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Abstract A series of liquid crystalline polyrotaxanes containing azobenzene

mesogenic moieties (AzoPR) with different length of spacer were synthesized, and

the relationship between the spacer length and the liquid crystalline behavior was

investigated. The molecular characterization of the AzoPR was performed with
1H NMR, FT-IR, and gel permeation chromatography. The thermal stability was

investigated via thermogravimetric analysis. Their phase structures and liquid

crystalline properties were studied by differential scanning calorimetry, polarized

optical microscopy and wide-angle X-ray diffraction. The experimental results

suggested that AzoPR with spacer length of 2 and 4 failed to show the liquid

crystalline behavior, and AzoPR with spacer length of 6 showed the columnar

nematic phase. However, when the spacer length increases to 11, the columnar

nematic phase formed, meanwhile, the liquid crystalline domains with high ordered

structure were developed by azobenzene mesogens.

Keywords Liquid crystal � Polyrotaxane � Spacer length

Introduction

During the last three decades, synthesis and study of the phase structures and

transitions of various thermotropic liquid crystalline polymers (LCPs) have been one

of the most important topics in polymer chemistry and physics [1]. In particular, LCPs

containing azobenzene chromophores are distinguished due to their diverse potential

applications, such as actuators, optical switches, and optical data storage [2–7],
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because azobenzene chromophores can undergo reversible photoisomerization

between the stretched trans and the bent cis isomers when they are exposed to

certain wavelengths or heating, which lead to considerable changes in their molecular

shape, size, and dipole moments as well as optical properties [8, 9].

On the other hand, nanometer-scaled supramolecular assemblies constructed by

the simple inclusion complexation of cyclodextrins (CDs) with organic molecules

represent a very active topic of science and technology due to their potential to serve

as molecular devices, molecular machines, and functional materials [10–14]. Among

them, CD-based polyrotaxanes (PRs) as new polymeric materials have attracted

more and more attention. PRs are one of the supramolecular polymers in which a

number of cyclic molecules are threaded onto a linear polymer chain and are

mechanically interlocked in the polymer chain by bulky end groups [15–24]. The

most characteristic feature of PRs is that each macrocycle slides rotate on the

polymer chain. Based on this feature, many fascinating molecular materials have

been reported [25–30]. Especially, PR from a-CD and PEG has been studied most

intensively because of the facility in synthesis as well as the biocompatibility of the

components [10, 18, 21, 31]. Besides, a-CD moiety of PR is very convenient for

modification by a variety of functional groups because it has 18 hydroxyl groups.

Recently, Kidowaki et al. [16] has reported the first synthesis of liquid crystalline

PR and investigated the liquid crystalline behavior of this novel side chain LCPs

with mobile mesogens along the polymer main chain that can rotate around the

chain. However, as we know the relationship between the spacer length and the

formation of liquid crystalline phase has hardly been reported, moreover, there is no

investigation about the thermotropic behavior of the liquid crystalline PR containing

azobenzene mesogenic moieties (AzoPR).

In this article, we report the synthesis of a series of AzoPR, and investigate the

thermotropic behavior dependence of the spacer length. The molecular model of

AzoPR with spacer length of 11 is showed in Fig. 1. The molecular characteriza-

tions of the resultant polymers AzoPR-m, where m represents the length of spacer,

were performed with 1H NMR, FT-IR, gel permeation chromatography (GPC), and

thermogravimetric analysis (TGA). Their phase transitions and liquid-crystalline

behaviors of these polymers are investigated by differential scanning calorimetry

(DSC), polarized optical microscopy (POM), and wide-angle X-ray diffraction

(WAXD).

Fig. 1 The molecular model of AzoPR-11

938 Polym. Bull. (2011) 67:937–950

123



Experimental section

Materials

All the materials used in this study were commercial samples and were used as

supplied, unless otherwise stated. The PR used in this study was prepared from

a-CD, poly(ethylene glycol) of average molecular weight 8000 and 3,5-dimethyl-

phenol, according to the literature [18]. The number of a-CD in the PR was

estimated to be ca. 25 from the 1H NMR signals, which corresponded to 27%

coverage of the PEG chain by a-CDs, assuming that one a-CD molecule could

perfectly cover two PEG monomer units. Ethyl bromoacetate (98%, Alfa Aesar),

ethyl 4-bromobutyrate (98%, Alfa Aesar), ethyl 6-bromohexanoate (99%, Alfa

Aesar), 3,5-dimethylphenol (98%, Alfa Aesar), p-nitroaniline (Tianjin Guangfu Fine

Chemical Research Institute), 11-bromoundecanoic acid (Taiyuan Zhonglian

Zenong Chemical Industry Co., Ltd.) were used as received.

Synthesis of the intermediates and AzoPR

The chemical structure and synthesis route of the azobenzene mesogens are

illustrated in Scheme 1. The experimental details are described as follows.

4-Nitro-40-hydroxy azobenzene

The diazonium coupling reaction was employed to prepare 4-nitro-40-hydroxy

azobenzene according to the literature [32]. A solution of sodium nitrite (24.8 g,

0.36 mol) in water was added dropwise with stirring to a solution of p-nitroaniline

(49.7 g, 0.36 mol) in 300 mL distilled water and 90 mL concentrated HCl in an ice

bath. After 30 min stirring, phenol (33.8 g, 0.36 mol) and NaOH (36 g, 0.9 mol)

dissolved in 100 mL water was added with vigorous stirring at 0 �C. The precipitate

Scheme 1 The synthesis route of azobenzene mesogens
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formed was filtered and washed repeatedly with water to remove any remaining

reactants. The product was recrystallized from ethanol/water (1:3) and dried under

vacuum. Yield: 82%. 1H NMR (400 MHz, CDCl3-d, ppm): 8.39 (d, J = 10.0 Hz, 2H,

Ar–H), 7.96 (m, 4H, Ar–H), 6.98 (d, J = 9.3 Hz, 2H, Ar–H), 5.17 (br-s, 1H, –OH).

Ethyl 4-(4-nitroazobenzene-40-yloxy) butyrate (N4E)

Ethyl 4-bromobutyrate (16.0 g, 0.082 mol), 4-nitro-40-hydroxy azobenzene (13.3 g,

0.055 mol) and anhydrous potassium carbonate (38.0 g, 0.275 mol) were stirred in

acetone (200 mL) in a flask under nitrogen atmosphere under reflux for 48 h.

Subsequently, the solution was precipitated into cold water and collected by vacuum

filtration. The crude product was purified by recrystallization from acetone, and then

separated through a silicon column using CH2Cl2 as the eluent. The first ingredient

was collected. By removing the solvent with rotate vaporizing apparatus, the

product, N4E as yellow crystals was obtained. Yield: 79%, yellow crystals.
1H NMR (400 MHz, CDCl3-d, ppm): 8.36 (d, J = 8.2 Hz, 2H, Ar–H), 7.97 (m, 4H,

Ar–H), 7.02 (d, J = 9.8 Hz,2H, Ar–H), 4.16 (m, 4H, –CH2–), 2.55 (t, 2H, –CH2–),

2.16 (t, 2H, –CH2–), 1.27 (t, 3H, –CH3).

4-(4-Nitroazobenzene-40-yloxy) butyric acid (N4C)

The N4E (15.0 g, 0.042 mol) and potassium hydroxide (23.5 g, 0.420 mol) were

stirred in 200 mL THF/H2O (1:1) for 10 h under reflux in a flask under nitrogen

atmosphere. The resultant slurry was poured into water (500 mL) and then

neutralized with concentrated HCl. The yellow precipitate was filtered off, washed

with water, and dried under vacuum. Recrystallization from ethanol (700 mL)

provided N4C as yellow crystals. Yield: 88%, yellow crystals. 1H NMR (400 MHz,

DMSO-d6, ppm): 12.19 (s, 1H, –COOH), 8.41 (d, J = 9.0 Hz, 2H, Ar–H), 8.02 (m,

4H, Ar–H), 7.18 (d, J = 9.0 Hz, 2H, Ar–H), 4.12 (t, 2H, –OCH2–), 2.41 (t, 2H,

–CH2–), 1.96 (m, 2H, –CH2–). 13C NMR: 174.65 (C=O), 162.95 (aromatic C–O),

156.06 (aromatic C–N), 148.37 (aromatic C–NO2), 147.04 (aromatic C–N), 125.87,

125.41 (aromatic C), 123.84 (aromatic C), 115.95 (aromatic C), 67.74 (–OCH2–),

30.63 (–CH2–C=O), 24.55 (–CH2–). Anal. Calcd for C16H15N3O5: C, 58.36; N,

12.76; H, 4.59; Found: C, 58.28; N, 12.70; H, 4.48. Melting point: 185–187 �C.

Ethyl 2-(4-nitroazobenzene-40-yloxy) acetate (N2E)

Compound N2E was similarly synthesized as N4E by using ethyl bromoacetate.

Yield: 83%, yellow crystals. 1H NMR (400 MHz, CDCl3-d, ppm): 8.35

(d, J = 9.1 Hz, 2H, Ar–H), 7.96 (m, 4H, Ar–H), 7.04 (d, J = 8.8 Hz, 2H, Ar–H),

4.74 (s, 2H, –CH2–), 4.31 (t, 2H, –COOCH2–), 1.30 (t, 3H, –CH3).

2-(4-Nitroazobenzene-40-yloxy) acetic acid (N2C)

Compound N2C was similarly synthesized as N4C. Yield: 85%, yellow crystals.
1H NMR (400 MHz, DMSO-d6, ppm): 13.20(s, 1H, –COOH), 8.41 (d, J = 9.1 Hz,
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2H, Ar–H), 8.02 (m, 4H, Ar–H), 7.18 (d, J = 8.8 Hz, 2H, Ar–H), 4.84 (s, 2H,

–CH2–). 13C NMR: 170.35 (C=O), 162.13 (aromatic C–O), 155.84 (aromatic C–N),

148.59 (aromatic C–NO2), 146.90 (aromatic C–N), 125.74, 125.49 (aromatic C),

123.65 (aromatic C), 115.88 (aromatic C), 65.74 (–CH2–). Anal. Calcd for

C14H11N3O5: C, 55.82; N, 13.95; H, 3.68; Found: C, 55.71; N, 13.86; H, 3.59.

Melting point: 251–252 �C.

Ethyl 6-(4-Nitroazobenzene-40-yloxy) hexanoate (N6E)

Compound N6E was similarly synthesized as N4E by using ethyl 6-bromohexano-

ate. Yield: 78%, yellow crystals. 1H NMR (400 MHz, CDCl3-d, ppm): 8.35

(d, J = 8.8 Hz,2H, Ar–H), 7.96 (m, 4H, Ar–H), 6.98 (d, J = 8.7 Hz, 2H, Ar–H),

4.06 (t, 2H, –OCH2–), 4.15 (t, 2H, –COOCH2–), 2.35 (t, 2H, –CH2COO–),

1.50–1.87 (m, 6H, –CH2–), 1.26 (t, 3H, –CH3).

6-(4-Nitroazobenzene-40-yloxy) hexanoic acid (N6C)

Compound N6C was similarly synthesized as N4C. Yield: 86%, yellow crystals.
1H NMR (400 MHz, DMSO-d6, ppm): 12.0 (s, 1H, –COOH), 8.39 (d, J = 8.8 Hz,

2H, Ar–H), 8.02 (m, 4H, Ar–H), 7.17 (d, J = 8.9 Hz, 2H, Ar–H), 4.10 (t, 2H,

–OCH2–), 2.22 (t, 2H, –CH2–), 1.42–1.78 (m, 6H, –CH2–). 13C NMR: 174.85

(C=O), 162.88 (aromatic C–O), 155.99 (aromatic C–N), 148.37 (aromatic C–NO2),

146.84 (aromatic C–N), 125.90, 125.47 (aromatic C), 123.59 (aromatic C), 115.95

(aromatic C), 68.54 (–OCH2–), 33.97 (–CH2–C=O), 28.75 (–CH2–), 25.54 (–CH2–),

24.72 (–CH2–). Anal. Calcd for C18H19N3O5: C, 60.50; N, 11.76; H, 5.36; Found:

C, 60.41; N, 11.65; H, 5.29. Melting point: 166–168 �C.

Methyl 11-(4-nitroazobenzene-40-yloxy) undecanoate (N11M)

Compound N11M was similarly synthesized as N4E starting from 11-bromoun-

decanoic acid [33]. Yield: 85%, yellow crystals. 1H NMR (400 MHz, CDCl3-d,

ppm): 8.34 (d, J = 9.0 Hz, 2H, Ar–H), 7.98 (m, 4H, Ar–H), 7.04 (d, J = 9.0 Hz,

2H, Ar–H), 4.06 (t, 2H, –OCH2–), 3.67 (s, 3H, –CH3), 2.32 (t, 2H, –CH2COO–),

1.31–1.85 (m, 16H, –CH2–). 13C NMR: 174.25 (C=O), 163.08 (aromatic C–O),

156.20 (aromatic C–N), 148.24 (aromatic C–NO2), 146.84 (aromatic C–N), 125.44

(aromatic C), 124.57 (aromatic C), 123.03 (aromatic C), 114.88 (aromatic C), 68.68

(–OCH2–), 51.29 (–CH3), 33.91 (–CH2–C=O), 29.43(–CH2–), 29.31(–CH2–), 29.28

(–CH2–), 29.18 (–CH2–), 29.13 (–CH2–), 29.11 (–CH2–), 25.97 (–CH2–), 24.93

(–CH2–). Anal. Calcd for C24H31N3O5: C, 65.29; N, 9.52; H, 7.08; Found: C, 65.18;

N, 9.43; H, 6.97. Melting point: 131–132 �C.

11-(4-Nitroazobenzene-40-yloxy) undecanoic acid (N11C)

Compound N11C was similarly synthesized as N4C. Yield: 80%, yellow crystals.
1H NMR (400 MHz, DMSO-d6, ppm): 11.70 (s, 1H, –COOH), 8.42 (d, J = 8.9 Hz,

2H, Ar–H), 8.03 (m, 4H, Ar–H), 7.18 (d, J = 9.0 Hz, 2H, Ar–H), 4.12 (t, 2H,
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–OCH2–), 2.18 (t, 2H, –CH2–), 1.27–1.78 (m, 16H, –CH2–). 13C NMR: 174.85

(C=O), 163.35 (aromatic C–O), 156.01 (aromatic C–N), 148.32 (aromatic C–NO2),

146.80 (aromatic C–N), 125.94, 125.52 (aromatic C), 123.61 (aromatic C), 115.82

(aromatic C), 68.68 (–OCH2–), 33.91 (–CH2–C=O), 29.37 (–CH2–), 29.31 (–CH2–),

29.23 (–CH2–), 29.17 (–CH2–), 29.11 (–CH2–), 29.02 (–CH2–), 25.85 (–CH2–),

24.94 (–CH2–). Anal. Calcd for C23H29N3O5: C, 64.62; N, 9.83; H, 6.84; Found:

C, 64.53; N, 9.72; H, 6.75. Melting point: 113–114 �C.

4-(4-Nitroazobenzene-40-yloxy) butyryl chloride

The N4C (0.46 g, 1.41 mmol) was added to thionyl chloride (100 mL) in an ice bath

and stirred for 15 h at room temperature in a flask under nitrogen atmosphere,

giving a clear yellow solution. This solution was then gently heated to 50 �C for

60 min to expel any remaining gases from solution. The excess thionyl chloride was

then removed under the reduced pressure, and the oily residue coevaporated several

times with dry petrol ether. The acid chloride was then used in the next step without

further purification.

Preparation of the AzoPR

A typical synthesis procedure for AzoPR is described here for sample AzoPR-4 in

Table 1. PR (0.1 g), dried under vacuum at 80 �C for 1 h, was dissolved in 5 mL of

dry N,N0-dimethylacetamide (DMA) with 8% lithium chloride (LiCl). To the

solution, triethylamine (0.86 g, 8.48 mmol) and a dry DMA solution of the above-

prepared acid chloride (2.0 equiv to hydroxyl groups of PR) was slowly added

under nitrogen atmosphere in an ice bath and then stirred for 24 h at room

temperature. The reaction mixture was poured into excess water, and the precipitate

was collected by filtration. The obtained solid was dissolved in DMA and

precipitated from methanol and ethanol several times and then collected by

Table 1 GPC, DSC, and TGA results and thermotropic properties of AzoPR

Samples Mna

(910-4/g/mol)

Mw/Mna DSb Phase transitions (�C)

and corresponding enthalpy

changes under cooling (J/g)c

Td,N2
d (�C) Td,air

e (�C)

AzoPR-2 9.80 1.29 5.96 Tg131 327 318

AzoPR-4 8.62 1.36 5.88 Tg105 320 315

AzoPR-6 10.98 1.32 6.15 Tg72N197 (0.28)I 332 325

AzoPR-11 6.03 Tg47K153 (0.21) 331 324

a Obtained from PL-GPC120 instrument, linear PS as standards
b DS was determined by 1H NMR
c Phase transitions and corresponding enthalpy changes was evaluated by DSC at a rate of 10 �C/min

under cooling. K represents the complex phase of AzoPR-11 as explained hereinafter
d,e The temperature at which 5% weight loss of the sample was reached from TGA under nitrogen

atmosphere and air atmosphere, respectively
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centrifugation. The precipitate was then soxhlet-extracted with methanol and dried

under vacuum.

Measurements

1H NMR spectra were recorded on a BRUKER ARX400 MHz spectrometer with

tetramethylsilane (TMS) as the internal standard at room temperature in chloroform-

d (CDCl3) or dimethyl sulfoxide-d6 (DMSO-d6). FT-IR spectra in KBr pellets were

recorded on a PE Spectrum One FT-IR spectrophotometer.

The GPC measurements were performed on a PL-GPC120 setup equipped with a

column set consisting of two PL gel 5 lm MIXED-D columns (7.5 9 300 mm,

effective molecular weight range of 0.2–400.0 kg/mol) using N,N0-dimethyl form-

amide (DMF) that contained 0.01 M LiBr as the eluent at 80 �C at a flow rate of

1.0 mL/min. Narrowly distributed polystyrene standards in the molecular weight

range of 0.5–7500.0 kg/mol (PSS, Mainz, Germany) were utilized for calibration.

The TGA was performed on a TGA Q50 instrument at a heating rate of

20 �C/min under nitrogen atmosphere and air atmosphere, respectively.

The thermal transitions of AzoPR were detected using DSC (TA-Q10). The

temperature and heat flow were calibrated using standard materials (indium and

zinc) at cooling and heating rate of 10 �C/min. Samples with a typical mass of

3–10 mg were encapsulated in sealed aluminum pans. The DSC thermal diagrams

were recorded at 10 �C/min during the second heating process.

The LC texture of the polymers was examined under POM (Leica DM-LM-P)

coupled with a Mettler-Toledo hot stage (FP82HT). Powder sample was placed

between two glass slides and the photographs were obtained during the second

heating.

The WAXD powder experiments were performed on a Philips X’Pert Pro

diffractometer with a 3 kW ceramic tube as the X-ray source (Cu KR) and an

X’celerator detector. The sample stage was set horizontally. The reflection peak

positions were calibrated with silicon powder (2h[ 15�) and silver behenate

(2h\ 10�). Background scattering was recorded and subtracted from the sample

patterns. A temperature control unit (Paar Physica TCU 100) in conjunction with the

diffractometer was utilized to study the structure evolutions as a function of

temperature.

Results and discussion

Synthesis and characterization of intermediates and AzoPR

As shown by Scheme 1, N4C was successfully synthesized through a multistep

reactions route according to a procedure described in the literature [33]. First,

4-nitro-40-hydroxy azobenzene was prepared by reaction of p-nitroaniline and

phenol through the classical diazo-reaction. Then, the obtained 4-nitro-40-hydroxy
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azobenzene was refluxed with ethyl 4-bromobutyrate in acetone in the presence of

anhydrous potassium carbonate to give N4E. Finally, N4C was obtained by the

saponification of N4E in THF and water with potassium hydroxide. The purity and

chemical structure were confirmed by thin-layer chromatography and 1H NMR. The

acids with shorter spacer were synthesized according to the same method using

ethyl bromoacetate, ethyl 6-bromohexanoate, and 11-bromoundecanoic acid.

Polyrotaxane comprised of PEG (average molecular weight 8000) and a-CD was

prepared according to the method [18]. The number of a-CDs in a single PR is

estimated at ca. 25 from the 1H NMR signals, which corresponds to 27% coverage

of the PEG chains with a-CDs. As we all know, the modification of PR is severely

limited to the lack of good solvent because it is insoluble in common solvent except

DMSO and aqueous sodium hydroxide (NaOH). Recently, ARAKI and ITO have

reported an effective solvent system of dimethylacetamide/lithium chloride (DMA/

LiCl) for PR modification [34].

In this study, the esterification of PR with acid chloride of azobenzene was

conducted using triethylamine as catalyst in DMA containing 8% LiCl solution

homogeneously. To examine the influence of spacer length on the thermotropic

behavior of AzoPR, a series of samples were prepared.

Figure 2 shows the FT-IR spectra of AzoPR and the unmodified PR. The most

typical peak is observed for all AzoPR at about 1740 cm-1, assigned to the

stretching of the esters group. Another significant peak is the stretching vibration of

methylene at 2925 and 2853 cm-1, this peak enhanced accompanied with the

increase of the spacer length. These signals directly demonstrate that azobenzene-

based mesogens are successfully grafted on the main chain of PR. Nevertheless, the

broad peak at about 3000–3700 cm-1 is attributed to the residual hydroxyl of the

cyclodextrin in the spectra of AzoPR.

Fig. 2 FT-IR spectra of PR and the corresponding AzoPR

944 Polym. Bull. (2011) 67:937–950

123



The chemical structure of AzoPR is confirmed by 1H NMR in DMSO-d6, and all

the chemical shifts of the polymers are consistent with the samples. Herein, to

illuminate concretely, 1H NMR spectra of N4C, unmodified PR and AzoPR-4 are

shown in Fig. 3 as example. From Fig. 3, it is evidence that the chemical shifts of

the PR are broadened and weakened after modification. However, peaks in the

region of 6.7–8.5 ppm originating from the phenyl rings and the peaks at

1.7–2.1 ppm for aliphatic hydrogen of side chain are distinctly observed. These

results coincide well with the result of FT-IR. The degree of substitution (DS), that

is, the average number of azobenzene mesogen attached to the per a-CD, can be

calculated from the respective 1H NMR spectra by comparing the integrations

between the regions at 6.7–8.5 ppm (phenyl rings) and at 4.3–6.0 ppm (residual

hydroxyl group and H1 of the cyclodextrin) in DMSO-d6, and this result is also

confirmed using TMS as internal standard for integration. The results are showed in

Table 1.

The GPC was performed to determine the apparent molecular weight (MW) and

molecular weight distribution of the polymers. The apparent MW is showed in

Table 1. The GPC data of AzoPR-11 can not be obtained owing to the poor

solubility except for DMSO. From the data in Table 1, it is evident that all the

AzoPR has the similar MW and molecular weight distribution; on the other hand,

the DS of the samples is also almost the same, so we further study the effect of

spacer length on the liquid crystalline behavior.

Fig. 3 1H NMR spectra of N4C (upper), PR (middle), and AzoPR-4 (bottom) in DMSO-d6
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Thermal transitions behavior of AzoPR

Before investigating the thermotropic behavior of the polymers, we first examined

their thermal stabilities via TGA under nitrogen and air atmosphere, respectively.

Figure 4 shows the TGA curves of free a-CD, unmodified PR, and AzoPR with

different spacer length under nitrogen atmosphere. It can be found that PR

undergoes two-step thermal degradation corresponding to the degradation of a-CD

and PEG chain in the PR [35]. The result also reveals that AzoPR starts to

decompose earlier after modification compared with unmodified PR. When the

atmosphere is changed from nitrogen to air, the thermal decomposition occurred

earlier.

Thermal transition behavior of the resultant polymers is studied by DSC. The DSC

thermal diagrams were recorded at 10 �C/min during the second heating process, of

which the DSC traces are showed in Fig. 5. It can be found that the glass transition

temperatures decreases with the increase of spacer length, owing to the fact that long

spacer serve as ‘‘diluents’’ and increase the free volume [36, 37]. Compared with

AzoPR-2 and AzoPR-4, an endothermic peak appears for AzoPR-6 and AzoPR-11

besides the glass transition, illuminating that an ordered structure is formed above the

temperature of glass transition. Moreover, we observed an unexpected problem that

the degradation came earlier after the endothermic transition finished during the

heating procedure, indicating that the cyclodextrin on the AzoPR started to degrade.

However, TGA can not reflect this delicate transformation, and the reason may be

that the covalent bond of cyclodextrin is broken without the loss of weight at higher

temperature.

Fig. 4 TGA curves of a-CD, PR and the corresponding AzoPR, acquired under nitrogen atmosphere
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Phase structures of AzoPR

The nature of mesophases formed by present polymers was studied by observing

optical textures on a polarizing optical microscope and their X-ray analysis.

Birefringence can not be obtained for AzoPR-2 and AzoPR-4 during the heating and

corresponding cooling process from POM, indicating that the liquid crystalline

phase can not be formed due to the short spacer. AzoPR-6 and AzoPR-11 revealed

optical textures without any specific feature (as showed in Fig. 6a, b), by which the

morphology of the mesophases could not be clearly identified, that is, observed

optical textures did not provide us with any clear clues regarding the nature of their

mesophases.

The structure of the liquid crystalline phase was further studied with WAXD.

Before collecting the signals, the samples were heated to 120 �C at a rate of 10 �C/min

and kept for 10 min. Figure 7 shows the WAXD patterns of the treated AzoPR-6

and AzoPR-11. As showed in Fig. 7, there are two diffraction peaks for AzoPR-6,

one at the low angle region about 2h = 6.3� (14.0 Å
´

), and the other at the wide

angle region at about 2h = 20.4� (4.4 Å
´

). This suggests that the liquid crystalline

phase formed by AzoPR-6 is columnar nematic phase [38]. Interestingly, when the

spacer length increases to 11, another three obvious peaks in higher angular region

appear. It is considered that the ordered liquid crystalline domains are formed by the

mesogens on the PR besides the columnar nematic phase of the whole molecule, and

these three peaks in higher angle region can be indexed with (110), (200), and (210)

Fig. 5 DSC thermal diagrams of AzoPR during the second heating at a rate of 10 �C/min
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according to an orthorhombic structure, indicating that the domains constructed by

azobenzene mesogen can form high-order structures [39]. It can be found that the

size of the columnar formed by the main chain of AzoPR-11 is approximately equal

to the external cavity diameter of the a-CD, which implies that the mesogens are

ordered arranged between the CD and located around the PR. The molecular model

of AzoPR-11 is showed in Fig. 1. The trend that the liquid crystalline phase

developed better with the increase of spacer length is ascribed to the fact that the

interaction between the motions of pendants and the segmental motion of the

backbone is decoupled with the increase of spacer length [36]. Unfortunately, it is

that we can not obtain the accurate structure of the phase at higher temperature for

AzoPR-11, because the covalent bond of CD starts to break after the endothermic

transition from DSC data.

Fig. 6 Polarizing optical micrograph of AzoPR-6 (a) and AzoPR-11 (b) at 120 �C

Fig. 7 WAXD patterns of AzoPR-6 and AzoPR-11 at 120 �C
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Conclusion

A series of liquid crystalline PRs containing azobenzene mesogenic moieties with

different spacer length were successfully synthesized. PR was first prepared using

a-CD, poly(ethylene glycol) (Mw = 8000) and 3,5-dimethylphenol end groups,

afterward, AzoPR was obtained from the PR and azobenzene mesogens through

esterification. The chemical structures of the intermediates and polymers were con-

firmed by combined characterization techniques. The phase structures and transi-

tions of the polymers were investigated by DSC, POM, and WAXD. The experimental

results suggested that AzoPR-2 and AzoPR-4 failed to show the liquid crystal-

line behavior, and AzoPR-6 shows the columnar nematic phase. However, when the

spacer length increases to 11, the columnar nematic phase was formed; meanwhile,

the liquid crystalline domains with high-order structure were developed by azo-

benzene mesogens.
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