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Sulphur as a Structural Element in Calamitic Liquid
Crystals: Terminal, Linking and Lateral Substitutions

Vladimir F. Petrov
LC Works, Camberwell, Australia

The effect on the physicochemical properties of calamitic liquid crystals of introdu-
cing sulphur atoms into their terminal, linking, and lateral groups is discussed
and rationalized in terms of existing theories; a comparison is made with the
corresponding oxygen-containing and other reference liquid crystals.

Keywords: liquid crystals; physicochemical properties; sulphur

INTRODUCTION

In continuation of our study of the structure—property relationships in
liquid crystals (see, for example, the previous publications [1-3]), we
present here a review that examines in some detail the effect of the
introduction of sulphur atoms into the terminal, linking, and lateral
groups of calamitic liquid crystals on the appearance of the meso-
phases and their physicochemical properties. When possible, the
physicochemical properties of sulphur-containing liquid crystals are
compared with those of the corresponding oxygen-containing liquid
crystals and other reference liquid crystals.

Because the electronegativity of sulphur (2.5) is smaller than that of
oxygen (3.5) [4], and it is significantly larger than oxygen and carbon
(covalent radii are 1.04 A, 0.66 A, and 0.77 A, respectively [5]), it can be
expected that the introduction of sulphur atoms into the molecular
structure of liquid crystals can produce significant variations in their
molecular geometry that reflect the changes in covalent radii, relative
electronegativity, and effective hybridization. Consequently, there can
be changes in the bonding and the physicochemical properties of these
systems.

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

The phase-transition temperatures of some sulphur-containing liquid
crystals and the corresponding reference compounds are presented in
Tables 1-8, where Cr, SmE, SmB, SmC, SmA, N, SmK*, SmdJ*, SmI*,
SmCj, SmC.f, , SmC*, SmC;, TGB4, Ch, BP, and I are the crystalline,
smectic E, smectic B, smectic C, smectic A, nematic, smectic K*,
smectic J*, smectic I*, smectic C}, smectic C:, smectic C*, smectic
Cao*, smectic A twist-grain boundary, cholesteric, blue, and isotropic
phases, respectively; X is an uncharacterized mesophase. Values given
in parentheses refer to monotropic phase transitions.

Terminal Substitution

As is evident from Table 1, fluorinated thioethers exhibit significantly
lower clearing temperatures (nematic—isotropic or smectic—isotropic
phase-transition temperatures) in comparison with those of the
corresponding fluorinated ethers and the parent difluoromethyl and
trifluoromethyl derivatives (compounds 1-3-1-10). Two-ring difluoro-
methyl thioethers are usually nonmesomorphic (compounds 1-1 and
1-3). In the case of the trifluoromethylthio and trifluoromethoxy deri-
vatives (compounds 1-8 and 1-9), a lower nematic thermostability of
the former compound can be explained by more pronounced orthog-
onal conformation of the corresponding trifluoromethylthiobenzene
[11]. Similarly, lower clearing points have been recorded for fluori-
nated sulphoxides in comparison with those of the corresponding
fluoroalkyl and fluoroalkyl ketones (compounds 1-7, 1-11, and 1-12).
The introduction of the difluoromethylsulphone and pentafluorosul-
phuranyl groups results in the disappearance of the mesophases with
respect to those of the corresponding reference and previously men-
tioned compounds (compounds 1-5-1-7, and 1-11-1-15). These find-
ings and some results presented in Refs. 8 and 12-14 reveal that
terminal substitution by the sulphonyl-based groups do not create
the mesophases. Such phase behaviour of these compounds can be
correlated with their structures, which seem to be unfavorable for
the formation of the mesophases. Particularly, methyl phenylsul-
phone, in the gas phase, was shown to have the bent form [15].

The data collated in Table 2 shows that the terminal isothiocyanato
substitution produces liquid crystals showing higher clearing
temperatures than the corresponding isocyanato (compounds 2-1
and 2-2) and thiocyanato derivatives (compounds 2-4, 2-5, 2-7, 2-8,
2-11, and 2-12). Interestingly, the isothiocyanato derivatives exhibit
higher (compounds 2-1 and 2-3) and lower (compounds 2-4 and 2-6)
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TABLE 2 Physicochemical Properties of Liquid Crystals:

A —( )k—@—(COO)p—Q—Z
A kP

No. Z Phase transitions, °C Ae  Ref.
2-1 CsHyy 0 0 NCS Cr 53 SmE 74.5 1 [16]
2-2 CsHy 0 0 NCO Cr 1321 [16]
2-3 CsHqq 0 0 NC Cr35N(30) I [17]
2-4 CsHy 0 1 NCS Cr88N (45) 1 [18]
2-5 CsHy; 0 1 SCN Cr681 [19]
2-6 CsHyy 0 1 NC Cr 52.5 N (50.5) I [20]
27 CgH;gO 0 1 NCS Cr 70.4 SmA 9391 [21]
2-8 CygH O 0 1 SCN Cr 41 SmA (14) 1 [19]
29 CgH;O 0 1 CN Cr 62 SmA (59) N 84 1 [22]
2-10 C;0H;O 0 1 OCN Cr 56.7 SmA 62.1 N 63 1 [23]
2-11 CsHy; 1 1 NCS Cr 118.5 SmA 129 N 2351 3.4%  [24]
2-12 CszHy; 1 1 SCN Cr 104 N 12451 4.5° [24]
213 CsHj, 1 1 CN Cr;82 Cry 111 N 22551 79% [24]
2-14 CsH;;O 0 0 COSCgH;3 Cr91 SmB 121 SmA 14951 [25]
2-15 CsH;;O0 0 0 COOCgH;3 Cr 66 SmE (60) SmB 67 SmA 85 1 [26]

aTmeas = TN—I —30°C.
bTmeas = TN—I —10°C.

clearing points with respect to those of the corresponding isocyano
derivatives. It reveals the importance of the molecular core’s struc-
ture. The melting temperatures (crystal-smectic or crystal-nematic
phase-transition temperatures) are higher for the NCS derivatives
in comparison with those of the corresponding SCN derivatives (com-
pounds 2-4, 2-5, 2-7, 2-8, 2-11, and 2-12). The thiocyanato derivatives
show lower clearing temperatures than the corresponding cyano deri-
vatives (compounds 2-5, 2-8, 2-9, 2-12, 2-13, and 6-3, Tables 2, 6). The
replacement of the thiocyanato by the isocyanato group leads to the
disappearance of the nematic phase and reduction of the clearing point
(an approximate comparison, compounds 2-8 and 2-10). The decreased
mesomorphic thermostability of the thiocyanato group in comparison
with that of the NCS (isothio cyanato) and CN (cyano) groups has been
explained in terms of increased bent angle (~80°) of the cyano moiety
in this group [27,28]. It has been reported that the planar phenyl iso-
thiocyanate with its bent C;—N=C=S chain [5,29] and phenyl isocya-
nate, which has more stable planar isomer [30-32] with its N=C=0
group (assumed to be linear [32]), which is tilted at an angle of
~140° to the C, phenyl axis [32], exhibit almost the same correspond-
ing bond lengths C;—N and N=C and slightly different valence angles
<C;—N=C, with a higher value recorded for the former compound
[5,29,31]. The study of vinyl isocyanate and vinyl cyano ether has
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TABLE 3 Physicochemical Properties of Liquid Crystals: A —@— B

No. A B Phase transitions, °C An“ Ref.
3-2 C5H11 @_ C3H7 Cr20Sm (5) I [60]
N
=N
33  CeHy <\:r\])_ SCeH;;  Cr31SmA 331 [61]
=N
34 CeHys <\: — OCgHy;  Cr45SmA 711 [61]
N
=N
35 CeHu ¢ — Gy, Cr 30 SmB 425 SmA 53 T [62]
N
=N
36 CoHiysS Co—cm;  CrsoSmasTSI (63]
N
=N
37 CeHyO (o cothy  Cr44SmB59SmA ST [61]
N
=N
38 CgHys0 <\: — SCgH;  Cr30 SmA 7451 [61]
N
=N
39  CeHyS <\: — SCgHy;  Cr 40 SmA 4851 [64]
N
=N
310  CgH,50 <\:,\]>— OCgHy;  Cr 71 SmA 10451 162]

3-11 CgHy —O @— CH,SCH; Cr 64 Sm 86 N 1485 1 [59]
312 C.Hy —O @— C.H; Cr 65.8 Sm 78 N 168 I [65]

3-13  C,HyS oy Cr932N11481 0.360  [66]
3-14 C,Hy0 oy Cri2sN159T 0.330 [67]

3-15  C,H,S @— NCS Cr 78.4 SmB 78.6 1 0.400  [68]

316 C,H,0 @- NCS Cr 116.5 SmB 118.5 1 0.353  [69]

“Extrapolated from the liquid-crystal mixture at t = 0.7815, 1 = 589 nm.
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TABLE 5 Physicochemical Properties of Liquid Crystals: A —@— B

Phase transitions, e,
No. A B °C An® mm?s! Ref.
0]
51 CH, —<:>— CH,S —<:O) CN Cr74N 941 [142]
()
52 CH, @— CH,0 —<O) CN Cr 119N 1491 [142]
(0]
5-3  CgH, —<:>—<:O> CN Cr89.5N 22271 [143]
54 05H11_©_ SCF, CF; Cr511 0.044 28  [144]
5-5 C5H11—©— OCFy CF; Cr461 0.046 10  [144]
5.6 Can—Q— oS CH; Cr50 N 48)1 [145]
57 CyHy —(_)— C00 CH, Cr44N(16)1 [145]
5-8 05H11—<:>— Cos CH; Cr54N (385)1 [145]
59 GsHy < > COO CH; Cr475N (45)1 [145]
510 (., 1-@ CHy Cr40T [146]

“Extrapolated from 10 wt % solution in ZLI-4792 at 20°C.

revealed more pronounced stability of the cis-isomers in respect to that
of the corresponding trans-isomers in these compounds, which have
the NCO and OCN groups bent about 10° and 5°, respectively, from lin-
earity [33]. The increased barrier height of the internal rotation owing
to the methyl group of methyl thiocyanate in comparison with that of
the corresponding methyl cyanate has been attributed to a stronger
steric repulsion of the methyl group with the cyano moiety in CH3SCN
because its angle <C;—S—C is much narrower than the angle
<C1—0-C of CH30CN [34]. It has been demonstrated that the NC
bond length and polarizability are larger than those of the CN bond
[35,36]. However, the C;—N distance in phenylisocyanide is shorter
than C;—C; distance in benzonitrile [35,37].

It can be proposed that these geometrical and electronic structures
of the isothiocyanato, thiocyanato, isocyanato, cyanato, isocyano, and
cyano groups [5,29-48] affect through intra- [49-51] and intermolecu-
lar [52-56] interactions the molecular packing and consequently the
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formation of the mesophases in the corresponding derivatives contain-
ing these groups (see Table 2).

Compounds 2-14 and 2-15 (Table 2) show that the introduction of
the thioester between the biphenyl core and the terminal hexyl group
produces liquid crystals exhibiting a higher smectic A thermostability
and the absence of the smectic E phase in comparison with those of the
corresponding ester derivative. Actually, these COS and COO groups
are working as the linkages that usually enhance the clearing points
of the parent systems (see the next paragraph and Refs. 57 and 58).

As is evident from Tables 3 and 4, alkylthio-substituted liquid crys-
tals show lower clearing points than the corresponding alkyl and
alkoxy derivatives (compounds 3-1-3-16, 4-1, and 4-2). There are some
opposite cases presented by compounds 3-5 and 3-6 and Refs. 77 and
78. Alkylthio substitution in both terminal positions lowers the clear-
ing temperatures with respect to those of the corresponding di-alkoxy
and di-alkyl derivatives (compounds 3-5, 3-9, and 3-10). However,
di-alkylthio derivatives exhibit enhanced (compounds 3-3 and 3-9)
and decreased (compounds 3-6 and 3-9) clearing temperatures com-
pared with those of the corresponding alkyl-alkylthio and alkylthio-
alkyl derivatives, respectively. Lower clearing points (observed in
many cases) of alkylthio derivatives with respect to those of the corre-
sponding alkyl derivatives have been explained in terms of a lower
rotation barrier around C—S bond relative to the C—C bond, which
facilitates the formation of the sterically demanding trans-gauche
conformers, which in turn increase the disorder of the system [79].
However, according to Castellano et al. [80], a low polarity of alkylthio
groups is responsible for the decreased clearing temperatures of
alkylthio derivatives with respect to those of the corresponding alkoxy
derivatives. We also have to take into account that a nonplanar struc-
ture of methylthiobenzene with a dihedral angle of 45.3° compared
with a planar structure of methoxybenzene [81] could affect the mol-
ecular packing of the SCHj3 derivatives showing lower clearing points
or even the absence of the mesophases in comparison with those of the
corresponding OCHj derivatives [80,82,83]. It has been demonstrated
that the alkylthio substitution of the homologous series of three-ring
cyano derivatives promotes earlier appearance of the reentrant
nematic phase Nre and the smectic A phase with respect to those
of the corresponding alkoxy and alkyl derivatives [84,85]. The reen-
trant nematic phase is observed for only one member of the
alkylthio-substituted series compared with two later appearances of
this phase in the corresponding alkoxy derivatives. However, the
nematic phase shows an earlier disappearance in the homologous
series of alkylthio-substituted derivatives [84].
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TABLE 8 Mesomorphic Properties of Liquid Crystals:

VA
CoHon O _Q_ A K _®_ OC Hony

Phase transitions,

No. A B z K °C Ref.
81 soc @ H COS Cr210N 3111 [172]
8-2 00C @ H COO  Cr209 N 2851 [172]
8-3 _ @ H — Cry 238 Cry 259 [173]
Sm 265.5 x 267.5 T
8-4 soc <:> H COS  Cr202 N 2411 [172]
85 00C O H COO  Cr 142N 2451 [172]
8-6 cos @ H SOC Cr178 N 3121 [172]
8.7 C00 @ H 00C Cr 213N 2971 [172]
8-8 C00 @ SCioHys 00C Cr55N 551 1209]
8.9 C00 @ CrsHys 00C Cr56N 6951 [210]
810 C00 @ COSCsHs 00C Cr63N791 [211]
811 C00 @ COOCeH; 00C Cr59N 9651 [211]
812 C00 @ CeHus 00C Cr62N8L51 [210]
8-13 C00 @ COSCH,— ) 00C Cr78Nsol [212]
8-14 C00 @ COOCH2—® 00C Cr98N 98T [212]
815 C00 @ H 00C Cr123Sm 129N 1951 [210]

As is evident from Table 4, alkylthio substitution of the chiral non-
racemic compound can reduce a number of the mesophases and lower
the smectic C* thermostability in comparison with those of the corre-
sponding alkoxy derivatives (compounds 4-1 and 4-2 and Ref. 70).

A comparison of the phase-transition temperatures of compounds 4-3
and 4-4 (Table 4) reveals that the introduction of the thioester into
the terminal chiral group significantly lowers the SmC* thermostability
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and slightly reduces the clearing point with respect to those of the
corresponding ester derivative.

It has been shown that the stereogenic sulphur atom in sulphoxides
is usually configurationally stable at room temperature; thus, sulph-
oxides may be chiral based on this property alone [86]. This feature
of the sulphoxides was used in the design of ferroelectric-liquid-crystal
(FLC) sulphoxide derivative 4-5 that exhibits a slightly higher clear-
ing temperature and a lower number of the mesophases with respect
to those of the corresponding reference compound 4-6 that do not have
the sulphoxide group. In compound 4-5, the restriction of free rotation
of the alkyl chain, resulting from the methyl side close to the chiral
sulphur center, fixes the dipole at the S=O moiety and reduces the
probability of unfavorable conformers [73]. An example of using an
optically active alkylsulphinate group in the design of FLCs was rea-
lized in compound 4-7, which consists of two diastereomers having
opposite configurations at the chiral sulphur center and showing lower
clearing temperatures and smectic C* thermostability (only one enan-
tiomer) in comparison with those of the corresponding reference
compound 4-8.

The reported evidence for the planar equilibrium conformation of
thiophenol with the barrier to internal rotation significantly lower
than that of the corresponding phenol [87], and less effective partici-
pation of the sulphur in hydrogen bonding in comparison with that
of the oxygen (because of the difference in their electronegativities,
see introduction) [4], could be responsible for a lower nematic thermo-
stability of the SH derivatives with respect to that of the correspond-
ing OH derivatives [88].

As is evident from Tables 14, the terminal sulphur-substitution of
liquid crystals increases (compounds 1-1-1-4, 1-8, 1-9, 1-11, 1-12, 2-1, 2-
3, 24, 2-6, 2-14, 2-15, 3-1-3-3, 3-5-3-9, and 4-3-4-6) and lowers
(compounds 1-5-1-8, 1-10, 2-1, 2-2, 2-8, 2-9, 3-3, 3-4, 3-6-3-16, 4-1,
4-2 4-7, and 4-8) their melting temperatures (crystal-smectic or
crystal-nematic phase-transition temperatures)in comparison with those
of the corresponding oxygen-substituted and other reference compounds.

Similar trends have been observed for other liquid crystals having
sulphur-substituted terminal groups [2,6,12-14,27,28,57,58,68,69,71,
79,89-132].

Linking Substitution

It has been demonstrated that the introduction of the following sul-
phur-containing linking groups into the molecular core of 2—4 ring
liquid-crystal derivatives increases their polarizability and does not
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create the mesophases: S, S—S, CH,SO,, SO3[132-139]. To our knowl-
edge, only six ring derivatives containing the sulphone linkage exhibit
monotropic mesophases [140]. These results have been explained in
terms of the significant molecular nonlinearity, which is not favorable
for the formation of the mesophases [5,50,81,132,135].

It can be seen from Table 5 that the introduction of the CH,S and
CH,O0 linkages into the molecular core of compound 5-3 to produce
compounds 5-1 and 5-2 lowers their nematic thermostabilities, with
more significant effects recorded for compound 5-1. Its clearing point
has been correlated with its more pronounced molecular flexibility
[141, 142]. However, the introduction of two SCHy linkages into the
molecular core of three-ring derivatives gives a notable flexibility
between their rigid moieties and results in the disappearance of the
mesophases [147]. The introduction of the SCFy and OCF5 linkages
into the molecular core of two-ring derivatives does not create the
mesophases (compounds 5-4 and 5-5). These compounds differ in the
melting temperatures, with a higher value recorded for the former.

The data presented in Tables 57 reveal that the introduction of
the thioester COS group into the molecular core of liquid crystals
increases (compounds 5-6, 5-7, 6-1-6-4, 6-6, 6-9, 7-1, 7-2, 7-6, and
7-7) and lowers (compounds 5-8, 5-9, 7-9, 7-10, and [Refs. 84 and
168-170]) the clearing temperatures in comparison with those of the
corresponding ester derivatives. The enhanced clearing points of some
COS derivatives have been explained in terms of their higher inter-
molecular interactions (caused by their higher transverse dipole
moments) compared with those of the corresponding COO derivatives
[84]. In the meantime, the parent compounds without the linkages
exhibit lower (compounds 5-6, 5-10, 6-1, 6-2, 6-5, 6-6, 6-10, 7-4-7-8)
and higher (compounds 7-1 and 7-3) clearing temperatures with
respect to those of the corresponding thioester derivatives. The intro-
duction of the CSO linkage results in the disappearance of the meso-
phase (compound 6-7). However, the CSS linking substitution forms
liquid crystals exhibiting the monotropic nematic phase (compound
6-8). It is useful to express the thermal efficiency of the linkages by
the following orders of increasing the clearing temperatures (7)),
compounds 6-6-6-10: T,: CSO < SB < COO < CSS < COS, where
SB is the single bond.

Interestingly, this order is not supported by the corresponding order
of increasing the anisotropy of polarizability Ax, which is the main
reason of the increasing nematic thermostability, according to the
Mayer—Saupe theory [93,129,171]:

Aa: SB < COO < COS < CSO < CSS [77,159]
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Changing the molecular structure of liquid crystals may affect the
order of increasing the clearing temperatures [66]:

Tq: SB < COO < COS < CSS

It has been shown that the COS linking substitution results in later
appearance of the reentrant nematic phase in the homologous series
of three-ring cyano derivatives and earlier disappearance of the
nematic phase with respect to those of the corresponding COO deriva-
tives [84].

In the chiral systems presented in Table 7, the COS linking substi-
tution increases the smectic C* thermostability in comparison with
that of the corresponding ester and parent derivatives (compounds
7-1, 7-2, 7-4-7-8) and lowers this parameter with respect to that of
the corresponding parent compound (compounds 7-1 and 7-3). More
enhanced smectic C* thermostability of the COS derivatives compared
with that of the corresponding esters has been explained in terms of
their tighter intermolecular packing and stronger lateral forces
between molecules caused by longer C—S bonds, which leads to less
steric hindrance and thereby more planarity and resonance [163].

The introduction of two thioester linkages into the molecular core of
liquid crystals increases (compounds 8-1-8-3, 8-6, and 8-7, Table 8)
and lowers (compounds 8-4 and 8-5) the clearing temperatures com-
pared with those of the corresponding ester and parent derivatives.
It again reveals the importance of the molecular structure of liquid
crystals. In the meantime, the direction of two ester linkages gives
more pronounced influence on the nematic thermostability of the ester
derivatives 8-2 and 8-7 in comparison with those of the corresponding
thioester derivatives 8-1 and 8-6.

It follows from Tables 5-8 that the introduction of sulphur atoms
into the linking groups of liquid crystals increases (compounds
5-4-5-10, 6-1, 6-2, 6-3, 6-5-6-10, 7-1, 7-2, 7-6, 7-7, 8-1, 8-2, 8-4,
and 8-5) and lowers (compounds 5-1-5-3, 6-2, and 6-4, 7-1, 7-3-7-6,
7-8-7-10, 8-1, 8-3, 8-6, and 8-7) the melting temperatures in compari-
son with those of the corresponding oxygen-substituted derivatives
and parent systems without linking groups. Although the COS and
corresponding CSO derivatives show very similar melting points
(compounds 6-6 and 6-7, Table 6), the introduction of the COS linkage
into the molecular core of 4-n-pentyl-4’-cyanobiphenyl gives a higher
melting temperature compared with that of the corresponding SOC
derivative (compounds 6-1 and 6-2, Table 6). The combination of two
thioester groups (SOC, COS) introduced into the molecular core of
the three-ring weakly polar derivatives favors a higher melting point
with respect to that of the corresponding derivative having the COS,
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SOC combination (compounds 8-1 and 8-6, Table 8). Interestingly,
the corresponding ester derivatives exhibit the opposite behavior
(compounds 8-2 and 8-7). Similar trends have been reported for
other liquid crystals containing sulphur-substituted linkages
[23,66,106,107,126,166,168,174-207].

Lateral Substitution

It has been reported that in many cases increasing the size of lateral
substituents can lower the clearing temperatures of liquid crystals
[208]. A similar situation can be observed for some laterally substi-
tuted materials where the substituents contain sulphur, oxygen
(which is smaller than sulphur [5]) atoms, and parent systems (com-
pounds 8-8, and 8-9, and 8-10-8-15) presented in Table 8. The melting
temperatures of laterally sulphur-substituted liquid crystals show
lower (compounds 8-8-8-10, and 8-13-8-15) and higher (compounds
8-10-8-12) clearing points in comparison with those of the correspond-
ing oxygen-substituted derivatives and other reference compounds.
Similar trends have been demonstrated for other liquid crystals
containing sulphur-substituted lateral groups [213,214].

It is believed that the electronic and geometrical structures of sul-
phur-substituted groups [4,10,11,29-31,34,38-43,48-50,87,215-223]
and the corresponding oxygen-substituted and other reference groups
[4,5,35,36,44-48,51,87,217,218,224-229] play a very important role in
the intra- [49-51] and intermolecular [52-56] interactions affecting
molecular packing, which predominantly influences mesophase
stability [52-56,230]. Anisotropic dispersion interactions, and conse-
quently the anisotropy of polarizability, depending on the electron-
density distribution in the molecular groups and fragments under
consideration, also influence the packing and hence the stability of
the mesophases but play a secondary role compared to the steric
factors [230]. Other molecular aspects such as the association [56] or
dipole—dipole attraction in polar liquid-crystalline derivatives, which
can influence the packing of the molecules, also affect the stability of
the mesophases [230].

X-ray diffraction (XRD) of the liquid crystals is one of the useful
methods for studying the effects of the association of liquid-crystalline
molecules on the structure of their phases and consequently on the
properties of liquid crystals formed by these molecules [156,231-234].
It has been shown that, depending on the molecular structure, the
monomeric density wave with the period d; (period d; is related to
the fluctuation-layer structure formed by separate molecules)
[119,122,127,235-237] or dimeric density wave with the period ds
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[117,122,238] can be observed for the NCS and SCN (thiocyanato)
(only dimeric density wave) derivatives.

The XRD pattern of 4-n-pentyl-4’-cyanobiphenyl (compound 6-5,
Table 6) shows two incommensurate density waves: monomeric with
period d; and dimeric with period ds [156]. The introduction of the
SOC and COS thioester linkages between two phenyl rings in com-
pound 6-5 results in increasing the ratio dy/L (lowering molecular
overlapping in the creation of the dimers, where L is the molecular
length, compound 6-2, Table 6) and the disappearance of the mono-
meric density wave and lowering the ratio dy/L (compound 6-1). XRD
of weakly polar sulphur-containing liquid crystals reveals the forma-
tion of the monolayer smectic phases with the ratiod/L <1 (compounds
4-7,4-8, Table 4). Similar trends have been observed for other sulphur-
containing liquid crystals [21,92,99,132,140,185,239—244]. The crystal
phases of some sulphur-containing liquid crystals have been studied
in Refs. [148 and 245-250].

STATIC DIELECTRIC PROPERTIES

The relationship between the dielectric anisotropy Ae = ¢ — ¢,, where
¢ and &, are, respectively, dielectric constants that are parallel and
perpendicular to the nematic director n. Molecular structure of liquid
crystals is described by the theory of Maier and Meier [251]:

Ae = NhF /eo[Aa — Fii /KT(1 — 3 cos? §)]S, (1)

where h = 3¢"/(2e" + 1), " = (g + 2¢1)/3; Ao = (o — o1 ) is the polariz-
ability anisotropy; F is the cavity reaction field; u is the dipole
moment; f§ is the angle between the molecular long axis and the dipole
moment, N is the number of molecules per unit volume, and S is the
order parameter. It has been shown that meaningful comparisons of
the dielectric (as well as optical and elastic) properties of liquid crys-
tals with different nematic—isotropic phase-transition temperatures
Tx_1 can only be made at a constant reduced temperature 1 = Tipeas/
Tn_1 [252].

Tables 1, 2, and 6 present data on the dielectric properties of liquid-
crystalline compounds measured at a constant reduced temperature
and extrapolated from the liquid-crystalline mixtures at 20°C. Accord-
ing to Ref. 252, the extrapolations are not meaningful; however, these
estimations are the only way to obtain a rough definition of the dielec-
tric (as well as optical) properties of nonmesomorphic compounds,
smectic liquid crystals, and liquid crystals with a narrow nematic
range. From these tables, it follows that for the definite molecular
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structure of liquid crystals, their dielectric anisotropy decreases
approximately in the same sequence as the values of dipole moments
for the terminal groups: SO,CHF,, CN, SOCHF5, SCN, SF;, NCS,
CF3, SCF3, SCHF;, OCHF,, OCF3 diminish (4.08, 4.05, 3.93, 3.62,
3.44, 2.85, 2.54, 2.50, 2.48, 2.46, 2.36) [6,215,253-255]. Taking into
consideration the angles, f§ of the dipole moments could provide a more
accurate analysis of the dielectric properties of the discussed com-
pounds [215,253-255].

As is evident from Table 6, the introduction of the COS and SOC lin-
kages into the molecular core of compound 6-5 increases and lowers
the dielectric anisotropy (compounds 6-1 and 6-2, respectively),
because the total dipole moment is being increased and decreased,
respectively (see Eq. 1). A lower value of the A¢ of the thioester deriva-
tive 6-1 in respect to that of the corresponding ester derivative 6-3 is
caused by a lower value of the dipole moment of the thioester group
(1 =1.43D) compared with the value of © =1.89D of the correspond-
ing ester group [49]. The introduction of the SOC linkage into the mol-
ecular core of liquid crystals gives the lowest value of the ratio Ag/e;
(among compounds 6-1-6-3, 6-5, Table 6), which is a very important
parameter for the development of liquid-crystalline materials for
super-twisted nematic display applications [252]. Similar trends have
been reported for other sulphur-containing liquid crystals
[6,8,23,93,115,122]. The dielectric relaxation processes have been
studied in Refs. [112,113,120,195,198,240, and 256-266].

OPTICAL PROPERTIES

The phenomenological relation between refractive index and the elec-
tric polarization is defined as [267,268]:

(n*? —1)/(n"* 4+ 2) = Nu* /3¢,, (2)
where the mean polarizability o = (o + 2,)/3; the mean refractive
index n*? = (n? + 2n2)/3; n, is the ordinary and n. is the extraordinary

refractive index. From Eq. (2) and the previous paragraph, it follows that
sulphur-containing compounds that have a larger induced polarizability
[49,66,159,269] exhibit the optical anisotropy An = n,—n,, which is
larger than that of the corresponding oxygen-containing derivatives
(compounds 1-3-1-6, 1-8, 1-9, 3-13-3-16, 6-1, 6-3, and 6-6—6-9, Tables
1, 3, and 6). Sometimes, the extrapolation gives very similar values of
the An for the corresponding sulphur- and oxygen-containing liquid crys-
tals (compounds 1-1, 1-2, 1-11, 1-13-1-15, 5-4, and 5-5), which are due to
the approximate character of such calculations.
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As is evident from Table 6, changing the direction of the thioester
linkage or replacing the COS group by the CSO linkage does not much
change the optical anisotropy of the corresponding liquid crystals
(compounds 6-1, 6-2, 6-6, and 6-7). The introduction of the thioester
COS, SOC, CSO, and ester linkages reduces the effective conjugation
of the n-electron systems and results in decreasing the An in compari-
son with that of the corresponding parent system (compounds 6-1-6-3,
6-5-6-7, 6-9, and 6-10). The introduction of the CSS (dithio-ester) link-
age into the molecular core of compound 6-10 to obtain compound 6-8
results in the largest anisotropy of polarizability among those of com-
pounds 6-6—-6-10 [77,159], which in turn provides the highest optical
anisotropy for compound 6-8. Similar trends have been demonstrated
for other sulphur-containing liquid crystals [6,8,23,66,68,69,77,93,
115,121,122].

VISCOELASTIC PROPERTIES

It has been shown that the nematic liquid-crystalline materials for dis-
play applications should have a low viscosity for giving the acceptable
response times for liquid-crystal displays [252,270]. According to the
results on the kinematic viscosity v presented in Tables 1 and 5, term-
inally and linking sulphur-substituted derivatives exhibit larger
values than the corresponding oxygen-substituted and unsubstituted
derivatives (compounds 1-1, 1-2, 1-8-1-13, 5-4, and 5-5). These results
can be correlated with a larger size of sulphur-containing terminal and
linking groups caused by a larger size of the sulphur atom [5]. Similar
trends have been reported for other sulphur-containing liquid crystals
[6,8,102,122].

In the bulk of nematic liquid crystals, elastic properties are determ-
ined by three elastic constants (Oseen—Frank constants), corresponding
to the restoring forces opposing splay (K;1), twist (Ks2), and bend (K33)
[271-273]. It has been demonstrated that the elastic constants depend
on molecular structure, intermolecular association, and temperature
of nematics [271,274,275]. The ratio K33/K;; was found to be less than
unit for a weakly polar two-ring thioester derivative [276], which is simi-
lar in value to those of other weakly polar derivatives [3].

MOLECULAR PACKING

It has been shown that liquid-crystalline molecular packing plays an
important role in the creation of mesophases [53,55] and defines their
optical properties [267]. The molecular packing coefficient is expressed
in Ref. 157 as
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ky = NaVp/M 3)

where Ny is the Avogadro number, p 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 radii and chemical bond lengths
[277].

As is evident from Table 6, the replacement of the COS linkage by
the SOC linking group slightly increases and lowers the molecular
packing coefficient at 79 and 40°C, respectively (it reveals the different
temperature dependences of the molecular packing for compounds 6-1
and 6-2). However, the ester and biphenyl derivatives exhibit less
dense molecular packing in comparison with that of the corresponding
thioester derivatives (compounds 6-1-6-3 and 6-5).

PHYSICOCHEMICAL PARAMETERS OF THE SMECTIC
C* PHASE

The spontaneous polarization P; 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
[278]. 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 [278]. The spontaneous polarization Ps is
a quantity that is directly related to the response time 7 as a switching
device [279]:

©=7,sin’®/PE (4)

where 7, is the rotational viscosity, which refers to the rotation about
an axis perpendicular to the director n and Ps, O is the tilt angle, and
E is an applied electric field.

As is evident from Table 4, the terminal alkylthio substitution low-
ers the absolute value of the spontaneous polarization in comparison
with that of the corresponding alkoxy substitution (compounds 4-1
and 4-2). It has been correlated with the decreased transverse dipole
moment of the sulphur atom in comparison with that of the oxygen
[70]. The increased size of the sulphur molecule [5] could hinder the
tilted packing of the molecules resulting in a lower tilt angle (com-
pounds 4-1 and 4-2) [70]. These compounds exhibit similar values of
the rotational viscosity [70].

It is evident from Table 4 that compound 4-3, which has the thio-
ester in its terminal group, exhibits a significantly lower Ps with
respect to that of the corresponding ester derivative 4-4.
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The introduction of the sulphoxide group into the terminal group
leads to the appearance of small spontaneous polarization and moder-
ate tilt angle and response time (compound 4-5, Table 4) [73].

It should be noted that the alkylsulphinate derivative 4-7 exhibits a
similar value for the tilt angle with respect to that of the correspond-
ing alkylester derivative 4-8 (Table 4).

The data presented in Table 7 reveal that the corresponding two-
ring thioester and ester derivatives show very similar values of Ps
(compounds 7-6, 7-7, 7-9, and 7-10). It could be caused by less pro-
nounced influence of the transversive dipole moments of the COS
and COO groups on the spontaneous polarization in comparison with
that of the C—CI bond [163] and C—CHgs bond. The response times
of compounds 7-6 and 7-7 are slightly different, with a higher
value recorded for the former compound. Equal tilt angles for some
corresponding thioester and ester derivatives have been reported
[200]. Similar trends have been shown for other sulphur-containing
liquid crystals [89-91,98,99,132,166,192,200,240,256].

CONCLUSION

Systematic studies on the effect of terminal-, linking-, and lateral-
group sulphur substitutions on the physicochemical properties of cala-
mitic liquid crystals have been performed, with attempts to correlate
the molecular-level parameters with the observed properties. The
information presented here may lead to a better understanding of
the nature of liquid crystals.
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