20�C.
bExtrapolated from 10 wt% solution in ZLI-1132 at 20�C.
cs ¼ 0.7.
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positions of its nitrogens, can create liquid crystals with low melting
and moderate clearing points; widest nematic ranges or liquid crystals
with moderate melting and highest clearing temperatures; and moder-
ate nematic ranges among compounds of system (I).

Some of these results do not support the suggestion of Maier and
Saupe that increasing the anisotropy of polarizability should enhance the
nematic thermostability [64]. In this case, the clearing points
of compounds, depending on the molecular fragment A, should always
follow this dependence: Tcl ! A: tetrazine < pyrimidine < pyridazine
< pyrazine < pyridine < benzene [65,66].

As is evident from Tables 1 and 2, the positions of the nitrogen
atoms in the pyrimidine ring introduced into the molecular core of
liquid crystals significantly affect their mesomorphic properties. So
far, pointing the nitrogens of the pyrimidine ring toward the cyano-
phenyl fragment in three-ring derivatives (compound 4-5) results in
the formation of only a nematic phase, exhibiting low melting and
clearing temperatures in comparison with those of the corresponding

TABLE 7 Mesomorphic Properties of Liquid Crystals:

No. A Phase transitions (�C) Ref.

7-1 Cr 13 SmC� 49 SmA 59 I [48]

7-2 Cr 40.2 SmG� 43.4 SmC� 57.8 SmA 72.3 I [49]

7-3 Cr 34.4 SmG� (28.5) SmF� 56.2 SmC� 70.5 I [50]

7-4 Cr 98 Sm (80) SmC� 117 I [51]

7-5 Cr 49 SmC� 62 I [52]

7-6 Cr 44.5 SmC� 81.2 SmA 84.6 I [15]

7-7 I 58 SmA 35 SmC� 29 Cr [53]

7-8 Cr 16 SmC� 57.5 SmA 59 I [52]
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compound 1-9 that has its pyrimidine nitrogens pointed in the
opposite direction. In the case of two-ring cyano derivatives, the
opposite situation was found (compounds 2-9 and 2-11). It reveals
the importance of the molecular structure of liquid crystals. As is evi-
dent from Table 2, pointing the nitrogens of the pyrimidine ring
toward the hexyloxy group or hexyloxyphenyl fragment in two-ring
hexyl-hexyloxy weakly polar derivatives creates the mesophases,
which exhibit lower melting and clearing temperatures (compounds
2-5–2-8). The influence of the position of the pyrimidine ring in the
molecular core and the positions of its nitrogens on the mesomorphic
properties of three-ring cyano derivatives can be illustrated by system
(II), shown in Scheme 2.

It shows that the introduction of the pyrimidine ring as the central
ring, with its nitrogens pointed toward the cyanophenyl fragment into
the molecular core, forms the nematic phase, which exhibits the lowest
melting and clearing temperatures. Similar trends can be observed in
system (III) for weakly polar two-ring derivatives 2-5–2-8, as shown in
Scheme 3.

It can be seen from Table 4 that increasing the number of the
pyrimidine rings in the molecualr core of liquid crystals enhances
the melting and clearing temperatures (compounds 4-3–4-5, 4-9,

SCHEME 1 Mesomorphic properties of some liquid crystals.

Pyrimidine as a Structural Fragment 133

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



4-10). Interestingly, pointing the nitrogens of two pyrimidine rings
toward each other results in the disappearance of the smectic phase
and the formation of the nematic phase, exhibiting higher melting-
point and lower clearing temperatures in comparison with those of
the corresponding derivative that has the nitrogens pointed in the
same direction (compounds 4-11, 4-12).

Similar trends can be found for the chiral liquid crystals presented
in Tables 7–9 and systems (IV) and (V), shown in Schemes 4 and 5.

Particularly, the introduction of the pyrimidine ring into the mol-
ecular core of system (IV) creates liquid crystals showing the lowest
smectic C� thermostability and moderate smectic C� range among
compounds of this system. From system (V), it follows that pointing
the nitrogens of the pyrimidine ring toward the chiral end group
and the connection of the pyrimidine ring to the chiral end group
forms the smectic C� phase, which exhibits the lowest smectic C� ther-
mostability and range. Similar trends have been reported for other
pyrimidine derivatives [67–253].

X-ray diffraction (XRD) of liquid crystals is one useful method for the
study of the structure of their mesophases [147 k, 148 k, see A and E
spisok] [46, 254]. The investigation of polar liquid crystals revealed in
some cases the simultaneous existence of two fluctuation-layer struc-
tures with incommensurate periods d1 and d2, where d1 < L,
L < d2 < 2L, and l is a molecular length [46,254]. XRD studies of 5-n-
heptyl-2-(4-cyanophenyl)pyrimidine failed to reveal the simultaneous

SCHEME 2 Mesomorphic properties of some liquid crystals.

SCHEME 3 Mesomorphic properties of some liquid crystals.
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existence of two fluctuation-layer structures with incommensurate
periods (compound 5-1, Table 5) in comparison with that of the corre-
sponding pyridine derivative 5-2. Similarly, only a dimeric density
wave was found for 4-n-heptyl-40-cyanobiphenyl 5-3. As is evident from
Table 5, 5-n-heptyl-2-(4-cyanophenyl)pyrimidine and its binary mix-
ture with the fifth homologue show more pronounced molecular over-
lap (d2=L is smaller) in the formation of the dimers with respect to
that of the corresponding pyridin-2,5-diyl and 1,4-phenylene deriva-
tives (compounds 5-1–5-3, mixtures 5-4–5-6). In the case of some
weakly polar pyrimidine derivatives, only monolayer formation (d=L� 1)
has been observed [96,101,105,230]. Similar trends have been reported
for other pyrimidine derivatives [141–143,164,170,203,212,228]. It
should be noted that Refs. [192,224–227] present the results of XRD of
some pyrimidine derivatives in their crystalline phases.

It can be proposed that the electronic and geometric structures of
the pyrimidine ring and reference fragments [5,6,65,66,190] play a
very important role in the intra- and intermolecular interactions
[255–257], which affect the packing of the molecules and which predo-
minantly influences mesophase stability [44,255–258]. Anisotropic dis-
persion 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 [258]. Other molecular aspects such as the association

SCHEME 4 Mesomorphic properties of some liquid crystals.

SCHEME 5 Mesomorphic properties of some liquid crystals.
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[44] or dipole–dipole attraction in polar liquid-crystalline derivatives,
which can influence the packing of the molecules, also affect the stab-
ility of the mesophases [258].

3. STATIC DIELECTRIC PROPERTIES

The relationship between the dielectric anisotropy De ¼ ek � e?, where
ek and e? are dielectric constants that are parallel and perpendicular,
respectively, to the nematic director n, and the molecular structure of
liquid crystals are described by the theory of Maier and Meier [259]:

De ¼ NhF

eo

Da� Fl2

kTð1� 3 cos2 bÞS

� �
; ð1Þ

where h ¼ 3e�=ð2e� þ 1Þ; e� ¼ ðek þ 2e?Þ=3; Da ¼ ðak � a?Þ is the polar-
izability anisotropy; F is the cavity reaction field; l 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.

As is evident from Tables 2–5, the introduction of the pyrimidine
ring into the molecular core of liquid crystals significantly increases
their dielectric anisotropy in comparison with that of the corresponding
pyridin-2,5-diyl, 1,4-phenylene, and other reference derivatives (com-
pounds 2-1–2-4; 2-9, 2-13, 2-15; 3-1–3-9, 3-11; 4-3, 4-6–4-8; 5-1–5-3,
mixtures 5-4–5-6). These results are due to the enhanced dipole
moment of the pyrimidine ring and its coincidence with longitudinal
molecular axis (for example, the dipole moments of pyrimidine, pyri-
dine, and benzene diminish in the following order: 2.33 D, 2.21 D, 0
[260,261]). Because the direction of the dipole moment of the pyrid-
azine ring is perpendicular to the longitudinal molecular axis, it lowers
the total dipole moment and consequently the dielectric anisotropy of
the pyridazine derivative (compounds 2-3 and 2-4, Table 2). The impor-
tance of the positions of the pyrimidine ring in the molecular core and
its nitrogens in the ring on the dielectric properties is illustrated by
comparing the data of compounds 2-9 and 2-12. The coincidence of
the dipole moments of the pyrimidine ring and cyanophenyl fragment
significantly increases the total dipole moment and the dielectric ani-
sotropy in comparison with the opposite case. As can be seen from Table
2, the introduction of the pyrimidine ring into the molecualr core of
two-ring alkyl-alkoxy derivatives produces weakly polar liquid crystals
exhibiting positive dielectric anisotropy (compound 2-5).

It has been shown that lowering the ratio De=e? is favorable for
supertwisted nematic display applications [262]. In this case, weakly
polar pyrimidine derivatives and strong polar reference compounds
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look better than the corresponding strong polar pyrimidine derivatives
(compounds 2-5, 2-9; 2-9, 2-13, 2-15; 3-1, 3-2; 3-8, 3-9; 5-1, 5-2;
5-4–5-6, Tables 2, 3, 5).

It has been demonstrated that mesogenic molecules possessing
strongly polar terminal groups form associated pairs. Both head-to-
head and head-to-tail pairing occurs [256], but antiparallel association
predominates and reduces the effective dipole moment [44]:

l2
eff ¼ gl2; ð2Þ

where g is the correlation factor characterizing the association tendency.
For nonassociating systems, g is equal to 1. The data collated in Table 5
reveal that compounds 5-1–5-3 exhibit the g values smaller than 1, indi-
cating an antiparallel association, with the smallest g value recorded for
the pyrimidin-2,5-diyl derivative 5-2. Similar trends have been reported
for other pyrimidine derivatives [100,109,120,122,128,129,137,139,155,
158–160,178,180,200,221,231]. The dielectric relaxation processes have
been studied in Refs. [85,86,198,202,235].

4. OPTICAL PROPERTIES

The phenomenological relation between the refractive index and the
electric polarization is defined as [263,264]

ðn�2 � 1Þ
ðn�2 þ 2Þ

¼ Na�

3eo
; ð3Þ

where the mean polarizability a� ¼ ðak þ 2a?Þ=3; the mean refractive
index n�2 ¼ (n2

e þ 2n2
oÞ=3; and no is the ordinary and ne is the extra-

ordinary refractive indices. As expected, Equation (3) and polarizabil-
ity data should explain the optical properties of the pyrimidin-2,5-diyl
derivatives presented in Tables 2, 3, and 5. However, it is not so easy
because the order of increasing the polarizability of the molecular frag-
ments under consideration (see Section 2) is not supported by the
order of increasing the optical anisotropy in some cases (see for
example, compounds 2-1, 2-2; 3-1–3-4). This situation needs more
careful consideration including the direct measurements of the optical
anisotropy and the study of the molecular packing of the discussed
compounds [265,266]. Similar trends have been observed for other
pyrimidine derivatives [98,100,109,120,128,129,137,139,178,221,223].

5. VISCO-ELASTIC PROPERTIES

It has been shown that the nematic liquid-crystalline materials for dis-
play applications should have a low viscosity for giving the acceptable
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response times to liquid-crystalline displays [262,267]. The rotational
viscosity c1 of a nematic liquid crystal (NLC) is a dissipative coefficient
describing the rate of reorientation of the NLC director [268]. The
magnitude of the rotational and flow viscosities depend on molecular
structure, intermolecular association, and temperature [269,270]: as
temperature increases, viscosity decreases [23,269–272]. According to
the results on flow and rotational viscosity presented in Table 6, the
pyrimidin-2,5-diyl derivatives exhibit higher values of flow and rota-
tional viscosity compared with the corresponding pyridin-2,5-diyl and
1,4-phenylene derivatives (compounds 5-1, 5-3; mixtures 5-4–5-6). A
more pronounced and stable association tendency of the pyrimidin-
2,5-diyl derivatives compared with that of reference compounds (see
Section 3) may be responsible for increasing their viscosity [273].

In the bulk of NLCs, elastic properties are determined by three elas-
tic constants (Oseen–Frank constants), corresponding to the restoring
forces opposing splay (K11), twist (K22), and bend (K33) [274,275]. It
has been shown that the elastic constants depend on molecular struc-
ture, intermolecular association, and temperature of NLCs [276–278].
The elastic constant ratio K33=K11 of liquid crystals is an important
parameter for supertwisted nematic liquid crystal displays (STN-
LCDs), defining their electro-optical performance [279]. As is evident
from Table 6, the pyrimidin-2, 5-diyl cyano derivatives show the low-
est value of the ratio K33=K11, which corresponds to the lowest value
of the squared dimeric density wave period d2

2 for binary mixtures
5-4–5-6 presented in Table 5 [46]. Similar trends have been demon-
strated for other pyrimidine derivatives [98,100,109,122,220–222].

6. MOLECULAR PACKING

It has been shown that liquid-crystalline molecular packing plays a
very important role in the creation of mesophases [255,257] and
defines their optical properties [263]. The molecular packing coef-
ficient is expressed in [45] as

kp ¼
NAVq

M
ð4Þ

where NA is the Avogadro number, q is the density, M is the molecular
weight, and V is the intrinsic (van der Waals) volume of the molecule,
calculated from the van der Waals volume increments of the individ-
ual atoms or by using the average atomic radii and chemical lengths.
As is evident from Table 6, the introduction of the pyrimidine ring into
the molecular core of two-ring cyano derivatives results in the forma-
tion of liquid crystals exhbiting the lowest value of the molecular
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packing coefficient in comparison with that of reference compounds
(compounds 5-1–5-3). Similar trends have been found for other pyrim-
idine derivatives [96,179,223,230].

7. COMPARATIVE CHARACTERISTICS OF LIQUID CRYSTALS

Selection of the best components for liquid-crystalline materials and pre-
diction of new chemical structures require comprehensive comparative
investigation of the physicochemical and electro-optical characteristics
of liquid-crystalline 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 [280]. This fact is employed for the comparison of
physicochemical and electro-optical properties of the pyrimidin-2,5-diyl
and reference derivatives (mixtures 5-4–5-6, Tables 5, 6). This was done
by using binary mixtures (containing a pentyl and a heptyl homologue),
giving broad nematic ranges with clearing points depending on the mol-
ecular structure as observed for the pure compounds in Section 2. From
Table 6, it follows that the pyrimidin-2,5-diyl cyano derivatives show the
lowest threshold U90 and saturation U10 voltages in comparison with
those of reference compounds. These results are consistent with the
dependence of the threshold voltage of the twist effect on the dielectric
anisotropy and elastic constants [262]:

U90 � p
j

eoDe

� �1=2

ð5Þ

where j is the elastic expression, j ¼ K11þ (K33� 2K22)=4.
The lowest twist-effect response times of the 1,4-phenylene cyano

derivatives compared with those of the corresponding heteroaromatic
derivatives (mixtures 5-4–5-6) can be correlated with the correspond-
ing lowest viscous behavior of these compounds.

8. PHYSICAL PROPERTIES OF THE SMECTIC C* PHASE

The spontaneous polarization Ps of the smectic C� liquid crystals is an
important parameter because of its linear coupling with an applied
electrical field, which is the basis of the application of these materials
[281]. 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 [281]. The spontaneous polarization Ps is
a quantity directly related to the response time s as a switching device
[282]:
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s ¼
cu sin2 H

Ps E
; ð6Þ

where cu 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 [283], liquid crystals should
have the following structural features to obtain high spontaneous
polarization:

1) a high dipole moment perpendicular to the longitudinal molecular
axis;

2) short distances between the chiral center, the lateral dipole, and
the mesogenic part, respectively; and

3) a restriction of free rotation in the chiral region.

As is evident from Tables 8 and 9, the replacement of the pyridine ring
by the pyrimidine ring with its strong dipole moment pointed along the
longitudinal molecular axis (see Section 3) increases (compounds 9-7,
9-8) and decreases the spontaneous polarization (compounds 8-2, 8-3,
and Ref. [62]). In the case of the replacement of the benzene ring by the
pyrimidine one, only an increase of the spontaneous polarization was
observed (compounds 8-4–8-6; 9-5, 9-6; 9-9, 9-10). Similarly, one can find
higher tilt angles, rotational viscosities, and response times of the pyrimi-
din-2,5-diyl derivatives compared with those of reference derivatives
[compounds 8-4–8-6; 9-5, 9-6 (except response times); 9-7, 9-8]. As is evi-
dent from Table 8, moving on the pyrimidine ring closer to the chiral end
group increases the spontaneous polarization and lowers the response
times (compounds 8-7, 8-8). Lowering the distance between the pyrim-
idine ring and the chiral center and changing the direction of the dipole
moment of the pyrimidine ring in180�enhances the spontaneous polariza-
tion, response times, and tilt angles (compounds 8-1, 8-2; 9-1, 9-2).
It is difficult to compare compounds 8-4 and 8-5 because the measure-
ments of the spontaneous polarization and tilt angle were made at the dif-
ferent absolute temperatures. A lower measuring temperature obviously
correspondstoahigherrotationalviscosity (compounds8-4and8-5).Simi-
lar trends have been reported for other pyrimidine derivatives [80,83,
84,94,95,102,115,116,147,153,162–164,169,176,177,185,191,202,205,210,
212,214,217,228,236,243,244,247,251,252].

9. CONCLUSION

Systematic studies of the effects of introducing the pyrimidine ring
into the molecular structure of calamitic liquid crystals on the creation
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of the mesophases and their physicochemical and electro-optical
properties have been performed, with attempts to correlate the mol-
ecular-level parameters with the observed properties. The information
here presented may lead to a better understanding of the nature of
liquid crystals.

REFERENCES

[1] Pavluchenko, A. I., Petrov, V. F., & Smirnova, N. I. (1995). Liq. Cryst., 19, 811.
[2] Petrov, V. F. & Pavluchenko, A. I. (2003). Mol. Cryst. Liq. Cryst., 393, 15.
[3] Petrov, V. F. & Pavluchenko, A. I. (2002). Mol. Cryst. Liq. Cryst., 383, 63.
[4] Petrov, V. F. (2001). Liq. Cryst., 28, 217.
[5] Shishkin, O. V., Pichugin, K. Y., Gorb, L., & Leszczynski, J. (2002). J. Mol. Struct.,

616, 159.
[6] Katritzky, A. R., Barczynski, P., Musumarra, G., Pisano, D., & Szafran, M. (1989).

J. Am. Chem. Soc., 111, 7.
[7] Schubert, H. & Zaschke, H. (1970). J. Prakt. Chem., 312, 494.
[8] Schubert, H. (1970). Wiss. Z. Martin-Luther-Univ. Halle-Wittenberg, Math-

Naturwiss., 19, 1.
[9] Demus, D., Kolz, K. H., & Sackmann, H. (1972). Z. Phys. Chem., 249, 217.

[10] Vill, V. (1992). Liquid Crystals. In: Landolt–Bornstein, Group IV: Macroscopic
Properties of Matter, Thiem, J. (Ed.), Springer Verlag: New York, Vol. 7c, 48.

[11] Zaschke, H., Nitsche, K., & Schubert, H. (1977). J. Prakt. Chem., 319, 475.
[12] Schubert, H., Demus, D., Zaschke, H., Kuschel, F., Pelzl, G., Nothnikz, H.-U., &

Schliemann, W. (1982). US Patent 4358589.
[13] Schubert, H., Lorenz, H.-J., Hoffman, R., & Franke, F. (1966). Z. Chem., 6, 337.
[14] Boller, A., Cereghetti, M., & Scherrer, H. (1978). Z. Naturforsch., 33b, 433.
[15] Hanna, J., Kogo, K., & Kafuku, K. (2001). US Patent 6224787 B1.
[16] Matsumoto, M., Souda, Y., Ogasawara, M., Nagaishi, T., Yoshinaga, S., Isomura,

K., & Taniguchi, H. (1987). Chem. Exp., 2, 109.
[17] Pavluchenko, A. I., Smirnova, N. I., Petrov, V. F., Grebyonkin, M. F., & Titov, V. V.

(1991). Mol. Cryst. Liq. Cryst., 209, 155.
[18] Poetsch, E., Meyer, V., & Bottcher, H. (1989). German Patent Appl. DE 3736489 A1.
[19] Pavluchenko, A. I., Smirnova, N. I., Petrov, V. F., Fialkov, Y. A., Shelyazhenko, S.

V., & Yagupolski, L. M. (1991). Mol. Cryst. Liq. Cryst., 209, 225.
[20] Zaschke, H. (1975). J. Prakt. Chem., 317, 617.
[21] Petrov, V. F., Grebenkin, M. F., & Pavluchenko, A. I. (1985). Proc. 5th Conf.

‘‘Liquid Crystals and Their Applications’’, Ivanovo State University: Ivanovo,
Russia, Vol. 2, 16.

[22] Zaschke, H. (1980). In: Advances in Liquid Crystal Research and Applications,
Bata, L. (Ed.), Pergamon Press: Oxford, Akademiai Kiado: Budapest, 1059.

[23] Boller, A., Cereghetti, M., Schadt, M., & Scherrer, H. (1977). Mol. Cryst. Liq.
Cryst., 42, 215.

[24] Grebyonkin, M. F., Petrov, V. F., Belyaev, V. V., Pavluchenko, A. I., Smirnova, N. I.,
Kovshev, E. I., Titov, V. V., & Ivashchenko, A. V. (1985). Mol. Cryst. Liq. Cryst.,
129, 245.

[25] Pavluchenko, A. I., Smirnova, N. I., Mikhailova, T. A., Kovshev, E. I., & Titov, V.
V. (1986). Zh. Org. Khim., 22, 1061.

[26] Gray, G. W., Harrison, K. J., & Nash, J. A. (1973). Electron. Lett., 9, 130.

Pyrimidine as a Structural Fragment 141

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[27] Scharkowski, A., Schmiedel, H., Stannarius, R., & Weisshuhn, E. (1990).
Z. Naturforsch., 45a, 37.

[28] Petrov, V. F., Duan, M., Okamoto, H., Mu, J., Shimizu, Y., & Takenaka, S. (2001).
Liq. Cryst., 28, 387.

[29] Pavluchenko, A. I., Smirnova, N. I., Petrov, V. F., Fialkov, Y. A., Shelyazhenko, S.
V., Schadt, M., & Buchecker, R. (1995). Mol. Cryst. Liq. Cryst., 265, 41.

[30] Bremer, M. (1995). Adv. Mater., 7, 803.
[31] Muller, H. J. (1982). Optical Properties of Liquid Crystals. PhD Thesis, Technical

University, Darmstadt, Germany.
[32] Saito, H., Nakagawa, E., Matsushita, T., Takeshita, F., Kubo, Y., Matsui, S.,

Miyazawa, K., & Goto, Y. (1996). IEICE Trans. Electron., E 79-C, 1027.
[33] Villiger, A., Boller, A., & Schadt, M. (1979). Z. Naturforsch., 34b, 1535.
[34] Reiffenrath, V., Bremer, M., & Junge, M. (1994). German Patent Appl. DE

4410606.
[35] Finkenzeller, U., Kurmeier, H.-A., & Poetsch, E. (1989). Proc. 17th Freiburger

Arbeitstagung Flussigkristalle, Freiburg University: Freiburg, Germany, 1.
[36] Kitano, K., Ogawa, T., Goto, Y., & Yoshida, N. (1986). US Patent 4609485.
[37] Gray, G. W. (1975). J. Physique Colloq., 36, C1-337.
[38] Nigorikawa, K., Kitano, K., Sugimori, S., & Ogawa, T. (1987). US Patent 4668425.
[39] Yoshida, N., Kitano, K., Furukawa, Y., Ogawa, T., Sugimori, S., Goto, Y., Isoyama,

T., & Nigorikawa, K. (1987). US Patent 4640796.
[40] Mikhaleva, M. A., Kizner, T. A., Chernova, N. I., Loseva, M. V., Kolesnichenko, G.

A., Rabinovich, A. Z., Kuznetsova, A. E., & Mamaev, V. P. (1989). Khimia Geterot-
sikl. Soedin., 1649.

[41] Pavluchenko, A. I.,. Petrov, V. F., & Takenaka, S. (1998). Proc. Fifth Int. Display
Workshops IDW’98, 835. Society for Information Display: Kobe, Japan.

[42] Bradshaw, M. J., Raynes, E. P., Fedak, I., & Leadbetter, A. J. (1984). J. Physique,
45, 157.

[43] Ryumtsev, E. I., Kovshik, A. P., Ragimov, D. A., Grebenkin, M. F., & Petrov, V. F.
(1989). Rus. J. Phys. Chem., 63, 1447.

[44] Schad, H. & Osman, M. A. (1981). J. Chem. Phys., 75, 880.
[45] Belyaev, V. V., Grebenkin, M. F., & Petrov, V. F. (1990). Rus. J. Phys. Chem., 64,

509.
[46] Grebyonkin, M. F., Petrov, V. F., & Ostrovsky, B. I. (1990). Liq. Cryst., 7, 367.
[47] Petrov, V. F., Ivanov, S. A., Grebenkin, M. F., & Pavluchenko, A. I. (1990). Rus. J.

Phys. Chem., 64, 421.
[48] Dubal, H.-R., Escher, C., & Ohlendorf, D. (1988). Ferroelectrics, 84, 143.
[49] Muller, I., Dubal, H.-R., Hemmerling, W., Ohlendorf, D., & Wingen, R. (1990). US

Patent 4906752.
[50] Inoue, H., Inukai, T., Ohno, K., Miyazawa, K., & Saito, S. (1988). US Patent

4784792.
[51] Suenaga, H. & Taguchi, M. (1995). US Patent 5395552.
[52] Takehara, S., Osawa, M., Nakamura, K., & Kuriyama, T. (1993). Ferroelectrics,

148, 185.
[53] Sugita, S.-I., Takeno, H., & Teraji, T. (1991). Mol. Cryst. Liq. Cryst., 206, 139.
[54] Kusumoto, T., Ogino, K., Sato, K.-I., Hiyama, T., Takehara, S., & Nakamura, K.

(1993). Ferroelectrics, 148, 147.
[55] Wachtler, A., Geelhaar, T., Hittich, R., Bartmann, E., Krause, J., & Poetsch, E.

(1995). US Patent 5393459.
[56] Higashi, T., Kurimoto, I., Toda, S., Takano, N., Fujimoto, Y., Minai, M., Sekine, C.,

Tani, T., Ueda, K., & Fujisawa, K. (1993). Ferroelectrics, 148, 169.

142 V. F. Petrov

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[57] Nohira, H., Takiguchi, T., Iwaki, T., Togano, T., Yamada, Y., Nakamura, S., &
Sakaigawa, A. (1994). US Patent 5281362.

[58] Sugita, S.-I., Toda, S., Yoshiyasu, T., Teraji, T., & Murayama, A. (1994). Mol.
Cryst. Liq. Cryst., 239, 113.

[59] Liu, H. & Nohira, H. (1998). Liq. Cryst., 24, 719.
[60] Saito, S., Shudo, R., Hirokawa, A., Okabe, E., & Saito, H. (2000). US Patent

6146547.
[61] Sakaigawa, A. & Nohira, H. (1993). Ferroelectrics, 148, 71.
[62] Geelhaar, T., Kurmeier, H.-A., & Wachtler, A. E. F. (1989). Liq. Cryst., 5, 1269.
[63] Shiratori, N., Yoshizawa, A., Nishiyama, I., Fukumasa, M., Yokoyama, A., Hirai,

T., & Yamane, M. (1991). Mol. Cryst. Liq. Cryst., 199, 129.
[64] Maier, W. & Saupe, A. (1959). Z. Naturforsch., 14a, 882.
[65] Calaminici, P., Jug, K., Koster, A. M., Ingamells, V., & Papadopoulos, G. (2000).

J. Chem. Phys., 112, 6301.
[66] Soscun, H., Bermudez, Y., Castellano, O., & Hernandez, J. (2004). Chem. Phys.

Lett., 396, 117.
[67] Sakaguchi, K., Kasai, N., Takehira, Y., Kitamura, T., & Shiomi, Y. (1994). Eur

Patent Appl. EP 355830 B1.
[68] Sakaguchi, K. & Kitamura, T. (1995). US Patent 5395553.
[69] Hornung, B., Nonaka, T., Ogawa, A., Schmidt, W., & Wingen, R. (2001). PCT WO

01=16131.
[70] Hudson, C. M., Shenoy, R. A., Neubert, M. E., & Petschek, R. G. (1999). Liq. Cryst.,

26, 241.
[71] Nakamura, S., Takiguchi, T., Iwaki, T., Togano, T., & Kosaka, Y. (1994). Eur.

Patent Appl. EP 644249 A1.
[72] Vill, V. & Thiem, J. (1990). Z. Naturforsch., 45a, 1345.
[73] Sharma, N. K., Muller, I., Wingen, R., Dubal, H. R., Escher, C., & Ohlendorf, D.

(1987). Mol. Cryst. Liq. Cryst., 151, 225.
[74] Zaschke, H., Arndt, S., Wagner, V., & Schubert, H. (1977). Z. Chem., 17, 293.
[75] Villiger, A. & Leenhouts, F. (1991). Mol. Cryst. Liq. Cryst., 209, 297.
[76] Zaschke, H. (1977). Z. Chem., 17, 63.
[77] Kelly, S. M., Funfschilling, J., & Leenhouts, F. (1991). Liq. Cryst., 10, 243.
[78] Kelly, S. M., & Funfschilling, J. (1994). J. Mater. Chem., 4, 1673.
[79] Kelly, S. M. & Villiger, A. (1988). Liq. Cryst., 3, 1173.
[80] Miyazawa, K., Ushioda, M., Saito, S., Inoue, H., & Ohno, K. (1991). US Patent

5059340.
[81] Thurmes, W. N., Wand, M. D., Vohra, R. T., & Walba, D. M. (1991). Mol. Cryst.

Liq. Cryst., 204, 1.
[82] Kelly, S. M. (1991). Mol. Cryst. Liq. Cryst., 204, 27.
[83] Thurmes, W. N., Wand, M. D., Vohra, R. T., & Walba, D. M. (1991). Ferroelectrics,

121, 213.
[84] Wand, M. D., Thurmes, W. N., Vohra, R. T., More, K., & Walba, D. M. (1991).

Ferroelectrics, 121, 219.
[85] Hiraoka, K., Ouchi, Y., Takezoe, H., Fukuda, A., Inui, S., Kawano, S., Saito, M.,

Iwane, H., & Itoh, K. (1991). Mol. Cryst. Liq. Cryst., 199, 197.
[86] Jones, J. C., Raynes, E. P., Towler, M. J., & Sambles, J. R. (1991). Mol. Cryst. Liq.

Cryst., 199, 277.
[87] Andrews, B. M., Gray, G. W., & Bradshaw, M. J. (1985). Mol. Cryst. Liq. Cryst.,

123, 257.
[88] Totani, Y., Hirao, M., Otsuji, A., Ishida, T., Kayashima, H., & Nakatsuka, M.

(2001). Eur. Patent Appl. EP 751133 B1.

Pyrimidine as a Structural Fragment 143

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[89] Obikawa, T., Yamada, S., & Ikukawa, S. (1993). US Patent 5200110.
[90] Goto, Y. & Ushioda, M. (1992). US Patent 5167858.
[91] Hemmerling, W., Muller, I., Escher, C., Illian, G., Murakami, M., & Wingen, R.

(1994). US Patent 5354500.
[92] Tsai, W.-L., Kuo, H.-L., & Sheu, S.-Y. (1994). US Patent 5366659.
[93] Osawa, M., Shoji, T., Takehara, S., Ogawa, H., Fujisawa, T., Kuriyama, T., &

Nakamura, K. (1992). US Patent 5128472.
[94] Buchecker, R., Kelly, S. M., & Funfschilling, J. (1990). Liq. Cryst., 8, 217.
[95] Bomelburg, J., Heppke, G., & Ranft, A. (1989). Z. Naturforsch., 44b, 1127.
[96] Rieker, T. P. & Janulis, E. P. (1995). Phys. Rev. E, 52, 2688.
[97] Iwaya, Y., Yamada, M., Kondo, H., & Hagiwara, T. (2003). Eur. Patent Appl. EP

739884 A1.
[98] Takatsu, H., Takeuchi, K., Tanaka, Y., & Sasaki, M. (1986). Mol. Cryst. Liq. Cryst.,

141, 279.
[99] Sakaigawa, A., Tashiro, Y., Aoki, Y., & Nohira, H. (1991). Mol. Cryst. Liq. Cryst.,

206, 147.
[100] Schadt, M., Buchecker, R., Villiger, A., Leenhouts, F., & Fromm, J. (1986). IEEE

Trans. Electron Dev., ED-33, 1187.
[101] Lobko, T. A., Ostrovskii, B. I., Pavluchenko, A. I., & Sulianov, S. N. (1993). Liq.

Cryst., 15, 361.
[102] Geelhaar, T. (1988). Ferroelectrics, 85, 717.
[103] Kraus, G., Seifert, K., Zaschke, H., & Schubert, H. (1971). Z. Chem., 11, 22.
[104] Zaschke, H. & Stolle, R. (1975). Z. Chem., 15, 441.
[105] Diele, S., Demus, D., Echtermeyer, A., Preukschas, U., & Sackmann, H. (1979).

Acta Phys. Pol., A55, 125.
[106] Zaschke, H. & Schubert, H. (1973). J. Prakt. Chem., 315, 1113.
[107] Miyazawa, K., Ushioda, M., Inoue, H., Saito, S., & Ohno, K. (1990). US Patent

4900472.
[108] Ohno, K., Saito, S., & Miyazawa, K. (1989). Eur. Patent Appl. EP 313991 A2.
[109] Kitano, K., Ogawa, T., Furukawa, Y., Yoshida, N., Sugimori, S., Goto, Y., Isoyama,

T., & Nigorikawa, K. (1987). US Patent 4684476.
[110] Kobayashi, T., Kawashima, H., Tabohashi, T., Sakurai, T., & Higuchi, R. (1993).

Eur. Patent Appl. EP 225195 B1.
[111] Nohira, H., Kimura, T., Yamada, Y., & Yamaguchi, K. (1991). US Patent 5075031.
[112] Higuchi, R., Sakurai, T., Yokota, T., Mikami, N., Yamamoto, E., & Takeuchi, K.

(1989). US Patent 4874542.
[113] Saito, S., Ohno, K., Inukai, T., Inoue, H., & Miyazawa, K. (1990). Eur. Patent

Appl. EP 257457 B1.
[114] Sakurai, T., Yokota, T., Komatsu, E., Mikami, N., Higuchi, R., & Takeuchi, K.

(1990). US Patent 4 892676.
[115] Saito, S., Ushioda, M., Inoue, H., Miyazawa, K., & Ohno, K. (1991). US Patent

5021191.
[116] Iwaki, T., Yoshida, A., Yamashita, M., Katagiri, K., Hioki, C., Togano, T., Yamada, Y.,

& Terada, M. (1992). US Patent 5143643.
[117] Ohba, K., Nonoguchi, H., Taguchi, M., & Harada, T. (1990). US Patent 4980082.
[118] Ohno, K., Inoue, H., Saito, S., Miyazawa, K., & Ushida, M. (1989). Eur. Patent

Appl. EP 317204 A2.
[119] Wingen, R., Dubal, H.-R., Escher, C., Hemmerling, W., Muller, I., & Ohlendorf, D.

(1989). German Patent Appl. DE 3731638 A1.
[120] Bofinger, K., Romer, M., Scheuble, B., & Weber, G. (1988). US Patent 4776973.
[121] Wachtler, A., Krause, J., & Pauluth, D. (1988). German Patent Appl. DE 3632411 A1.

144 V. F. Petrov

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[122] Wachtler, A., Poetsch, E., Hittich, R., Finkenzeller, U., & Reiffenrath, V. (1992).
German Patent Appl. DE 4029897 A1.

[123] Obikawa, T. (1990). German Patent Appl. DE 3926190 A1.
[124] Saito, M., Takeda, M., Wada, N., Inui, S., Taniguchi, H., Isomura, K., Maruyama, N.,

Seo, S., Iwane, H., & Kawano, S. (1992). US Patent 5118442.
[125] Petrzilka, M. & Schadt, M. (1993). US Patent 5238602.
[126] Saito, S., Kitano, K., Miyazawa, K., Ohno, K., Inoue, H., & Ushioda, M. (1990). US

Patent 4906400.
[127] Yoshida, N., Kitano, K., & Ogawa, T. (1992). US Patent 5112523.
[128] Bremer, M., Pauluth, D., & Weber, G. (1995). German Patent Appl. DE 4331594.
[129] Bremer, M., Pauluth, D., & Weber, G. (1995). German Patent Appl. DE 4344422.
[130] Buchecker, R., Marck, G., & Schadt, M. (1995). Mol. Cryst. Liq. Cryst., 260, 93.
[131] Iwaki, T., Takiguchi, T., Togano, T., Yamada, Y., & Nakamura, S. (1995).

US Patent 5385692.
[132] Nohira, H., Takiguchi, T., Iwaki, T., Togano, T., Yamada, Y., Nakamura, S., &

Noguchi, K. (1997). US Patent 5686020.
[133] Nakamura, S., Takiguchi, T., Shinjo, K., Iwaki, T., Togano, T., & Yamada, Y.

(1993). Eur. Patent Appl. EP 555843 A1.
[134] Kosaka, Y., Takiguchi, T., Iwaki, T., Togano, T., Nakamura, S., & Nakazawa, I.

(1995). Eur. Patent Appl. EP 640677 A1.
[135] Takiguchi, T., Iwaki, T., Togano, T., Yamada, Y., & Nakamura, S. (1994). Eur.

Patent Appl. EP 611815 A1.
[136] Fenkl, F., Manero, J., Schlosser, H., & Jungbauer, D. (1997). US Patent 5626791.
[137] Reiffenrath, V. & Hirschmann, H. (1999). PCT WO 99=05097.
[138] Schadt, M. & Villiger, A. (1995). US Patent 5447657.
[139] Reiffenrath, V. & Junge, M. (1994). German Patent Appl. DE 4409431.
[140] Kelly, S. M. (1993). Liq. Cryst., 14, 675.
[141] Gupta, S., Mandal, P., Paul, S., de Wit, M., Goubitz, K., & Schenk, H. (1991). Mol.

Cryst. Liq. Cryst., 195, 149.
[142] Mandal, P., Majumdar, B., Paul, S., Schenk, H., & Goubitz, K. (1989). Mol. Cryst.

Liq. Cryst., 168, 135.
[143] Jha, B., Nandi, A., Paul, S., & Paul, R. (1984). Mol. Cryst. Liq. Cryst., 104, 289.
[144] Ogawa, T., Goto, Y., Kitano, K., & Yoshida, N. (1986). US Patent 4623477.
[145] Suzuki, Y., Mogamiya, H., & Yamakawa, N. (1993). US Patent 5202054.
[146] Goto, Y., Ogawa, T., Kitano, K., Fukui, M., & Sugimori, S. (1986). US Patent

4581155.
[147] Sekine, C., Tani, T., Ueda, K., Fujisawa, K., Higashi, T., Kurimoto, I., Toda, S.,

Takano, N., Fujimoto, Y., & Minai, M. (1993). Ferroelectrics, 148, 203.
[148] Zaschke, H., Demus, D., Wiegeleben, A., & Bottger, U. (1982). US Patent 4311610.
[149] Krause, J., Wachtler, A., Reiffenrath, V., Scheuble, B., & Hittich, R. (1989).

US Patent 4820839.
[150] Krause, J., Eidenschink, R., Bofinger, K., Scheuble, B., & Geelhaar, T. (1989).

US Patent 4834904.
[151] Zaschke, H., Demus, D., & Deresch, S. (1982). US Patent 4358393.
[152] Sasaki, M., Takeuchi, K., & Takatsu, H. (1988). US Patent 4764636.
[153] Wingen, R., Dubal, H.-R., Hemmerling, W., & Ohlendorf, D. (1991). US Patent

4985172.
[154] Miyazawa, K., Inoue, H., Saito, S., Ohno, K., & Ushioda, M. (1990). US Patent

4900473.
[155] Fukui, M., Kitano, K., & Tanaka, M. (1985). US Patent 4533488.
[156] Sugimori, S., Isoyama, T., Goto, Y., & Ogawa, T. (1986). US Patent 4585575.

Pyrimidine as a Structural Fragment 145

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[157] Zaschke, H., Schafer, W., Deutscher, H.-J., Demus, D., & Pelzl, G. (1984). US
Patent 54438268.

[158] Eidenschink, R., Krause, J., Hittich, R., Poetsch, E., Scheuble, B., Weber, G., &
Pohl, L. (1988). US Patent 4752414.

[159] Krause, J., Romer, M., Pohl, L., Scheuble, B., & Weber, G. (1989). US Patent
4812258.

[160] Krause, J., Eidenschink, R., Hittich, R., & Scheuble, B. (1991). US Patent
5043093.

[161] Haseba, Y., Matsui, S., Miyazawa, K., Takeuchi, H., Tomi, Y., & Takeshita, F.
(2001). US Patent 6326065 B1.

[162] Takehara, S., Osawa, M., Nakamura, K., Kusumoto, T., Sato, K.-I., Nakayama, A.,
& Hiyama, T. (1993). Ferroelectrics, 148, 195.

[163] Ueda, K., Sekine, C., Tani, T., Fujisawa, K., Higashi, T., Kurimoto, I., Toda, S.,
Takano, N., Fujimoto, Y., & Minai, M. (1993). Ferroelectrics, 148, 213.

[164] Saito, S., Murashiro, K., Kikuchi, M., Demus, D., Inukai, T., & Neundorf, M.
(1993). Ferroelectrics, 147, 367.

[165] Aoki, Y. & Nohira, H. (1996). Ferroelectrics, 178, 213.
[166] Dwojacki, S., Drzewinski, W., Dabrowski, R., Pura, B., Przedmojski, J., & Jadzyn,

J. (1990). Mol. Cryst. Liq. Cryst., 191, 163.
[167] Sharma, S., Lacey, D., & Wilson, P. (2001). Mol. Cryst. Liq. Cryst., 401, 111.
[168] Kusumoto, T., Sato, K.-I., Katoh, M., Matsutani, H., Yoshizawa, A., Ise, N.,

Umezawa, J., Takanishi, Y., Takezoe, H., & Hiyama, T. (1999). Mol. Cryst. Liq.
Cryst., 330, 227.

[169] Liu, H. & Nohira, H. (1997). Mol. Cryst. Liq. Cryst., 302, 247.
[170] Heppke, G., Lotzsch, D., Sharma, N. K., Demus, D., Diele, S., Jahn, K., &

Neundorf, M. (1994). Mol. Cryst. Liq. Cryst., 241, 275.
[171] Wand, M. D., Thurmes, W. N., Vohra, R. T., & More, K. M. (1995). Mol. Cryst. Liq.

Cryst., 263, 217.
[172] Kelly, S. M. & Funfschilling, J. (1995). Mol. Cryst. Liq. Cryst., 260, 139.
[173] Bomelburg, J., Hansel, C., Heppke, G., Hollidi, J., Lotzsch, D., Scherf, K.-D.,

Wuthe, K., & Zaschke, H. (1990). Mol. Cryst. Liq. Cryst., 192, 335.
[174] Wiegeleben, A., Richter, L., Deresch, J., & Demus, D. (1980). Mol. Cryst. Liq.

Cryst., 59, 329.
[175] Kelly, S. M., Funfschilling, J., & Villiger, A. (1993). Liq. Cryst., 14, 699.
[176] Kusumoto, T., Sato, K.-I., Ogino, K., Hiyama, T., Takehara, S., Osawa, M., &

Nakamura, K. (1993). Liq. Cryst., 14, 727.
[177] Thurmes, W. N., Wand, M. D., Vohra, R. T., More, K. M., & Walba, D. M. (1993).

Liq. Cryst., 14, 1061.
[178] Yoshida, T., Scheuble, B., & Oyama, T. (1989). PCT WO 89=03867.
[179] Kiefer, R. & Baur, G. (1990). Liq. Cryst., 7, 815.
[180] Pelzl, G., Schiller, P., & Demus, D. (1990). Cryst. Res. Technol., 25, 215.
[181] Saito, S., Inoue, H., Fukushima, M., Terashima, K., Kikuchi, M., & Murashiro, K.

(1991). Eur. Patent Appl. EP 454157 A1.
[182] Higashi, T., Kurimoto, I., Toda, S., Sekine, C., Fujisawa, K., Minai, M., & Tani, T.

(2001). Eur. Patent Appl. EP 1067122 A2.
[183] Ushioda, M., Ohno, M., & Saito, S. (1990). US Patent 4895671.
[184] Hsu, Y. (1990). US Patent 5128061.
[185] Keyes, M. P., Radcliffe, M. D., Martin, S. J., Snustad, D. C., & Epstein, K. A.

(2000). US Patent 6139924.
[186] Mori, S., Takiguchi, T., Iwaki, T., Yamada, Y., Togano, T., Yamashita, M., Terada,

M., & Katagiri, K. (1993). US Patent 5250219.

146 V. F. Petrov

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[187] Nakamura, S., Takiguchi, T., Iwaki, T., Togano, T., & Nakazawa, I. (1996).
US Patent 5580488.

[188] Yamada, Y., Takiguchi, T., Iwaki, T., Togano, T., Nakamura, S., & Nakazawa, I.
(1996). US Patent 5589103.

[189] Sharma, S., Lacey, D., & Wilson, P. (2003). Liq. Cryst., 30, 451.
[190] Ojha, D. P., Kumar, D., & Pisipati, V. G. K. M. (2002). Mol. Cryst. Liq. Cryst.,

378, 65.
[191] Lunkwitz, R., Tschierske, C., Langhoff, A., & Giesselmann, F. (1999). Liq. Cryst.,

26, 131.
[192] Matsunaga, Y., Hori, K., Yoshizawa, A., & Kusumoto, T. (2001). Liq. Cryst., 28,

1805.
[193] Iannacchione, G. S., Garland, C. W., Johnson, P. M., & Huang, C. C. (1999). Liq.

Cryst., 26, 51.
[194] Nohira, H., Iwaki, T., Togano, T., Yamada, Y., Nakamura, S., & Sakaigawa, A.

(1992). Eur. Patent Appl. EP 499221 B1.
[195] Lunkwitz, R., Tschierske, C., Langhoff, A., Giesselmann, F., & Zugenmaier, P.

(1997). J. Mater. Chem., 7, 1713.
[196] Stoebe, T., Reed, L., Veum, M., & Huang, C. C. (1996). Phys. Rev. E, 54, 1584.
[197] Ema, K., Yao, H., Takanishi, Y., Takezoe, H., Kusumoto, T., Hiyama, T., &

Yoshizawa, A. (2002). Liq. Cryst., 29, 221.
[198] Petrenko, A. S., Hird, M., Lewis, R. A., Meier, J. G., Jones, J. C., & Goodby, J. W.

(2000). J. Phys. Condens. Matter, 12, 8577.
[199] Ohno, K., Saito, S., Inukai, T., Inoue, H., & Miyazawa, K. (1991). US Patent

5055222.
[200] Petrov, M. P., Petrov, A. G., & Pelzl, G. (1992). Liq. Cryst., 11, 865.
[201] Kelly, S. M., Funfschilling, J., & Villiger, A. (1994). Liq. Cryst., 16, 813.
[202] Bahr, C., Heppke, G., & Wuthe, K. (1992). Liq. Cryst., 12, 997.
[203] Heppke, G., Lotzsch, D., Demus, D., Diele, S., Jahn, K., & Zaschke, H. (1991). Mol.

Cryst. Liq. Cryst., 208, 9.
[204] Nakamura, S. & Nohira, H. (1990). Mol. Cryst. Liq. Cryst., 185, 199.
[205] Kondo, H., Tadokoro, M., Sugiyama, H., Hagiwara, T., Imai, T., Yamada, M., &

Itakura, K. (1994). US Patent 5290477.
[206] Nohira, H., Kamei, M., Nakamura, S., Iwaki, T., Katagiri, K., & Yamada, Y.

(1990). US Patent 4904410.
[207] Yamaguchi, M., Mitsuhashi, S., Yamada, M., Sakaguchi, M., Sugiyama, H.,

Konuma, H., Kondo, H., Hagiwara, T. (1994). US Patent 5275756.
[208] Nohira, H., Takiguchi, T., Iwaki, T., Togano, T., Yamada, Y., Nakamura, S., &

Noguchi, K. (1997). Eur. Patent Appl. EP 474196 B1.
[209] Nohira, H., Nakamura, S., Nakazawa, I., & Noguchi, K. (1994). Eur. Patent Appl.

EP 611119 A2.
[210] Nagashima, Y., Ichihashi, T., Noguchi, K., Iwamoto, M., Aoki, Y., & Nohira, H.

(1997). Liq. Cryst., 23, 537.
[211] Aoki, Y. & Nohira, H. (1997). Liq. Cryst., 23, 87.
[212] Aoki, Y. & Nohira, H. (1999). Liq. Cryst., 26, 97.
[213] Sakaigawa, A., Tashiro, Y., Aoki, Y., & Nohira, H. (1991). Mol. Cryst. Liq. Cryst.,

206, 147.
[214] Aoki, Y. & Nohira, H. (1995). Liq. Cryst., 19, 15.
[215] Aoki, Y. & Nohira, H. (1995). Liq. Cryst., 18, 197.
[216] Nohira, H., Yamada, Y., Nakamura, S., Sakaigawa, A., Tashiro, Y., & Aoki, Y.

(1993). US Patent 5217644.

Pyrimidine as a Structural Fragment 147

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[217] Nohira, H., Kamei, M., Nakamura, S., Katagiri, K., Terada, M., Yamashita, M.,
Yamada, Y., Shinjo, K., Iwaki, T., Hioki, C., Yoshida, A., & Uchimi, T. (1994).
US Patent 5328639.

[218] Nohira, H., Kamei, M., Kanazawa, H., Yamada, Y., & Etoh, Y. (1990). US Patent
4918213.

[219] De Meijere, A., Messner, M., & Vill, V. (1994). Mol. Cryst. Liq. Cryst., 257, 161.
[220] Grebyonkin, M. F., Beresnev, G. A., & Belyaev, V. V. (1983). Mol. Cryst. Liq.

Cryst., 103, 1.
[221] Schadt, M. & Gerber, P. R. (1982). Z. Naturforsch., 37a, 165.
[222] Gerber, P. R. & Schadt, M. (1982). Z. Naturforsch., 37a, 179.
[223] Hauser, A., Selbmann, C., Retting, R., & Demus, D. (1986). Cryst. Res. Technol.,

21, 685.
[224] Hartung, H. & Rapthel, I. (1982). Z. Chem., 22, 265.
[225] Winter, G., Hartung, H., & Jaskolski, M. (1987). Mol. Cryst. Liq. Cryst., 149, 17.
[226] Winter, G., Hartung, H., Brandt, W., & Jaskolski, M. (1987). Mol. Cryst. Liq.

Cryst., 150b, 289.
[227] Rapthel, I., Hartung, H., Richter,R., & Jaskolski, M. (1984). J. Prakt.Chem., 325, 489.
[228] Yoshizawa, A., Umezawa, J., Ise, N., Sato, R., Soeda, Y., Kusumoto, T., Sato, K.,

Hiyama, T., Takanishi, Y., & Takezoe, H. (1998). Jpn. J. Appl. Phys., 37, L 942.
[229] Meier, J. G., Rudquist, P., Petrenko, A. S., Goodby, J. W., & Lagerwall, S. T.

(2002). Liq. Cryst., 29, 179.
[230] Demus, D., Diele, S., Klapperstuck, M., Link, V., & Zaschke, H. (1971). Mol. Cryst.

Liq. Cryst., 15, 161.
[231] Dubal, H.-R., Escher, C., Hemmerling, W., Muller, I., Ohlendorf, D., & Wingen, R.

(1990). US Patent 4906401.
[232] Illian, G., Hemmerling, W., & Wingen, R. (1994). US Patent 5370823.
[233] Escher, C., Illian, G., Hemmerling, W., & Wingen, R. (1995). US Patent 5443754.
[234] Illian, G., Schlosser, H., Muller, I., Nonaka, T., Nagao, K., Takeuchi, A., Fujiwara,

H., & Wingen, R. (1999). US Patent 5876628.
[235] Suenaga, H., Maeda, S., Iijima, T., & Kobayashi, S. (1987). Mol. Cryst. Liq. Cryst.,

144, 191.
[236] Ikemoto, T., Kageyama, Y., Onuma, F., Shibuya, Y., Ichimura, K., Sakashita, K.,

& Mori, K. (1994). Liq. Cryst., 17, 729.
[237] Osman, M. A. (1985). Mol. Cryst. Liq. Cryst., 128, 45.
[238] Biering, A., Demus, D., Richter, L., Sackmann, H., Wiegeleben, A., & Zaschke, H.

(1980). Mol. Cryst. Liq. Cryst., 62, 1.
[239] Ohno, K., Ushioda, M., Miyazawa, K., Inoue, H., & Saito, S. (1989). Eur. Patent

Appl. EP 319167 A1.
[240] Ushioda, M., Ohno, K., Saito, S., Inoue, H., & Miyazawa, K. (1989). Eur. Patent

Appl. EP 325043 A1.
[241] Ushioda, M., Saito, S., Ohno, K., Miyazawa, K., & Inoue, H. (1991). US Patent

5032314.
[242] Saito, S., Inoue, H., Miyazawa, K., Ohno, K., & Uchioda, M. (1989). US Patent

4876026.
[243] Wand, M., Thurmes, W. N., & Walba, D. (1992). US Patent 5130048.
[244] Wand, M., More, K. M., & Thurmes, W. N. (1995). US Patent 5453218.
[245] Janulis, E. P., Johnson, G. C., Radcliffe, M. D., Savu, P. M., Snustad, D. C., &

Spawn, T. D. (1996). US Patent 5482650.
[246] Kistner, J. F., Radcliffe, M. D., Savu, P. M., & Snustad, D. C. (1999). US Patent

5928562.

148 V. F. Petrov

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 



[247] Johnson, G. C., Radcliffe, M. D., Savu, P. M., Snustad, D. C., & Spawn, T. D.
(1999). US Patent 5972241.

[248] Janulis, E. P., Johnson, G. C., Radcliffe, M. D., Savu, P. M., Snustad, D. C., &
Spawn, T. D. (1995). US Patent 5474705.

[249] Janulis, E. P., Johnson, G. C., Radcliffe, M. D., Savu, P. M., Snustad, D. C., &
Spawn, T. D. (1995). US Patent 5399291.

[250] Radcliffe, M. D., Savu, P. M., Snustad, D. C., & Spawn, T. D. (1999). US Patent
5855812.

[251] Nohira, H., Nakamura, S., Nakazawa, I., & Noguchi, K. (1998). US Patent
5830386.

[252] Hasegawa, M., Keyes, M. P., Radcliffe, M. D., Savu, P. M., Snustad, D. C., &
Spawn, T. D. (2001). US Patent 6309561 B1.

[253] Gough, N., Vohra, R., Wand, M., More, K., & Thurmes, W. N. (2004). US Patent
6759101 B2.

[254] Brownsey, G. J. & Leadbetter, A. J. (1980). Phys. Rev. Lett., 44, 1608.
[255] Osman, M. A. (1983). Z. Naturforsch., 38a, 693.
[256] de Jeu, W. H. (1983). Phil. Trans. R. Soc. A, 309, 217.
[257] Ostrovskii, B. I. (1999). In: Structure and Bonding, Mingos, D. M. P. (Ed.),

Springer Verlag: New York, Vol. 94, 200.
[258] Osman, M. A. & Revesz, L. (1982). Mol. Cryst. Liq. Cryst. Lett., 82, 41.
[259] Maier, W. & Meier, G. (1961). Z. Naturforsch., 16a, 262.
[260] Minkin, V. I., Osipov, O. A., & Zhdanov, Y. A. (1970). Dipole Moments in Organic

Chemistry, Plenum Press: New York.
[261] Lide, D. R. (1995). CRC Handbook of Chemistry and Physics, CRC Press: New York.
[262] Schadt, M. (1992). Displays, 13, 11.
[263] de Jeu, W. H. (1980). Physical Properties of Liquid Crystalline Materials, Gordon

& Breach: New York.
[264] de Jeu, W. H., Gerristma, C. J., van Zanten, P., & Goosens, W. A. (1972). Phys.

Lett., 39A, 355.
[265] Petrov, V. F. (2002). Liq. Cryst., 29, 805.
[266] Wu, S.-T., Ramos, E., & Finkenzeller, U. (1990). J. Appl. Phys., 68, 78.
[267] Jakeman, E. & Raynes, E. P. (1972). Phys. Lett., 39A, 69.
[268] de Gennes, P. G. & Prost, J. (1995). The physics of liquid crystals, Clarendon

Press: Oxford.
[269] Wu, S.-T. & Wu, C.-S. (1990). Phys. Rev. A, 42, 2219.
[270] Belyaev, V. V. (1989). Rus. Chem. Rev., 58, 917.
[271] Constant, J. & Raynes, E. P. (1980). Mol. Cryst. Liq. Cryst., 62, 115.
[272] Diogo, A. C. & Martins, A. F. (1981). Mol. Cryst. Liq. Cryst., 66, 133.
[273] Raviol, A., Stille, W., & Strobl, G. (1995). J. Chem. Phys., 103, 3788.
[274] Oseen, C. W. (1933). Trans. Faraday Soc., 29, 883.
[275] Frank, F. C. (1958). Discuss. Faraday Soc., 25, 19.
[276] Van Dijk, J. W., Beens, W. W., & de Jeu, W. H. (1983). J. Chem. Phys., 79, 3888.
[277] De Jeu, W. H. & Classen, W. A. P. (1977). J. Chem. Phys., 67, 3705.
[278] Gruler, H. (1973). Z. Naturforsch., 23a, 474.
[279] Guy, S. C. (1993). Displays, 14, 32.
[280] Osman, M. A., Schad, H., & Zeller, H. R. (1983). J. Chem. Phys., 78, 906.
[281] Martinot-Lagarde, P. (1988). Ferroelectrics, 84, 53.
[282] Escher, C., Geelhaar, T., & Boehm, E. (1986). Liq. Cryst., 3, 469.
[283] Scherowsky, G. & Sefkow, M. (1991). Mol. Cryst. Liq. Cryst., 202, 207.

Pyrimidine as a Structural Fragment 149

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

59
 2

2 
A

ug
us

t 2
01

2 


