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Abstract

A new class of chiral liquid-crystalline polysiloxanes was synthesised, and their thermotropic behaviour and mesophase structure were
investigated. The mesogenic side chains consisting of a three-phenyl core were connected to the siloxane polymer backbone by an
alkylene spacer segment of varying numbeof methylene units and of a chiral sulphide substituent. An X-ray diffraction study of
powder and fibre specimens permitted to elucidate the structure of the mesophases, which in any case resulted in tilted, monolayer types.
Polysiloxanes?8, P10andP11incorporating longer spacers with= 8, 10, and 11, respectively, exhibited a rich variety of smectic
mesophases. The smectic I-smectic F—smectic C phase sequence with rising temperature was identified in all three samples by analysis
of the wide-angle diffraction. Three-dimensionally ordered structures were also formed at low temperatures. The various low-angle
reflections on the smectic layers were used to evaluate the projections of the electron density profiles along the layer normal, and the
most physically acceptable profiles were selected from the numerous possibilities for each smectic me€a@t&Elsevier Science
Ltd. All rights reserved.
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is very sensitive to fine chemical details, and simple reversal
of the ester group orientation Inandll can be expected to
Three-phenyl mesogenic cores, suchlaer I, have form different smectic phases in otherwise identical LC
recently been incorporated into various liquid-crystalline polymers. A diversity of chiral groups was thoroughly
(LC) polymer architectures; for some latest developments investigated for inducing chirality in LC polymers, the
see Refs. [1-6]. most common substituents being chiral alkyloxy groups

[3—14]. Chiral sulphide groups have recently been used as
coo <:> . the terminal substituents of the mesogenic unit of LC poly-
~ ) )oe{ )~ n

1. Introduction

the

mers [16—18]. The sulphur atom has indeed a greater size
In fact, chiral polymers consisting of or Il in

and polarisability than the oxygen atom, which can also
substantially affect the thermotropic behaviour of LC
molecules. In addition, the functional sulphide —S— group

combination with suitable chiral substituents are known to

be capable of giving rise to the chiral smectic C phase [3—

14], which is of great current interest for many applications

including switching devices, electro-optic displays,

recording media and nonlinear optical effects [15]. The

can undergo chemical modifications, including
enantioselective oxidation to the chiral sulfoxide —S*(O)—
moiety, for the realisation of unconventional LC structures
[17,18].

In this work, the effects of structural variations on the
formation of smectic phases, especially the smectic C

occurrence of the chiral smectic C and other smectic phasegphase, were investigated in a new class of chiral LC

* Corresponding author.

polymers consisting of a three-phenyl mesogenic moiety
variously spaced from a siloxane backbone and bearing a
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terminal chiral sulphide substituent:
i

CH
Jyéifoyx_é?-o%
cIH3 (CH2),,, ooc O

P4, P8, P10, P11 (m =4,8, 10, 11; y=35, x=0)
O11 (m =11; y=4,x=0)
Cli(m =11, y=7,x=7)

*

SCH,CHC,Hs
CH,

HomopolymersP4-P11, oligomerO11, and copolymer
C11 were investigated, as they were expected to exhibit a
rich smectic polymorphism, including ordered and disor-
dered smectic phases. Another objective of the work was
to investigate the smectic structures by X-ray diffraction on
powder and fibre samples. The intensity of the diffraction
signals in the low-angle region was used to derive the elec-
tron density profiles along the smectic layer normal, and the
most physically acceptable ones, were identified.

2. Experimental
2.1. Materials

The platinum divinyltetramethyldisiloxane complex in
xylene solution (3wt% from Petrarch) was handled under
nitrogen and used as received. Siloxane homopolyPé+rs
P11, oligomerO11, and copolymelC11 were synthesised
by an hydrosilylation reaction of olefin monomens£ 4, 8,

10, or 11) onto the corresponding methylhydrosiloxane
(from Petrarch) homopolymex (= 0, y = 35), oligomer
(x=0,y=4), and copolymer= 7,y = 7), respectively.

A typical hydrosilylation reaction is described here for the
synthesis of polysiloxaneP11 A solution of 1.06g
(2.9 mmol) of ¢)-(9 4-[4'-(10-undecenyloxy)]biphenyl
4-(2-methyl-1-butylthio)benzoate m( = 11), 0.101g
(1.7 mmol Si—H groups) of poly(methylhydrosiloxane)
(x = 0,y = 35) and a catalytic amount (0.004 mmol) of
platinum divinyltetramethyldisiloxane in 30 ml of anhy-
drous toluene was heated to°@0for 3 h under nitrogen
atmosphere until the Si—H absorption of 2150 ¢nalis-
appeared. After an additional 8 h reaction, the polymer
was precipitated into methanol and then purified by repeated
precipitations from chloroform solution into methanol and
finally by extraction with diethyl ether (yield 79%)]% =
+8.# (CHCIly). H-NMR (CDCly) 64 8.1 (m, 2 H,
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aromatic), 7.5 (two m, 4 H, aromatic), 7.4 (m, 2 H, aro-
matic), 7.1-6.9 (two m, 4 H, aromatic), 4.0 (m, 2 H,
CH,0Ar), 3.0 (two m, 2 H, SCH), 2.2-0.9 (m, 27 H, ali-
phatic), 0.3 (m, 2 H, CESi), 0.1 (m, 8.5 H, CHSi).

2.2. Physicochemical characterisation

Average molecular weights of the polymers were evalu-
ated by size exclusion chromatography (SEC) using a Per-
kin—Elmer 2/2 chromatograph equipped with Shodex A802/
S and A803/S columns and a Perkin—Elmer LC75 ultravio-
let detector with THF elution. Monodisperse polystyrene
samples were used for calibration.

Optical polarising microscopy observations of the meso-
phase textures were carried out on thin films between glass
slides without any previous treatment with a Reichert Poly-
var microscope equipped with a Mettler FP52 heating stage.

Differential scanning calorimetry (DSC) analysis was
carried out with a Mettler TA4000 system using 10 K min
scanning rate. The transition temperatures were taken as
corresponding to the maximum in the enthalpic peaks in
the DSC traces of samples that had been annealed by cooling
from the isotropic melt. Indium standard samples were used
as the reference for enthalpy evaluation from the integrated
peak areas. The glass transition temperature was taken at the
temperature of half-devitrification.

X-ray diffraction experiments were performed on powder
and fibre samples with a pinhole camera with Ni-filtered
CuKa beam § = 1.54 A) at various temperatures between
20 and 250C ( = 1°C). Several exposures were taken so as
to measure the strongest and the weakest reflections.
Intensities|,, of the reflections were measured with a
home-made microdensitometer specially designed to
analyse X-ray diagrams provided by linear focusing and
pinhole cameras. Experimental amplitudes, of
diffraction of the different orders of reflections on the
smectic layers were corrected for the Lorentz-polarisation
factor [19] and normalised to that of the strongest one
(Table 1).

3. Results and discussion
3.1. Synthesis and thermal properties

LC siloxane homopolymer®4—-P11(y = 35; x = 0),

Table 1
Amplitudes of the low-angle reflections of different smectic mesophases of the LC polysiloxanes
Amplitude P11 O11 Ci11

Smi SmF SmC SmF SmC SmF SmC
a; 1 1 1 1 1 1 1
a, 0.53 0.47 0.57 0.44 0.47 0.44 0.52
as 0.36 0.31 0.26 0.29 0.30

2After normalisation to the amplitude of the strongest reflection.
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Table 2
Physicochemical and thermal properties of the LC polysiloxanes

[«] 2 (deg) M,° (g mol™?) Phase transitioris
P4 +8.1 24000 SmF 101 (0.7) SmC 149 N (0.5) 185 (0.4) |
P8 +8.1 29000 CrH 112 (7.5) Sml 129+ 0.3) SmF 183 (= 0.2) SmC 199 (2.1) |
P10 +6.7 21000 CrH 96 (6.1) Sml 110« 1.4) SmF 185 (= 0.2) SmC 201 (3.9) |
P11 +8.4 28000 g 44 CrH 105 (5.5) Sml 123 (2.3) SmF 206 (0.3) SmC 223 (3.9) |
011 +6.4 4000 CrH 106 (7.7) SmF 130 (2.4) SmC 199 (6.2) |
c11 +8.4 34000 K 107 (13.4) SmF 122nd)® SmC 189 (9.0) |

#Optical rotary power, in chloroform.

By SEC, with polystyrene calibration.

“Transition temperatures (fC) and enthalpies (in kJ mof), in parentheses, by DSC; for phases and symbols, see text.
Not detectable by DSC.

oligomerO11 (y = 4; x = 0), and copolyme€C11(y = x = semicrystalline (see later) and presented a relatively high
7) were prepared by grafting the corresponding side-chain melting temperatureT(,) at 98C. Thus, its LC range was
olefin monomersrh = 4, 8, 10, or 11) onto preformed the narrowest in the series investigated, bemg- T, =
hydrosiloxanes by a polymer analogous hydrosilylation 91°C.
reaction catalysed by a Pt complex, according to a conven- Visual observations of the birefringent textures at the
tional procedure [20]. The synthesis and thermotropic and polarising microscope enabled us to confirm qualitatively
electro-optic properties of the monomers appear of ratherthe LC behaviour of the polymers. On cooling from the iso-
special interest and will be reported elsewhere. tropic melt, the mesophase usually nucleated in small baton-
Each LC siloxane sample exhibited a number of meso- nets which afterwards coalesced in bigger domains
phases, which therefore occurred in polymorphic sequencesesembling the smectic focal-conics. However, in no cases
below the isotropic melt (1), as summarised in Table 2. All were specific textures observed which could assist in identify-
mesophases were identified as smectic by X-ray diffraction, ing unequivocally the mesophases and relevant transitions.
except the highest temperature mesophas&athich was
chiral nematic (N). The thermal stability of the mesophase 3.2. X-ray patterns
was rather high, the lowest isotropisation temperatierg
the series being observed fed at 185C. It was difficult to In general, the X-ray diagrams of the different phases, except
detect the glass transition temperatufg)(e.g. at 44C for for the nematic phase &4, exhibited in the low-angle region,
P11, presumably because of a great rigidity of the polymer two or three sharp reflections with Bragg spacings in the
backbone in the glassy smectic mesophase which remainedatio 1:2:3 typical of layered structures. For each phase, the
frozen-in at room temperature. The LC range was broadestthicknessd of the layered structures was always much
for P11, being T; — Ty = 179°C. CopolymerC11 was shorter than the length of the polymer repeating unit, as

Table 3
Lattice parametefsof the different phases of the LC polysiloxanes

P4 P8 P10 P11 011 Ci11
L+05A 31.0 36.0 38.5 40.0 40.0 40.0
Structure SmF CrH (or CrK) CrH (or CrK) CrH (or CrK) CrH (or CrK) K
d=02A 26.0 31.6 34.0 35.2 36.5 38.0
ax01A 5.7 4.8 4.8 4.8 4.8 4.5
b+0.1A 42 42 42 43 3.6
0/deg 33 29 28 28 24 18
Structurg SmC Sml Sml Sml SmF SmF
d+02A 26.0 31.6 33.0 35.2 36.5 38.0
a*01A 4.8 5.7 5.7 5.6 5.5 5.2
0/deg 33 29 31 28 24 18
Structurg SmF SmF SmF SmC SmC
d+02A 31.6 34.0 34.5 36.5 36.8
a+0.1A 5.7 5.6 5.5 438 45
0/deg 29 28 30 24 23
Structure SmC SmC SmC
d+02A 333 36.0 36.8
a+0.1A 48 48 49
0ldeg 22 21 23

%For phases and symbols, see text.
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measured on the CPK stereomodels (Table 3). In low molar
mass liquid crystals the spacinyfor various orthogonal
smectic phases, like the A, B, or E phases, can be shorter
than the calculated, because of the conformational free-
dom of the molecules in the mesophase and their thermal
displacement along the director [21], which results in a
decrease of the periodicity. However, in LC polymers,
in which the mesogenic side chains are connected to the
polymer backbone by means of a spacer segment, their over-
all motion is more restricted with respect to the rather freely
moving molecules of the low molar mass counterparts. In
the present polymers, incompatibility between the siloxane
polymer chain and the mesogenic side chains could impose
additional constraints on their mobility, thereby reducing
the thermal displacement along the director of the smectic
mesophases. Thus, the difference betwe@amdL may be
accounted for by a tilt of the side chains with respect to the
layer normal, and the various phases were of the tilted
monolayer typesd < L). The tilted character of the struc- Fig. 2. Powder X-ray diagram of the crystalline phase of copoly@it at
tures was confirmed by the X-ray diagrams of oriented fibres ;.-
of copolymerC11, in which the Bragg layer reflections
appeared on the equator and the wide-angle reflection wasone sharp reflection characteristic of a pseudo-hexagonal
split into four symmetrical arcs (Fig. 1). Therefore, the array of the hexatic smectic F (SmF) or | (Sml) phases
layers were oriented parallel to the fibre axis and the mole- (Figs 4 and 5), with the side of the hexagon being 5.6
cules were tilted to the layer normal, a tilt ange of 32° + 0.1 A(Table 3). The SmF and Sml phases are both tilted,
being measured at room temperature. but for the SmF phase the tilt of the long molecular axis is
The X-ray patterns differed by the aspect of the wide- towards a side of the hexagon, while for the Sml phase the
angle region, which allowed the division of the different tilt is towards an apex of the hexagon (Fig. 6). In neither
phases into three groups. The first family exhibited, in the case is there a significant distortion from the hexagonal
wide-angle domain, three sharp rings (Figs 2 and 3), that packing and for both phases the unit cell is C-centred mono-
could be provisionally indexed on a rectangular lattice of clinic [22]. However, the in-plane correlation length of the
parametersa and b (Table 3). Accordingly, the structure  Sml phase is by far greater, up to four times, than in the SmF
could be either crystalline (K) or 3-D ordered smectic, H phase, and therefore in the Sml phase the wide-angle ring is
or K. The latter are in fact soft crystalline structures and are sharper than in the SmF phase [22,23].
conventionally referred to as crystal H (CrH) or K (CrK). The third family exhibited, in the wide-angle domain, a
The second family exhibited, in the wide-angle region,

Fig. 1. Fibre X-ray diagram of the crystalline phase of copoly@ad at Fig. 3. Powder X-ray diagram of the CrH (or CrK) phase of polyigt at
25°C (vertical fibre axis). 25°C.
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¢

Fig. 6. Schematic representation of the hexagonal packing in the Sml (left)
and SmF (right) phases (arrows show the direction of the tilted mesogens).

The nature of the other high-temperature smectic phases
was elucidated by a study of the variation in the width of the
wide-angle ring with temperature, as is illustrated in Fig. 9
for P11 On increasing temperature, the full width at half
maximum (FWHM) of the wide-angle diffraction increased
very diffuse band (Figs 7 and 8), intermolecular distance significantly in successive steps reflecting the diminished
a~4.8+0.1A (Table 3), because of the loss of the correlation within the smectic layers in passing from one
in-plane correlations between the side-chain mesogens. Consmectic phase to another. This permitted the location of the
sequently the structure was of the smectic C (SmC) type. SmI-SmF-SmC phase sequence \ifttreasingtempera-

ture. This sequence appears to be at variance with the beha-
3.3. Thermotropic behaviour viour of polymorphic low-molar-mass smectics forming
both Sml and SmF phases [22,24,25], for which the Sml

Each homopolymeP8, P10andP11, incorporating long  phase is usually stable at higher temperature and the Sml—
spacers, exhibited four phases as a function of temperatureSmF transition occurs with decreasing temperature, for
HomopolymerP4, oligomerO11 and copolymeiC11 each example in the standard sample TBDA [25]. Nevertheless,
presented three phases. In the 3-D ordered, low-temperaturghe type of order in Sml and its relationship to SmF both
phase 0P8 P10 P11andO11, the surface available per side appear to be anomalous in low-molar-mass smectics [22]. In
chain was found to be rather large, that is slightly greater thanthe present polymers, the connection of the side-chain
20 A2 (Table 3). This was an argument in favour of the pre- mesogens to the polymer backbone via a spacer could
sence of a smectic-like structure such as the CrH (or CrK). enforce different local organisations of the mesogens
However, the surface available for a side chain in the 3-D and prevent the formation of a more ordered mesophase
structure ofC11was much smaller (16 %, which pointedto  at higher temperature, producing the more thermodynami-
the occurrence of a crystalline structure in this sample. cally favourable SmI-SmF-SmC phase sequence. Other

Fig. 4. Powder X-ray diagram of the Sml phase of polyf#d at 130C.

Fig. 7. Powder X-ray diagram of the SmC phase of copoly@&d at
Fig. 5. Powder X-ray diagram of the SmF phase of polyfkt at 150C. 165°C.
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applied toO11 andC11. The Sml phase, therefore, van-
ished in these samples because of a smaller tendency to
form smectic phases. This was more evident R,
which in fact gave rise to an N phase at high temperature
above the SmC.

Within the range of existence of each layered phase,
either crystalline or smectic, the layer spacishgvas not
affected by temperature, as shown in Fig. 10 for the
polysiloxanes. It should be noted that polym&g& P10
andP11had very similar tilt angles within the Sml, SmF
and SmC mesophases (Table 3). However, the trends of
and thereford, with temperature were rather different for
the three polymers. For exampkjncreased appreciably
at the SmI-SmF transition fd?10, whereas it decreased
at the same transition fét11and remained unaffected for
P8. A rather substantial decreasefirwas detected at the
onset of the SmC for each of these three polymers. Nota-
bly, # was constant throughout all the smectic rang® 6f
Fig. 8. Powder X-ray diagram of the SmC phase of oligo@&t at 170C. and still as large as 3at its SmC—N transition. Thus, in

the homologous series of polysiloxanes, minor details of
hexagonal structures are known to occur in liquid crystals the repeating unit structure significantly influenced the fine
in which, however, the smectic layers are also very well organisation of the various smectic phases. The measlred
correlated and give rise to a 3-D structure, like the crystal for C11 containing 50% non-mesogenic dimethylsiloxane
G (CrG) or J (CrJ) structures [26,27]. Some of these highly units was much longer than fé*11 and O11 especially at
ordered structures have recently been described for LClow temperature. This lengthening was the result of a
main-chain polymers [28]. The CrG and CrJ in fact derive microphase separation between the mesogenic side chains
from the SmF and Sml, respectively, by development of and the amorphous siloxane backbone [30] (see Fig. 7), and
positional long-range order within and between the layers, consequently a smaller apparénivas evaluated fo€11
while retaining the tilt direction of the molecules. Their X- In a previous work [31] it had been shown that a poly-
ray powder diagrams are typical of 3-D structures and siloxane containing the same spaced side-chain mesogens
normally consist of several wide-angle diffraction rings and the chiral 2-methylbutoxy tail formed various smectic
[21]. This observation is not consistent with our experi- phases, including the C and A phases along with another
mental findings and lends further support to the existence unidentified low-temperature smectic:
of a hexatic smectic, not a crystal smectic below the SmF CH,
in P8, P10andP11 %s'i_o

The low-temperature mesophasePdfwas recognised as I y "

SmF in consideration of the relative broadness of its (CHZ)”OOOCOOCH2?HCZH5
wide-angle reflection [29] as compared to that of the CHg
SmF and Sml ofP8, P10 and P11 Similar arguments

38 T T T T T T T T T
22 1 1 1T 11T T 1T 1T T 1T 11 - popae
B SmC ] 36 [ own A
20 oo PY n . & © 00000000 -
B ] O 00 008888¢ 4
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Fig. 9. Full width at half maximum (FWHM) of the wide-angle reflection as  Fig. 10. Variation of the layer spacirdjas a function of temperature for
a function of temperature for polyméx1. polymersP4 (A), P8 (OJ), P10 (O), andP11(#).
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That sampleNl,, = 27 400 g mol™), however, presented  were obtained [33]. As the X-ray diagrams exhibited
a thermotropic behaviour of a lesser stability,= 131°C, three (or two) orders of diffraction for the smectic phases,
extending over a much narrower temperature ramge, T, eight (or four) electron density profiles were deduced. In
= 97°C, than corresponding1l The liquid crystalline order to choose the most acceptap(®), the electron den-
behaviour was preserved in copolysiloxanes incorporating sities of the different parts of the repeating unit of the
substantial contents of non-mesogenic units [31]. Our find- polymers were calculated by dividing their numbers of
ings suggest that simple replacement of the -O- group by theelectrons by their lengths measured on the CPK models.
-S- group helped to stabilise the mesophase and enriched itsThey | Were found to be 9.5 e A for the mesogenic core,

smectic polymorphism. 6.4e A for the spacer, 8.8 e 7 for the sulphide tail, and
7.8 e A for the backbone considering it as confined in the
3.4. Electron density profiles smectic planes.

To illustrate this procedure, take the example of the SmC
In order to obtain more information on the organisation of phase ofO11 In Fig. 11 only the four electron density
the molecules in the smectic structures, the intensity of the profiles that exhibited a central maximum at the position
different orders of reflections on the smectic layers of the of the mesogens are depicted, the other four symmetrical
X-ray diagrams was measured and the correspondingprofiles being discarded as physically unattainable. Profiles
electron density profiles along the nornzto the layers a andd were rejected because they showed minima for the
derived. siloxane main chains and secondary maxima for the
Taking into account the chemical structure of the mole- aliphatic spacers. Profile was also eliminated because it
cules, and the fact that only the fluctuations around the exhibited a not pronounced maximum for the mesogens and
average electron density,, were measuredp(z) was very high values of the electron density for the spacers.
given by [32] Profile b, corresponding to the _,, combination, was
o(2) = £a, cogn2rzd) chosen as the most phy_sically aceeptable one because_ it
presented a central prominent maximum for the mesogenic
As experimentally the intensity, of the reflections was  cores, surrounded by minima for the spacers and secondary
measured, the sign of the structure factagswas lost,  maxima for the main chains as one should expect to observe
and for n reflections 2 electron density profiles(2) for monolayer smectic phases.
The same simple structural considerations also lead to the
choice of thep_,, electron density profile for the other

2 Lp@E) -+ - smectic phase oD11 and for the three smectic phases of
P11 (Fig. 12). Thep_, profile was chosen for the two
o} a)
2L 2rp@ - ++
| I 1
2 I
-+ + 0 -\/\/ SmC
° \/X/ o)
L 1 | 1
2r 1 ] 1 i -+ +
2 r ++ -
ob N~ | @
-2 L
-2 L » I | L
l | 1 - _
o [ — + +
oL
0 /—/\ﬂ\ d) \/_\/ Sml
-2 L o -2 L Z/d.
| 2/ ] | I
0 0.5 4 0 05 1
Fig. 11. Electron density profilegz) for different sign combinations af, Fig. 12. Electron density profilgs ., for the Sml, SmF and SmC phases of

for the SmC phase of oligom&rl1: (a)p _._; (B)p_44; (C)psys_; (d)p___. polymerP11
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