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The effect of the terminal substitution of calamitic liquid crystals by the (iso)thiocyanato groups on
the appearance of the mesophases and their physico-chemical properties is discussed and compared
with that of other well-known groups.
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1. INTRODUCTION

The strong polar liquid crystals, such as the cyano derivatives, are still the most
important components for the liquid crystal materials for nematic display appli-
cations.!' In continuation of our study of the structure-property relationships
in the strong polar liquid crystals {see, for example our previous publications
which discuss the effects of the terminal CN and NO, substitutions®~'"}, we
present here our results on the study of the effect of the terminal substitution of
calamitic liquid crystals by the NCS and SCN groups on the appearance of the
mesophases and their physico-chemical properties. The results of this study will
be compared with those of the corresponding liquid crystals having other polar
terminal groups.

* Author for correspondence. Present address: LC Works, 6/68 Brinsley Road, Camberwell, VIC.
3124, Australia.
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2. MESOMORPHIC PROPERTIES

The phase transition temperatures of some (iso)thiocyano substituted liquid crys-
tals and the corresponding reference compounds are summarized in tables I-V,
where Cr, SmA, SmB, N and I are the crystalline, smectic A, smectic B, nematic
and isotropic phase, respectively.

=X
TABLE I Physico-chemical properties of liquid crystals: CpHjp,, —<\:N)—O— z

No. n x 4 Phase transitions, °C LA df. A df A Reference
1-1 3 H NCS Cr64SmA 991 5,12)
1-2 4 H NCS Cr37.6 SmA 1001 )
1-3 5 H NCS Cr34 SmA 9851 19.7 19.9 (5,12,13)
14 6 H NCS Cr27SmA 991 )
1-5 7 H NCS Cr26.1 SmA99.21 (5, 12)
1-6 3 H CN Cr434N4381 (6)
1-7 4 H CN Cr323N(265)1 6)
1-8 5 H CN Cr336N4351 18.5 227 154 6,7)
1-9 6 H CN Cr29N 3251 (6)
1-10 7 H CN Cr309N471 6)
1-11 5 H OCF; Cr 18.6 SmB 38.5 SmA 52.41 19.5 18.7 (12,13)
1-12 5 H OCFH Cr26Sm43.61 12)
1-13 5 N NCS Cr46 SmA 85.51 (14)
1-14 5 N CN Cr70.8 N (519)1 (15)
1-15 5 N OCF; Cr32SmA 4521 (12)
1-16 5 N OCFH Cr20.1 Sm241 (12)

A Theas = Tnp0f Tgpma = 10°C

It is evident from tables I, II and the references™ % 24 that the isothiocyanato
substituted aromatic and hetero-aromatic liquid crystals exhibit mainly smectic
phases, with a higher thermostability than that of the corresponding strong polar
(CN) and moderate polar (OCF;, OCF,H, SCF,H, F) derivatives (compounds 1-
1 and 1-6; 1-2 and 1-7; 1-3 and 1-8; 1-4 and 1-9; 1-5 and 1-10; 1-13 and 1-
14 — 1-16; 2~-1 and 2-2 - 2-6; 2-7 and 2-8 — 2-11, 2-12 and 2-13). From table
I, it follows that the terminal NCS substitution of pyridin-2,5-diyl derivatives
changes the efficiency of alkyl groups (compounds 1-1 — 1-5 and 1-6 — 1-10):

Z =NCS Tcl —> CnH2n+1: C5H] 1 < C3H7 R C6H13 < C7H15< C4H9
Z=CN Tcl - CnH2n+l: C4H9 < C6H13< C5H” < C3H7< C7H|5,
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TABLE 11 Physico-chemical properties of liquid crystals: CsH,, — A _O_ VA

No. A z Phase transitions, °C LA df A dfA Reference
2-1 \—ri NCS  Cr92Sm104N115.11 12)
22 \_,‘j CN Cr96.2N981 (12)
23 \—ri OCF; Cr57.5N 6321 (12)
24 \_ri OCF,H Cr61.8 N (59.1)1 (12)
25 _ri SCF,H Crd091 (12)
26 \_’ F Cr65N(55.1)1 (12)
2-7 <:co)) NCS Cr60 SmA 791 213 19.6 (16)
2-8 {g) CN CrS6N (49) 1 180 220 (17, 18)
2.9 <:g> OCF, Cr23.6SmB 3491 (12)
2-10 {g) OCF,H  Cr23Sm@)N@®)1 (12)
2-11 (g) SCF,H Cra2s1 (12)
2-12 @ NCS Cr53SmE 7451 203 200 (19,20
213 @ CN Cr225N351 180 248 143 (7,21)
2-14 O NCS Cr68N (51.8)1 214 225b (22)
215 O CN Cr3oNS551 200 259 (7,23)




Downloaded by [University of California, San Diego] at 02:46 16 August 2012

110 VLADIMIR F. PETROV and YO SHIMIZU

where T, is the nematic-isotropic or smectic-isotropic phase transition tempera-
ture. Interestingly, the butyl group is most and less effective for the NCS and CN
derivatives, respectively. Similar results have been found for other homologous
series of the NCS derivatives.(!6 24,25

The terminal isothiocyanato substitution of two-ring trans-1,4-disubstituted
cyclohexylene derivatives creates only nematic phase {compounds 2-14, 5-1, 5~
3, tables II, V and the references!!4: 24 2'5)}, while three ring trans-1,4-disubsti-
tuted cyclohexylene derivatives exhibit the nematic and smectic phases (com-
pounds 3-1, 3-7, 3-12, table III). It is important to note that the efficiency of the
terminal NCS group depends on the molecular core structure. So far for two-ring
trans-1,4-disubstituted cyclohexylene derivatives the NCS group is less efficient
than the CN group (compounds 2-14 and 2-15, 5-1 and 5-2, 5-3 and 54),
while for three-ring derivatives the opposite situation has been found (com-
pounds 3-1 and 3-2, 3-7 and 3-8, 3-12 and 3-14). Interestingly, increasing the
quantity of the cyclohexane rings in the molecular core of liquid crystals reduces
the difference in the clearing points (nematic-isotropic phase transition tempera-
tures) between the NCS and CN derivatives (compounds 3-1 and 3-2, 3-7 and
3-8). The isothiocyanato group is also more efficient than other terminal polar
groups (OCF3, OCF,H, F) attached to the core of three-ring trans-1,4-cyclohexy-
lene derivatives (compounds 3-1 and 3-3 - 3-6; 3-7 and 3-9 — 3-11, table III).
As can be seen from table V, the fifth member of two-ring 1,4-bicy-
clo[2.2.2]octylene derivatives exhibits only nematic phase, with slightly
decreased thermostability in comparison with that of the corresponding cyano
derivative (compounds 5-5 and 5-6). However, changing the alkyl group length
may lead to the opposite situation.*>?% Similar results have been found for
other isothiocyanates.(42'44)

Considering the effect of the terminal substitution of calamitic liquid crystals
by the thiocyanato group, we would like to point out that no mesomorphic
two-ring SCN derivatives have been reported yet.(4>)

It is evident from tables III, IV and the references®> 46 that the thiocyanato

group promotes the formation of mostly smectic mesophases in the aromatic sys-
tems, and it is less effective than the corresponding terminal isothiocyanato and
cyano groups attached to the core of three-ring derivatives (compounds 3-13 and
3-12, 3-14; 4-1 and 4-2; 4-6 and 4-7; 4-11 and 4-12). It is also less effective
than the corresponding NO,, OCF; and F groups {compounds 4-1 and 4-3 — 4-
5; 4-6 and 4-8 — 4-10, and the references> 46)}. The decreased thermostability
of the thiocyanato group has been explaineed in terms of increased bent angle (~
80 °) of the cyano moiety in this group.(45’46) Similar results have been found for
other SCN derivatives.®!
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TABLE III Physico-chemical properties of liquid crystals:

CsHyy — (O k— (@)p_ Z

No. k p z Phase transitions, °C €9 Ae®  Ref
31 1 2 NCS Cr123Sm 133N 23351 (35)
32 12 CN Cr96N 2221 (36)
33 12 OCF; Cr43SmB 128 N 14741 (37)
34 1 2 OCF,H Cr69.58Sm l19.6 N 16751 (12)
35 1 2 SCF,H Cr56.2Sm94.7N 1141 (12)
36 1 2 F Crl0ON 1531 (36)
37 2 1 NCS Cr; 384Cr555N2371 (38)
38 2 1 CN Cr53.8Sm60.3N23441 (39)
39 21 OCF; Cr52SmB 73N 156.11 37
310 2 1 OCF,H Cr37SmB 102N 1701 37
311 2 1 F Cr69.4Sm75.5N 15751 (40)
32 11 Ccoo— )— NCS Cril8SSmA 120N2351 33 34 (41
313 1) COo0 SCN Crl04 N 12451 52° 45> (4D

34 11 cO0O— ) CN Cr82CrIIIN22551 58 79 (41

Tineas = Ty = 30°C.
T =Ty - 10°C.

a.
b Tineas
According to the theory of Maier and Saupe the nematic-isotropic phase transi-
tion temperature is proportional to the anisotropy of polarizability of the mole-
cules forming the nematic phase.(sz) In such case, isothiocyanato substituted
derivatives, having increased values of the anisotropy of polarizability compared
to those of corresponding cyano derivatives,?” consequently should exhibit the
increased values of the nematic-isotropic phase transition temperatures in com-
parison with those of the cyano substituted liquid crystals. However, some of the
presented results and the results reported in the references®3 3 are found to be
difficult to follow the Maier and Saupe theory.

It has been proposed that the packing of the molecules predominantly influ-
ences the nematic thermostability.(SS' 36) The anisotropic dispersion interactions
and consequently the anisotropy of polarizability, which depend on the electronic
structure of the NCS and SCN groups,(57‘60) also influence the packing and
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hence the stability of the mesophases but play a secondary role compared to the
steric factors.®® Other molecular aspects such as the association®) or
dipole-dipole attraction in polar liquid crystalline derivatives which can influ-
ence the packing of the molecules also affect the stability of the mesophases.(S(’)

TABLE IV Physico-chemical properties of liquid crystals:

CH2p O ’O_ A—O_‘ B"@‘ Z

No. n A B Z Phase transitions, °C &,A d&®/L Ref

41 8 COO COO SCN Crl10SmA 179N 1791 32.1 1.063 (45,47)
42 8 COO COO CN Crl1l6 N 2291 (48)
43 8 COO COO NO, Cr114 SmA 210N 2241 36.2 1237 (8,47)
44 8 COO COO OCF, Cr122SmA 2161 321 1.039 (47)
45 8 COO COO F Cr120SmA 176 N 1851 286 0993 (8,47)
46 8 OOC COO SCN Cri38SmB165SmA 173N 1781 325 1.069 (46,47)
47 8 O0O0OC COO CN Cr 148 SmA 158 N 2331 (49)
48 8 O0OOC COO NO, Cr153SmA 190N 2201 388 1320 (8,47)
49 8 0O0C COO OCF,; Cr193 SmA 2251 315 1026 @7)
410 8 OOC COO F Cr173 SmA 1961 300 1.053 (8,47)
41 7 - COO SCN Cr102 SmA 1761 (46)
412 7 - COO CN Crl145N 2281 (50)

2 Tyeas = TsmaN OF Tgma - 10 °C.

It has been shown that X-ray diffraction of liquid crystals is one of the useful
methods to study the effects of the association of liquid crystalline molecules on
the structure of their mesophases and consequently on the properties of liquid
crystals formed by these molecules.(’- 18. 62-64)

The investigation of polar liquid crystals by X-ray diffraction has revealed not
only existence of a layer structure in the smectic phase of these compounds but
also periodic density fluctuations in the nematic phase having a period d. They
involve swarms containing tens to hundreds of molecules 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 a molecular length, is about 1.2-1.5.07-18.63.64) Hepce
the period of the fluctuating layer structure significantly exceeds a single molec-
ular length, and should be related to the size of the molecular dimer. Such a
dimer is formed by two polar molecules being mutually antiparallel. Experimen-
tal values of the layer structure period d, for some other cyano derivatives
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belonging to the different chemical classes showed that d depends on the molec-
ular structure of the polar liquid crystals and characterizes in particular the
degree of overlap of the molecular cores on dimer formation. Further X-ray dif-
fraction investigations of the nematic phase of polar liquid crystals revealed in
some cases the simultaneous existence of two fluctuation layer structures with
incommensurate periods d; and d,, where d; <L and L <d; < 2.7 62-64)

It has been found two incommensurate density waves: monomeric with period
d, (period d, is related to the fluctuation layer structure formed by separate mol-
ecules) and dimeric with the period d, for two-ring 2,5-disubstituted pyridine
derivatives having cyano terminal group (compound 1-8, table 1).(7:6365) The
replacement of the cyano group by the NCS and OCF5 groups in this compound
to obtain compounds 1-3 and 1-11, respectively results in the creation of only
smectic phases which exhibit only monomeric density waves in X-ray diffraction
experiments. Similar results have been found for 4,4'-n-pentyl substituted biphe-
nyls (compounds 2-12 and 2-13, table II).

It has been reported that for two-ring trans-1,4-disubstituted cyclohexylene and
trans-1,3-dioxan-2,5-diyl derivatives having cyano terminal groups, only one
density wave with a characteristic period d, has been observed”> 18 63:63) (com-
pounds 2-8, 2—185 table II), while the replacement of the cyano group by the NCS
group in these compounds to obtain compounds 2-7, 2-14, respectively results
in an appearance of only monomeric density wave with d; < L for the
trans-1,3-dioxan-2,5-diyl isothiocyanato derivative 2-7, and the dimeric density
wave for the trans-1,4-disubstituted cyclohexylene derivative 2-14. The d, val-
ues of compounds 2-14 and 2-15 differ significantly, indicating different
degrees of molecular core overlap in the dimer formation.®!- 86 The different d,
values probably result from significantly different electron density distributions
in the molecular structure {for the pyridine derivatives this is shown in the refer-
ence!®”} and steric factors which are responsible for the type of dimerization.
Similar results have been demonstrated for other liquid crystalline isothiocy-
anates. (16 19.22,43)

X-ray diffraction study of some three-ring thiocyanato substituted ester deriva-
tives has shown only one density wave with the period d which is slightly larger
than the molecular length. According to this data and the classification of the
smectic A phases, 13 the smectic A phases, which are observed in compounds 4-
1 and 4-6, have been classified as the partially bilayer smectic Ad phases with an
antiparallel arrangement of the molecules in their dimers.*”’ These compounds
exhibit the ratios d / L which are larger and lower than that of the corresponding
trifluoromethoxy, fluoro (compounds 4-1 and 4-4, 4-5; 4-6 and 4-9, 4-10, table
IV) and nitro (compounds 4-1 and 4-3; 4-6 and 4-8) derivatives, respectively.
The difference in the d / L values for compounds 4-1 and 4-6 shows the influ-
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ence of the orientation of ester groups on the structure of the smectic A phases,
with a higher level of molecular overlapping in the formation of the dimers of the
former compound. Similar conclusions can be derived for the corresponding
nitro (compounds 4-3 and 4-8, table IV) and fluoro (compounds 4-5 and 4-9)
derivatives, while for the trifluoromethoxy derivatives (compounds 4—4 and 4-9)
the opposite situation has been found.

3. STATIC DIELECTRIC PROPERTIES

The relationship between the dielectric anisotropy Ae = g — €, where g and g
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:(6%)

Ae = NhF/eo[Aa ~ Fu? /KT(1 — 3 cos® 8)]S, (1)

where h=3¢"/ (28* + 1), g = (s‘|+ 2g,)/ 3; Aa = (O“M — o) is the polarizability
anisotropy; F is the cavity reaction field; p 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.

It has been shown that meaningful comparisons of the dielectric (as well as
optical and elastic) properties of liquid crystals with different nematic-isotropic
phase transition temperatures Ty _j can only be made at constant reduced temper-
ature T = T, / TV Tables I1L, V present some data on the dielectric proper-
ties of liquid crystalline compounds measured at a constant reduced temperature
and extrapolated from the liquid crystalline mixtures at 20 °C. According to,(V
the extrapolations are not meaningful, however these estimations are only one
way to obtain a rough definition of the dielectric (as well as optical and elastic)
properties of non-mesomorphic compounds, smectic liquid crystals, and liquid
crystals with narrow nematic range.

It is evident from tables III, V and the references(!2 26: 69 (hat the replacement
of the cyano group by the thiocyanato and isothiocyanato groups lowers the die-
lectric anisotropy of liquid crystals due to the dipole moments being decreased
(compounds 3-12 — 3-14; 1-3 and 1-8; 5-1 and 5-2; 5-3 and 5-4; 5-5 and 5-6;
2-12 and 2-13 - dipole moments). For the definite molecular core of liquid crys-
tals, their dielectric anisotropy decreases in the same sequence as values of
dipole moments for the terminal groups CN, SCN and NCS diminish: 3.93 D,
3.62 D, 2.85 D.779 These results are found to be in an agreement with the equa-

tion (1). Similar results have been reported for other liquid crystalline isothiacy-
anates. 2729 38.43,71)
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It has been shown that mesogenic molecules possessing strongly polar terminal
groups form associated pairs. Both head-to-head and head-to-tail pairing
occurs©6: 7274 py¢ antiparralel association predominates and reduces the effec-
tive dipole moment®):

pet” = gp’ (2)

2 _ 9kT (e — &%) (2¢; + &)
peft 47 Ne;(g;,°° + 2)2 ’

(3)

where £ = 1.05n,%; g — is the correlation factor characterizing the association
tendency. For non-associating systems g is equal to 1. The data collated in table
V reveal that compounds 1-3 and 1-8, 2-12 and 2-13 exhibit the values of g
which are smaller than 1, indicating an antiparallel association. The replacement
of the cyano group by the isothiocyanato group in 2,5-disubstituted pyridine
derivatives and 4,4'-disbstituted biphenyls increases the factor g, i.e. lowers the
association tendency. Similar results have been reported for other liquid crystal-
line isolhiocyanates.m)

4. OPTICAL PROPERTIES

The phenomenological relation between the refractive index and the electric
polarization is defined as(76.77);

(n*’ —1)/(0*" +2) = Na* /30, (4)

where the mean polarizability o =(an+2a ) / 3; the mean refractive index
n*2 = (n,2 +2n,%) / 3; n, is the ordinary and n, is the extraordinary refractive
indices. From equation (4) and previous paragraph, it follows that the NCS sub-
stituted compounds which have a larger induced polarizability of their highly
conjugated n-electron system exhibit the optical anisotropy An = n, — n, which is
much larger than that of the corresponding cyano derivatives {compounds 1-3

and 1-8, 2-12 and 2-13, 5-1 and 5-2, 5-3 and 5-4, table V and the refer-
(26,27,29, 44, 69)}_

ences
Similar results have been found for other liquid crystalline isothiocyanates:

Compound 2-1 An =0.254", reference!!?

Compound 2-2 An =0.214", reference!?

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

Compound 2-14 An =0.163, Teas = Tnp— 10 °C, reference(?”)
Compound 2-15 An =0.092, Tppeas = Ty — 10 °C, reference(®%)
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These can be explained in terms of a reduction the effective conjugation length
of n-electron system resulting in shorter resonance wavelength of UV absorption
spectrum for the liquid crystals having terminal CN group than for the corre-
sponding NCS derivatives.(6%

5. VISCO-ELASTIC PROPERTIES

It has been shown that the nematic liquid crystalline materials for display appli-
cations should have a low viscosity for giving the acceptable response times to
Liquid Crystal Displays.“‘ 78) According to the results on the kinematic viscosity
v presented in table V (compounds 1-3 and 1-8) and the reference,m) the isothi-
ocyanato derivatives show lower values of the viscosity in comparison with
those of the corresponding cyano derivatives:

4-(trans-4'-propylcycliohexyl)isothiocyanatobenzene

2

v=8mm?%!, extrapolated from 10 wt % solution in ZLI-1132 at 20 °C, refer-

ence(®”

4-(trans-4'-propylcyclohexyl)cyanobenzene

v=20 mm2s‘], extrapolated from 10 wt % solution in Z1.I-1132 at 20 °C, refer-

ence.(’”

The viscous behavior of cyano derivatives can be explained in terms of
changed association tendency(80) expressed by the the correlation coefficient g
(see paragraph 3). It has been shown that for the fifth and greater homologues of
two-ring cyano derivatives the balance in the monomer-dimer system 2M < D is
biased towards dimers which define the liquid crystal properties.(7' >4, 81)

In combination with the better development of the monomeric density wave as
compared to the dimeric one {for most NCS derivatives and two-ring OCF;
derivatives which also have a lower viscosity than the corresponding CN deriva-
tives! 33782} it can be proposed that for the isothiocyanato derivatives the bal-
ance in the monomer-dimer system 2M <> D (considering the data on the
correlation factor g in table V) is biased towards monomers which define the lig-
uid crystal properties. The similar effects on their viscous properties of introduc-
ing the NCS group in the terminal position of the molecular cores of other liquid
crystalline derivatives have been found in the reference.(”!
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The elastic constant ratio K33 / K;; of liquid crystalline materials is very
important parameter for Super Twisted Nematic-Liquid Crystal Displays
(STN-LCDs), defining their electro-optical performance.®?

It is evident from table V and the reference?®) that the replacement of terminal

NCS group by the CN group increases the ratio K33 / K. It corresponds to an
increase in the period of dimeric density wave d, (obtained from X-ray diffrac-
tion experiment) for two-ring trans-1,4-disubstituted cyclohexylene cyano deriv-
atives in comparison with that of the corresponding isothiocyanato
derivatives?2) and can be explained in terms of a linear proportionality

between the ratio K33 / K;; and the squared dimeric density wave period
d,2.7:8D

The similar effects on their elastic properties of introducing the NCS group in
the terminal position of the molecular cores of other liquid crystalline derivatives
have been reported in the references.(# 26)

6. MOLECULAR PACKING

It has been shown that liquid crystal molecular packing plays a very important
role in creation of their mesophases(SS) and defines their optical properties.(76)
Molecular packing coefficient is expressed in®* as:

ky = NaV,/M, (5)

where Ny is Avogadro number, p is the density, M is the molecuiar weight, V is
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.(gs)

As can be seen from table V, the NCS derivatives exhibit a higher molecular
packing than the corresponding CN derivatives (compounds 1-3 and 1-8, 5-1
and 5-2). Similar results have been found for other NCS derivatives (table Il):

Compound 2-14 kp = 0.6472, Tyes = 40 °C, references>’ 8%
Compound 2~15 p = 0.6333, Tpeys = 40 °C, reference®®

These results can be associated with the difference in the energy of intermo-
lecular interactions {and therefore with the difference in the activation energy of
the rotational viscosity of these compounds(84)}
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CONCLUSION

Systematic studies on the effect of terminal substitution of calamitic liquid crys-
tals by the NCS and SCN groups 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
presented may lead to a better understanding of the nature of liquid crystals.

Acknowledgements

V. F. Petrov would thank Osaka National Research Institute and STA for provid-
ing an opportunity to work with Osaka National Research Institute under the
STA Fellowship Program.

References

(1) M. Schadt, Displays, 13, [ (1992).

(2) V.F. Petrov, Proc. SPIE, 2408, 84 (1995).

(3) A. L Pavluchenko, G. V. Purvanyatskas, N. I. Smirnova, M. F. Grebyonkin, V. F. Petrov, M. 1.
Barnik, V. V. Titov, A. V. Ivaschenko, N. 1. Korotkova, E. I. Kovshev, A. Z. Rabinovich, N. A.
Bumagin, N. P. Andrjukhova, 1. P. Beletskaya, S. D. Maltsev, and V. V. Titov, PCT WO
88/7992, 1988.

(4) A. L Pavluchenko, V. F. Petrov, M. F. Grebyonkin, A. V. Ivaschenko, N. I. Korotkova. N. 1.
Smirnova, L. V. Kruchkova, L. A. Karamysheva, 1. F. Agafonova, P. P. Dakhnov, R. Kh. Gey-
vandov, E. P. Pozhidaev, and B. M. Bolotin, Eur. Pat. Appl., EP 374 849, 1989.

(5) A. L Pavluchenko, N. I. Smirnova, V. F. Petrov, M. F. Grebenkin, and V. V. Titov, Mol. Cryst.
Lig. Cryst., 209, 155 (1991).

(6) M. F. Grebenkin, V. F. Petrov, V. V. Belyaev, A. 1. Pavluchenko, N. I. Smirnova, E. I. Kovshev,
V. V. Titov, and A. V. Ivashchenko, Mol. Cryst. Lig. Cryst., 129, 245 (1985).

(7) M. F. Grebenkin, V. F. Petrov, and B. I. Ostrovskii, Lig. Crystals, 7, 367 (1990).

(8) S. Takenaka, Y. Sakurai, H. Takeda, T. lkemoto, H. Miyake, S. Kusabayashi, and T. Takagi.
Mol. Cryst. Lig. Cryst., 178, 103 (1990).

(9) H. Takeda, Y. Sakurai, S. Takenaka, H. Miyake, T. Doi, S. Kusabayashi, and T. Takagi, J.
Chem. Soc. Faraday Trans., 86, 3429 (1990).

(10) Y. Sakurai, S. Takenaka, H. Sugiura, S. Kusabayashi, Y. Nishihata, H. Terauchi and T. Takagi.
Mol. Cryst. Lig. Cryst., 201, 95 (1991).

(11) H. Sugiura, Y. Sakurai, Y. Masuda, H. Takeda, S. Kusabayashi, and S. Takenaka, Lig. Crystals,
9,441 (1991).

(12) A. L Pavluchenko, N. I. Smirnova, V. F. Petrov, Yu. A. Fialkov, S. V. Shelyazhenko, and L. M.
Yagupolskii, Mol. Cryst. Lig. Cryst., 209, 225 (1991).

(13) T. A. Lobko and B. I. Ostrovskii, Mol. Mats., 1,99 (1992).

(14) M. Schadt, R. Buchecker, A. Villiger, F. Leenhouts, and J. Fromm, IEEE Trans. Electron De.,
ED-33, 1187 (1986).

(15) A. Boller, M. Cereghetti, M. Schadt, and H. Scherrer, Mol. Cryst. Lig. Cryst., 42, 215 (1977).

(16) K. Czuprynski, R. Dabrowski, I. Baran, A. Zywocinski, and J. Przedmojski, J. Physique, 47,
1577 (1986).

(17) H. M. Vorbrodt, S. Deresch, H. Kresse, A. Wiegeleben, D. Demus, and H. Zaschke, J. Prakt.
Chem., 323,902 (1981).

(18) M. J. Bradshaw, E. P. Raynes, 1. Fedak, and A. J. Leadbetter, J. Physique, 45, 157 (1984).

(19) ). van der Veen, J. Physique Collogue, 37, C3-13 (1976).

(20) R. Dabrowski, J. Dziaduszek, and T. Szczucinski, Mol. Cryse. Liq. Cryst., 102, 155 (1984).

(21) G. W. Gray, J. Physique Colloque, 36, C1-337 (1975).



Downloaded by [University of California, San Diego] at 02:46 16 August 2012

120

(22)

(23)
(24)

(25)

(26)
@n

(28)
29)

(30)
D
(32)
33

(34)
35
(36)
(37

(38)

(39)
(40)
“n

(42)

(43)

(44)
(45)
(46)
(47)
(48)

(49)
50
Gn
(52)
(53)
(54)

(55)
(56)
(WX
(58)
(59)

(60)
(61)
(62)

VLADIMIR F. PETROV and YO SHIMIZU

P. Sarkar, P. Mandal, S. Paul, P. Paul, R. Dabrowski, and K. Czuprynski, Mol. Cryst. Lig.
Cryst., 330, 159 (1999).

L. Pohl, R. Eidenschink, G. Krause, and D. Erdmann, Phys. Lett., A60, 421 (1977).

R. Dabrowski, J. Dziaduszek, and T. Szczucinski, Mol. Cryst. Lig. Cryst. Len., 102, 155
(1984).

R. Dabrowski, J. Dziaduszek, W. Drzewinski, K. Czuprinski, and Z. Stolarz, Mol. Cryst. Lig.
Cryst., 191, 171 (1990).

R. Buchecker and M. Schadt, Mol. Cryst. Lig. Cryst., 149, 359 (1987).

J. W, Baran, Z. Raszewski, R. Dabrowski, J. Kedzierski, and J. Rutkowska, Mol. Cryst. Liq.
Cryst., 123, 237 (1985).

S. Sen, K. Kali, S. K. Roy, and S. B. Roy, Mol. Cryst. Lig. Cryst., 126, 269 (1985).

H. Herba, B. Zywicki, G. Czechowski, D. Bauman, A. Wasik, and J. Jadzyn, Acta Phys. Pol. A,
87, 985 (1995).

G. W. Gray and S. M. Kelly, J. Chem. Soc. Perkin Trans. 11, 26 (1981).

D. A, Dunmur and A. E. Tomes, Mol. Cryst. Liq. Cryst., 97, 241 (1983).

V.F. Petrov, Ph. D. Thesis, Organic Intermediates and Dyes Institute, Moscow, 1990.

G. J. Cross, A. J. Seed, K. J. Toyne, J. W. Goodby, M. Hird, and M. C. Artal, J. Mater. Chem..
10, 1555 (2000).

M. Schadt, M. Petrzilka, P. R. Gerber, and A. Villiger, Mol. Cryst. Lig. Cryst., 122, 241 (1985).
M. Petrzilka, M. Schadt, and A. Villiger, US Patent 4 980 486, 1990.

R. Eidenschink, Mol. Cryst. Lig. Cryst., 94, 119 (1983).

E. Bartmann, D. Dorsch, U. Finkenzeller, H. A. Kurmeier, and E. Poetsch, 19 Freiburger Arbe-
itstagung Flussigkristalle, P. 8, 1990.

S. Urban, R. Dabrowski, J. Dziaduszek, J. Janik, and J. K. Moscicki, Lig. Crystals, 26, 1817
(1999).

T. Kojima, M. Tsuji, and S. Sugimori, German Pat. Appl., DE 3 223 637, 1982.

S. Sugimori, T. Kojima, and M. Tsuji, German Pat. Appl., DE 3 139 130, 1982.

R. Dabrowski, J. Dziaduszek, T. Szczucinski, and Z. Raszewski, Mol. Cryst. Lig. Cryst., 107,
411 (1984).

T. Sawada, H. Satonaka, and 1. Arai, Proceedings of the 11" Japanese Liquid Crystal Confer-
ence, p. 190, 1985; R. Dabrowski, J. Dziaduszek, T. Szczucinski, Z. Stolarzowa, and K. Czu-
prynski, Lig. Crystals, 5, 209 (1989); R. Dabrowski, Mol. Cryst. Lig. Cryst., 191, 17 (1990); V.
S. Bezborodov, V. F. Petrov, and V.I. Lapanik, Lig. Crystals, 20, 785 (1996).

R. Dabrowski, K. Czuprynski, J. Przedmojski, J. Baran, J, Jadzyn, and G. Czechowski, Mol.
Cryst. Lig. Cryst., 249, 51 (1994).

A.J. Seed, K. J. Toyne, I. W. Goodby, and D. G. Mcdonnell, J. Mater. Chem., S, | (1995).

H. Okamoto, M. Hayashi, and S. Takenaka, Lig. Crystals, 20, 647 (1996).

H. Okamoto, M. Hayashi, and S. Takenaka, Bull. Chem. Soc. Jpn., 69, 1437 (1996).

M. Duan, T. Tasaka, H. Okamoto, V. F, Petrov, and S. Takenaka, Lig. Crystals, 27, 1195 (2000).
G. Sigaud, H. T. Nguyen, F. Hardouin, and H. Gasparoux, Mol. Cryst. Lig. Cryst., 69, 81
(1981).

H. T. Nguyen, Mol. Cryst. Lig. Cryst., 127, 143 (1985).

D. Coates and G. W. Gray, Mol. Cryst. Liq. Cryst., 31, 275 (1975).

H. Okamoto, V.F. Petrov, and S. Takenaka, Lig. Crystals, 26, 691 (1999),

W. Maier and A. Saupe, Z. Naturforsch., 14a, 882 (1959).

D. A. Dunmur and A. E. Tomes, Mol. Cryst. Lig. Cryst., 97, 241 (1983).

V. F. Petrov, S. L. Torgova, L. A. Karamysheva, and S. Takenaka, Lig. Crystals, 26, 1141
(1999).

M. A. Osman, Z. Naturforsch., 38A, 693 (1983).

M.A. Osman and L. Revesz, Mol. Cryst. Liq. Cryst., Lett., 82, 41 (1982).

C. 1. Beard and B. P. Dailey, J. Am. Chem. Soc., 71, 929 (1949).

M. D. Danford and R. L. Livingston, J. Am. Chem. Soc., 77, 2944 (1955).

L. Pauling, The Nature of The Chemical Bond (Comell University Press, New York, 1960), p.
269f.

J. W. Rabalais, J. M. McDonald, V. Scherr, and S. P. Glynn, Chem. Rev., 71,73 (1971).

Hp. Schad and M.A. Osman, J. Chem. Phys., 75, 880 (1981).

G. J. Brownsey and A.J. Leadbetier, Phys. Rev. Lett., 44, 1608 (1980).



Downloaded by [University of California, San Diego] at 02:46 16 August 2012

(63)
(64)
(65)

(66)
(67)

(68)
(69)
(70

an
(72)

(73)
(74)
(75)
(76)

an
(78)
(79)

(30
(81)
(82)

(83)
(84)
(85)

CALAMITIC LIQUID CRYSTALS 121

V. F. Petrov, S. A. Ivanov, M. F. Grebenkin, and A. 1. Pavluchenko, Rus. J. Phys. Chem., 64
421 (1990).

B. I. Ostrovskii, A. I. Pavluchenko, V. F. Petrov, and M. A. Saidachmetov, Lig. Crystals, 5, 513
(1989).

V.F. Petrov, M. F. Grebenkin, A. I. Pavluchenko. and N. 1. Smirnova, Rus. J. Phys. Chem., 65,
447 (1991).

W. H. de Jeu, Phil. Trans. R. Soc. A, 309, 217 (1983).

V. T. Grachev, B. E. Zaitsev, E. M. Itskovich, A. I. Pavluchenko, N. I. Smirova, V. V. Titov,
and K. M. Djumaev, Mol. Cryst. Lig. Cryst., 65, 133 (1981).

W. Maier and G. Meier, Z. Naturforsch. A, 16, 262.

S. T. Wu, E. Ramos, and U. Finkenzeller, J. Appl. Phys., 68, 78 (1990).

A. L. McClellan, Tables of Experimental Dipole Moments (W. H. Freeman and Company, San
Francisco and London, 1963).

R. Dabrowski, J. Dziaduszek, and T. Szczucinski, Mol. Cryst. Lig. Cryst., 124, 241 (1985).

1. T. Shabatina, T. V. Khasanova, E. V. Vovk, and G. V. Sergeev, Thin Solid Films, 284-285,
573 (1996).

K. Toriyama and D. A. Dunmur, Mol. Phys., 56, 479 (1985).

D. A. Dunmur and P. Palffy-Mohoray, Mol. Phys., 76, 1015 (1992).

P. Kedziora and J. Jadzyn, Mol. Cryst. Lig. Cryst., 192, 31 (1990).

W.H. de Jeu, Physical Properties of Liquid Crystalline Materials (Gordon & Breach, New
York, 1980).

W. H. de Jeu, C. J, Gerristma, P. van Zanten, and W. A, Goosens, Phys. Len., 39A, 355 (1972).
E. Jakeman and E. P. Raynes, Phys. Lett., 39A, 69 (1972).

V.F Petrov, M. F. Grebenkin, L. A. Karamysheva, and R. Kh. Geivandov, Rus. J. Phys. Chem.,
65, 716 (1991).

A. Raviol, W. Stille, and G. Strobl, J. Chem. Phys., 103, 3788 (1995).

A. L Pavluchenko, V. F. Petrov, and N. L. Smirnova, Lig. Crystals, 19, 811 (1995).

T. A. Lobko. B. 1. Ostrovskii, A. I. Pavluchenko, and S. N. Sulianov, Lig. Crystals, 15, 361
(1993).

S. C. Guy, Displays, 32, 1993.

V. V. Belyaev, M. F. Grebyonkin, and V. F. Petrov, Rus. J. Phys. Chem., 64, 509 (1990).

A. Bondi, Physical Properties of Molecular Crystals, Liquids, and Glasses (John Wiley &
Sons, New York, 1968).

>



