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Abstract Several new chiral side-chain LC polysiloxanes
(IP–VIIP) bearing fluorinated methyl groups were synthe-
sized with a cholesteric LC monomer and a non-LC
monomer containing fluorinated units. The chemical struc-
tures and LC properties of the monomers and polymers
were characterized by use of various experimental tech-
niques. The effect of copolymer composition on mesomor-
phic properties of the fluorine-containing polymers was
studied as well. The obtained polymers were soluble in
many solvents and the specific rotations showed negative
values. The temperatures at which 5% weight loss occurred
(Td) were greater than 300 °C for all the polymers and the
residue weight on heating to 600 °C increased slightly with
increase of the monomer containing fluorinated units in the
polymer systems. All the polymers displayed two-phase
transitions when they were heated and cooled. The IP, IIP,
and IIIP exhibited cholesteric textures when they were
heated and cooled, while IVP, VP, VIP, and VIIP showed
smectic fan-shaped textures. XRD curves of samples of
IVP, VP, VIP, and VIIP displayed sharp and strong peaks
at low angle, but no sharp peaks were shown at low angle
for the samples IP, IIP, and IIIP.

Keywords Liquid-crystalline polymers . Fluorinated
polymers .Mesophase . Chiral

Introduction

Fluorinated polymers show lots of outstanding properties
such as low dielectric constant, low refractive index and

high optical transparency, as well as chemical and thermal
resistance. They represent a class of very interesting and
versatile polymeric materials that may find application in
many different fields ranging from electronics and optics to
coatings. The incorporation of fluorine in a polymer causes
the polymer to have a low surface energy potentially
leading to low wettability, low friction coefficient and low
adhesion. Fluorinated liquid-crystalline polymers (FLCPs)
are a relatively new class of fluoropolymers [1–7].
Fluorine's small size, large electronegativity, low polariz-
ability, and large fluorine–fluorine repulsion lead to many
interesting properties of FLCPs. The introduction and the
choice of the fluorine atom position within liquid crystal
systems allow formation of materials that present a
considerable technological interest for display or non-
display applications [8].

Initial studies on fluorinated liquid crystals focused on
partly fluorinated alkanes such as diblock hydrocarbon–
fluorocarbon molecules. Appropriately fluorinated mole-
cules may be conceived as unconventional mesogens in that
they do not possess the usual molecular features of more
traditional liquid crystals. These compounds showed liquid-
crystalline mesophases presumably due to the strong phase
separation of fluorocarbon from hydrocarbon chain seg-
ments and also to the rigid rod-like nature of the
fluorocarbon chains that tend to adopt a helical conforma-
tion in the mesophase state [9–13]. Later synthetic efforts
resulted in the development of liquid-crystalline polymers
in which the length of the fluorinated tail was varied [14–
16]. More conventional mesogenic units have also been
used in combination with partly fluorinated tails in
polymeric liquid crystals [17–19]. The involvement is
generally obtained from the introduction of fluorine onto
the rigid core, so-called fluoro-substituents [20]. In fact, the
properties required are those for materials used in the
electronic industry: optical and chemical stability, wide
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mesomorphic temperature range, low melting point, low
viscosity, and low conductivity.

On the other hand, chiral materials have been an
extensively studied area because of their unique properties,
which are directly related to the atomic chiral centers and
helical conformations. When molecular chirality is intro-
duced into LCPs, chiral LC phases having helical morphol-
ogy are induced, resulting in a series of potential
applications in optics and electro-optics [21–23]. Chiral
LCPs may exhibit a marvelous variety of liquid-crystalline
phases, including the chiral smectic C* phase, the chole-
steric phase, and the blue phases [24–26]. Recently, chiral
side-chain LCPs composed of chiral mesogens have
attracted both industrial and scientific interests, because
their additional properties such as piezoelectricity, ferro-
electricity, and pyroelectricity result from the symmetry
breaking brought by molecular chirality [27].

To achieve a better understanding of liquid crystal phase
behavior of chiral LCPs containing fluorinated groups, we
are interested in side-chain LCPs containing both chiral and
fluorinated methyl groups. In the present study, we
synthesize a series of polysiloxane-based chiral side-chain
FLCPs using cholesteryl and fluorinated monomers
(Fig. 1).

Experimental

Materials

4-Hydroxybenzoic acid, cholesterol, bromopropene, 3-
trifluoromethyl-phenol, undec-10-enoic acid, poly(methylhy-
drogeno)siloxane (PMHS) (Mn ≈ 600) and hexachloroplatinic
acid hydrate were obtained from Jilin Chemical Industry
Company and used without any further purification. Pyridine,
thionyl chloride, toluene, ethanol, chloroform, tetrahydrofuran
(THF) and methanol were purchased from Shenyang Chem-

ical Co. Pyridine was purified by distillation over KOH and
NaH before using.

Characterization

FTIR spectra of the synthesized polymers and monomers
were obtained by the KBr method performed on Perki-
nElmer instruments Spectrum One Spectrometer (Perki-
nElmer, Foster City, CA). 1H NMR (300 MHz) spectrum
was obtained with a Varian Gemini 300 NMR Spectrometer
(Varian Associates, Palo Alto, CA) with tetramethylsilane
(TMS) as an internal standard. The element analysis (EA)
of monomers and polymers was carried out by use of an
Elementar Vario EL III (Elementar, Germany). Thermal
transition properties were characterized by a NETZSCH
instrument DSC 204 (Netzsch, Wittelsbacherstr, Germany)
at a heating rate of 10 °C min−1 under nitrogen atmosphere.
The thermal stability of the polymers under atmosphere was
measured with a NETZSCH TGA 209C thermogravimetric
analyzer. Visual observation of liquid-crystalline transitions
and optical textures under cross-polarized light was made
using a Leica DMRX (Leica, Wetzlar, Germany) POM
equipped with a Linkam THMSE-600 (Linkam, Surrey,
England) hot stage. X-ray measurements of the samples
were performed using Cu Kα(λ=1.542 Å) radiation
monochromatized with a Rigaku DMAX-3A X-ray diffrac-
tometer (Rigaku, Japan). The samples were placed on a
substrate glass and heated to their mesophase temperatures,
then quenched with cold water to obtain films of
corresponding samples. The sample is then heated at 10 °C
min−1 at the desired experimental temperature and left to
equilibrate for 10 min at this temperature before starting the
experiment. Gel permeation chromatography (GPC) meas-
urements were carried out in THF on a Waters 2410
instrument equipped with three Waters μ-Styragel columns
(103, 104, and 105 Å) at 35 °C, with a Waters 2410 RI
detector. Calibration was made with standard polystyrene.
The number-averaged molecular weight (Mn) of the poly-
mers was calibrated by reference to a universal calibration
curve and polystyrene standards in THF at 35 °C. Measure-
ment of optical rotation (α) was carried out with a
PerkinElmer instrument Model 341 Polarimeter using the D
line of a sodium vapour lamp.

Synthesis

The intermediate product 4-undec-10-enoyloxy-benzoyl
chloride and the chiral LC monomer cholest-5-en-3-ol
(3β)-4-(2-propenyloxy)benzoate (M1) were synthesized
according to our previous reports [28, 29].

3-Trifluoromethyl-phenol (16.2 g, 0.10 mol) and 18 ml
pyridine were dissolved in 250 ml dry THF to which the 4-
undec-10-enoyloxy-benzoyl chloride (32.2 g, 0.10 mol)Fig. 1 The general structures of the liquid-crystalline polymers
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was added dropwise at 25 °C. The reaction mixture was
stirred at room temperature for 2 h, then heated to 60 °C
and kept for 18 h in a water bath to ensure that the reaction
finished. Then 200 ml of THF was distilled out. After
cooling to room temperature, the residue was poured into
500 ml cold water. The precipitates were isolated by
filtration and dried in a vacuum oven. Recrystallization in
alcohol results in a brown wax of 3-trifluoromethyl-phenyl
4-undec-10-enoyloxy-benzoate (M2, yield: 90%); mp 21–
22 °C.

1H NMR (CDCl3): δ (ppm)=0.96–2.28 (16 H, m,
alkane-H); 4.87 (2H, d, J=3.6 Hz, CH2=6;CH–); 6.02–
6.12 (1 H, m, CH2=6;CH–); 7.11 (3H, d, J=9.3 Hz, Ar-H);
7.2–7.31 (3H, m, Ar-H); 8.13 (2H, d, J=20.4 Hz, Ar-H).

FTIR (KBr,): ν (cm−1)=3077, 2929, 2856 (C–H aliphat-
ic), 1761–1710 (C=6;O in different ester linkages), 1605,
1505 (Ar), 1257 (C–F).

Elem. Anal. Calcd. for C25H27F3O4: C, 66.95%; H,
6.07%; F, 12.71. Found: C, 67.03; H, 6.09; F, 12.81.

For synthesis of polymers IP–VIIP, the same method
was adopted. The polymerization experiments were sum-
marized in Table 1. The synthesis of polymer VIP was
given as an example. Chiral liquid-crystalline monomer M1
(2.95 g, 5.4 mmol) was dissolved in 150 ml of dry, fresh
distilled toluene. To the stirred solution, fluorinated LC
monomer M2 (0.72 g, 1.6 mmol), PMHS (0.59 g,
1.0 mmol) and 2 ml of H2PtCl6/THF (0.50 g hexachlor-
oplatinic acid hydrate dissolved in 100 ml THF) were
added and heated under nitrogen and anhydrous conditions
at 65–68 °C for 30 h. Then the mixture was cooled and
poured into methanol. After filtration, the product was dried
at 80 °C for 4 h under vacuum to obtain polymer in the
yield of 80%.

FTIR (KBr): ν (cm−1)=2933, 2868 (C–H aliphatic),
1706 (C=6;O), 1608, 1511 (Ar), 1259 (C–F), 1011–1105
(Si–O).

Elem. Anal. Found: C, 70.48; H, 9.28; F, 2.14.

Results and discussion

Synthesis

The chemical structures of M1 and M2 were characterized
with IR and 1H NMR spectra, which was in good
agreement with the prediction. The spectra of M1 and M2
suggest that the purity is high and this was confirmed by
EA.

Polymers IP–VIIP were prepared by a one-step hydro-
silylation reaction between Si–H groups of PMHS and
olefinic C=6;C of M1 and M2 in toluene, with hexachlor-
oplatinate as a catalyst. The obtained polymers were soluble
in toluene, xylene, THF, chloroform, and so forth. But their
solubility varied with different solvents such as toluene and
THF (Table 1). This result means that the polarity of the
polymers varied with increasing of fluorinated units in the
polymer systems. The Mn of the synthesized polymers was
measured on a GPC instrument. GPC curves of the
polymers were symmetrically single modal, and the data
were listed in Table 1, indicating that the Mn decreased
slightly with increase of M2 feed in polymerization. All the
polymers were characterized by IR spectra and elementary
analysis. Polymer VIP contains the representative features
for all of the polymers. The characteristic absorption bands
are as follows: 2933–2868 cm−1 (C–H stretching), 1730–
1706 cm−1 (C=6;O stretching), 1608 and 1511 cm−1 (C=6;
C stretching of aromatic nucleus), 1259 cm−1 (C–F
stretching), and 1011–1105 (Si–O stretching). For the
polysiloxanes, the disappearance of the PMHS Si–H
stretching at 2160 cm−1 and the appearance of characteristic
absorption bands of monomers indicate successful incorpo-
ration of monomers into the polysiloxane chains. Mass
percentage of the fluorine atom in the polymer systems was
characterized with EA measurements and the data were
listed in Table 1. It showed that the mass percentage of
fluorine atom increased with increase of monomer M2 in

Table 1 Polymerization and some properties of the polymers

Sample Feed Mn
a (×10−3) % Fb Solubilityc Specific rotationd

PMHS (mmol) M1 (mmol) M2 (mmol) Toluene THF

IP 1.0 6.95 0.05 4.46 0.06 +++++ +++++ −12.30
IIP 1.0 6.9 0.1 4.45 0.13 +++++ +++++ −12.28
IIIP 1.0 6.8 0.2 4.39 0.26 ++++ +++++ −11.56
IVP 1.0 6.6 0.4 4.36 0.52 +++ +++++ −11.13
VP 1.0 6.2 0.8 4.32 1.05 +++ +++++ −10.47
VIP 1.0 5.4 1.6 4.24 2.14 ++ +++++ −9.43
VIIP 1.0 3.8 3.2 4.09 4.45 + +++++ −8.11

aMeasured on water-2410 GPC instrument.
bMass percentage of fluorine atom in the polymer systems, obtained from element analysis (EA) of the polymers.
c The more +, the better solubility in solvent.
d Specific rotation of polymers a½ �20D

� �
, 0.1 g in 50 mL THF.
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the polymers corresponding with the feed. The specific
rotations of the chiral liquid-crystalline polymers were also
listed in Table 1. As compared with monomers M1 ([α]=
−30.1°), the polymers showed lower specific rotation
absolute values. It indicated that cleavage of the double bond
and the binding of monomers to the polysiloxane main chains
affect the chirality of the polymers. Furthermore, the specific
rotation of polymers from IP to VIIP revealed a similar
tendency, i.e., the specific rotation absolute values decreasing
with increase of M2 component in the polymer systems,
suggesting the decrease of chiral components.

Thermal analysis

TGA thermograms of the representative polymers (Fig. 2)
and TGA values (Table 2) showed that the temperatures at
which 5%weight loss occurred (Td) were greater than 300 °C
for all the polymers, suggesting high thermal stability. The Td
and the residue weight of the samples on heating to 600 °C
increased slightly from IP to VIIP, indicating increased
thermal stability with increase of fluorinated units in the
polymer systems.

In DSC measurements, the LC monomer M1 showed
cholesteric mesophase between 116 °C and 243 °C, as
previously reported. The DSC curves of M2 showed a
melting transition at 21 °C, and no mesogenic–isotropic

Fig. 2 TGA thermograms of VIIP–IP (from the top down)

Table 2 Some thermal properties and X-ray of the liquid-crystalline polymers

Sample TGA DSC heating and coolingc 2θd (°)

Temperaturea (°C) Residueb (%) Tg (°C) Ti (°C) Ti–m (°C) Tm–K (°C)

IP 300.1 15.2 47.3 246.3 227.6 45.6 16.54
IIP 300.8 16.9 37.4 223.4 222.8 59.8 16.59
IIIP 301.2 18.8 35.1 215.1 208.4 49.4 16.52
IVP 305.4 25.0 30.3 198.3 199.3 35.3 2.46 16.54
VP 307.6 25.9 33.4 190.4 198.7 38.7 2.45 16.49
VIP 315.4 31.0 37.4 192.4 179.9 28.9 2.45 16.53
VIIP 320.6 39.5 28.3 187.3 180.8 26.8 2.46 16.56

a Temperature of the samples at 5% loss weight.
b Residue weight of the samples on heating to 600 °C.
c Tg, glass-transition temperature; Ti, the isotropic temperature; Ti–m, phase-transition temperature from isotropic state to mesophase; Tm–K,
mesogenic–solid phase transition temperature.
d X-ray diffraction (XRD) peaks of the polymers on heating to 80 °C.

Fig. 3 DSC thermograms of representative polymers: a on the second
heating for (A) IIIP, (B) IVP, (C) VP; b on the first cooling for (A′)
IIIP, (B′) IVP, (C′) VP
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phase transition appeared. It indicated that M2 is not a LC
monomer.

The phase-transition temperatures of the LCPs IP–VIIP,
obtained on the second heating and the first cooling scan,
are summarized in Table 2. All phase transitions were
reversible and did not change on repeated heating and
cooling cycles. Representative DSC thermograms of the
polymers on heating and cooling cycles were shown in
Fig. 3. When the polymers were heated, all the polymers
displayed two-phase transition temperatures corresponding
to glass transition (Tg) and mesophase–isotropic phase
transition (Ti) (Fig. 3a), respectively. When the polymers
were cooled, they all showed two-phase transition temper-
atures, i.e., isotropic–mesomorphic (Ti–m) and mesomor-
phic–solid phase transitions (Tm–K) (Fig. 3b).

The Tg, Ti, Ti–m, and Tm–K of all polymers decreased
slightly with increase of fluorinated units in the polymer
systems. The relationship between phase-transition temper-
atures (Tg and Ti) on heating cycles and fluorine in the
polymers was exhibited in Fig. 4. It suggests that the
temperature range of mesophase don't change greatly for all
the polymers. These kinds of side-chain liquid-crystalline
polymers are composed of flexible and rigid moieties, and

fluorinated groups, thus the polymer backbone, the rigidity
of mesogenic units, the length of the flexible spacer, and
interaction generating from fluorinated units would influ-
ence mesophase behaviors of the polymers. For the
disordered systems of the atactic siloxane polymers, low
temperatures induce vitrification rather than crystallization.
For the polymer of this tape, the glass-transition tempera-
ture may be considered as a measure of the backbone
flexibility. In our case, the polysiloxanes were graft
copolymerized via hydrosilylation reaction with PMHS
and one monomer containing undecylenate groups. Because
the alkyl carbochains are different between M1 and M2, the
space groups between polysiloxane main chains and the
rigid structure are different for all the polymers. Therefore,
the backbone flexibility of the polymers is influenced
mainly by the length of the flexible spacer. As M2
component increased in the polymer systems, the length
of the flexible spacer strengthened, resulting in a decrease
of the glass-transition temperature. Besides, the strength-
ened flexible spacer made Ti decrease due to plasticization.

Texture analysis

The optical textures of the polymers were studied by means
of POM with hot stage. The chiral polymers IP, IIP, and
IIIP exhibited cholesteric textures when they were heated
and cooled. When the sample IP was heated above 47 °C,
eyesight became bright and LC textures appeared. The
textures became obvious as the sample was heated
continuously, and finally it exhibited typical oily streaks
texture of the cholesteric phase (Fig. 5a). The director is
basically anchored under planar conditions at the substrates,
i.e., with the long molecular axis parallel to the bounding
plates, which implies that the cholesteric helix axis is
oriented perpendicular to the glass plates. The oily streaks
texture of IP disappeared at 246 °C, and the sample became
isotropic states. When the isotropic melt was cooled,
cholesteric droplets appeared gradually (Fig. 5b). The

Fig. 4 Relationship between phase-transition temperatures (glass-
transition and isotropic transition) and fluorine in the polymers

Fig. 5 Optical texture of the
liquid-crystalline polymer IP
(200×): a oily streaks texture on
heating to 218 °C; b cholesteric
droplets on cooling to 226 °C
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polymers IIP and IIIP exhibited similar textures to IP. For
the polymers IVP, VP, VIP, and VIIP that contain more
fluorinate units, they showed similar smectic fan-shaped
textures on heating and cooling cycles. We employed IVP
as an example. When the sample IVP was heated, it
showed a fan-shaped texture (Fig. 6a). The fan-shaped
texture existed until the temperature of isotropic transition,
and oily streaks texture didn't appear. The fan-shaped
texture is the most commonly observed natural SmA
appearance. Furthermore, the phase transition from the
isotropic to SmA phase can easily be distinguished from
that of Iso-N* [30]. While for the latter, basically, spherical
nuclei were observed to grow from the black background of
the isotropic melt (Fig. 5b), the direct transition to a fluid
smectic phase was accomplished by the growth of batonnets
(Fig. 6b).

X-ray diffraction analysis

The smectic mesophase of the polymers IVP, VP, VIP, and
VIIP was also confirmed by X-ray diffraction analysis. The
XRD data of all the polymers were listed in Table 2, and
Fig. 7 shows representative XRD curves of samples of IVP

and VIIP. XRD curves of samples of IVP, VP, VIP, and
VIIP displayed sharp and strong peaks at low angle (2θ≈
2.5o, d spacing 35 Å) together with a strong broad peak in
wide angle (2θ≈17°, d spacing 5.2 Å). The sharp and
strong peaks at low angle indicated lamellar structure of
IVP, VP, VIP, and VIIP. In general, a sharp and strong
peak at low angle (1°<2θ<4°) in small angle together with
a strong broad peak in wide angle can be observed for a
smectic polymer structure. For the samples IP, IIP, and
IIIP, no sharp and strong peaks were shown at low angle,
but a diffuse reflection at 2θ≈4.0° and a broad peak
appeared around 2θ≈17° (d spacing 5.2 Å) was exhibited.
The diffuse reflection located at small angles roughly
corresponds to the length of the molecule whereas the wide
angle reflection is related to the molecular diameter [31].

Liquid crystalline polymers are most commonly com-
posed of flexible and rigid moieties, self-assembly and
nanophase separation into specific micro-structures fre-
quently occur due to geometric and chemical dissimilarity
of the two moieties. For all the polysiloxanes, the flexible
moieties include the siloxane main chains, the soft alkyl
space groups and the alkyl tails. On the other hand, the
mesogenic units and the fluorine-methyl-substituted phenyl
benzoates constitute the rigid moieties. Because M2
comprises of undecylenate groups and fluorine-methyl
substituted phenyl benzoates, which is different to the
structure of M1, the soft alkyl space groups and the rigid
structure are different for all the polymers. For the
polymers, IP, IIP, and IIIP, tiny M2 were introduced into
the polymer systems. Therefore, the chiral mesogens
originated from M1 would be aligned regularly in the soft
polymer matrix, leading to cholesteric mesophases when
the samples were heated and cooled. But the polymers,
IVP–VIIP, with more M2, showed different features than
IP–IIIP. As M2 component increased in the polymer
systems, on the one hand, the length of the flexible spacer
strengthened; on the other hand, the cholesteric mesogens
decreased with increase of fluorine-methyl-substituted
phenyl benzoates in the polymer systems. Therefore, the

Fig. 6 Optical texture of the
liquid-crystalline polymer IVP
(200×): a fan-shaped texture on
heating to 168 °C; b growth of
SmA batonnets from the isotro-
pic melt on cooling to 198 °C

Fig. 7 Representative XRD curves of polymers on heating to 80 °C: a
VIIP; b IVP
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highly ordered smectic mesophases would be formed due to
specific micro-structures, leading to lamellar structures.
These are in agreement with the thermal behaviors, optical
textures, and X-ray diffraction analysis of the polymers.

Conclusions

We synthesized a series of chiral side-chain LC polysilox-
anes (IP–VIIP) with a cholesteric LC monomer and a non-
LC monomer containing fluorinated units. The chemical
structures and LC properties of the monomers and polymers
were characterized by use of various experimental techni-
ques. The chemical structures of the polymers and the
content of fluorinated groups were characterized with FTIR
and EA. The obtained polymers were soluble in many
solvents such as toluene, xylene, THF, chloroform, and so
forth. The Mn of the synthesized polymers was measured on
a GPC instrument. The specific rotations of the chiral
liquid-crystalline polymers were also characterized by use
of optical rotation analysis. The specific rotations of all the
polymers showed negative values and the specific rotation
absolute values were lower than those of the chiral
monomers. Thermal behaviors of the chiral fluorinated LC
polysiloxanes were characterized by use of TGA and DSC.
The TGA results showed that Td was greater than 300 °C
for all the polymers and the residue weight of the samples
on heating to 600 °C increased slightly with increase of
fluorinated units in the polymer systems. When the
polymers were heated and cooled, all the polymers
displayed two-phase transitions, respectively. The Tg, Ti,
Ti–m, and Tm–K of all polymers decreased slightly with
increase of fluorinated units in the polymer systems. The
optical textures of the polymers were studied by means of
POM with hot stage. The chiral polymers IP, IIP, and IIIP
exhibited cholesteric textures when they were heated and
cooled. For the polymers IVP, VP, VIP, and VIIP that
contain more fluorinate units, they showed similar smectic
fan-shaped textures on heating and cooling cycles. The
smectic mesophase of the polymers was also characterized
by X-ray diffraction analysis. XRD curves of samples of
IVP, VP, VIP, and VIIP displayed sharp and strong peaks
at low angle (2θ≈2.5°, d spacing 35 Å) together with a
strong broad peak in wide angle (2θ≈17°, d spacing 5.2 Å).
But no sharp and strong peaks were shown at low angle for
the samples IP, IIP, and IIIP.
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