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1. Introduction

Synthesis and self-assembly behaviours of
side-chain smectic thiol—-ene polymers based on
the polysiloxane backbonef

Wenhuan Yao,#® Yanzi Gao,° Xiao Yuan,® Baofeng He,” Haifeng Yu,*®
Lanying Zhang,*°¢ Zhihao Shen,*“® Wanli He,** Zhou Yang,** Huai Yang*®"“ and
Dengke Yang®

A series of polysiloxane side chain liquid crystal polymers (PSCLCPs) with chiral and achiral substitutions in the
side chains, denoted as PMMS-X.o-n (n = 0, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 0.6, 0.7. 0.8, 0.9, and 1.0, respectively,
the molar content of the chiral cholesteric unit (X.o) in @ specific polymer), were successfully synthesized via
thiol—ene click chemistry. The molecular structures of the polymers were confirmed by *H-NMR, FT-IR, gel
permeation chromatography (GPC) and thermogravimetric analysis (TGA). Their liquid crystalline (LC) properties
and self-assembling behaviors were investigated in detail by a combination of various techniques, such as
differential scanning calorimetry (DSC), polarized optical microscopy (POM), and X-ray diffraction. The results
demonstrated that the phase transition behaviour and the self-assembly structure of the polymers were
significantly influenced by X..o and temperatures. With increased Xeho. the clearing points increased
significantly, their mesogenic temperature ranges greatly widened, and abundant mesophases developed.
Generally, two different types of LC phase structures and three different molecular arrangements were
observed, depending on the two LC building blocks. Polymers with X below 0.3 could self-assemble into a
smectic E (SmE)-like structure and a single layer smectic A (SmAy) structure upon heating. When X, was
between 0.4 and 0.7, a single phase structure of a SmAg or a bilayer smectic A (SmAy) could be observed.
While for polymers with X0 over 0.8, a SmAy phase structure was self-organized, further heating led to a
SmA; structure. Moreover, when the molar ratio of the chiral group or achiral group was about 0.1, a
microphase-separated smectic morphology could be found, indicating that the introduction of a small amount
of any components in the copolymers might destroy the well-ordered structures.

photoactive materials, electro-optic or nonlinear optic materials,
high-strength and high-modulus fibers, engineering plastics or

Side Chain Liquid Crystal Polymers (SCLCPs), which combine the
anisotropy of liquid crystalline mesogens with the mechanical
performance of polymers showing wide potential applications as
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other functional materials, have drawn the scientists’ extensive
attention for the past few decades."™ Polysiloxane Side Chain
Liquid Crystal Polymers (PSCLCPs), distinguishing themselves
from traditional polyacrylate based liquid crystal polymers with
the characteristics of much lower glass transition temperature
(T), viscosities, surface energy, and good mechanical and thermal
stabilities,® have received considerable interest and have been
applied in various fields ranging from optics, electrics to coatings.®™®

Generally, PSCLCPs can be obtained by traditional hydro-
silylation reaction between polymethylhydrosiloxane (PMHS)
and unsaturated carbon-carbon bond based monomers such as
alkene monomers or alkyne monomers, or by grafting mesogenic
monomers to poly[3-mercaptopropylmethylsiloxane] (PMMS) via
thiol-ene click chemistry. Since the first publication of PSCLCPs
in 1979," following the traditional hydrosilylation reaction which
was invented by Finkelmann, a large amount of PSCLCPs with
different structures and unique properties has been designed,
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synthesized, and characterized in detail. Furthermore, the relation-
ships between their molecular structures and phase transition
behaviours as well as phase structures have also been studied
systematically. Percec et al,"*™® Smith et al'® and Gasparoux
et al.'” synthesized a series of end-on (mesogens are terminally
attached) PSCLCPs bearing methoxy groups, biphenyl groups,
terphenyl groups and cyano groups, and found that the meso-
morphic and thermodynamic properties of these polymers were
dramatically influenced by the increasing content of benzene.
Zhang et al."®?° studied a series of end-on PSCLCPs containing
methyl groups and found the similar evolution tendency as
described in Percec’s work. Yang et al. synthesized a series of
PSCLCPs by using alkyne hydrosilylation.>" Tschirner et al.>> and
Ringsdorf et al.”® synthesized a series of side-on (mesogens are
laterally attached) PSCLCPs which formed nematic phases or
smectic phases. Zhou et al.>* prepared a series of mesogen-
jacketed liquid crystal polymers (MJLCPs) with a polysiloxane
backbone and found that the mesogen-jacketed effect could still
force the polymers to self-organize into supramolecular columnar
nematic or smectic liquid crystalline phases. However, for the
method of traditional hydrosilylation, the purification difficulty
derived from the usage of expensive noble metal platinum
catalysts, the complexity of the chemical structures and performance
of the products attributing to the coexistence of Markovnikov
and anti-Markovnikov addition reaction have limited their wide
applications.*

The thiol-ene addition reaction, namely hydrothiolation of a
C—C bond, as a representative click reaction with features of
high efficiency, strong stereo-selectivity, simple reaction conditions
with no side products, etc., has been well known since 1905.%° Since
then, it has sparked an enormous amount of interest in the
development of organic synthetic chemistry, polymer synthetic
chemistry, biological chemistry, and materials science. By virtue of
the thiol-ene reaction, functional polymer materials with linear,> >
crosslinked,**>* or net-worked*>* structures were designed and
synthesized. Reviews about the mechanism of thiol-ene click chem-
istry and various applications in polymers and materials synthesis
were also reasonably elaborated.*>>*® Recently, Yang et al. prepared
a series of main chain liquid crystal polymers (MCLCPs),*”"®
SCLCPs,* ! and liquid crystal elastomers (LCEs)*>** by thiol-ene
click chemistry, in which only anti-Markovnikov addition products
were obtained. The self-assembly properties of the SCLCPs as well
as the effect of the molecular structure of the mesogen on the
mesophase were also investigated.

In this paper, inspired by the accurate control of the molar
ratio between the thiol group and the mesogenic monomer as
well as the region-selectivity of thiol-ene click chemistry, and
the outstanding performances such as electro-optics,***>*°
piezoelectricity,*® ferroelectricity*’*®* and pyroelectricity*
derived from the symmetry breaking by the introduction of
the molecular chirality to MCLCPs/PSCLCPs, the first example
of PSCLCPs based on the PMMS main chain with different
compositions of chiral and achiral mesogenic groups has been
presented. A battery of PSCLCPs (PMMS-X -7, 7 means the
molar ratio in a specific polymer) with the molar content of the
chiral cholesteric group (X.ho) ranging from 0, 0.1, 0.15, 0.2,
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0.3, 0.4, 0.5 0.6, 0.7. 0.8, 0.9, to 1.0 mol%, respectively, was
successfully synthesized and characterized. The resultant PSCLCPs
are therefore a model system to investigate the relationship
between a single composite change of X.,, and the variable in
the self-assembly behaviours. Furthermore, different from the work
with PMHS-based copolymers and LCEs reported previously in our
group,’® > we anticipate that the longer flexible spacer in PMMS
may offer the polymers more abundant LC phase structures,
interesting properties, and potential applications.

2. Experimental
2.1 Materials and methods

2.1.1 Materials. Poly[3-mercaptopropylmethylsiloxane]
(PMMS, SMS-992, M.W. 4000-7000, 95 cst, Gelest Inc.), ethyl-
paraben (A.R. grade, Sinopharm), cholesterol (A.R. grade, Sino-
pharm), acetonitrile (A.R. grade, Sinopharm), 3-bromopropene
(98%, Beijing Dominant Technology Co.), dimethylaminopyridine
(DMAP) (99%, Energy Chemical), N,N'-dicyclohexylcarbodiimide
(DCC) (98%, Energy Chemical), 4-methoxyphenol (A.R. grade,
Beijing Dominant Technology Co.), potassium hydroxide (A.R.
grade, Beijing Chemical Reagents Co.), and anhydrous potassium
carbonate (A.R. grade, Beijing Chemical Reagents Co.) were used
without any further purification. Toluene (A.R. grade, Beijing
Chemical Reagents Co.) was refluxed over sodium and distilled
under a nitrogen atmosphere before use. Azodiisobutyronitrile
(AIBN) (A.R. grade, Beijing Dominant Technology Co.) was purified
by recrystallization from ethanol. Other chemical reagents were
used as received.

2.1.2 Methods. All "H-NMR spectra were collected using a
Bruker HW400 MHz spectrometer (ADVANCE III-400) using
deuterated chloroform (CDCl;) or dimethylsulfoxide (DMSO)
with tetramethylsilane (TMS) as the internal standard at room
temperature.

The FT-IR spectra were recorded on a PerkinElmer spectrum
100 spectrophotometer by the KBr method.

A PerkinElmer DSC8000 with a mechanical refrigerator was
used to obtain the phase transition of the monomers and
polymers under dry nitrogen at a heating and a cooling rate
of 10 °C min'; the temperature and heat flow scale were
calibrated using zinc and indium as standard.

Thermogravimetric analysis (TGA) was performed on a TA
Q600 at a heating rate of 20 °C min~" under nitrogen.

Gel permeation chromatography (GPC) was performed on a
Waters 2410 instrument equipped with a Waters 2410 refractive
index detector and three waters i-styragel columns (10%, 10, and
10° A). The column packing allowed the separation of polymers
over a wide molecular weight range of 2200-600 000. All GPC
data were gathered by using tetrahydrofuran (THF) (HPLC grade,
Fisher Scientific) as the eluent at a flow rate of 1.0 ml min~" at
35 °C and calibrated using polystyrene standards.

Polarized optical microscopy (POM) was carried out to
observe the liquid crystal textures of the samples using a Carl
Zeiss Axio Vision SE64 polarized optical microscope with a
Linkam LTS420 hot stage.

This journal is © The Royal Society of Chemistry 2016
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One-dimensional wide-angle X-ray diffraction (1D-WAXD),
Small Angle X-ray scattering (SAXS), and Two-dimensional wide-
angle X-ray diffraction (2D-WAXD) were used to study the self-
assembly structures and transitions of the binary copolymers. All
the background patterns were collected and subtracted from the
sample patterns.

1D-WAXD experiments were performed on a Philips X'Pert
Pro diffractometer with a 3 kW ceramic tube as the X-ray source
(Cu Ko and the wavelength £ is 0.1542 nm), an X'celerator detector,
and a Paar Physica YCU 100 hot stage in the reflection mode at 40 kV
and 40 mA and protected by a nitrogen atmosphere. The heating
and cooling rates in all 1D-WAXD experiments were 10 °C min~ .
The samples were prepared by dissolving about 30 mg of powder
samples in tetrahydrofuran (THF, ~1 ml) and drop-casting into a
film on a monocrystalline silicon substrate.

SAXS experiments were carried out on an Anton Paar SAXSess
high-flux small-angle X-ray scattering instrument equipped with a
Kratky block-collimation system and a Philips PW3830 sealed-tube
X-ray generator with the Cu target (Cu Ko and the wavelength 1 is
0.1542 nm) in the transmission mode at 40 kv and 40 mA. The
samples were sandwiched with about 3-5 mg of powder samples
between aluminium films.

2D-WAXD experiments were executed on a Bruker D8 Discover
diffractometer with a 2D detector of GADDS in the transmission
mode at 40 kv and 40 mA. The samples were oriented by mild
mechanical shearing at an appropriate temperature of the liquid
crystal phase and the point-focused X-ray beam was aligned
perpendicular to the shear direction.

An unpolarized UV/VIS/IR spectrophotometer (Perkin-Elmer
Lambda 950) was used for the spectral characterization in
transmission mode at normal incidence, or in reflection mode
with a reflectance accessory (150 nm Int. Sphere).

2.2 Synthetic procedures

2.2.1 Synthesis of 4-(allyloxy) benzoic acid. 3-Bromopropene
(7.26 g, 0.06 mol) was added drop-wise to a mixture of ethyl
4-hydroxybenzoate (8.30 g, 0.05 mol), anhydrous potassium
carbonate (6.90 g, 0.05 mol), and 150 ml of acetonitrile at room
temperature and refluxed under magnetic stirring for 10 h. After
filtration and removal of solvent, the buff liquid was obtained as
the intermediate product.

Then the buff liquid and potassium hydroxide (8.40 g, 0.15 mol)
were dissolved in the ethanol/water (1/5) mixture and refluxed
at 105 °C for 5 h. After removal of ethanol, the unhydrolyzed
reactants were extracted three times with ether. The aqueous
phase was acidified to pH 2.0 with hydrochloric acid. After
filtration, the residue was recrystallized from ethanol to give
4-(allyloxy) benzoic acid as a white needle crystal. Yield: 93%.
FT-IR (KBr, cm '): 2985-2825 (-CH,-, H,C=, and =C-H),
2668-2554 (-OH in -COOH), 1680 (C—0), 1648 (C=C), 1602,
1575, 1503, 1425 (Ar-), 1251 (C-O-C). ‘H-NMR (400 MHz,
DMSO, T™MS, J, ppm): 12.61 (1H, s, -COOH), 7.88-7.85 (2H, d,
Ar-H), 7.02-7.0 (2H, d, Ar-H), 6.08-5.98 (1H, m, CH,—CH-
CH,-), 5.41-5.36 (1H, dd, one of CH,—CH-CH,-), 5.28-5.25
(1H, dd, one of CH,—CH-CH,-), 4.63-4.62 (2H, d, CH,—CH-CH,-).

This journal is © The Royal Society of Chemistry 2016
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2.2.2 Synthesis of cholesteryl-4-(allyloxy) benzoate (M1). A
solution of N,N'-dicyclohexylcarbodiimide (DCC) (12.36 g, 0.06 mol)
in dichloromethane was added drop-wise slowly to a mixture of
4-(allyloxy) benzoic acid (8.40 g, 0.05 mol), cholesterol (11.60 g,
0.03 mol), dimethylaminopyridine (DMAP) (0.92 g, 7.50 mmol), and
200 ml of dichloromethane, and then stirred at room temperature
for 24 h. After filtration and removal of dichloromethane, the
concentrated solution was purified by silica gel column chromato-
graphy with dichloromethane as the eluent to give M1 as a white
crystal. Yield: 91%. FT-IR (KBr, cm ™ '): 2946-2884 (~-CH;, ~CH,-,
H,C=, and =C-H), 1712 (C=0), 1648 (C=C), 1606, 1580, 1509,
1464 (Ar-), 1274, 1249 (C-O-C). 'H-NMR (400 MHz, CDCl;, TMS, 4,
ppm): 8.00-7.98 (2H, dt, Ar-H), 6.93-6.91 (2H, dt, Ar-H), 6.09-6.02
(1H, m, CH,=CH-CH,-), 5.45-5.42 (1H, dq, one of CH,—~CH-
CH,-), 5.40 (1H, t, =CH- in the cholesteryl moiety), 5.33-5.30 (1H,
dq, one of CH,—CH-CH,-), 4.84-4.80 (1H, m, -O-CH- in the
cholesteryl moiety), 4.60-4.59 (2H, d, CH,—CH-CH),-), 2.46-2.44
(2H, d, -O-CH-CH,-C- in the cholesteryl moiety), 2.04-0.86 (38H,
m, H in the cholesteryl moiety), 0.69 (3H, s, -CHj in the cholesteryl
moiety).

2.2.3 Synthesis of 4-methoxyphenyl 4-(allyloxy) benzoate
(M2). The synthesis of M2 used the same method as described
for the preparation of M1. FT-IR (KBr, cm™'): 3081-2836 (-CHj,
~CH,-, H,C—, and =—C-H), 1733 (C=0), 1648 (C—C), 1604,
1579, 1502, 1460 (Ar-), 1269, 1246 (C-O-C). "H-NMR (400 MHz,
CDCl;, TMS, 8, ppm): 8.16-8.13 (2H, dt, Ar-H), 7.13-7.10 (2H,
dt, Ar-H), 7.01-6.99 (2H, dt, Ar-H), 6.95-6.92 (2H, dt, Ar-H),
6.11-6.03 (1H, m, CH,—CH-CH,-), 5.47-5.43 (1H, dq, one of
CH,—CH-CH,-), 5.35-5.32 (1H, dq, one of CH,—CH-CH,-),
4.64-4.62 (2H, dt, CH,—CH-CH,-), 3.82 (3H, s, ~-OCH3).

2.2.4 Synthesis of polymers. All the polymers were prepared
according to the synthetic routes similar to those reported in the
literature with minor modifications.*® The preparation of PMMS-
Xehor-0.50 (0.50 means X.p,op in the polymer) was taken as a typical
procedure. M1 (302.00 mg, 0.55 mmol), M2 (156.30 mg,
0.55 mmol), PMMS (137.60 mg, 1.00 mmol -SH), AIBN (16.40 mg,
0.10 mmol), and toluene (2.20 ml) were transferred into a polymer-
ization tube. The polymerization tube was sealed under the condi-
tions of vacuum after degassing and exchanging with nitrogen via
three freeze-thaw cycles. The reaction was carried out at 65 °C for
24 h. Then the coarse polymer was precipitated by pouring the
reaction mixture into methanol, and further purified by dissolving in
chloroform, precipitating from methanol several times in order to
remove the excessive unreacted monomers and drying in a vacuum.
A white powder polymer was obtained. Yield: 91%.

3. Results and discussion

3.1 Synthesis and characterization of monomers and
polymers

As shown in Scheme 1, the monomers were synthesized successfully
and efficiently by starting from the Williams etherification reaction
and ending up with Steglich esterification reaction. All the polymers
were obtained with high yields over 87% by the thiol-ene addition
reaction using AIBN as the initiator. The chemical structures of
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Scheme 1 Synthetic route of the monomers and polymers.

precursors, monomers, and target polymers were confirmed by
FT-IR and 'H-NMR spectroscopic methods.

Fig. 1 and 2 show the FT-IR and "H-NMR spectra of chiral
M1, achiral M2, PMMS, and all the polymers, respectively. As
shown in Fig. 1a and b, the disappearance of the weak vibrational
bands at 2552 em™" (assigned as the S-H stretching) and 1648 em ™"
(assigned as the C—=C stretching), and the appearance of the
vibrational bands at 2965-2836, 1737/1717, 1606-1464, 1260,
and 1071-1018 cm™*, which were attributed to the vibrations

~
1

R
b

Si-C Si-0

Transmittance

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumbers (cm™)

Fig. 1 FT-IR spectra of monomers, PMMS, and all the polymers.
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from methylene (-CH,-), ester carbonyl (C—O0), aromatic (Ar-),
Si-C, and Si-O-Si, respectively, indicated the successful thiol-ene
addition reaction and complete removal of the unreacted mono-
mers. Furthermore, in the "H-NMR spectra shown in Fig. 2, the
complete disappearance of the representative signals of the vinyl
group in monomers at 6.05, 5.43, and 5.31 ppm, the signal of the
thiol group in PMMS at 1.37 ppm in the spectra of all the polymers,
and the appearance of the proton peak of the aromatic group
confirmed the success of the reaction and high purity of the
products once again. Additionally, a reciprocal relationship between
the integral area of the signals at 4.82 ppm (-O-CH- in the
cholesteryl moiety) in M1 and 3.82 ppm (-OCHj;) in M2 (as remarked
by red dotted boxes in Fig. 2) as well as the vibrational band of C—0
at about 1711 em ™" in M1 and 1737 cm™" in M2 (as remarked in
Fig. 1b) can be observed and the actual molar fraction of M1 based
on (M1 + M2) in a specified polymer was calculated and is
summarized in Table 1, which was relatively large compared to that
in the feed, indicating that the substituted vinyl monomer M1 was
more reactive than M2 although the substituent of the former was
much larger and more rigid than that of the latter.>**>*

As listed in Table 1 and Fig. S1 (ESIt), GPC measurements
showed that the number-average molecular weight (M,) of
polymers decreased with the increasing content of M2, and the
calculated M,, according to the "H-NMR results also exhibited a
similar variation tendency, which was in accordance with that
the molecular weight of M1 is greater than that of M2.

3.2 Thermal and liquid-crystalline properties of polymers

DSC, TGA, and POM were used to investigate the thermal and
liquid-crystalline properties of the homopolymers and copoly-
mers. As shown in Table 1 and Fig. S2 (ESIt), all the polymers
have good thermal stabilities with the temperatures at 5%
weight loss above 310 °C in nitrogen. And the thermal stability
decreases slightly with the increasing content of the chiral
cholesteric monomer M1, indicating that the thermal stability
of the benzene ring is superior to the cholesteryl moiety.

DSC experiments were carried out to investigate the phase
transition behaviours of the homopolymers and the copoly-
mers. Considering the influence of the thermal history, the
traces during the first cooling and subsequent second heating
were recorded at a rate of 10 °C min~" under nitrogen as shown

—_~
=
~—

Transmittance

1606 1509

1900 1800 1700 1600 1500 1400
-1
Wavenumbers (cm™)
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Fig. 2 H-NMR spectra of monomers, PMMS, and polymers.

Table 1 Thermal properties and molecular characterization of polymers

M1/(M1 + M2) (MR)* M, (g mol )

Sample In feed Calculated” T, (°C) T (°C) Gpc? Calculated” PDI? T4 (°C) Yield (%)
PMMS-X 01-1.00 1.00 1.00 35.7 204.8 4800 30852 2.04 337 91.2
PMMS-X01-0.90 0.90 0.909 35.6 189.9 4700 29771 1.89 338 89.6
PMMS-X,01-0.80 0.80 0.820 31.9 174.4 4600 28713 1.82 337 90.3
PMMS-X01-0.70 0.70 0.714 30.3 164.4 4600 27454 1.76 337 89.4
PMMS-X_1,01-0.60 0.60 0.632 22.8 132.4 4400 26480 2.58 320 87.3
PMMS-X1,01-0.50 0.50 0.519 21.9 114.7 3900 25138 2.01 313 91.0
PMMS-X101-0.40 0.40 0.419 20.2 110.7 3700 23950 1.94 316 88.2
PMMS-X1,01-0.30 0.30 0.329 16.0 102.5 3600 22880 1.78 341 87.5
PMMS-X,01-0.20 0.20 0.208 7.9 80.0 2500 21443 1.57 346 92.1
PMMS-X h01-0.15 0.15 0.146 9.4 79.6 2500 20706 1.53 353 90.8
PMMS-X 1,01-0.10 0.10 0.109 11.4 90.0 2400 20267 1.48 366 92.7
PMMS-X1,01-0.00 0.00 0.000 171 95.5 2400 18972 1.45 362 88.9
PMMS — — — — 800 6192 2.53 — —

4 Molar ratio. ? Calculated according to the 'H-NMR results. © Evaluated by DSC during the second heating at the rate of 10 °C min .
4 Determined by GPC in THF using polystyrene standards. ¢ 5% weight loss temperature was evaluated by TGA at a rate of 20 °C min

in Fig. 3. As expected, the whole series of polymers had very low
glass transition temperatures (7) below 36 °C attributing to the
polysiloxane backbone. Both of the T, and the clearing point
temperature (7;) gradually decreased first and then increased
with the increasing content of the chiral monomer M1, which
might be attributed to the synergistic effect of the less rigid
side-chain structure and the flexible polysiloxane backbone.
Additionally, besides the phase transitions of T, and T;, there
were other endothermic peaks with relatively small values of
enthalpic changes, which might be attributed to phase transi-
tions involving LC phases.

The liquid crystalline birefringence of all the polymers was
observed under POM with powder samples. Some typical POM

This journal is © The Royal Society of Chemistry 2016

1
-1

textures are shown in Fig. 4. All the polymers exhibited apparent
birefringence during the heating and cooling procedures below
the isotropic state, and the observed colour of some samples
altered obviously with the temperature changes (as shown in
Fig. 4a and b). However, no characteristic textures were observed
except samples PMMS-X.o-1.00 and PMMS-X.,-0.90, which
developed a representative focal-conic texture of the smectic
liquid crystalline phase (Fig. 4c-f) when the samples were cooled
slowly to a temperature higher than 7,.>>*® Furthermore, the
texture showed no significant difference upon heating even there
was phase transition in the DSC experiment. Interestingly, a
distinguished texture with blue colour was observed at high
temperatures for the polymers with the chiral content of 0, 0.10,
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Fig. 3 DSC thermograms of the polymers during the first cooling (a) and subsequent second heating (b) scans at a rate of 10 °C min™—".

0.15, 0.20, 0.30, and 0.80, as well as during the whole meso-
morphic state for the samples with the chiral content between
0.40 and 0.70 (as shown in Fig. 4g and h). In order to elucidate
whether the phenomenon occurred occasionally, we tried a long
annealing time, a sheared method, and different heating/cooling
rates several times, and the blue colour appeared and maintained
repeatedly.

3.3 Phase structure identification of polymers

Variable-temperature 1D-WAXD, SAXS, and 2D-WAXD experiments
were performed to further investigate the self-assembly structures
of the polymers, due to the insufficient information for the
identification of the specific self-assembly structure based on the
DSC and POM results.

Parts a and b of Fig. 5 show the 1D-WAXD patterns of PMMS-
Xcho1-0.00 during the first heating and subsequent cooling
processes, respectively. In accordance with the result of the
DSC experiment, there were two phase transition processes in
the whole temperature range. Upon first heating in Fig. 5a,
three peaks with the g (g = 4n sin 0/4) values of 14.28, 15.53 and
19.88 nm ™" (d-spacings were 0.44, 0.40 and 0.32 nm, respectively)
were observed in the high-angle region at low temperatures, indicat-
ing the existence of a molecular packing on the subnanometer scale.
Upon heating, the intensity of the diffraction peaks dramatically
decreased, the peak at a g value of 14.28 nm ™" became diffused, and
the peaks at g values of 15.53 and 19.88 nm ™" vanished after heating
to 90 °C, suggesting the loss of molecular packing on the subnan-
ometer scale and the birth of a new phase. When the temperature
exceeded 100 °C, the diffraction peak disappeared and became a
scattering halo, indicating that the sample might become isotropic.
Upon subsequent cooling as shown in Fig. 5b, the broad halo at
high-angle shifted slightly to a lower-angle and a diffraction peak
developed again when the sample was cooled to 90 °C. The peaks at
about g values of 14.28, 15.53, and 19.88 nm " could also be restored
at 80 °C and remained at room temperature. However, there are no
other diffraction peaks presented in the low-angle region in Fig. 5a
and b, even repeated experiments with larger sample amounts and
larger exposure time were performed. Because the calculated length
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of the chiral and achiral groups from the Si atom in the backbone to
the last C atom of the side chain with the alkyl chains in all-trans
conformation were 3.09 nm and 2.31 nm, respectively, as well as the
insensitivity of the ID-WAXD test, we presumed that there might be
some diffraction peaks at even lower angles. After the cooling
process of 1D-WAXD, SAXS experiments were employed to confirm
this conjecture. As expected, four peaks with d-spacings of 2.62, 0.88,
0.66 and 0.52 nm were observed below 100 °C as shown in Fig. 5c,
the ratio of the scattering vectors g (g = 2m/d) of these peaks was
approximately 1:3:4:5 (see the inset of Fig. 5¢), indicating a smectic
packing of PMMS-X.1,,-0.00, and no other diffraction peaks could be
observed at even higher temperatures. The isotropic temperature of
100 °C for PMMS-X ;,01-0.00 decided from the 1D-WAXD and SAXS
results was consistent with the DSC results. Combining the results of
1D-WAXD and SXAS, we concluded that the self-assembly structure
of PMMS-X;,-0.00 at low temperature could be smectic E (SmE) as a
result of the four diffraction peaks in the low-angle region which was
assigned as (001), (003), (004), and (005) as well as the three
diffraction peaks in the high-angle region which was assigned as
(110), (200) and (210) diffractions of SmE with a and b values of
0.81 nm and 0.52 nm (see the inset of Fig. 5a and b), respectively.””*®
And a simple smectic phase structure of smectic A (SmA) or smectic
C (SmC) could be confirmed for PMMS-X,,-0.00 at higher tempera-
tures due to the g ratio of 1:3:4:5 in the low-angle region and the
diffused high-angle scattering halo.

The DSC traces, 1D-WAXD and SAXS patterns of polymers
PMMS-X,51-0.15, PMMS-X,,-0.20, and PMMS-X4,,-0.30 were
similar to those of PMMS-X,,-0.00, thus similar phase transition
behaviours and self-assembly structures could be confirmed.

The self-assembly behaviour of homopolymer PMMS-X,,-1.00
were quite different from those of PMMS-X.;,-0.00. As shown in
Fig. 6a, two diffraction peaks with a scattering vector ratio of about
1:2 (g values were 0.95 and 1.97 nm ™, assigned as (001) and (002),
respectively) (see the inset of Fig. 6a) in the low-angle region and an
amorphous broad halo in the high-angle region (as shown in
Fig. 6b) developed upon heating, demonstrating a long-range
ordered smectic phase (SmA or SmC). Upon further heating over
180 °C, the first sharp diffraction peak disappeared but the second
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Fig. 4 Representative textures of the samples PMMS-X-0.15 (a and b), PMMS-X;,0-0.90 (c and d), PMMS-X0-1.00 (e and f), PMMS-X01-0.50 (h),
and PMMS-X,.-0.40 (g) at different temperatures cooled from the isotropic state, and (i) photographs of samples observed with the naked eye; samples
in the first row were gradually cooled from the isotropic state to room temperature by 1 °C min~* without any other treatment, and samples in the second
row were quenched from high temperatures of the liquid crystal phases.

one still remained, and the peak shifted to a lower angle, indicating  was over 210 °C, the sharp diffraction peak in the low-angle region
the formation of a new lamellar LC packing. When the temperature  disappeared, accompanied with the amorphous broad halo in the

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. C
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Fig. 5 1D-WAXD patterns of PMMS-X.,-0.00 during the first heating (the inset shows the enlarged patterns in the high-angle region) (a) and the

subsequent cooling (the inset shows the enlarged patterns in the high-angle
low-angle region) (c) of PMMS-X0-0.00 during the first heating process.
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Fig. 6 SAXS (the inset shows the enlarged patterns in the low-angle region)
region) (b) patterns of PMMS-Xcho-1.00 during the heating process.

high-angle region becoming more diffused and the position
shifting to a higher angle, indicating that the sample entered
into the isotropic state, which was consistent with the DSC
results. It was worth noticing that the intensity of the second-
order diffraction peak was stronger than that of the first-order
diffraction peak for the polymer PMMS-X.y,-1.00, whose possible
reason was that the cumulative intensity of crystal face (002) was
stronger or the arrangement of crystal face (002) was more
ordered than that of the (001) crystal face.>* ™

The DSC traces, 1D-WAXD and SAXS patterns of polymer
PMMS-X 101-0.80 were similar to those of PMMS-X_,,-1.00, thus
similar phase transition behaviour and self-assembly structures
could be confirmed. However, as mentioned in the POM results,
PMMS-X01-0.80 could reflect blue colour at high temperatures
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while PMMS-X;,,1-1.00 could not, although they have the same
self-assembly structure.

SAXS and 1D-WAXD profiles of PMMS-X.10-0.10 during the
heating process are shown in Fig. 7a and b, respectively. Four
diffraction peaks with g values of 2.4, 7.12, 9.7 and 12.1 nm "
(the corresponding ratio of the scattering vectors g (g = 2r/d) of
these peaks was approximately 1:3:4:5) in the low-angle
region, indicating a layer packing of an ordered phase, and
three diffraction peaks with g values of 14.18, 15.46 and
19.45 nm ™' in the high-angle region which were assigned as
(110), (200) and (210), were observed and a characteristic SmE
with a and b of 0.81 nm and 0.53 nm was identified below
70 °C (see the inset of Fig. 7b). When the temperature exceeded
70 °C, the intensity of the four diffraction peaks decreased

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 SAXS (the inset shows the enlarged patterns in the low-angle region) (a) and 1D-WAXD (the inset shows the enlarged patterns in the high-angle

region) (b) patterns of PMMS-X,-0.10 during the heating process.

significantly, the peak at a g value of 14.18 nm™" became
diffused and the peaks at g values of 15.46 and 19.45 nm "
vanished, suggesting a simple smectic phase structure of SmA
or SmC developed. After 90 °C, the diffused peaks in the low-
angle region disappeared and the amorphous halo in the high-
angle became more diffused, indicating that the sample
became isotropic. However, one diffused halo at a lower g value
of 2.27 nm ™" with the d-spacing of about 2.77 nm was observed
below 50 °C (see the inset of Fig. 7a), which was larger than that
of the first diffraction peak of PMMS-X_1,,-0.00, but close to half
of the d-spacing of the first diffraction peak of PMMS-X.10-1.00,
we assumed that the introduction of the chiral mesogen in the
copolymer might force the system to self-organize into two
kinds of smectic phases of the same type with periodic arrange-
ment on different scales, thus a micro-phase separation and a
poorly ordered packing were developed at low temperatures.
Combining the 1D-WAXD, SAXS and DSC results, the self-assembly
behaviour with increasing temperatures of the sample PMMS-Xp,0-
0.10 could be summarized as follows: SmE with micro-phase
separation, SmE with well-ordered structure, a simple smectic
phase structure of the SmA or SmC and isotropic state.

Similarly, the phase transition behaviour and self-assembly
structures of sample PMMS-X.;,,-0.90 were also investigated.
SAXS and 1D-WAXD experiments were carried out at different
temperatures from RT to 210 °C (as shown in Fig. 8). Two
diffraction peaks with a scattering vector ratio of 1:2 (g values
were 0.95 and 2.01 nm ™, respectively), and an amorphous
broad halo in the high-angle region were observed, demonstrat-
ing a long-range ordered smectic phase (SmA or SmC). When
the temperature exceeded 140 °C, the first sharp diffraction
peak disappeared but the second one still remained and the
intensity became more concentrated, suggesting the construc-
tion of a new LC packing. After heating to higher temperatures
over 190 °C, the sharp diffraction peak in the low-angle region
vanished, and the amorphous broad halo in the high-angle

This journal is © The Royal Society of Chemistry 2016

region became more diffused, indicating that the sample entered
into the isotropic state. The isotropic temperature for PMMS-
Xeho1-0-90 (about 190 °C) decided from the SAXS and 1D-WAXD
results was consistent with the DSC results. Interestingly,
another diffuse halo at a relatively high g value of 1.12 nm™*
with the d-spacing of about 5.6 nm was observed below 60 °C
(see the inset of Fig. 8a), which was about two times of the
d-spacing of the first diffraction peak of PMMS-X.,,-0.00, thus our
speculation was confirmed. The introduction of a small amount of
any components in the copolymers might destroy the original well-
ordered structures and force the system to self-organize into two
kinds of smectic phases of the same type with different periodic
arrangement scales. Consequently, the self-assembly behaviour of
the sample PMMS-X,,-0.90 with increasing temperatures could be
summarized as follows: simple smectic phase structure of SmA or
SmC with micro-phase separation, simple smectic phase structure
of SmA or SmC with well-ordered structure and isotropic state.
The SAXS and 1D-WAXD patterns of samples PMMS-Xjo1-
0.40 and PMMS-X.,,-0.50 at various temperatures are illu-
strated in Fig. 9 and 10, respectively. There were broad halos
in high-angle regions for both of the polymers during the whole
heating scan, indicating the absence of nanometer ordered
packing. For sample PMMS-X1,,-0.40, there was one diffraction
peak located at a g value of 2.06 nm ™' (corresponding to a
d-spacing of 3.05 nm) (see the inset of Fig. 9a). While two
diffraction peaks with a scattering vector ratio of 1:2 (g values
were 0.98 and 1.96 nm~ ' and corresponding d-spacing were
6.41 nm and 3.21 nm respectively) (see the inset of Fig. 10a),
indicating a characteristic layer structure, were observed for
sample PMMS-X_;,,-0.50. Because the layer spacing of sample
PMMS-X,,-0.50 (6.41 nm) was about twice as that of sample
PMMS-Xch01-0.40 (3.05 nm), we speculated that there might be a
self-assembly structure of double layer arrangement. After
heating to higher temperatures, the diffraction peaks in low-
angle regions for both of the samples disappeared, indicating

J. Mater. Chem. C


http://dx.doi.org/10.1039/c5tc04331j

Published on 20 January 2016. Downloaded by RMIT Uni on 20/01/2016 13:59:08.

Paper

—_
o
~—

Heating

Intensity (a.u.)

g (nm™)

View Article Online

Journal of Materials Chemistry C

(b) Heating

i

359C

10 14,18
g@m’) T (°C)

Intensity (a.u.)

22 26

6 10 14 18
-1
g (nm™)

Fig. 8 SAXS (the inset shows the enlarged patterns in the low-angle region) (a) and 1D-WAXD (the inset shows the enlarged patterns in the high-angle

region) (b) patterns of PMMS-Xcho-0.90 during the heating process.
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Fig. 9 SAXS (the inset shows the enlarged patterns in the low-angle region) (a) and 1D-WAXD (the inset shows the enlarged patterns in the high-angle

region) (b) patterns of PMMS-Xcho-0.40 during the heating process.

that the samples entered into the isotropic state. Additionally, it
was worth noticing that the isotropic temperature for PMMS-
Xeho1-0.50 (about 110 °C) decided from the SAXS and 1D-WAXD
results was in agreement with the DSC and POM results, while
the isotropic temperature for PMMS-X-0.40 decided from
the SAXS and 1D-WAXD results (about 85 °C) was much lower
than that of the DSC and POM results (about 110 °C).
The possible reason was that the poor-ordered self-assembly
structure of PMMS-X.1,,1-0.40 led to the weak diffraction intensity
of the XRD results.

The DSC traces, 1D-WAXD and SAXS patterns of polymers
PMMS-X_},01-0.60 and PMMS-X_;,,-0.70 were similar to those of
PMMS-X_1,,1-0.50, thus similar phase transition behaviours and
self-assembly structures could be confirmed.

J. Mater. Chem. C

Since the 1D-WAXD and SAXS patterns lack dimensionality,
2D-WAXD experiments were carried out to identify the smectic
structures of all the polymers. The samples were mechanically
sheared and annealed at different temperatures after cooling
from the isotropic state. Fig. 11 shows the representative 2D-WAXD
patterns of some polymers recorded at room temperature with
the X-ray incident beam perpendicular (along the Z direction)
to the shear direction (X direction). For the sample PMMS-X -
1.00 as shown in Fig. 11a, two pairs of strong diffraction arcs
corresponding to the first-order and second-order diffractions
of the smectic structure could be clearly seen on the equator,
indicating that the order structure developed parallel to the
shear direction on the nanometer scale, which was perfectly in
agreement with the results of 1D-WAXD. Meanwhile, two

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 SAXS (the inset shows the enlarged patterns in the low-angle region) (a) and 1D-WAXD (the inset shows the enlarged patterns in the high-angle

region) (b) patterns of PMMS-X,-0.50 during the heating process.
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Fig. 11 2D-WAXD Patterns of PMMS-Xcn0-1.00 (@), PMMS-X,01-0.40 (b), and PMMS-X,0-0.30 (c), and the shear geometry (d).

scattering halos in the high-angles were more or less concen-
trated on the meridians with rather broad azimuthal at low
directions, indicating that only the short-range order existed
along the shear direction. The 2D-WAXD pattern demon-
strated that PMMS-X.1,1-1.00 self-assembled into a typical SmA
phase structure instead of the SmC phase structure at low

This journal is © The Royal Society of Chemistry 2016

temperatures.®*®* Similar patterns were obtained for samples
PMMS-X4,,-0.90, PMMS-X,1,0;-0.80, PMMS-X,p,0-0.70, PMMS-
Xohor-0.60 and PMMS-X,01-0.50.

For polymer PMMS-X4,,-0.40, in consistent with the 1D-WAXD
result, as shown in Fig. 11b, a pair of strong low-angle diffraction
arcs appeared on the equator, which was perpendicular to the shear
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! direction, indicating that the normal of the smectic layers was
PMMS-X,, -1.00 . L . :

perpendicular to the shear direction. Meanwhile, the high-angle
PMMS X090 scattering halo was more or less concentrated on the meridian with
EMMS X 080 rather broad azimuthal distributions, proving that a typical SmA

- L/L/L PMMS-X,,:0.70 phase structure was self-organized in sample PMMS-X_;,,-0.40.
=. MA‘ PMMS-X,, -0.60 For samples with X, below 0.4, due to the brittleness and
8 PMMS-X,, -0.50 the continuous phase transition during the cooling scan, we
b PMMS-X,,, 040 failed to obtain the sheared films at low temperatures and it
'g ey .:I"FIVII(:'[AS—XM-‘O.SO was difficult to conduct 2D WAXD experiments on the samples,
5} e o4 although we tried different methods. Then by quenching
E e sheared samples from high temperatures, we obtained the 2D
pe=t patterns of samples PMMS-X.,0-0.30 and PMMS-X,;,-0.20,
which were in accordance with the investigation of liquid
G 4 crystalline properties we have shown in Fig. 4i. The 2D WAXD
’ L B pattern in Fig. 11c proved that PMMS-X;,,-0.30 formed a
¢ 2 4 -1 6 . typical SmA phase at high temperatures, and a similar pattern
q (nm ) and self-assembly structure were also confirmed for PMMS-

Fig. 12 SAXS Patterns of Polymers at 40 °C. Xeho0.20.

Table 2 d-Spacing, phase transition, and Lattice parameter of polymers

Phase Transitions” (°C)

Heating
a a Cooling . a,c d

Sample d(oory” (nm) d(oo2)" (nm) Lattice parameter® (nm) ¢ (nm)

PMMS-X 1,01-1.00 6.61 3.19 G35.7SmA43139.9SmA,204.81 — 6.61
1197.9SmA,136.655mAy34.6G

PMMS-X1,01-0.90 6.61 3.13 G35.6SmA4'59.6SmA4152.2SmA(189.91 — 6.61
1185.5SmA4154.9SmA459.0SmA,'34.1G

PMMS-X1,01-0.80 6.61 3.31 G31.9SmA4145.1SmA174.41 — 6.61
1171.8SmA 144.6SmA427.8G

PMMS-X1,01-0.70 6.16 3.13 G30.3SmA4164.41 — 6.16
1161.5SmA428.9G

PMMS-X,,0;-0.60 6.41 3.24 G22.8SmA4132.41 — 6.41
1129.8SmA422.6G

PMMS-X1,01-0.50 6.41 3.21 G21.9SmA4114.71 — 6.41
1117.7SmA420.1G

PMMS-X,1,01-0.40 3.05 — G20.2SmA¢110.71 — 3.05
1108.3SmA18.6G

PMMS-Xho1-0.30 2.96 — G16.0SME55.9SmA102.51 a=0.81,b=0.53 2.96
199.83SmA51.3SmE11.8G

PMMS-Xho1-0.20 2.77 — G7.9SmE70.6SmA,80.01 a=0.81,b=0.53 2.77
172.5SmA;63.4SmE9.6G

PMMS-Xeno-0.15 2.82 — G9.4SmE53.4SmA,79.61 a=0.81,b=0.53 2.82
182.9SmA59.8SmE8.6G

PMMS-Xp01-0.10 2.62 — G11.4SmE’46.8SmE71.9SmA90.01 a=0.81,b=0.53 2.62
176.5SmA,71.9SmE57.4SmE’8.91G

PMMS-X,1,01-0.00 2.62 — G17.1SmE83.4SmA95.51 a=0.81,b=0.52 2.62

180.5SmA¢68.6SmE15.2G

“ Calculated at the temperature of 40 °C for all the polymers. ? According to the DSC results, G: glass state; SmE: Smectic E phase; SmE': Smectic E
phase with microphase separation; SmAg: smectic A phase with a single layer; SmAg: smectic A phase with a double layer; SmA4': SmA4 phase with
microphase separation; I: isotropic state. ¢ Parameters of the SmE lattice. ¥ The minimize layer spacing of the periodic arrangement.
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3.4 Dependence of the phase structure on the two LC building
blocks and interplay between them

The SAXS patterns of all the polymers at 40 °C are presented in
Fig. 12 and the corresponding d-spacing values of the low-angle
peaks are summarized in Table 2. Table 2 also lists the
calculated lengths (L) of the side groups of the polymers along
with the phase transitions of all the polymers. As shown in
Fig. 12, the location of the first diffraction peaks of each
polymer shifted to the lower angle region with the increased
molar ratio of the chiral monomer M1, and had a jump when
the chiral molar ratio was changed from 0.40 to 0.50 (with the
corresponding d-spacing increased from 3.05 nm to 6.41 nm).
Comparing the d-spacing of the first diffraction peaks of all the
polymers with the calculated lengths of the side group, it is
found that the d-spacing values were comparable to the calcu-
lated lengths of the side chains under the assumption that the
alkyl tails were in an all-trans conformation, indicating that the
low-angle peak was associated with the size of the side groups,
which affected the self-assembly structure. On the other hand,
the d-spacing of the first diffraction peaks was close to the
calculated length of the achiral side group or the chiral side
group when the chiral molar ratio was less than 0.4, and close
to twice of the calculated length of the chiral side group when
the chiral molar ratio was more than 0.4, we speculated that at
low-temperatures, a single layer SmE or SmA phase structure
was self-organized when the X, was less than 0.4 and a
double layer SmA phase was formed when the X, was more
than 0.4. Furthermore, with the chiral molar ratio changing
from 0.00 to 0.40, the d-spacing values gradually approached
the calculated length of the chiral side group, indicating that
the n-alkyl tails of the chiral side chain might adopt a partially

Side view
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interdigitated packing in the initial and a fully extended packing
in the end. In other words, the chiral side group might play an
important role increasingly in the formation of the self-assembly
structure with the chiral molar ratio increasing. It was worth
noticing that an obvious microphase-separated structure in the
smectic phase morphology was observed when the polymers had
an X.no value of about 0.1 or 0.9, respectively, indicating that the
introduction of a small amount of any components in the
copolymers might destroy the original well-ordered structures.

On the basis of comprehensive analysis and judgment of the
DSC, POM, 1D-WAXD, SAXS and 2D-WAXD results, for this
series of polymers, two different types of LC phases and three
different molecular arrangements were observed, depending on
the two LC building blocks. A schematic representation is
shown in Fig. 13 which exhibits different self-assembly struc-
tures of the polymers with different molar contents of the chiral
cholesteric group (Xcho) and temperatures.

3.5 The mechanism of the samples exhibiting blue colour

To further investigate the optical properties of the samples and
what the interesting characteristics of blue colour represent, a
UV/VIS/IR spectra study was conducted, as shown in Fig. 14. An
obvious reflection bulge with different intensities between 380
and 500 nm, which corresponded to the blue band, is observed
in Fig. 14a and the maximal reflectance could approach 42%.
Combining the layered smectic phase structure of the samples
and the refractive index difference between the polysiloxane
backbone and the rigid aromatic side chain, we speculated that
it might form a structure of a one-dimensional photonic crystal
which had a periodical variation of the reflective index in a
certain direction.®>®® The periodical variation of the refractive

d
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0.50 0.70
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Fig. 13 Schematic drawing of the proposed model for the self-assembly of all the polymers with different X.no and temperatures.
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Fig. 14 Optical properties of some typical samples at ambient temperature, sample PMMS-X,-0.20 (quenched) was quenched from the SmA phase,

and other samples were obtained by cooling from the isotropic state at 1 °C min

index of the samples, which was derived from the alternative
arrangement of the main chain and the side chain, resulted in
the reflection of blue colour. However, we noticed that some of
the samples did not exhibit apparent blue colour, and the
reflection colour of some samples has temperature sensitive
characteristics. Fig. 14b shows the transmittance spectra of
some typical samples. We can see that the transmittance of the
samples with apparent blue colour was much higher than that
of the samples without the blue colour. For a representative
temperature sensitive sample PMMS-X.;-0.20, the transmit-
tance at higher temperature (corresponded to the quenched
sample) was also much higher than that at ambient temperature,
and we considered that the unapparent blue colour of samples
was associated with the low transmittance, which possibly
ascribe to the molecular orientation relative to the substrate.

4. Conclusions

In summary, by efficient thiol-ene click addition chemistry
reaction, a series of novel PSCLCPs of PMMS-X .- with
different molar ratios of chiral and achiral groups were ration-
ally designed and successfully synthesized. As expected, all the
polymers were thermally stable and had low T, values. Their LC
phase structures depended greatly on the molar content of the
chiral groups. For the polymers with X, below 0.3, two
different types of LC phase structures, a SmE phase at low
temperatures and a single layer SmA (SmA;) phase at high
temperatures, could be observed. When X, was between 0.4
and 0.7, the polymers exhibited a single LC phase (SmA; or bilayer
SmA, SmAy) during the whole mesomorphic state. While for
polymers with X o over 0.8, a SmAy structure was self-assembled
at low temperatures, and the LC phase transformed into SmAq
upon heating. Additionally, for polymers with X, about 0.1 or 0.9,
respectively, an obvious microphase-separated structure in the

J. Mater. Chem. C
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smectic phase morphology was observed, illustrating that the
introduction of a small amount of any components in the
copolymers might destroy the original well-ordered structures.
Interestingly, the periodical variation of the refractive index of
the samples, which was derived from the alternative arrange-
ment of the main chain and side chain, results in the reflection
of blue colour. It is believed that the newly obtained PSCLCPs
with low T, and abundant LC phase structures will possess
interesting properties and potential applications. Future work
will be focused on the potential applications of SmE with high
carrier mobility in the organic semiconductor field.
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