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CHAPTER 1 General Introduction 

1.1 Stimuli-responsive materials 

Stimuli-responsive materials are those capable of varying their properties, such as shape, 

size, volume, color, polarity etc. on receiving external stimulus/stimuli. Typical stimuli 

include temperature changes, pH alterations, ultrasound, mechanical force, light 

irradiation, electric/magnetic field and so on.
[1-2] 

Property changes of the materials are 

usually induced by the configuration and/or composition variations in molecular level 

scope. Variations of configurations or accumulation states of the molecules can occur 

through physical isomerization, chemical reaction or ligands formation. Collective 

behaviors of large amounts of molecules result in variations of properties of the 

materials in macroscopic scales. Recent years, materials with novel stimuli-responsive 

properties have been under intensive studies because of their academic significances as 

well as their attracting potential applications as smart devices in self-healing coatings, 

separation, actuation, sensing, tunable catalytic, drug delivery systems and so on. 

Morphology and architecture control of these materials is also of great significance to 

realize novel functions and meet these applications. Up to date, versatile morphologies 

of materials including spheres, hollow particles, vessels, films, gels, fibers and monolith 

are prepared and investigated.
 [3-5]

  

Stimuli-responsive materials whose external stimuli are light are so-called 

photo-responsive materials. Light is regarded as one of the most promising stimuli, 

which is elegant and non-invasive and can be directed imposed on a subject at a precise 

spatial location with the ease of modulation of the wavelength and intensity. [6-11]
 

Photochromic molecules which can undergo various chemical–physical changes are 
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convenient to be incorporated into photo-responsive materials. Photo-variations of 

molecules induced by light irradiations include photo-dimerizations happened in 

coumarins and anthracenes; intramolecular photo-induced bond formation taken place 

between fulgides, spiropyrans and diarylethenes molecules; photo-isomerizations 

occurred on stibenes, crowded alkenes and azobenzene molecules.
[12-15]

 Typical 

photochromic molecules and their photo-responsive characteristics are shown in Figure 

1.1.
 

 

Figure 1.1 Typical photochromic molecules and their photo-responsive behaviors.
[11]
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1.2 Azobenzene-based photo-responsive materials 

Azobenzene 

Azobenzene (hereafter denoted as “azo”) and its derivatives are one of the most 

common types of photochroms utilized in photo-responsive materials. Azo molecule can 

realize photo-chemical interconversion between its trans and cis isomers (Figure 1.2). 

The trans isomer is thermodynamically stable in ambient conditions and can undergo 

photo-isomerization into the metastable cis isomer upon ultraviolet (UV) irradiation, 

accompanying large changes in its molecular geometries (from rod-like shape to bent 

shape), sizes (from 0.90 nm to 0.55 nm) as well as polarities (from 0 D to 3.0 D). 

Reversed cis-to-trans process can proceed upon visible light (Vis) irradiation or heating. 

The trans–cis photo-isomerization process of the molecule can proceed numerous times 

(10
5
–10

6
 times) at very high speed (in the timescales of several ns) without fatigue. 

 

  

Figure 1.2 Trans–cis photo-isomerization of azobenzene. 

 

Figure 1.3 Mechanism of trans–cis isomerization of azobenzene.
[16] 
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Mechanism of this process is thought to be caused by the rotation or inversion of N 

= N bonds with a high speed (Figure 1.3).
[16]

 Inversion involves the flipping of an 

aromatic ring in the plane in which free volume of ca. 0.12 nm
3
 is needed. Whereas, 

rotation involves the break off of N=N bond and its motion out of plane, which needs a 

much larger free volume of 0.38 nm
3
. The trans/cis isomers of azo and its derivatives 

are often identified by their characteristic UV–Vis absorption spectra. Take 

4,4’-diallyloxyazobenzene for example (Figure 1.4), the trans isomer usually possesses 

strong absorption peak at ca. 350 nm which is attributed to the π–π* transition of 

benzene ring. For the cis isomer, absorption peak at 350 nm disappears; a relatively 

weak and broad absorption band at ca. 450 nm appears. It can be assigned to the 

forbidden n–π* transition of cis isomer. Relative ratio of trans to cis isomers can be 

calculated from their UV–Vis absorption spectra. 

 

Figure 1.4 UV–Vis absorption spectra of trans and cis isomers of 4,4’-diallyloxyazobenzene in 

EtOH. 

Azo-containing organic systems 

Azo-containing materials in organic systems have been the research interests of many 

researchers ever since several decades ago. Besides of doping of azos into organic 
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matrix by physical interactions, covalently attachment of them into organic polymer 

matrix is a more effective way to endow materials with novel photo-responsive 

properties. Several forms of photo-responsive behaviors in azo-containing organic 

systems have been achieved as follows. 

Surface Commanding 

To take the advantages of novel properties of photochromic azo groups, monolayer film 

is a favorable form of materials in which surface modification and commanding of 

materials can be realized. Much of the early works focused on monolayer polymer films 

prepared at the air–water interface. Orientation and arrangement of azos can be 

photo-commanded by polarized linear light irradiation.
[17-18]

 Trans–cis isomerization of 

azos in film surface changes shape, polarity and orientation of molecules, regulating 

film properties such as area, pressure, and wettability. 

All optical surfaces patterning can also be realized by cycling changes of the 

trans/cis isomer states on light irradiation well below the glass-to-rubber transition 

temperature (Tg) of polymers. Large scale materials motion occurred to form patterns 

which reproducing the intensity and polarity of the incident light field. The original film 

thickness and flat topology can be recovered after heating above its Tg. Holographic 

image storage and retrieval, mask and copy are their potential applications. 

Phase transitions 

Geometry changes of azo molecules between rod-like shape of the trans isomer and 

bent shape of the cis isomer result order–disorder alignment transitions of azo molecule 

assembles. Taking the advantage of this property, phase transitions such as liquid 

crystalline–isotropic, nematic–isotropic, liquid–solid transitions of the liquid crystal 
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materials containing azos can occur in a reversible way. Besides, in the azo-containing 

gels, reversible sol–gel transitions can be induced upon light irradiation.
 [19-28]

 

Deformation 

Small shrinkages (ca. 0.1%) of an azo-derivative dyed nylon filament fabric and 

covalently cross-linking of the azo derivatives in polymers were reported several 

decades ago.
[29-31]

 In these cases, amorphous polymer matrixes and disordered 

arrangements of azos results the relatively small shrinkages. In azo-containing liquid 

crystal elastomers (LCE), in which liquid crystal mesogens are incorporated to form an 

ordered structure, photo-isomerization of azos realized deformation of the material in 

much larger extents (ca. 25 % or more).
[32]

 In addition, other behaviors such as bending 

of a coated microcantilever,
[33]

 and permanently photo-deformation of azo-colloids into 

ellipsoids,
[34]

 are also reported. When polarized light was irradiated on the thin 

azo-containing liquid crystal film from different directions, bending and unbending of 

the film in different directions occurred.
[35-36]

 

Dynamic motions
[37-39]

  

Recent years, azo-containing liquid-crystal polymers capable of dynamic motions are 

reported and show attracting potential applications such as motors, actuators, artificial 

muscles and so on. Various interesting motions of azo-containing free-standing films 

have been achieved. High frequency and large amplitude oscillations of cantilevers 

made from a photo-sensitive liquid crystal polymer are driven by laser exposure.
[40]

 

Combination of an azo-containing liquid-crystalline polymer and a flexible polymer 

film, motions such as walking in one direction like an inchworm or move like a robotic 
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arm are induced by light.
[41]

 Azo-containing liquid crystal network actuators mimic the 

motion of natural cilia
[42]

 or a continuous ring of film capable of rolling
[43]

 are 

manufactured.  

Azo-containing inorganic systems 

Inorganic moieties are generally used as the scaffold because of their rigidity and facial 

structures. In azo-containing inorganic porous systems, which utilized the large polarity 

and size changes during trans–cis isomerization of azos, various functions such as 

controlled release of small molecules, fluids and gas permeations are achieved. For 

example, the dipole moment of the azo from 3 D to 0 D by cis–trans isomerization 

results optical control of ions channel gatings for Cs
+
 and Na

+
 movements through the 

pores,
[44]

 remote control of neuronal firing by regulating K
+
 flow,

[45]
 control 

transportation of sulfate ions and chloride ions in electrodialysis,
[46]

 controllable gas 

permeability
[47]

 are successfully obtained. 

In both systems, it is considered that there are two requirements for these novel 

azo-containing photo-responsive materials: 1) enough mobility for the N = N bond and 

free volume (0.127 nm
3
 /127A

3
) around azo groups;

[48]
 2) ordered arrangement of azo 

groups to amplify the molecular lever size change into macroscopic scale.
[37]

 In organic 

polymer systems, the azos are incorporated in a flexible environment which enable them 

high mobility and large free volume for trans–cis isomerization. Furthermore, the azos 

are usually ordered arranged by rubbing, polarized irradiation or other strategies to 

amply the motions in molecular level to macroscopic scale by the effect of collective 

motions of azo molecules. However, the organic matrixes usually suffer the 

disadvantages of low thermal and chemical stability and low mechanical strength which 
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may prevent them from applications in smart motors, actuators or other devices.
[49]

 

1.3 Organosiloxane-based hybrid materials 

Organosiloxanes are typical inorganic–organic hybrid materials with high transparency 

in UV and Vis wavelength scale as well as thermal and chemical stabilities.
[50-52]

 

Compared to other elements, silicon appears to be the most convenient and productive 

element for the preparation of the monomers required for the design and preparation of 

hybrid materials. Moreover, the development of organosilicon chemistry principle and 

well-established characterization of organosiloxane solids at molecular level become 

powerful tools for the prosperous of organosiloxane-based hybrid materials.
[53-58] 

Organosiloxane-based hybrid materials combine the advantages of ordered siloxane 

matrix and the functionality of organic groups in molecular level without microphase 

separation. The versatile organic groups attached to siloxane networks by stable 

covalent Si–C bonds may endow them various novel functions. Organosiloxane 

materials with ordered structures are usually prepared by co-hydrolysis and 

co-polycondensation of siliconalkoxides with organoalkoxysilane or chlorosilanes in 

controlled processes or by deliberate design of the starting building units.
[59-63]

 The 

reaction conditions required are mild, almost all types of Si–C bonds and organic groups 

can survive and many different leaving groups (OR, H, Cl, etc.) can be utilized in the 

formation of Si–O–Si inorganic networks.
[64]

 

1.3.1 Sol–gel processes 

It involves a mild hydrolysis and polycondensation processes from salts or metallo–

organic precursors, in aqueous or organic solvents without hush chemicals at low 

processing temperatures (room temperature). The high adaptability and versatility of the 
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colloidal sol allow the mixing of inorganic and organic components at the nanometric 

scale, leading to hybrid organic–inorganic nanomaterials. The starting materials are 

always metal alkoxides. After hydrolysis and polycondensation diverse structures or 

morphologies such as monolithic structures, films, fibers, particles and so on are 

formed. 

Several reactions can be utilized to bind an organic group with a reactive silyl 

group to synthesize precursors (formula as R–Si(OR’)3, (R’O)3–Si–R–Si(OR’)3) that 

required for sol–gel chemistry. Take the advantage of well-known chemistry and high 

stability of Si–C bond, well documented sol–gel methodology, facility of 

characterizations and commercially available starting materials,
[65]

 silica can be 

compatible with various kinds of organic moieties. 

The hydrolysis and polycondensation of organosilane precursors are conducted as 

follows: 

1) Hydrolysis of alkoxysilane 

 

2) Polycondensation of silanols 

 

(Hetero-condensation) 

 

(Homo-condensation) 

The hydrolysis and polycondensation are under kinetic control, which implies that 

the final materials are highly dependent on the experimental conditions: temperature, 

Si OR
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pH, concentrations, nature of reagents, solvents, etc. The products obtained are 

generally amorphous solids, and regulation of their structures is one of the most 

important subjects with respect to the creation of advanced materials. 

1.3.2 Ordered hybrids by self-assembly processes 

Organization of the matter at nanometric scale is always a big challenge and is gaining 

research interests of many researchers. The bottom-up approach in which the materials 

are built up by assembly of nanometric sized units in a controlled way, is very 

promising to obtain materials with versatile structures and desired novel properties. 

Self-assembly processes utilizing surfactants to direct the ordered arrangement of 

precursors has been well-established. An alternative approach is the one without using 

surfactants where organosilane precursors are carefully designed to endow themselves 

the role of surfactants.
[59, 66]

 

Surfactant directed self-assembly 

Surfactant directed self-assembly can be utilized to prepare porous organosiloxane 

hybrids (Periodic mesoporous organosilica (PMO) is a typical one). By choosing 

different types of organosilane precursors, the organic groups can be incorporated into 

different parts of the siloxane scaffold, the framework or the space of porous materials. 

For the former case, the precursors used are always bridged-type precursors with the 

formula of (R’O)3–Si–R–Si–(OR’)3. This kind of precursors can be incorporated into 

the framework of mesoporous silsesquioxanes as shown in scheme 1.1. Mesostructured 

composite materials are obtained by kinetically controlled competitive assembly of 

organic and inorganic species into nanostructured domains. Surfactants such as 

alkyltrimethyl ammonium cations, alkylamines, non-ionic alkyl poly(oxyethylene) 
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surfactants and amphiphilic block polymers are commonly used. Formation of 

long-range ordered structures is contributed to interactions such as H-bondings, van de 

Waals, ionic bonds between surfactants and precursors. After elimination of the 

surfactants, hybrids with long-range order, mesoporous structure, high surface area, 

narrow size distribution are obtained. In this approach, the organosilane precursors must 

be chosen carefully to be sufficient hydrophobic to enter the core of the micelle and not 

too bulky to disturb the assembled micelles. Organic groups, such as –CH2–, –CH2CH2–, 

–CH=CH–, phenylene rings, and many other bridged organosilane precursors are 

successfully being incorporated into the framework.
[66] 

When pendant-type precursors with the formula of R’–Si(OR)3 are used, the organic 

groups will be grafted onto the wall surfaces. Pre-functionalization and 

post-functionalization strategies are utilized (Scheme 1.2). The former involves 

co-condensation of tetraalkylorthosilicate (Si(OR)4, R= Me or Et) with pendant-type 

precursors in the presence of surfactant micelle aggregates as templates. In the latter, a 

post chemical modification of the mesopores with organic agents is conducted. However, 

both strategies suffer the disadvantages of poor control of loading amount and 

inhomogeneous distribution of organic groups. Organic groups induced into the pore 

wall include –SH, –Cl, –CN, mercaptopropyl, cyanopyl, chloropropyl, 

diethylphosphonatopropyl, propylimidazole, iodopropyl groups with the highest content 

of ca. 25 %. 
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Scheme 1.1 Synthesis of periodic mesoporous organosilica (PMO) from bridged 

alkoxysilanes.
[67] 

 

 

Scheme 1.2 Synthesis of periodic mesoporous organosilica (PMO) from pendant-type 

alkoxysilanes through (A) pre-functionalization and (B) post-functionalization methods.
[60, 68]

 

 

Self-assembly of amphiphilic silicon-based precursors/ building blocks 

Development of new strategies to control the organization of hybrid materials without 

using surfactants is another challenge. This alternative approach to form ordered 

organosiloxane structures is employing the interactions such as H-bondings and 

hydrophobic interactions between precursors or hydrolyzed precursor molecules.
[69-70]

 

In this case, organosilanes containing hydrophobic tails becomes amphiphilic after 

hydrolysis of alkoxysilyl groups into silanol groups. Precursors with different 

configurations and organic spacers afford different types of ordered structures.
[71-72] 

Self-assembly of monosilylated precursors with long organic spacers have been 
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reported.
[73-76]

 Hydrolysis and polycondensation of CnH2n+1OSiCl3 (n= 12, 14, 16 and 

20) (in THF solvent), (MeO)3Si–(CH2)n–Si(OMe)3 (n = 10, 12, 18) (H2O as the solvent) 

lamellar materials were obtained.
[77] Self-assembly of organosilane building block units 

also results in ordered or semi-ordered structures.
[78-79]

 The organics being incorporated 

to siloxane matrix can commonly improve the passive properties, such as hydrophilic–

hydrophobic properties, diffractive index etc. Moreover, it might be very interesting to 

incorporate active molecules (photochromic molecules for example) into siloxane 

matrix and endow them novel stimuli-responsive properties. 

1.4 Scope and structure of this dissertation 

The purpose of this dissertation is to prepare novel photo-responsive hybrids containing 

azo moieties and Si–O–Si networks, combining the excellent thermal, chemical and 

mechanical properties of siloxanes and photo-responsiveness of azos. To achieve this, 

azo-containing photo-responsive materials should satisfy the two requirements already 

stated above: (1) free volume and mobility of azo moieties should be guaranteed to 

realize efficient photo-isomerization and (2) azo moieties should be arranged in an order 

way or selectively excited with polarized light to convert the molecular-level shape 

change or motions into the macroscopic scale. As azo-containing organic systems may 

suffer the disadvantages of low chemical and thermal stability, inadequate mechanical 

strength for practical applications, the inorganic siloxane matrix may provide a new 

route to improve those properties and at the same time provide ordered structures and 

enough free volume for effective photo-isomerization of azo molecules. 

Previous researches on azo-containing silica-based materials are focused on 

mesoporous materials where azo moieties are embedded in the silica framework
 [80-81]

 or 
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grafted in the interior and/or onto the opening of pores 
[82-86]

 to tune the porous 

properties.
[87]

 Azo-containing siloxane porous materials to control the release or 

permeation of small molecules usually exploit the properties of trans–cis transition of 

azos upon irradiation with lights of different wavelength. UV induces trans-to-cis 

transition while Vis induces cis-to-trans or wagging motions between the trans and cis 

isomers. These materials always have a limited loading amount of azos and the 

distribution of azo moieties is difficult to control. Their pore size can hardly realize 

dynamic change upon light stimuli. Direct self-assembly of azo–silane precursors into 

lamellar structures has also been reported;
[87]

 however, in these materials, low mobility 

and not enough free volume of the azos have inhibited the effective trans–cis 

isomerization.
[84,88-89]

 

In this dissertation, to improve the photo-responsive properties of azo–siloxane 

hybrids, different types of precursors are synthesized. And hybrids are prepared through 

various approaches. To avoid the loading amount limitation of azos into siloxane 

structures, the strategy is preparing ordered hybrid structures by self-assembly of 

azo-containing silyl precursors without any surfactants. In addition, precursors with 

high molecular interactions should be avoided. Highly cross-linked networks may 

increase constrain or rigidity of the materials, which is harmful for photo-isomerization. 

Thus, decreasing of the Si–O–Si cross-linking degree by introducing precursors with 

organic groups unable of hydrolysis and condensation is considered, for example, to 

synthesize precursors with less numbers of alkoxyl groups. Different numbers of 

hydrolytic groups may result in siloxane networks with different cross-linking extents, 

thus flexibility and mobility of the matrix can be improved. In addition, precursor with 

bulky octasiloxane is synthesized to improve the free volume for photo-isomerization. 



Chapter 1 General Introduction 

15 

 

Moreover, different processes are attempted to prepare hybrid materials with ordered 

structures and their photo-responsive properties are investigated. 

On the other hand, smart hydrogels have become a research interest considering 

their ability to reversibly load and release small molecules, enabling them potential 

application in drug delivery systems. Azo-containing gels capable of sol–gel transitions 

upon light irradiation are reported. Up to now, there were no reports on 

photo-responsive gels capable of photo-induced releasing and loading of small 

molecules, nor reversible gel size change. This is also one objective of this doctoral 

dissertation. 

 

Structure of the doctoral dissertation 

 

  

Chapter 1 General Introduction

Chapter 2 Synthesis and Properties of Azo-

modified Alkoxysilane and Oligosiloxane

Precursors

Chapter 3 Structures and Photo-responsive 

Properties of Ordered Azo–Siloxane Hybrids 

Prepared by Hydrolysis and 

Polycondensation

Chapter 4 Synthesis of Azo–Siloxane

Hybrid Gels by Hydrosilylation

Chapter 5 General Conclusions and Future 

Perspectives
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CHAPTER 2 Synthesis and Properties of Azo-modified 

Alkoxysilane and Oligosiloxane Precursors 

2.1 Introduction 

A variety of ordered hybrid materials have been obtained by self-assembly of 

organosilane precursors with the formulas of R–Si(OR’)3 and (R’O)3–Si–R–Si(OR’)3 (R 

is an organic group). Short-range ordered organizations are obtained when R is a short 

alkyl chain, while a long alkyl chain or organic group which are capable of formation of 

strong hydrogen-bondings (H-bondings), affords a well-ordered long range of 

organization.
[1-2]

 As stated in Chapter 1, one of the requirements for realizing 

photo-responsive properties of azo-containing materials is to provide enough free 

volume and mobility to azo moieties to enable efficient photo-isomerization. To realize 

this, the properties of precursors are of great significance. For the chemical 

compositions, functional groups, structures, geometries etc. of precursors finally 

influence their assembly or arrangements in the hybrid materials. In this chapter, 

precursors with different geometries (pendant-type, bridged-type, and dumbbell-type) 

and different reactivity (alkoxysilyl groups with different numbers of Si–OR’ groups 

and oligosiloxane with Si–H groups) are synthesized in order to regulate intermolecular 

interactions and mobility of azos. Photo-responsive properties of the precursors are fully 

investigated. 

Regulation of intermolecular interactions 

H–bondings, π–π stackings, van de Walls interactions, hydrophobic interactions as well 

as ionic interactions are favored to organize azo-containing silane molecules into 
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well-ordered structures. Liu
[3]

 has reported the synthesis of azo–silane precursors 

containing urea groups and their self-assembly into lamellar structures. Unfortunately, 

this lamellar structure cannot undergo photo-isomerization probably due to the too 

intense H-bonding interactions which may prevent the trans–cis isomerization of azos. 

In another example, arrangements of azo-containing molecules with different length of 

alkyl chain tails induce well-ordered lamellar structures with bilayer, monolayer or 

tilted arrangements.
[4]

 However, no trans–cis isomerization of azos in these ordered 

structures are reported. It may be because the ordered, closely-packed azos suffer from 

difficulties in trans–cis photo-isomerization. Thus, precursors which have no sever 

interactions between azos meanwhile still possess the ability to self-assembly into 

well-ordered structures are greatly desired. In this chapter, precursors P1-P6 (shown in 

scheme 2.1) process neither strong H-bondings nor intense hydrophobic interactions are 

synthesized and expected to lead to ordered structures. 

Mobility control of azos 

The strategy is to synthesize precursors with different structures (pendant-type P1, P2, 

bridged-type P3, P4 and P5, and dumbbell-type, P6) and different reactivity 

(alkoxysilyl groups with different numbers of hydrolytic Si–OEt groups (P3, P4, P5; P1, 

P2) and Si–H groups (P6)). 

Obviously, pendant-type precursors P1 and P2 should have much more mobility, as 

one end of the azos is suspended freely to move even after polycondensation, whereas 

bridged-type precursors P3, P4, P5 which have high ability to be incorporate into 

hybrid networks may have a relatively low mobility because of high constrains after 

polycondensation. The mobility of these molecules are expected to be compensated by 
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utilizing precursors which possesses less number of hydrolytic ethoxy groups or 

different kinds of reaction groups to decrease the reactivity. Less number of hydrolytic 

groups and low reactivity may induce a less cross-linked network of the hybrids, which 

may provide mobility to azos thus favor trans–cis photo-isomerization. Methyl groups 

(–Me) are introduced into precursors to partially substitute –OEt groups. Another merit 

of methyl is that it can increase the stability of precursors. It was reported that 

alkoxysilane precursors with more alkoxyl groups are very difficult to handle under 

hydrolytic conditions or during purification.
[5] 

In addition, dumbbell-like precursor P6 

with bulky oligosiloxane cages may provide more free volume to the azos.
 

Scheme 2.1 Structures of P1-P6 used in this dissertation (a) pendant-type (b) bridged-type 

(c) dumbbell-like type.
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2.2 Mono-alkoxysilane precursors with pendant azo groups 

(Pendant-type precursors) 

2.2.1 Experimental 

Materials 

The chemicals 4-phenylazophenol (98.0%), allyl bromide (>98.0%) and 

N,N-dimethylformamide (DMF, dehydrated, >99.5%) were purchased from Wako Pure 

Chemical Industries. Sodium hydride (NaH) (60% dispersion in paraffin liquid), 

triethoxysilane (>97.0%) and diethoxymethylsilane (>95.0%) were purchased from 

Tokyo Chemical Industry. Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane 

complex in xylene (Pt~2%) was purchased from Sigma-Aldrich. All chemicals were 

used without further purification. 

Scheme 2.2 Syntheses procedures for P1 and P2 precursors. 

 

Synthesis of 4-allyloxy-azobenzene 

In a 100 mL Schlenk flask, 4-phenylazophenol (1.98 g, 0.010 mol) was dissolved in 

DMF (25 mL) followed by addition of a DMF dispersion (30 mL) of activated NaH  

(1.80 g, 0.045 mol). After stirring at room temperature for 2 h, allyl bromide (3.63 g, 
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0.030 mol) was added, and the mixture was stirred at 60 °C for one day. All the 

operations are conducted under a nitrogen atmosphere. The product obtained was 

extracted with ethyl acetate and washed with cold water. Evaporation of ethyl acetate 

gave a dark-red, crude solid product. Yellow crystals (1.65 g; a yield of 69 %) were 

obtained after recrystallization from EtOH. 
1
H NMR (δ, 270 MHz, CDCl3): 4.62 (d, 2H, 

OCH2CH=CH2), 5.30–5.48 (d, 2H, OCH2CH=CH2), 6.01–6.15 (m, 1H, OCH2CH=CH2), 

7.01–7.05 (d, 2H, ArH), 7.40–7.53 (m, 3H, ArH), 7.86–7.94 (m, 4H, ArH). 
13

C NMR (δ, 

67.8 MHz, CDCl3): 69.02, 114.94, 118.05, 122.54, 124.70, 129.01, 130.35, 132.73, 

147.07, 152.76, 161.03. (Figure 2.1) 

Synthesis of 4-[3-(triethoxysilyl)propoxy]azobenzene (P1) 

Hydrosilylation of 4-allyloxy-azobenzene (0.704 g, 0.003 mol) with an excess amount 

of triethoxysilane (2.324 g, 0.015 mol) was performed in toluene (15 mL) in the 

presence of Pt as a catalyst (0.030 g, 3 ×10
−5

 mol). The mixture was stirred at 70 °C for 

24 h under a nitrogen atmosphere, and the solvent and unreacted triethoxysilane were 

removed in vacuo. P1 was obtained as a red liquid (1.09 g, 90% yield, the photo is 

shown in Figure 2.3) after purification using gel permeation chromatography (GPC) 

with chloroform as the eluent. 
1
H NMR (δ, 270 MHz, CDCl3): 0.76–0.83 (t, 2H, 

OCH2CH2CH2Si), 1.21–1.27 (t, 9H, SiOCH2CH3), 1.89–2.00 (m, 2H, OCH2CH2CH2Si), 

3.81–3.90 (m, 6H, SiOCH2CH3), 4.00–4.06 (t, 2H, OCH2CH2CH2Si), 6.98–7.01 (t, 2H, 

ArH), 7.25–7.53 (m, 3H, ArH), 7.86–7.92 (t, 4H, ArH). 
13

C NMR (δ, 67.8 MHz, 

CDCl3): 6.51, 18.32, 22.76, 58.47, 70.18, 114.72, 122.54, 124.76, 129.02, 130.29, 

146.88, 152.82, 161.67. 
29

Si NMR (δ, 53.45 MHz, CDCl3): −45.6. (Figure 2.2) ESI-MS: 

m/z: 403.2047 [M + H]
+
. 

Synthesis of 4-[3-(diethoxymethylsilyl)propoxy]azobenzene (P2) 
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4-allyloxy-azobenzene (0.483 g, 0.002 mol) dissolved in toluene (15 mL) was mixed 

with diethoxymethylsilane (1.340 g, 0.010 mol) and 0.020 g (2 × 10
−5

 mol) of Pt 

catalyst. The mixture was stirred at 70 °C for one day. A red liquid (0.690 g; yield of 

93%, the photo is shown in Figure 2.3) was obtained after solvent evaporation followed 

by purification by GPC. 
1
H NMR (δ, 270 MHz, CDCl3): 0.14–0.18 (s, 3H, SiCH3), 

0.74–0.80 (t, 2H, OCH2CH2CH2Si), 1.20–1.25 (t, 6H, SiOCH2CH3), 1.85–1.64 (m, 2H, 

OCH2CH2CH2Si), 3.74–3.83 (m, 4H, SiOCH2CH3), 3.99–4.04 (t, 2H, OCH2CH2CH2Si), 

6.98–7.01 (t, 2H, ArH), 7.25–7.52 (m, 3H, ArH), 7.86–7.94 (t, 4H, ArH). 
13

C NMR (δ, 

67.8 MHz, CDCl3): –4.87, 9.97, 18.42, 22.81, 58.19, 70.40, 114.71, 122.54, 124.75, 

129.02, 130.28, 146.88, 152.80, 161.64. 
29

Si NMR (δ, 53.45 MHz, CDCl3): –5.2. 

(Figure 2.3) ESI-MS: m/z: 373.1942 [M + H]
+
. 

Characterization 

Liquid-state 
1
H-, 

13
C- and 

29
Si-NMR spectra were recorded on a JEOL JNM-270 

spectrometer at 270, 67.8 and 53.45 MHz, respectively, using CDCl3 as the solvent and 

tetramethylsilane (TMS) as the internal reference. X-ray diffraction (XRD) patterns 

were obtained using a RIGAKU UltimaIV diffractometer with CuKα radiation. Fourier 

transform infrared (FT-IR) spectra were recorded using a JASCO FT/IR-6100 

spectrometer by the KBr pellet technique. UV–Vis absorption spectra were recorded 

using a JASCO V-670 instrument. A SUPERCURE-204S UV light source (San-ei 

electric) was used for UV (1.5 mW/cm
2
) and visible light (60 mW/cm

2
) irradiation of 

the samples. UV cut (HOYA L-420 nm) and UV pass (HOYA U-340 nm) filters were 

used. 
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Figure 2.1 Solution (i) 
1
H-/ (ii) 

13
C-NMR spectra of 4-allyloxy-azobenzene. 
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Figure 2.2 Solution (i) 
1
H-/ (ii) 

13
C-/ (iii) 

29
Si-NMR spectra of P1. 
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Figure 2.3 Solution (i) 
1
H-/ (ii) 

13
C-/ (iii) 

29
Si-NMR spectra of P2. 
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Figure 2.4 Digital photos of P1 and P2. 

2.2.2 Results and discussion 

As shown in Figure 2.5, before light irradiation, dilute THF solution of both P1 and P2 

(concentrations of 7.3 × 10
−6

 M) have characteristic UV/Vis spectra of azo derivatives. 

They show high intensity of absorption at ca. 348 nm (λmax, trans), which is attributed to 

π–π* transitions of the trans isomers of azos. After 1 min of UV irradiation, this peak 

decreased dramatically and shifted to a shorter wavelength (λmax,cis = 311 nm), 

simultaneously, a new small peak at ca. 440 nm appeared, which is assigned to the 

forbidden n–π* transitions of cis isomers. After subsequent 1 min visible light 

irradiation, both of their spectra recovered to that before irradiation. It indicates efficient 

reversible trans–cis photo-isomerization in dilute THF solution of P1 and P2. This is 

reasonable because the azos are in a free state surrounded by quantities of solvent and 

can move freely with almost no constrain.  

 

Figure 2.5 UV–Vis spectra of THF solution of P1 and P2: (a) before irradiation, (b) after 1 min 

of UV irradiation and (c) after subsequent 1 min of Vis irradiation. 

P1 P2
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2.2.3 Summary 

Pendant azo–silane precursors with different numbers of ethoxy (–OEt) groups attached 

to Si atom (three and two –OEt groups attached to one Si atom respectively for two 

precursors) are synthesized. They show similar physical and photo-isomerization 

properties. In their dilute THF solution, fast and reversible trans–cis 

photo-isomerization is achieved for both precursors. 

2.3 Bis-alkoxysilane precursors with bridging azo groups 

(Bridged-type precursors) 

2.3.1 Experimental 

Materials 

The chemicals allyl-bromide (>98.0%), 4-aminophenol (>98.0%), phenol (>99.0%), 

sodium nitrite (NaNO2, >98.5%), hydrochloric acid (HCl, 1M), sodium hydroxide 

(NaOH, >97.0%), N,N-dimethylformamide (DMF, dehydrated, >99.5%), ethyl acetate 

(>99.0%), dimethylethoxysilane were purchased from Wako Pure Chemical Industry. 

Sodium hydride (NaH) (60% dispersion in paraffin liquid), triethoxysilane (>97.0%) 

and diethoxymethysilane (>95%) were purchased from Tokyo Chemical Industry. 

Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex in xylene (Pt ~2%), 

sulfamic acid (≥99.5%), acetate acid (≥99.5%) were purchased from Sigma-Aldrich. All 

chemicals were used without further purification. 
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Scheme 2.3 Synthesis procedures for P3, P4 and P5. 

 

Synthesis of 4,4’-dihydroxy-azobenzene (Azo-OH) 

The procedure was conducted according a reference
[7]

 with a little modification. 

4-aminophenol (2 g, 0.0183 mol) and 16% HCl (8.4 mL) were added to a 20 mL flask 

(flask A). After stirring for 45min at room temperature, the mixture was cooled to 0 °C. 

Then a 2 M NaNO2 solution was added slowly and the mixture was stirred at 0 °C for 

another 2 h followed by adding sulfamic acid to remove the access NaNO2. In another 

50 mL flask (flask B), phenol (1.72 g, 0.0183 mol) and 2 M NaOH solution (1.47 g, 

0.0366 mol NaOH in 17 mL H2O) were added. The mixture in flask A was added into 

flask B under stirring and was followed by another 10 h stirring at room temperature. 

Crude product was recrystallized in EtOH: H2O (1:5 v %) solution giving the pure dark 

red product (1.56 g, a yield of 40 %). 
1
H NMR (δ, 270 MHz, DMSO-d6): 6.89–6.93 (d, 

4H, ArH), 7.70–7.80 (d, 4H, ArH), 10.13 (s, 2H, Ar–OH). 
13

C NMR (δ, 67.8 MHz, 

DMSO-d6): 115.76, 124.12, 145.25, 159.96. (Figure 2.6) 
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Synthesis of 4,4’-diallyloxy-azobenzene (Azo-allyl) 

The synthesis is similar to our reported paper
[8]

. In a 100 mL Schlenk flask, 

4,4’-dihydroxyazobenzene (1.00 g, 0.00466 mol) was dissolved in 10 mL DMF. 

Activated NaH (1.12 g, 0.0280 mol) dispersed in DMF (20 mL) was added to the flask. 

After stirring at room temperature for 2 h, allyl bromide (3.49 g, 0.0288 mol) was added, 

and the mixture was stirred at 60 °C for one day under a nitrogen atmosphere. The 

product was extracted with ethyl acetate, washed with cold water and dried with MgSO4. 

Evaporation of ethyl acetate gave a dark red, crude solid product. Yellow crystals (0.64 

g; a yield of 47 %) were obtained after recrystallization from ethyl acetate.
 1

H NMR (δ, 

270 MHz, CDCl3): 4.60–4.61 (d, 4H, ArOCH2), 5.30–5.48 (m, 4H, CH2=CH), 6.10–

6.15 (m, 2H, ArCH2=CH), 6.98–7.04 (d, 2H, ArH), 7.84–7.89 (d, 2H, ArH). 
13

C NMR 

(δ, 67.8 MHz, CDCl3): 69.04, 114.94, 118.00, 124.33, 132.87, 147.18, 160.60. (Figure 

2.7) 

Synthesis of 4,4’-[3-(triethoxysilyl)propoxy]azobenzene (P3) 

Hydrosilylation of 4,4’-diallyloxy-azobenzene (0.294 g, 0.001 mol) with an excess 

amount of triethoxysilane (3.28 g, 0.020 mol) was performed in toluene (20 mL) in the 

presence of Pt as a catalyst (0.027 g, 2 × 10
−5

 mol). The mixture was stirred at 70 °C for 

24 h under a nitrogen atmosphere, and the solvent and unreacted triethoxysilane was 

removed by vacuo. P3 was obtained as a red crystal (0.529 g, a yield of 85 %, shown in 

Figure 2.11) after purification by gel permeation chromatography (GPC) with 

chloroform as the eluent. 
1
H NMR (δ, 270 MHz, CDCl3): 0.76–0.82 (m, 2H, 

OCH2CH2CH2Si), 1.21–1.26 (m, 9H, Si(OCH2CH3)3), 1.78–2.00 (m, 2H, 

OCH2CH2CH2Si), 3.81–3.89 (m, 6H, Si(OCH2CH3)3), 4.00–4.05 (m, 2H, 

OCH2CH2CH2Si), 6.96–7.00 (d, 2H, ArH), 7.83–7.88 (d, 2H, ArH)  
13

C NMR (δ, 67.8 
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MHz, CDCl3):6.50, 18.32, 22.77, 58.46, 70.13, 114.67, 124.30, 146.95, 161.11. 
29

Si 

NMR (δ, 53.45 MHz, CDCl3): –45.53. (Figure 2.8) ESI-MS: m/z: 645.2994 [M + Na]
+
. 

Synthesis of 4,4’-[3-( diethoxymethylsilyl)propoxy]azobenzene (P4) 

4,4’-diallyloxy-azobenzene (0.294 g, 0.001 mol) dissolved in toluene (15 mL) was 

mixed with diethoxymethylsilane (2.68 g, 0.020 mol) and Pt catalyst (0.02 g, 2 × 10
−5

 

mol). The mixture was stirred under a nitrogen atmosphere at 70 °C for 24 h. Yellow 

crystals (0.51 g, a yield of 90%, shown in Figure 2.11) were obtained after solvent 

evaporation followed by purification by GPC.
 1

H NMR (δ, 270 MHz, CDCl3): 0.163(s, 

3H, SiCH3), 0.74–0.80 (m, 2H, OCH2CH2CH2Si), 1.20–1.28 (m, 6H, Si(OCH2CH3)2), 

1.75–1.95 (m, 2H, OCH2CH2CH2Si), 3.75–3.83 (m, 4H, Si(OCH2CH3)2), 3.98–4.03 (m, 

2H, OCH2CH2CH2Si), 6.95–7.01 (d, 2H, ArH), 7.83–7.89 (d, 2H, ArH) 
13

C NMR (δ, 

67.8 MHz, CDCl3): –4.87, 9.96, 18.42, 22.82, 58.19, 70.36, 114.67, 124.30, 146.96, 

161.08.
 29

Si NMR (δ, 53.45 MHz, CDCl3): –5.08. (Figure 2.9) ESI-MS: m/z: 585.2786 

[M + Na]
+
. 

Synthesis of 4,4’-[3-(ethoxydimethylsilyl)propoxy]azobenzene (P5) 

4,4’-diallyloxy-azobenzene (0.294 g, 0.001 mol) dissolved in toluene (15 mL) was 

mixed with diethoxymethylsilane (2.08 g, 0.020 mol) and Pt catalyst (0.02 g, 2 × 10
−5

 

mol). The mixture was stirred under a nitrogen atmosphere at 70 °C for 24 h. Yellow 

crystals (0.43 g, a yield of 85%, shown in Figure 2.11) were obtained after solvent 

evaporation followed by purification by GPC.
 1

H NMR (δ, 270 MHz, CDCl3): 0.151(s, 

6H, Si(CH3)2), 0.71–0.77 (m, 2H, OCH2CH2CH2Si), 1.18–1.23 (m, 3H, SiOCH2CH3), 

1.82–1.93 (m, 2H, OCH2CH2CH2Si), 3.65–3.68 (m, 2H, SiOCH2CH3), 3.99–4.04 (m, 

2H, OCH2CH2CH2Si), 6.97–7.01 (d, 2H, ArH), 7.84–7.88 (d, 2H, ArH) 
13

C NMR (δ, 

67.8 MHz, CDCl3): –2.10, 12.39, 18.57, 23.15, 58.34, 70.64, 114.67, 124.31, 146.96, 
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161.10.
 29

Si NMR (δ, 53.45 MHz, CDCl3): 17.18. (Figure 2.10) ESI-MS: m/z: 525.2576 

[M + Na]
+
. 
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Figure 2.6 Solution 
1
H (i) and 

13
C (ii) NMR spectra of Azo-OH. 
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Figure 2.7 Solution 
1
H (above) / 

13
C (below) NMR spectra of Azo-allyl.                                                                                     
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Figure 2.8 Solution 
1
H (i) / 

13
C (ii) and 

29
Si (iii) NMR spectra of P3. 
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Figure 2.9 Solution 
1
H (i) / 

13
C (ii) and 

29
Si (iii) NMR spectra of P4. 
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Figure 2.10 Solution 
1
H (i) / 

13
C (ii) and 

29
Si (iii) NMR spectra of P5. 
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Figure 2.11 Digital photos of P3-P5. 

2.3.2 Results and discussion 

Firstly, structural characterizations of P3-P5 precursors are conducted by measuring the 

XRD patterns (Figure 2.13) of their powder samples and thin films (these 

characterizations cannot be conducted for P1 and P2 precursors because they are 

isotropic liquids). The thin films are prepared by spin-coating (at a speed of 3000 rpm 

for 10 s) the EtOH solution of P3, P4 and P5 precursors (molar concentration of ca. 

0.245 M). The thickness of the films was ca. 50 μm, judging from the microscopic 

image (Figure 2.12). Figure 2.13 revealed that, P3-P5 powders are polycrystalline 

aggregates exhibiting multi-diffraction peaks. d-spacings of the first order peaks are 

1.42 nm, 1.70 nm and 1.93 nm respectively. For film samples, highly orientated 

arrangements of molecular crystals can be inferred from the corresponding XRD 

patterns, which are showing high orders of lamellar-structured peaks (up to a high order 

of (006) in the measuring angle range 2θ = 2-30°). Their d-spacings are similar to the 

corresponding powders. For P4 film, the d-spacing is slightly larger by ca. 0.2 nm than 

that of P4 powders, which may be caused by a slightly extended molecular arrangement 

in the film than in powders. 

 

P3 P4 P5
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Figure 2.12 POM image of the cross section of spin-coated film on glass substrate. 

 

Figure 2.13 XRD patterns of powders (left) and films (right) of (a) P3, (b) P4 and (c) P5. 

Polarized optical microscopic (POM) images of P3, P4 and P5 films show typical 

crystalline textures with different sizes of crystal domains as shown in Figure 2.14. P3 

and P4 films possess very similar textures whereas the crystal domains of P5 film are 

much smaller. 

 

Figure 2.14 POM images of (a) P3, (b) P4 and (c) P5 precursor films. 

Photo-responsive properties of these azo-containing precursors are investigated by 

Powders Films 
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measuring the UV–Vis absorption spectra (Figure 2.15) of their dilute EtOH solution 

(molar concentrations of ca. 5 × 10
−5

 M) and solid thin films. Reversible trans–cis 

photo-isomerization of these bridged-type precursors in EtOH solution occurred 

effectively upon 1 min of UV and Vis light irradiation (peaks for trans and cis isomers 

are at 357 nm and 330 nm respectively for P3, P4 and P5.). It reveals high mobility of 

these molecules in solution state. 1 min of irradiation was enough to induce a 

photostationary tran–cis state of azos and further prolong of the irradiation time to 3 

min gave spectra coincided with those after 1 min of irradiation (dash and solid lines in 

Figure 2.16 for P3, similar results are obtained for P4, P5). UV–Vis spectra of films in 

Figure 2.17 showed different trans–cis isomerization behaviors for different precursor 

films. In P3 film, where three ethoxy groups are attached to one Si atom, there was 

nearly no occurrence of trans–cis photo-isomerization. This may be caused by the 

closely packed azo aggregates. For P4 and P5 films, higher extents of trans–cis 

isomerization of azos were observed. Especially for P4 film, after 5 min of UV 

irradiation, peak at 450 nm which represents the cis isomer appeared, accompanied by 

an increase of the intensity and blue shift of peak for trans isomer from 370 (P4 film, 

red) nm to 360 nm (P4 film, blue). Both increases of absorptions in the trans and cis 

range is considered to be caused by the disordered structures after UV irradiation, as 

shown in Scheme 2.4. Azos selectively absorb lights perpendicular to the long axe of 

azo molecules. After being disordered upon UV irradiation, azos can absorb lights more 

effectively, inducing increases of absorptions in both peaks. 
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Figure 2.15 UV–Vis spectra of EtOH solution of P3, P4 and P5, (a) before irradiation, (b) after 

1 min of UV irradiation and (c) after subsequent 1 min of Vis irradiation. 

 

 

Figure 2.16 UV–Vis spectra of P3 in EtOH (a) before irradiation, (b, solid line) after 1 min of 

UV irradiation, (c, solid line) after subsequent 1 min of UV irradiation, (b’, dash line) after 3min 

of UV irradiation, (c’, dash line) after subsequent 3min of Vis irradiation. 

 

Figure 2.17 UV–Vis spectra of precursor films of P3, P4 and P5, (red) before irradiation, (blue) 

after 5 min of UV irradiation and (green) after subsequent 5 min of Vis light irradiation. 
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Scheme 2.4 Arrangements of azos and their different absorptions on UV lights before and after 

UV irradiation. 

 

 

Figure 2.18 XRD patterns of (left) P3 film and (right) P5 film (a) before irradiation, (b) after 5 

min of UV irradiation and (c) subsequent 5 min of Vis irradiation 

 

Figure 2.19 XRD pattern of P4 film (a) before irradiation, (b) after 3 min of UV irradiation and 

(c) after subsequent 3 min of Vis irradiation 

× UV irrad.

Lamellar Disordered  

UV UV

UV UV

Azo
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Effect of photo-irradiation on the structure changes of P3, P4 and P5 films are 

studied by measuring changes of their XRD patterns upon UV and Vis light-irradiation. 

As shown in Figure 2.18, decrease and subsequent recovery of the peak intensities are 

observed for P3 and P5 films, while for P4 films (Figure 2.19), completely 

disappearance of XRD diffraction peaks have taken place after UV irradiation, and it 

can be recovered immediately after subsequent Vis light irradiation. Polarized 

macroscopic images (Figure 2.20) also show disappearance and recovery of the crystal 

textures upon UV/Vis irradiation. To exclude the possibility that this crystalline–

isotropic phase transition was caused by pure heating of the film instead of UV light 

irradiation, DTA of powder samples are measured (Figure 2.21), suggesting the melting 

point of P4 is ca. 60 °C (87 and 79 °C for P3 and P5, respectively.), much higher than 

the temperature of the sample when UV light is irradiated (ca. 37.5 °C, measured by a 

surface thermometer). Different effects of heating and UV irradiation were also 

observed as shown in Figure 2.22 and Figure 2.23. When heating P4 film above its 

melting point, dissolving of the sample was also occurred judging by the disappearance 

of XRD peaks. The crystal structures recovered immediately after stop of heating. 

Whereas, stop of UV irradiation immediately did not recover the crystalline structure 

immediately, instead, it recovered gradually until Vis irradiation was imposed. It can be 

concluded that this crystalline–isotropic phase transition was caused not only by the 

minor increase of temperature; UV irradiation should at least partially contribute to it.  

However, increased temperature upon UV irradiation may increase the crystalline–

isotropic phase transition speed. When the experiment was conducted when film was 

immerged in H2O (thermal effect upon irradiation can be eliminated), similar 
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crystalline–isotropic transitions were observed (Figure 2.24) only that the irradiation 

time were longer. It is reasonable to consider that UV irradiation on P4 film (with lower 

melting point) has increased the mobility of molecules and induced trans–cis 

isomerizations of azos, which finally induced the crystalline–isotropic phase 

transitions.
[8]

 

 

Figure 2.20 POM images of P4 film (a) before irradiation, (b) after 5 min of UV irradiation and 

(c) subsequent 5 min of Vis irradiation. 

The structure change of P4 film during irradiation was monitored by measuring 

XRD patterns after different irradiation time. Figure 2.25 shows that the crystalline 

structure disappeared gradually after 1, 2 and 3 min of irradiation, indicating the 

crystalline-isotropic phase transition is a progressive process. 

This phenomenon is similar to results reported before
[9-10]

, whereas by comparing 

with another commercially available compound 4-methoxyazobenzene (M-Azo), similar 

melting phenomenon (crystalline–isotropic phase transition) has been observed (Figure 

2.26–Figure 2.29). M-Azo has a similar melting point of 54–56 °C to P4, UV irradiation 

induced a trans–cis isomerization and melting of the film simultaneously. It suggests 

that the crystalline–isotropic transition behavior was not unique for P4; its occurrence 

may be a co-effect of the lower melting point and UV/Vis irradiations. 
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Figure 2.21 DTA and TG results of (a) P3, (b) P4 and (c) P5. 

 

Figure 2.22 XRD patterns of P4 film (a) before heating (b) after heating above melting point 

and (c) measured again immediately after (b). 

 

Figure 2.23 XRD patterns of P3 film (a) before irradiation (b) after 3 min of UV irradiation (c) 

measured again immediately after (b), (d) static at r.t. for 10 min, (e) static at r.t. for 30 min, (f) 

after 2 min of Vis irradiation of (e). 
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Figure 2.24 POM images of P4 film in water (a) before irradiation, (b) after 10 min of UV 

irradiation (c) after subsequent 10 min of Vis irradiation. 

 

Figure 2.25 XRD spectra change of P4 film during different time ((a) before; (b) after 1min; c 

after 2 min and (d) after 3 min of UV irradiation. 

 

 

Figure 2.26 Molecular formula of 4-methoxyazobenzene. 

 

Figure 2.27 XRD patterns of 4-methoxyazobenzene film (a) before irradiation, (b) 5 min of UV 

irradiation; (c) 5 min of Vis irradiation and (d) static at r.t. for 1 h. 
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Figure 2.28 UV–Vis spectra of M-Azo: (a) before irradiation, (b) after 5 min of UV irradiation 

and (c) after 5 min of subsequent Vis irradiation. (b', c'): after the second cycle of 5 min of 

UV/Vis irradiations. 

 

 

 

Figure 2.29 POM images of M-Azo film: (a) before irradiation, (b) after 5min of UV and Vis 

irradiation and (c) after static at r.t. for 1 night. 

2.3.3 Summary 

Bridged-type azo–silane precursors with different numbers of Si–OEt groups and 

methyl groups are synthesized and they possess similar XRD patterns with also similar 

d-spacings. All of them can undergo reversible trans–cis isomerization in EtOH, 

whereas photo-responsive properties as the thin films are quite different. Precursor film 

which has a high melting point is hardly undergo trans–cis photo-isomerization while 

this film of precursor with a low melting point showed a larger extent of 

photo-isomerization, and exhibited a crystalline–isotropic phase transition in its 
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structure and microscopic image. It was considered these differences are caused by 

different intermolecular interactions of these precursors. 

2.4 Bis-octasiloxane precursors with bridging azo groups 

(Dumbbell-type precursor) 

2.4.1 Experimental 

Materials 

4,4’-diallyloxy-azobenzene (Azo-allyl) was synthesized as descript in 2.3.1, 

Octahydridosilsesquioxane (H8Si8O12) (also called D4R, double-four ring) was 

synthesized according to a reference.
[11]

 Toluene and platinum 

(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex in xylene (Pt ~2%) was 

purchased from Sigma-Aldrich. 

Scheme 2.5 Synthesis procedure of P6. 

 

Synthesis of bis-octasiloxane precursor (P6) 

The synthesis of P6 is shown in Scheme 2.5. A 200 mL Schlenk flask was vacuumed 

before adding D4R (2.00 g, 0.0048 mol), allyl-azo (0.07 g, 0.00024 mol), dehydrate 

toluene (100 mL). Pt catalyst (0.018 g) was added to the above mixture under stirring. 

Pt
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The reaction was conducted at 70 °C for 1 d. Crude product was obtained after 

evaporation of toluene solvent in vacuum. GPC purification with CHCl3 as the fluent 

gave yellow crystals of 0.17 g (a yield of 63%). The structure of P6 was identified by 

liquid 
1
H-NMR measurements (Figure 2.30). 

 

 

Figure 2.30 
1
H-NMR spectrum of P6. 

2.4.2 Results and discussion 

Measurement of XRD pattern of P6 powders and thin film are conducted. P6 film was 

prepared by casting a dilute THF solution (0.006 g of P6 in 200 μL of THF). Similar to 

those of bridged-type precursors of P3, P4 and P5, the bis-octasiloxane powders 

showed multi-diffraction peaks attributed to the polycrystalline (Figure 2.31). P6 film 

revealed a highly orientated ordered lamellar structure and a d-spacing of 1.97 nm, a 

value the same to that of the powders. 

Effective trans–cis photo-isomerization of P6 both in dilute THF solution and in 
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the solid thin film state are also identified by their UV–Vis absorption spectra (Figure 

2.32). Though in P6 film, the ratio of cis isomer after UV irradiation is smaller than that 

of in THF solvent, yet much higher than that for P3-P5 films. It is estimated that the 

mobility of azos is greatly improved by the large free volume provided by the attached 

two large D4R cages, thus the trans–cis photo-isomerization ability of azos are retained 

as in solution. Though a relatively longer time of irradiation is needed compared to in 

THF solvent, it had improved the photo-isomerization of azos due to the virtue of bulky 

D4R cages. 

Reversible order–disorder transition of P6 film is also observed in its XRD patterns 

(Figure 2.33). After a UV irradiation for ca. 30 min, its peaks totally disappeared, 

indicating a collapse of the ordered structure by irradiation. The XRD diffraction peaks 

can be recovered after a subsequent 30 min of Vis light irradiation. This was thought to 

be caused by reversible trans–cis isomerization of azos in the film. Models of structure 

of P6 and the photo-isomerization behaviors and structure transitions in solution and in 

solid film states are proposed in Figure 2.34 and Figure 2.35. 

 

Figure 2.31 XRD patterns of P6 (a) powders and (b) cast film. 
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Figure 2.32 UV–Vis spectra of (left) P6 in THF (a) before irradiation (b) after 1 min of UV 

irradiation and (right) P6 film (a) before irradiation (b) after 30 min of UV irradiation. 

 

Figure 2.33 XRD patterns of P6 film (a) before irradiation (b) after 30 min of UV irradiation 

and (c) after subsequent 30 min of Vis irradiation. 

 

Figure 2.34 Structural models of P6 molecules and their arrangements in the film. 
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Figure 2.35 Photo-isomerization behaviors of P6 in (a) THF solution and (b) thin film. 

2.4.3 Summary 

Dumbbell-like bridged-type azo–silane precursor P6 in which two bulky D4R cages are 

attached to the 4, 4’ positions of azo groups, provides large free volume for the 

photo-isomerization of azos. Reversible trans–cis isomerization have taken place not 

only in dilute solution but also in the solid film state. For the film, reversible order–

disorder structure transition also occurred upon UV/Vis irradiation. 

2.5 Energy efficiencies of P1-P6 in organic solvents 

Table 2.1 Absorption peaks of P1-P6 in solution before and after UV irradiations 

Precursors (types)  λmax,trans  λmax,cis  

P1, P2 (Pendant)  348 nm  311 nm  

P3, P4, P5 (Bridged)  357 nm  330 nm  

P6 (Dumbbell)  358 nm  313 nm  
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Table 2.1 has shown the different absorption wavelengths of P1-P6 precursors before 

and after UV irradiations. λmax,trans, which is the position of the peak when azos are in 

trans state, is always influenced by the substitution groups on azos. In this case, 

pendant-type precursors P1 and P2 have a shorter wavelength than bridged-type (P3, P4 

and P5) and dumbbell-like (P6) precursors. This indicates that the pendant-type 

substitution has a greater influence on azo molecules than the bridged-type substitution. 

On the other hand, λmax,cis, which is the wavelength of the peak when azos are in cis 

state, is usually related to the trans/cis ratio in the solution. In general, a higher cis ratio 

always induces a smaller wavelength (blue shift of the peak). From the table, it can be 

estimated that the P1, P2 and P6 have higher cis ratios after UV irradiation than P3-P5. 

Further calculation of the trans/cis ratios after UV irradiation and the corresponding 

energy efficiencies are conducted. 

2.5.1 Calculation of the trans/cis ratios of P1-P6 solution before and after UV/Vis 

irradiation 

2.5.1.1Trans/cis ratios before irradiation 

The trans/cis ratios of P1-P6 solution before irradiation are calculated by their 
1
H-NMR 

spectra. Take P6 for example, the chemical shift of H atoms on aromatic rings of azos 

are different when azos are in trans and cis states (shown in Figure 2.36). By calculating 

the integrations of these two kinds of peaks, trans/cis ratio before irradiation can be 

calculated. The results obtained according to Figure 2.37 are listed in Table 2.2. 
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Figure 2.36 
1
H-NMR spectra of P6 before (trans-rich) and after (cis-rich) UV irradiation. 

 

Figure 2.37 
1
H-NMR spectra of P1-P6 before UV irradiation. 
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Table 2.2 Trans/cis ratios of P1-P6 in solution before irradiation. 

 [Trans]o [Cis]o 

P1 97 % 3 % 

P2 99 % 1 % 

P3 99 % 1 % 

P4 99 % 1 % 

P5 97 % 3 % 

P6 79 % 21 % 

Before irradiation, in all solution, a majority of the azos are in the trans state, the 

more hydrothermal stable one at r.t. Especially for P1-P5, the ratios of trans isomers are 

nearly 100 %. However, for P6 there is a larger ratio of cis isomers. It is considered that 

in P6, the bulky oligomeric siloxane cages attached to both ends of silicon atoms have 

stabilized the cis state of compound. 

2.5.1.2 Trans/cis ratios after UV/Vis irradiation 

Calculations were conducted according to the UV–Vis spectra of P1-P6 solution before 

and after UV/Vis irradiation. Though NMR spectra can also be used for calculation, 

considering the large concentration differences of precursors in NMR sample and UV–

Vis sample and operation convenience, UV–Vis spectra were utilized for calculation. 

The ratios of trans isomers after UV ([trans]uv) and Vis irradiations ([trans]vis) are 

calculated by formula as follows: 

[trans]uv= AUV* [trans]o / Ao *100% 

[trans]vis = AVis* [trans]o / Ao *100% 
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Where Ao, AUV, AVis are the absorptions at λmax before irradiation, after UV and 

after Vis irradiation shown in UV–Vis spectra (in Figure 2.38, take P4 for example). 

[trans]o is ratio of the trans isomers before irradiation, as calculated in 2.5.1.1. 

Results are shown in table 2.3, the increases of cis ratio after UV (∆[cis]UV) are also 

listed. Results have shown that pendant-type precursors P1 and P2 have much higher 

ratio transferred from trans to cis upon UV irradiation than that of bridged-type and 

dumbbell-like precursors (P3-P6). This is probably because that pendant azos with 

higher mobility will more preferable for trans–cis photo-isomerization. 

 

Figure 2.38 UV–Vis spectra of P4 in EtOH: (a) before irradiation, (b) after 1min of UV 

irradiation, and (c) after a subsequent 1 min of Vis irradiation. 

Table 2.3 Ratios of trans/cis isomers after UV/Vis irradiations 

Trans /cis (%) Before After UV After Vis ∆ [cis]UV 

P1 97/3 18/82 100/0 79 

P2 99/1 18/82 100/0 81 

P3 99/1 47/53 94/6 52 

P4 99/1 49/51 88/12 50 

P5 97/3 58/42 90/10 39 

P6 79/21 24/76 ----- 55 



Chapter 2 Synthesis and Properties of Azo-modified Alkoxysilane and Oligosiloxane Precursors 

60 

2.5.2 Energy efficiencies upon UV irradiation 

 

Figure 2.39 Illustration of UV irradiation upon solution of precursors. 

 

Figure 2.40 Energy barriers between trans and cis isomers of azos. 

UV irradiation upon solution of precursors which was filled in quartz a cell was 

conducted as shown in Figure 2.39. Energy efficiencies can be calculated by the 

formula below: 

η = (Ea/ Eo)*100% 

Where Ea is the energy absorbed by azos, Eo is the energy emitted by the UV light 

source. Eo is determined by the power of UV light source (P), irradiation area (S) and 

irradiation time (t). P = 1.5 mW/cm
2
, S = 1 cm ×1 cm, t = 10 s (10 s is just enough for 

the UV–Vis spectra to reach the stationary state).  

Eo = P * S * t = 0.015 J 
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Ea is related to the energy barrier between trans and cis isomers (Eb = ca. 200 kJ, as 

illustrated in Figure 2.40
[12]

), the concentration (c = ca. 10
-5

 M) and volume (V = 3 ml) 

of precursors and trans to cis ratio after UV irradiation (∆[cis]UV, calculated in 2.5.1.2) 

and can be calculated by the following formula 

Ea = V * c * (∆[cis]UV) * Eb 

The results of Ea and η for P1-P6 precursors in solution are listed in Table 2.4. The 

pendant-type precursors P1 and P2 have shown the highest efficiencies. P6 also has a 

higher efficiency than that of the bridged-type precursors (P3-P5). These results are 

consistent with their structural characteristics. In dilute solution states, though all 

molecules can move freely, the mobility of molecules themselves are thought to affect 

the trans–cis isomerization. Increase of free volume can also increase the extent and 

efficiency of trans–cis isomerization. The results have provided us a direction to design 

molecules or materials with high trans–cis isomerization ability and energy efficiencies. 
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Table 2.4 Energy efficiencies of P1-P6 in solution upon UV irradiation. 

Precursors Ea (10
–3 

J)  η 

P1  4.74  31.6 %  

P2  4.86  32.4 %  

P3  3.12  20.8 %  

P4  3.00  20.0 %  

P5  2.34  15.6 %  

P6  3.30  22.0 %  

 

2.6 Conclusions 

In this chapter, different kinds of azo-containing silane precursors with different 

characteristics (geometries, structures, reactive groups, numbers of Si–OE groups) were 

synthesized and characterized. Their photo-isomerization and photo-responsive 

properties in dilute solution and solid film states were investigated by measuring the 

UV–Vis spectra and XRD patterns upon UV/Vis irradiations. Energy efficiencies of 

these precursors in dilute solution after UV irradiation are also calculated. Main results 

are summarized in Table 2.5. All precursors can undergo reversible trans–cis 

photo-isomerization in dilute solution. The pendant-type precursors have highest extent 

of trans–cis isomerization as well as highest light energy efficiencies which may be due 

to their high mobility. Dumbbell-like precursors with larger free volume also exhibited a 

better reversible trans–cis isomerization behavior. In precursor films, their 

photo-isomerization was inhibited in some extent compared to the solution because of 

high molecular interactions in the solid state. Bridged-type precursor films with larger 
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number of ethoxy groups have lowest photo-isomerization ability, whereas bridged-type 

precursors with smaller number of ethoxy groups and dumbbell-type precursor films 

have higher photo-isomerization abilities. It is concluded that by endowing 

azo-containing precursors with higher mobility and more free volume, their trans–cis 

photo-isomerization properties can be improved. Order–disorder or crystalline–isotropic 

phase transitions are achieved upon UV/Vis irradiation on precursor films. 

Table 2.5 Characteristics of P1-P6 and their photo-isomerization properties. 
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CHAPTER 3 Structures and Photo-responsive Properties of 

Ordered Azo–siloxane Hybrids Prepared by Hydrolysis and 

Polycondensation 

3.1 Introduction 

As stated in Chapter 1, another requirement for azo-containing photo-responsive 

materials is the ordered arrangements of azo groups to amplify the molecular lever size 

change into the macroscopic scale. In azo–siloxane hybrids, especially the azo groups 

are incorporated into the framework of inorganic matrix, the orderliness of azos should 

be closely related to the ordered structure of the hybrid frameworks. The azos are 

always homogeneously distributed into the frameworks by covalent bonds without the 

trepidation of occurrence of micro-phase separation. 

As one method to prepare azo–siloxane hybrids, the hydrolytic polycondensation is 

a kinetically controlled process occurring at room temperature. The structures of 

products are highly depended on the reaction conditions (temperature, pH, molar ratio 

of chemicals, reaction time, etc.). In addition, several techniques are evolved to obtained 

ordered hybrid structures. 

Evaporation induced self-assembly (EISA) 

Azo–siloxane hybrids with different morphologies exhibit different 

photo-responsive properties.
[1]

 Evaporation induced self-assembly (EISA) is an rapid 

and efficient method to obtain thin films. During EISA,
[2-3]

 carefully optimization of the 

reaction conditions is of critical importance to obtain ordered structures. It starts from 

homogeneous hydro-organic solution of soluble silica sources, catalyst, with or without 
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surfactants (low initial surfactant concentrations). Evaporation is the driving force for 

self-assembly by preferential evaporation of organic solvents and concentrating the 

non-volatile species through spin-coating,
[5-7]

 dip-coating,
[8-12]

 ink-jet printing,
[13]

 which 

drive silica/surfactant self-assembly into uniform thin-film mesophases. After 

subsequent heating or exposure to catalysts or light,
[14]

 these films can progress into 

porous or ordered nanocomposite mesostructures. 

Solid phase reactions 

An alternative method effectively to get ordered structures is solid-phase reaction, 

including solid–liquid and solid–vapor reactions, during which the solid reactants are 

emerged in a reactive liquid or exposed to a reactive vapor atmosphere. Reactions are 

taken place at the solid/liquid or solid/vapor interfaces and the liquid or vapor would 

diffuse into the inner part of the solids gradually. This type of reaction has the advantage 

of retaining the texture or ordered structure of the solid materials.
[4]

 Though diffusions 

of the liquid or vapor may be limited by the densely packed solid molecules or the 

formed Si–O–Si networks, inducing lower reaction rates and uncompleted reaction 

extent, the structures of the resulting materials always show a high level of organization 

with much higher periodicity than those prepared by sol–gel hydrolytic 

polycondensation in solution. Boury
[15-19]

 and Cerveau
[20]

 performed hydrolysis and 

polycondensation of chlorosilane or bis-silanetriols in a precursor solid/HCl liquid 

condition. Though the degree of condensation may be low due to the increased 

difficulty for water to diffuse and the increased number of Si–O–Si units that 

progressively hinder the movement required for condensation, highly organized 

covalent solids are obtained.
[21]
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3.2 Hybrids prepared from pendant-type precursors by sol–gel 

reactions 

Scheme 3.1 Structures of P1 and P2 precursors and preparation of four types of lamellar, azo–

siloxane hybrid films by self-assembly with and without TEOS. 

 

3.2.1 Experimental 

Materials 

Precursors (P1 and P2) used are synthesized in Chapter 2. Solvents and HCl solution 

are purchased from Wako Pure Chemical Industries and are used without further 

purification. 

Preparation of azo–siloxane hybrid films 

An aqueous solution of HCl was added to THF solution of P1 and P2, and the mixtures 

(molar ratios of P1 : THF : H2O : HCl = 1 : 50 : 15 : 0.03 and P2 : THF : H2O : HCl = 

1 : 50 : 10 : 0.004) were stirred at room temperature for 40 and 60 min, respectively. A 

portion of the mixtures was spin-coated (at a rotation speed of 3000 rpm for 10 s) on 

glass substrates to obtain thin films. Turbid, yellowish films (H1 and H2) were obtained 

from P1 and P2 after heating at 120 and 60 °C, respectively, to induce polycondensation. 

Cast films were also prepared from P1 and P2 on glass substrates under similar 

conditions. They were pulverized and heated at 120 and 80 °C for solid-state NMR and 

MS characterizations. 
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H1’ and H2’ were prepared by co-hydrolysis and polycondensation of P1 and P2, 

respectively, with tetraethoxysilane (TEOS). TEOS was added to the previously stirred 

(~5 min) mixtures of P1/P2, THF, HCl and H2O. Further stirring was conducted for 1.5 

h (for P1) and 3 h (for P2) before spin-coating on glass substrates. After heating at 

120 °C, transparent, yellow films were obtained. Molar ratios of the mixtures for 

preparing H1’ and H2’ were P1 : TEOS : THF : H2O : HCl = 1 : 4 : 50 : 19 : 0.05 and 

P2 : TEOS : THF : H2O : HCl = 1 : 4 : 50 : 19 : 0.02, respectively. 

Preparation of powder samples from P1 and P2 

An aqueous solution of HCl was added to the EtOH solution of P1 and P2. The molar 

ratios of the mixtures were P1 : EtOH : H2O : HCl = 1 : 75 : 38 : 0.02 and P2 : EtOH : 

H2O : HCl = 1 : 100 : 10 : 0.02. Under stirring at room temperature for several hours, 

yellow precipitates were formed. The precipitates were collected by filtration and heated 

at 120 °C for 4 h to induce polycondensation. 

Characterization 

Solid-state 
13

C and 
29

Si CP/MAS NMR spectra were recorded using a JEOL CMX-300 

spectrometer at resonance frequencies of 75.57 and 59.7 MHz, respectively. 

Morphologies of the samples were observed on a field emission scanning electron 

microscope (FE-SEM, Hitachi S-900) with an accelerating voltage of 6 kV. Before the 

observation, the samples were sputter-coated with Pt. Transmission electron microscopy 

(TEM) observations were conducted on a JEOL JEM-2000EXII at an accelerating 

voltage of 200 kV. Sample films were pulverized from the substrates, dispersed in 

ethanol (for H1) or water (for H2) and dropped on microgrids (Cu mesh). 
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3.2.2 Results and discussion 

3.2.2.1 Structural characterization 

XRD patterns of the thin films of H1 and H2 (Figure 3.1) show lamellar-structured 

features with different d-spacings. H1 exhibits a sharp peak corresponding to the 

d-spacing of 3.20 nm with higher order reflections, indicating highly uniform mesoscale 

periodicity. On the other hand, H2 shows a different profile with a much smaller 

d-spacing of 2.37 nm. The macroscopic morphologies of these films are also different. 

FE-SEM images of the top surfaces of H1 and H2 are shown in Figure 3.2. H1 shows a 

wrinkled surface morphology, while H2 has a rough surface consisting of stacked thin 

plates. Stacks lattice fringes shown in the TEM image of H1 (Figure 3.3) clearly 

identified the lamellar structure with a periodicity of ca. 3.2 nm, which is consistent 

with the XRD result. Unfortunately, TEM observation of H2 was unsuccessful because 

it was susceptible to electron beam damage.  

H1 and H2 prepared as cast films show similar XRD patterns (Figure 3.4). 

Solid-state 
13

C and 
29

Si CP/MAS NMR spectra of these samples after pulverization are 

shown in Figure 3.5. The 
13

C CP/MAS NMR spectra show peaks assigned to 

azobenzene and propylene linkers. No peaks of ethoxy groups are observed, confirming 

complete hydrolysis of both precursors. The 
29

Si CP/MAS NMR spectrum of H1 shows 

the peaks at –48, –56 and –66 ppm, corresponding to T
1
 (CSi(OSi)(OH)2), T

2
 

(CSi(OSi)2(OH)) and T
3
 (CSi(OSi)3), respectively, suggesting that condensation has 

proceeded. On the other hand, the 
29

Si CP/MAS NMR spectrum of H2 shows a single 

D
1
 peak at –13 ppm. This sample is soluble in organic solvents such as THF, and 

electrospray ionization mass spectrometry (ESI-MS) revealed the formation of dimers 

(main peaks: 615.2459: [M + H]
+
, 637.2278: [M + Na]

+
). Thus, H2 is a type of 
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molecular assembly, probably stabilized by intermolecular H-bondings between silanol 

groups. 

 

Figure 3.1 XRD patterns of azo–siloxane hybrid films (a) H1 and (b) H2. 

 

Figure 3.2 FE-SEM images of the top surfaces of (a) H1 and (b) H2. 

(a) (b)

3 μm 3 μm
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Figure 3.3 TEM image of H1. 

 

Figure 3.4 XRD patterns of cast powders prepared from (a) P1 and (b) P2. 



Chapter 3 Structures and Photo-responsive Properties of Ordered Azo–siloxane Hybrids Prepared by Hydrolysis and 

Polycondensation 

 

72 

 

Figure 3.5 Solid-state 
13

C CP/MAS NMR (left) and 
29

Si CP/MAS NMR (right) spectra of (a) H1 

and (b) H2. 

It is inferred that lamellar structures are formed by evaporation-induced 

self-assembly of hydrolyzed P1 and P2 monomers during spin-coating. After hydrolysis, 

ethoxyl groups of the precursors are converted to silanol groups (Si–OH). The 

hydrophobic interactions between the amphiphilic hydrolyzed monomers could be a 

driving force for self-assembly. Also, π–π interactions between benzene rings may be 

effective for the formation of the lamellar structures. Subsequent heat treatment 

promoted polycondensation of the silanol groups while maintaining the lamellar 

structure. The d-spacings slightly decreased from 3.39 to 3.20 nm (H1) and from 2.59 to 

2.37 nm (H2) upon heating. Heat-induced polycondensation was confirmed by FTIR 

spectroscopy (Figure 3.6). Before heating, peaks assigned to Si–OH vibrations at ca. 
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900 cm
-1

 and the stretching vibration of hydrogen bonded SiO–H at 3280 cm
−1

 are 

observed. After heating, the intensity of these bands decreased considerably, and the 

intensity of the band corresponding to Si–O–Si vibration at ca. 1020 cm
−1

 increased. 

Similar lamellar hybrids were also obtained as powders by hydrolysis in an EtOH 

solution. Layered, plate-like morphologies are clearly observed by FE-SEM (Figure 3.7). 

The XRD patterns of these powder samples show peaks characteristic of lamellar 

structures (Figure 3.8), similar to those of the film samples H1 and H2. Their 

d-spacings are slightly different from those of the film samples, which may be due to 

the different reaction conditions. The additional broad peaks at 19–24° (d = 0.37–0.47 

nm) might be arising from the stacking of the azo moieties by π–π interactions. These 

peaks are barely visible for the films, possibly because their lamellar structures are 

oriented parallel to the substrate. 

 

Figure 3.6 FT-IR spectra of H1 (left) and H2 (right): (a) before and (b) after heating. 
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Figure 3.7 FE-SEM images of the precipitates prepared from (a) P1 and (b) P2. 

 

Figure 3.8 XRD patterns of the precipitates prepared from (a) P1 and (b) P2. 

3.2.2.2 Photo-responsive properties  

Azobenzene molecules can undergo reversible trans–cis isomerization under UV/Vis 

light irradiation and show a change in the molecular length from 0.90 to 0.55 nm. This 

process is facile in solution because of the high mobility of azobenzene. However, in 

the solid state, the mobility of azobenzene decreases considerably, especially when both 

phenyl groups are covalently bonded to polymer networks,
[21]

 which might induce 

severe interference in photo-isomerization. In the systems presented here, even after the 

formation of siloxane networks, one end of the azobenzene moieties is still free to move. 

The UV–Vis absorption spectra of H1 and H2 after UV/Vis irradiation are shown in 

(a) (b)

3 μm 3 μm
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Figure 3.9. Before irradiation (Figure 3.9a), the thermally more stable trans isomer of 

azobenzene is plentiful in the films, showing a strong absorption at ca. 340 nm owing to 

π–π* transitions. After 5 min of UV irradiation (Figure 3.9b), the intensity of the 340 

nm peak decreases, while that of a small peak at ca. 440 nm attributed to the forbidden 

n–π* transition of the metastable cis isomer increases, indicating partial trans to cis 

photo-isomerization. No further change was observed when the irradiation time was 

prolonged. After a subsequent 5 min of visible light irradiation (Figure 3.9c), the 

reverse cis to trans process occurred, which is confirmed by the recovery of the 340 nm 

peak and the decrease in the intensity of the 440 nm peak. Repeated UV/Vis irradiation 

cycles induce the same changes in the UV–Vis spectra. The photo-responsive properties 

of H1 and H2 were further investigated by studying their structural changes under 

UV/Vis irradiation. Figure 3.10 (left) shows the XRD patterns of H1 (a) before 

irradiation, (b) after the first cycle and (c) the second cycle of UV (solid line) and 

visible light (dashed line) irradiation. Reversible d-spacing changes are observed for 

each cycle. After UV irradiation, the intensity of the peak decreased, accompanying a 

slight decrease in the d-spacing. When visible light was subsequently applied, the 

position of the peak was almost recovered. This process could be repeated for several 

cycles. The variation in the d-spacing of H1 in these processes is shown in Figure 10 

(right), showing a ca. 0.05 nm decrease under UV irradiation. Interestingly, the 

phenomena observed for H2 were contrary. Reversible changes in the d-spacing of H2 

after two cycles of UV/Vis irradiation are shown in Figure 3.11. After UV irradiation, 

the (001) and (003) peaks shifted to lower angles and partially (first cycle) and fully 

(second cycle) recovered after visible light irradiation. There is an increase of ca. 0.03 

nm in the d-spacing under UV irradiation. 
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Although the fluctuation ranges are very small, to the best of our knowledge, this is 

the first report on the reversible change in the d-spacings of self-assembled 

organosiloxane materials. By utilizing precursors with different numbers of alkoxyl 

groups, different tendencies of d-spacing changes (decreasing or increasing) are 

observed. Such photo-responsive behavior is thought to be caused by reversible partial 

trans–cis photo-isomerization of azobenzene moieties, as evidenced by the UV/Vis 

spectra (Figure 3.9). This result is in contrast to a previous report in which trans to cis 

isomerization is severely inhibited owing to extensive hydrogen bonding interactions. 

 

Figure 3.9 UV–Vis absorption spectra of H1 (left) and H2 (right): (a, red) before irradiation, (b, 

blue) after UV irradiation for 5 min and (c, green) after subsequent visible light irradiation for 5 

min. 

 

Figure 3.10 Variations in the XRD patterns (left) and d-spacing (right) of H1 upon 

photo-irradiation: (a) before irradiation, (b) after first cycle and (c) after the second cycle of UV 

(solid line) and visible (dash line) light irradiation. 
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Figure 3.11 Variations in the XRD patterns (left) and d-spacing (right) of H2 upon 

photo-irradiation: (a) before irradiation, (b) after first cycle and (c) after the second cycle of UV 

(solid line) and visible (dash line) light irradiation. 

3.2.2.3 Structural models 

To explain the differences in the structures and photo-responsive properties of H1 and 

H2, structural models are proposed
[22]

 (Figure 3.12). Lamellar films consist of inorganic 

siloxane layers and organic azo layers. The azo groups should be in bilayer 

arrangements because the d-spacings are larger than the molecular lengths of 

hydrolyzed P1 and P2. The different d-spacings for H1 (3.20 nm) and H2 (2.37 nm) can 

be explained by the different tilt angles of the azo moieties relative to the siloxane 

layers. The angles are calculated to be about 90 and 40° for H1 and H2, respectively. 

Such a difference is presumably due to the steric influence of the methyl group attached 

to the Si atoms and/or due to the difference in the number of Si–OH groups in the 

hydrolyzed P1 and P2. The photo-induced changes in the d-spacings are much smaller 

than those expected from trans–cis isomerization of single azo molecules (~0.45 nm). It 

was speculated that photo-isomerization of a part of azo moieties triggers a slight 

change in the overall tilt angles in the lamellar hybrids. For H1, trans to cis 

isomerization of azos induced a decrease in the tilt angle relative to the siloxane layers. 

On the other hand, because of the smaller tilt angle of azo in H2 before irradiation, the 
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formation of the cis isomers may increase the tilt angle under UV irradiation. The 

occurrence of d-spacing changes for these hybrid films suggests the flexible properties 

of the networks, which not only enables the photo-isomerization of azo moieties but 

also changes the lamellar periodicities. This is inherently different from that of 

azo-grafted mesoporous silica and similar to the organic polymer-based azo-containing 

films or elastomers. 

 

Figure 3.12 Possible structural models of (a) H1 and (b) H2 formed by self-assembly and 

polycondensation of P1 and P2, respectively.  

3.2.2.4 Effects of addition of tetraethoxysilane (TEOS) 

Co-condensation of TEOS with P1 and P2 gave films (H1’ and H2’) with high 

transparency. The FE-SEM images of these films show uniform surface morphologies 

(Figure 3.13); these are quite different from the rough morphologies of the films 

prepared without TEOS (cf. Figure 3.2). Their XRD patterns (Figure 3.14a) show sharp 

peaks with different d-spacings (2.79 and 3.80 nm for H1’ and H2’, respectively). The 

larger d-spacing of H2’ compared to H2 (2.37 nm) can be reasonably explained by the 

increased thickness of the siloxane layers by TEOS incorporation. In contrast, the 

smaller d-spacing of H1’ compared to H1 (3.20 nm) strongly suggests that the 

arrangement of azos was changed from a bilayer to an interdigitated monolayer, 
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possibly owing to the increase of the lateral distance between hydrolyzed H1 molecules 

by co-condensation with TEOS. UV–Vis absorption spectra of these films (Figure 3.15) 

show higher degrees of trans–cis isomerization of azo moieties under UV/Vis 

irradiation. Another influence of adding TEOS is that the materials swell when exposed 

to organic solvents. XRD patterns of H1’ and H2’ were measured after soaking in 

dioxane for 1 h (Figure 3.14b). Both samples have maintained the lamellar structures 

but show large increases (0.54 and 0.45 nm) in d-spacings. Efficient trans–cis 

isomerization were still observed for these swollen films (Figure 3.16). The films shrank 

after drying, as confirmed by the recovery of the d-spacings to the original values (data 

not shown). A similar increase in the d-spacings was observed when H1’ and H2’ were 

soaked in N,N-dimethylformamide (DMF), Dimethyl sulfoxide (DMSO) and THF 

(Figure 3.17, 18); however, only a minor d-spacing increase (0.17 nm for H1’) is 

observed in toluene. It is likely that hydrogen bonding between solvent molecules and 

silanol groups on the siloxane layers plays a crucial role in swelling. It should be noted 

that H1 shows only a small d-spacing increase (0.11 nm) in dioxane, and H2 is 

dissolved in dioxane. By co-condensation with TEOS, the change of the arrangement of 

interlayer organic moieties may facilitate the intercalation of solvent molecules. 

XRD patterns after UV/Vis irradiation were recorded to examine the 

photo-responsive properties of H1’ and H2’ before and after swelling. Although these 

films show higher degrees of photo-isomerization compared to H1 and H2, no 

significant shift of the XRD peaks was observed upon UV/Vis irradiation (data not 

shown). It is likely that the photo-induced change of the interlayer distance is affected 

by the rigidity of siloxane layers or the density as well as the arrangement of azo 

moieties in the organic layers. Further investigation is in progress to understand more in 
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detail. 

 

Figure 3.13 FE-SEM images of the top surfaces of (a) H1’ and (b) H2’. 

 

Figure 3.14 XRD patterns of H1’ (left) and H2’ (right): (a) before and (b) after swelling with 

dioxane. 

 

Figure 3.15 UV–Vis spectra of H1’ and H2’ (a, red) before irradiation, (b, blue) after 2 min of 

UV irradiation and (c, green) after a subsequent 2 min of Vis irradiation. 

 

(a) (b)

3 μm 3 μm
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Figure 3.16 UV–Vis spectra of swollen H1’ (left) and swollen H2’ (right): (a) before irradiation, 

(b) after 1 min of UV irradiation and (c) after 1min of visible light irradiation. 

 

 

Figure 3.17 Swelling of H1’ in (i) DMSO and (ii) DMF. 

 

 

Figure 3.18 Swelling of H2’ in (i) THF and (ii) DMF. 

 

Further studies of the effect of co-condensation of TEOS with P1 and P2 precursors 
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are conducted to investigate their structures and appearances changes on different 

hydrolysis time. In the case of H1’, addition of TEOS induced increase of transparency 

of the yellow film (Figure 3.19, right). In addition, different hydrolysis time gave 

different XRD patterns. When hydrolysis time was 40 min, two diffraction peaks with 

d-spacings of 3.82 nm and 2.87 nm appeared. Further increase of the hydrolysis time to 

1h and 85 min, one of the diffraction peaks remained, with a d-spacing of 2.79 nm. The 

evolution of XRD peaks was explained by the model shown in Scheme 3.2. Addition of 

TEOS has increased both the thickness of siloxane layers and distance between azos, 

rendering the bilayer arrangements of azos in H1 to monolayer or partially monolayer 

arrangements. The thickness of azo layer (x), siloxane layer with (z) or without TEOS 

(y) are calculated to be x =1.0 nm, y = 1.1 nm and z = 1.8 nm. On the other hand, for 

H2’, increase of the transparency of film also observed after adding TEOS. d-spacing 

and intensity of the films increased after long hydrolysis time (Figure 3.20). It was 

estimated that in this case arrangements of azos remained bilayer and the increase of 

d-spacing are derived from the incorporation of TEOS into siloxane layers as shown in 

Scheme 3.3. 

 

Figure 3.19 (left) XRD patterns of H1’ films prepared after different times of hydrolysis: (a) H1, 

(b) 40 min (c) 1h and (d) 85 min and the appearances of (a) and (d); (right) photos of (a) and (d) 
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films. 

 

Scheme 3.2 Models of lamellar structure changes of H1’ on co-condensation with TEOS. 

 

  

Figure 3.20 XRD patterns of H2’ prepared after different times of hydrolysis: (a) 30min, (b) 1h, 

(c) 1.5h, (d) 2h, (d) 2.5h and (e) 3h. 

 

Scheme 3.3 Models of lamellar structure changes of H2’ on co-condensation with TEOS. 
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3.2.3 Conclusions 

Alkoxysilyl-functionalized azos were utilized to produce photo-responsive 

organosiloxanes having a lamellar structure by self-assembly process. The arrangement 

of the azo-moieties between the siloxane layers can be tailored by varying the number 

of alkoxyl groups and by co-condensation with tetraalkoxysilane, leading to different 

photo-responsive behaviors, i.e. different degrees of trans–cis photo-isomerization as 

well as changes in d-spacings of the lamellar periodicity upon UV/Vis irradiation. 

Furthermore, the swelling behaviors of lamellar structures in organic solvents were 

demonstrated. The present study offers a facile approach to fabricate a new class of 

azo-based photo-responsive materials with highly organized structures. Further design 

of such self-assembled hybrid materials is important in order to obtain smart materials 

showing drastic changes in the structure and shape in response to irradiation. 

3.3 Hybrids prepared from bridged-type precursors by sol–gel 

reactions and solid–liquid reactions 

 

Scheme 3.4 Preparation of hybrid films from P3, P4 and P5 precursors 
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3.3.1 Experimental 

Materials 

Precursors (P3, P4 and P5) used were synthesized in Chapter 2. Solvents and HCl 

solution were purchased from Wako Pure Chemical Industries and were used without 

further purification. 

Preparation of hybrid powders (L3, A4 and A5) from P3-P5 

An aqueous solution of HCl was added to THF solution of P3, P4 and P5, and the 

mixtures (molar ratios of P3/ THF : H2O : HCl = 1 : 50 : 15 : 0.03 and P4/ P5 : THF : 

H2O : HCl = 1 : 200 : 15 : 0.03) were stirred at room temperature until precipitates for 

P5, P4, P3 occur. After another several hours stirring, the precipitated are collected by 

filtration followed by heating at 120 °C overnight to induce polycondensation and gave 

hybrids L3, A4 and A5. 

Preparation of hybrid films (H3-H5) from P3-P5 

Solution reaction methods 

An aqueous solution of HCl was added to THF solution of P4 and P5, and the mixtures 

(molar ratios of P4 : THF : H2O : HCl = 1 : 100 : 10 : 0.02 and P5 : THF : H2O : HCl = 

1 : 100 : 10 : 0.005) were stirred at room temperature for 2 h and 1 h, respectively. A 

portion of the mixtures was spin-coated on glass substrates to obtain thin films. 

Exposing of the film to a 5 M HCl vapor in a sealed vessel for 30 min or heating the 

film at 120 °C for 3h are conducted to induce polycondensation. Yellow turbid films of 

H4 and H5 were obtained. Similar method was tried to prepare H3; unfortunately, 

precipitates occurred easily and no film with an ordered structure was obtained.  

Solid reaction methods 

Solid–liquid reaction of P3 precursor film (0.0156 g P3 dissolved in 102 μL THF, then 
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spin-coating to prepare P3 precursor film) in 0.1 M HCl solution are conducted for 15 d, 

before giving the hybrid film H3. 

Solid–liquid reactions of P4 and P5 are conducted by immerging P4/P5 precursor 

films into 0.1 M HCl solution for 9 d. THF solution of P4/P5 precursors (0.245 M) are 

prepared by dissolving 2 ×10
−5

 mol of precursors (0.0141g and 0.013 g for P4 and P5, 

respectively) in 102 μl (10
−3

 mol) of THF. P4/P5 films are obtained by spin-coating the 

above solution with a spin speed of 3000 rpm for 10 s. 

Characterization 

Fourier transform infrared (FT-IR) spectra were recorded using a JASCO FT/ IR-6100 

spectrometer by the KBr pellet technique. Solid-state 
13

C and 
29

Si-NMR spectra were 

recorded using a JEOL CMX-300 spectrometer at resonance frequencies of 75.57 and 

59.7 MHz, respectively. X-ray diffraction (XRD) patterns were obtained using a 

RIGAKU UltimaIV diffractometer with CuKa radiation. UV–Vis absorption spectra 

were recorded using a JASCO V-670 instrument. Gel Permeation Chromography (GPC) 

was conducted on HPLC LC-9210 NEXT using UV370 NEXT and RI 704 detectors. A 

thermogravimetric differential thermal analyzer (TG-DTA, Thermoplus TG 8120, 

Rigaku) was used for the thermal ability analysis. 
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3.3.2 Results and discussion 

3.3.2.1 Hybrid powders (L3, A4 and A5) prepared from P3, P4, P5 

 

Figure 3.21 XRD patterns of (a) L3, (b) A4 and (c) A5. 

XRD patterns of L3, A4 and A5 hybrid powders are shown in Figure 3.21. Ordered 

lamellar structures with a d-spacing of ca. 2.20 nm were observed for L3. Well resolved 

sharper diffraction peaks from first order (001) until third harmonic peak (003) revealed 

a long range order of lamellar structure. In previous studies, precursors and hybrids 

usually possess similar d-spacings, with a little shrinkage for the hybrids.
[22]

 However, 

in the case of L3, it is very different. The larger d-spacing compared to the precursor 

powders and film may be caused by the more stretched conformation of the 

hydrocarbon chains, different packing and orientation of the azo-containing organic 

moieties. On the other hand, A4 and A5 did not show such ordered diffraction peaks but 

only several large bumps. Their XRD patterns are similar to a previous reference,
[23]

 

revealing their amorphous structures. Both of them show bumps at diffraction angle of 

ca. 23.3°, corresponding to a d-spacing of 0.38 nm, which is attributed to chain-chain 

spacing.
[23]

 Another two sharp peaks of d-spacing of 0.49 nm and 0.52 nm for A4 and 

A5 respectively, may be derived from the orderliness within siloxane domains.
[23]

 In low 
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diffraction angles of A5, the broad peak with a d-spacing of ca. 1.66 nm may indicates 

some kind of ordered lamellar structure, however, its broadness and lack of higher 

ordered diffraction peaks suggest a short-range ordered property.
[24]

  

 

Figure 3.22 SEM images of (a) L3, (b) A4 and (c) A5. (Scale bar: 1 μm). 

SEM images (Figure 3.22) of L3 showed flat plate-like morphologies whereas A4 

and A5 exhibited twist morphologies. These differences may be caused by different 

self-assembly abilities of precursors, which is similar to previous report.
[25]

 

 

Figure 3.23 FT-IR patterns of (a) L3, (b) A4 and (c) A5: (below) before heating and (above) 

after heating. 

To investigate the reason for the structure and morphology differences of L3 and 

A4, A5, FT-IR measurements of precipitates before and after heating were conducted. It 

was considered that ordered structures are derived from hydrolyzed species which 
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behave as amphiphilic molecules capable of self-assembly.
[26]

 For L3, before heating 

(Figure 3.23(a) below), large absorption band for stretching vibration of Si–OH (ν(Si–

OH)) and SiO–H (ν(SiO–H)) at 789 and 3245 were observed, indicating successful 

hydrolysis of ethoxy groups (Si–OEt) into silanol groups (Si–OH), the absence of 

absorption peaks for –CH3 (around 2995 cm
−1

) is an evidence of completely hydrolysis 

of P3. H-bondings between intramolecular silanol groups self-assemble the hydrolyzed 

species into ordered structures. The existence of H-bondings can also stabilize the 

ordered structures, inhibiting further condensations, as evidenced by highly ordered 

lamellar structures with a larger d-spacing (2.35 nm) before heating (Figure 3.24). The 

stabilization of silanol by H-bondings without immediately polycondensation seems to 

be a characteristic to form ordered structures. Asymmetric stretching band of Si–O–Si at 

1056 cm
−1

 is still very small, indicating absence of significant polycondensation. After 

heating (Figure 3.23 (a) above), both peaks for ν(SiO–H) and ν(Si–OH) decreased 

greatly, accompanying with largely increase of absorption bands of Si–O–Si. Besides, 

significant decrease and upshift of the ν(SiO–H) band from 3245 to 3383 cm
−1 

was also 

observed, which may attribute to decrease of Si–OH groups and removing of 

physisorbed H2O on heating. On the other hand, for A4 and A5, polycondensation had 

proceeded in a high extent even before heating, as being adjudged from the intense Si–

O–Si bands and relatively small absorption peaks for Si–OH in Figure 3.23 (b) below. 

Further heating did not change the polycondensation degree too much.  

Formation of ordered (L3) and amorphous (A4 for example) structures are shown 

in Scheme 3.5. For L3, three processes (hydrolysis, self-assembly and 

polycondensation) are proceeded, whereas, for A4 and A5 polycondensation occurred 

immediately after hydrolysis. The number of silanol groups seems to be critical to their 
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self-assembly ability. Each molecule of P3, P4 and P5 can produce 6, 4, and 2 of Si–OH 

groups respectively after hydrolysis. The lack of self-assembly ability for P4 and P5 to 

form ordered structures may be caused by the absence of adequate H-bondings. 

Immediately polycondensation of silanol groups only induced amorphous structures. 

Considering that two phenylene groups are contained in each molecule, π-π stacking 

and the rigidity of molecules may also contribute for the driving force for self-assembly. 

It was reported that asymmetrical methylene stretching bands νas(CH2) modes are 

sensitive to the gauge/trans conformer ratio and to the packing density of alkylene 

chains. νas(CH2) modes at low frequency features an highly ordered all trans 

conformation of the alkylene chain (here (CH2)3). νas(CH2) in L3 is 2931 cm
−1

, and are 

upshifted to 2945 and 2939 cm
−1

 for A4 and A5 (∆ν = 14, 8cm
−1

), which are in good 

agreement with previous studies
[27]

 in which similar differences were reported for 

lamellar and amorphous hybrids. 
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`Scheme 3.5 Synthesis of lamellar and amorphous hybrid powders L3 and A4 from P3 and P4. 

 

 

Figure 3.24 P3 precipitates (a) before and (b) after heating. 

3.3.2.2 Hybrid films (H3, H4 and H5) prepared from P3, P4 and P5 precursors 

Structural characterizations 

Traditional hydrolysis and self-assembly of P3 in THF, HCl, H2O solution could not 

give a homogenous film as precipitates usually occurred before fully hydrolysis of P3. 

(a)

(b)
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A solid–liquid reaction from the precursor crystalline film was conducted as an 

alternative approach. The XRD patterns relative to solid reaction time is shown in 

Figure 3.25, left. When reaction proceeds, diffraction peaks (d-spacing of 1.42 nm) 

assigned to P3 precursor film decreased gradually until completely disappearance of it. 

Meanwhile another groups of diffraction peaks with a larger different d-spacing (2.28 

nm) evolved. It indicated the occurrence of dramatically structure change in the film in 

solid state in a molecular level. Totally different XRD patterns suggest a dramatically 

transformation of the molecular organization. The initial structure for precursor is lost, 

the new XRD diffraction peaks present for structure of the hydrolyzed film. The 

difference between the XRD results for precursor and hydrolyzed films may show that 

the linking of azos by Si–O–Si bonds results in changes of distances, orientation, and 

general organization of azos.
[28]

 FT-IR spectrum also showed strong absorption bands 

for Si–O–Si, suggesting the occurrence of polycondensation. The microscopic image of 

H3 (Figure 3.26) showed a crystal-like domain structure similar to that before reaction. 

 
Figure 3.25 (left and middle) XRD patterns of solid reaction of P3 film: (a) before reaction; (b) 

after 3 d; (c) 9 d and (d) 15 d of reaction (H3); (right) FT-IR spectrum of H3. 
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Figure 3.26 Polarized Microscopic Image of H3. 

 

Figure 3.27 XRD patterns (left) and FT-IR spectra (right) of H4 (a) before and (b) after 1 h of 

HCl vapor treatment. 

Hydrolyzed film of P4 was prepared from spin-coating the pre-hydrolyzed solution 

of P4, HCl, THF and H2O. Its XRD pattern (Figure 3.27, left (a)) exhibited well-ordered 

structures with a d-spacing of 1.83 nm, slightly smaller than the P4 precursor film (1.89 

nm).High-order diffraction peaks until (006) appeared. The FT-IR spectrum (Figure 

3.27, right (a)) has large peaks for Si–OH (900 and 3300 cm
−1

), suggesting highly 

hydrolysis of P4 precursor. However, heating of this hydrolyzed film at even relatively 

low temperature (60 °C) leads to a disordered structure in which no XRD peaks are 

retained. HCl vapor treatment was alternatively conducted by putting the hydrolyzed 

film in a sealed 5 M HCl vapor atmosphere for 30 min, finally giving H4. FT-IR pattern 

suggested, in H4 Si–O–Si bonds are formed from Si–OH while still retained its lamellar 

structure as evidenced by the XRD pattern with a similar d-spacing of 1.81 nm, though 

there are some broadness of the diffraction peaks. Solid–vapor approach thus is 



Chapter 3 Structures and Photo-responsive Properties of Ordered Azo–siloxane Hybrids Prepared by Hydrolysis and 

Polycondensation 

 

94 

identified as an effective method to get ordered structures when promoting the reactions 

simultaneously. The polarized microscopic images (Figure 3.28) showed small crystal 

domains which is different from that of the precursor film. 

 

Figure 3.28 POM Images of H4 (at different resolutions). 

H5 film was obtained from a traditional spin-coating of the hydrolyzed P5, THF, 

HCl and H2O solution followed by heating to induce polycondensation. The XRD and 

FT-IR spectra before and after heating are shown in Figure 3.29. There is a continuous 

d-spacing decrease from the precursor film, hydrolyzed film and H5 film from 1.93 nm 

to 1.83 nm to 1.59 nm, which is reasonable because of the hydrolysis and 

polycondensation process of ethoxy groups from Si–OEt to Si–OH to Si–O–Si bonds, 

accompanying a rearrangement and contraction of the molecular chains. The absorption 

peaks of their FT-IR spectra also identified this process. The polarized microscopic 

images of H5 also showed small crystal-like domain textures as shown in Figure 3.30. 
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Figure 3.29 XRD patterns and IR spectra of film prepared from P5 (a) before and (b, H5) after 

heating. 

 

Figure 3.30 POM images of H5 (at different resolutions). 

Photo-responsive properties of H3, H4 and H5 hybrid films 

Firstly, photo-responsive properties of H3, H4 and H5 hybrid films are investigated by 

measuring their UV–Vis spectra to examine the occurrence of trans–cis isomerization 

upon UV/Vis irradiation. As shown in Figure 3.32, they show different behaviors upon 

irradiation. For H3, before and after UV and Vis irradiation, broad absorption peaks at 

330 nm were kept intact and did not show any changes in the peak position or intensity. 

It indicates no trans–cis isomerization occurred, which might be caused by close 

packing of azos in H3
[29]

.
 
For H4, UV irradiation caused a minor reversible trans–cis 

isomerization. After UV, an increase of intensities both at 340 nm and 450 nm are 

observed, which may be the same reason caused by the variation of the arrangements of 
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azos as in the case of P4 precursor film. Subsequent Vis irradiation caused increase of 

the density of peak at 340 nm and decease of that at 450 nm, indicating cis-to-trans 

back isomerization. In the case of H5, a much larger extent of trans–cis isomerization 

upon UV and Vis irradiation occurred. After UV irradiation, peak of trans isomer at 350 

nm decreased, and peak of cis isomer at 460 nm increased, indicating an effective 

trans-to-cis isomerization. Subsequent 5 min of Vis irradiation recovered the original 

spectra, which suggests a cis-to-trans back isomerization. The reversibility and large 

extent of trans–cis isomerization suggests that in H5, the azos may have larger free 

volume and a higher mobility. Absorption peaks of trans isomers in hybrid films and 

their precursor solution are compared and listed in Table 3.1. Their wavelength decrease 

in the sequences of solution, H5, H4 and H3. A highly closely packing of azos into 

H-aggregates usually induces a blue shift of the absorption peaks.
[29,30] 

The largest blue 

shift of H3 indicates the close packing of azos which induce small free volume and 

inhibit the photo-isomerization. On the other hand, H5 has a wavelength similar to that 

of in solution, reveals the loosely packing states of azos. The different packing states 

may be contributed to the different condensation degree (cross-linking degree of Si–O–

Si bonds). P5 has only one ethoxy group and has a less condensation degree thus low 

cross-linking degree of Si–O–Si bonds in the networks after polycondensation (also 

identified by FT-IR spectra in Figure 3.31). Consequently, in H5 the azo moieties are 

not tightly fixed, thus have a higher mobility to move and realize trans–cis 

isomerization. Different flexibilities of the networks also contribute to the 

photo-isomerization properties. According to Scheme 3.5,
[33]

 H5 should have a higher 

flexibility than H3 and H4, which may also contribute to the reversible trans–cis 

isomerization. 
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Figure 3.31 FT-IR spectra of (a) H3, (b) H4 and (c) H5. 

 

Figure 3.32 UV–Vis spectra of H3, H4, and H5 (red) before irradiation, (blue) after 5 min of 

UV irradiation and (green) subsequent 5 min Vis irradiation.  
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Table 3.1 Absorption peaks of trans isomers in H3, H4 and H5 and their precursor solution. 

Samples λmax,trans  

H3 336 nm  

H4 341 nm  

H5 353 nm  

Solution 357 nm  

Effect of photo-irradiation on the structure of H3, H4 and H5 are studied by 

measuring their XRD patterns after UV and Vis light irradiation (Figure 3.33). For H3, 

no XRD patterns changes were observed. This is reasonable because the inhibited 

trans–cis isomerization kept the lamellar structure intact upon UV/Vis irradiations (H3 

in Scheme 3.6). For H4, after UV irradiation, the ordered structures disappeared and did 

not recover even after Vis irradiation. As shown in Scheme 3.6, unpolycondensed 

silanol groups in the lamellar structures still remain in H4. After UV, minor trans–cis 

isomerization caused the structure changing from lamellar to disorder. Further 

polycondensation proceeded simultaneously in the disordered state which has fixed the 

disordered structure and subsequent Vis irradiations could not recovery this original 

structure. Evidence for this subsequent reaction is shown in the FT-IR spectra in Figure 

3.34. Before irradiation relatively large peaks for Si–OH at ca. 800 and 3300 cm
−1

 were 

observed. They decreased and accompanied by the increase of absorption band for Si–

O–Si after irradiation. For H5, though effective reversible tran–cis photo-isomerization 

can take place, this molecular level motion seems could not induce any structure change 

of the film, as no changes of diffraction peaks occurred. Further investigations of H5 are 

conducted. 
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Figure 3.33 XRD patterns of H3, H4 and H5 (a) before irradiation, after (b) 5 min of UV, (c) 

subsequent 5 min of Vis irradiation. 

Scheme 3.5 Properties of silica materials with different Si–O–Si cross-linking degrees. 

 

Scheme 3.6 Structural models of H3 and H4 after UV/Vis irradiation. 
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Figure 3.34 FT-IR spectra of H4 (a) before irradiation (b) after UV/Vis irradiation. 

Cast film of H5 was prepared in the same reaction conditions as that of spin-coated 

film and same XRD patterns are observed for both films. Further investigations of H5 

were investigated by characterizations of cast film. H5 can be dissolved in several 

organic solvents (THF and CHCl3) but could not be dissolved in EtOH. Liquid 

29
Si-NMR spectrum (Figure 3.35, a) at ca. 7.8 ppm show a M

1 
(C(CH3)SiOSi) signal 

indicating the polycondensation of P5 precursor whereas a small signal for P5 precursor 

(ca. 17.8 ppm) still exist. GPC (Gel Permeation Chromatography, Figure 3.35, b)) was 

performed to remove unreacted P5. The peak for the polycondensed portion is very 

sharp, indicating the narrow molecular distribution. UV–Vis spectra of this portion after 

UV/Vis irradiation in CHCl3 were recorded as in Figure 3.39. Different from P5 

precursors in organic solvent, the polycondensed azos show a relatively small extent of 

reversible trans–cis isomerization but similar to that of H5 film (Figure 3.36). In this 

case, the factor that limits the photo-isomerization of azos is not the external 

environment conditions; either it is solvent or other molecules in solid state. The 

condensation state of the network itself has become the determinative factor. Condensed 

molecules may suffer high constrains which may inhibit photo-isomerization. The 
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results have provided us a way to improve the photo-isomerization of hybrids by 

modulating the condensation form or degree of the network. 

 

Figure 3.35 (a) liquid 
29

Si-NMR of H5 and (b) its GPC spectrum (the peak indicated by red 

cycle stands for the polycondensed species). 

 

Figure 3.36 UV–Vis spectra of H5 in CHCl3 after GPC (removal of P5 precursor): (red) before 

irradiation, (blue) after 1min of UV irradiation, (green) after 1 min of Vis irradiation. Solid: first 

UV/Vis irradiation cycle, dot: second UV/Vis irradiation cycle. 

Thermal stabilities of H4 and H5 
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Figure 3.37 TG curves of H4 and H5 cast samples. 

Azo-containing siloxane molecules or materials show highly improved thermal 

stabilities than the pure azo compounds.
[32]

 TG measurements are conducted for H4 and 

H5 films (Measurement of H3 was not conducted because of the too little amount of 

sample). Results showed that both films were very stable until ca. 370 °C, much higher 

than the decomposition temperature of pure azo organic materials (below 200 °C). 

Weight losses at 700 °C were ca. 45 % and 80 % for H4 and H5 respectively. This 

greatly increase of thermal stability may be caused by the heating barrier effect of 

siloxane networks. A less weight loss was observed for H4 than H5 also suggests the 

higher Si–O–Si cross-linking contribute more to this thermal stability. Though there was 

no TG data for H3, we can infer that H3 should have a higher thermal stability than H4 

and H5. 

The properties of H3, H4 and H5 are summarized in Table 3.2. 
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Table 3.2 Properties of H3, H4 and H5. 

 

3.3.2.3 Hybrid films prepared by solid reaction processes (H4’ and H5’) 

Structural characterizations 

H4’ and H5’ were hybrid films obtained from P4 and P5 precursor films through solid–

liquid reactions. Both of their XRD patterns (Figure 3.38 and 3.39, left) revealed 

retained ordered lamellar structures with d-spacings slightly different from the 

precursors as well as H4 and H5. Peak intensities of H4’ are also less than that of H4, 

which may be caused by the low reaction efficiencies in solid states. Different reaction 

methods may slightly influence the arrangements, distances and packing states of azos 

or Si–O–Si groups. 

 

Figure 3.38 (left) XRD and (right) FT-IR patterns of H4’. 
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Figure 3.39 (left) XRD and (right) FT-IR patterns of H5’. 

Photo-responsive properties of H4’ and H5’ 

For H4’ and H5’, absorption peaks were at wavelength of ca. 342 nm, a little different 

with that of H4 and H5 (341 and 353 nm respectively), which may suggest a different 

aggregating states of azos in H5’ from that in H5. Though very small, partially trans–

cis photo-isomerization of azos occurred for H4’ and H5’. The lower 

photo-isomerization degree for H5’ than H5 is also in consistence with the wavelength 

data, which is influenced by the closely stacking states of azos. 

 

Figure 3.40 UV–Vis spectra of H4’ and H5’: (red) before irradiation, (blue) after 5 min of UV 

irradiation and (green) after subsequent 5 min of Vis irradiation. 

In the XRD patterns of H4’, lamellar structure disappeared after one cycle of 5 min 

of UV/Vis irradiation. Lamellar structures of H5’ also disappeared gradually after 

several cycles or longer time of UV irradiation. It was considered that the structure of 
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H4’ and H5’ with less intensity of Si–O–Si bonds were not very stable, reversible trans–

cis isomerization collapsed their ordered structures gradually. 

 

Figure 3.41 XRD patterns of H4’ and H5’ (a) before irradiation, (b) after 5 min of UV 

irradiation, (c) after subsequent 5 min of Vis irradiation, (d) after subsequent 20 min of UV 

irradiation and (e) static of (d) at r.t. for 1 d. 

3.3.3 Conclusions 

Hybrid azo–siloxane hybrids with different morphologies (powders and films) have 

been prepared from different bridged-type precursors (different numbers of hydrolytic 

Si–OEt groups) through various hydrolysis and polycondensation methods. 

Self-assembly of these precursors gave hybrid powders and films (L3, H3, H4, H5 and 

H4’, H5’) with ordered lamellar structures. Preparation methods and structures of 

precursors have great influence on their trans–cis photo-isomerization abilities. Hybrids 

obtained from solution reactions and precursors with less number of hydrolytic groups 

have higher trans–cis isomerization. Their trans–cis photo-isomerization and stability 

are considered to be related to the polycondensation degrees of the siloxane framework. 

Hybrids films possess much improved thermal stability than the pure azo-containing 

organic materials. 
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3.4 Hybrids prepared from dumbbell-type precursor by solid–liquid 

reactions 

 

Scheme 3.7 Preparation of H6. 

 

3.4.1 Experimental 

Materials 

Precursor (P6) used are synthesized in Chapter 2. Solvents and HCl solution are 

purchased from Wako Pure Chemical Industries and are used without further 

purification. 

Preparation of H6 film 

Firstly, P6 precursor film was prepared by casting P6 (0.001 g) and THF (0.3 mL) 

solution on a glass substrate. Then the P6 precursor film was emerged into an Et2NOH 

(100 μL) and H2O (5 mL) mixture. After 3 days reaction and subsequent drying in air, 

H6 was obtained. H2 was generated during reaction and the film was taken out from the 

solution when no H2 released anymore. 

3.4.2 Results and discussion 

3.4.2.1 Structural characterizations 

During reaction of P6 film in Et2NOH aqueous solution, H2 bubbles generated from the 
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film surface, indicating progressive of solid–liquid reaction. Reaction proceeded until 

no bubbles were produced. After reaction, its XRD pattern (Figure 3.42, left) has similar 

diffraction peaks and d-spacing (1.99 nm) with that of the precursor film. The FT-IR 

spectra (Figure 3.42, right) of P6 film and after solid-reaction (H6) clearly showed 

hydrolysis and polycondensation occurred at the reaction condition. Absorption peaks at 

820, 850 and 2240 cm
-1

 assigned to Si–H peaks in oligomeric siloxane cage in precursor 

P6 dramatically decreased (more than 90 %), and peaks contributed to Si–O–Si bonds 

(500 and 1100 cm
-1

) became strong, revealing the evolution from Si–H to Si–OH and 

finally Si–O–Si. The model of change from P6 to H6 in the structure is shown in Figure 

3. 43. 

 

Figure 3.42 (left) XRD pattern and of H6 and (right) FT-IR spectra of P6 (a) and H6 (b). 

 

Figure 3.43 Siloxane bonds formation from P6 to H6. 

3.4.2.2 Photo-responsive properties 

UV–Vis spectra measurements of H6 before and after irradiation are shown in Figure 
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3.44. After UV, the intensity of peak at 360 nm decreased, indicating a trans-to-cis 

transition. However, no increase of the peak at 450 nm (characteristic for cis isomer) 

occurred, this may be caused by the baseline adsorption from glass substrates. XRD 

patterns (Figure 3.45) of H6 before and after UV/Vis irradiation also exhibit reversible 

order–disorder transition of the structures similar to its precursor film. Although the 

irradiation time needed is longer than that of solution and film of precursor, recovery of 

the hybrid siloxane networks are achieved. It is considered the free volume provided by 

siloxane cages is playing an important role for the trans–cis isomerization and structure 

transition. The slowness of the transition is thought to be caused by the strain generated 

from the cross-linked Si–O–Si networks. The structure transition model is shown in 

Figure 3.46, in which the network are formed but not tightly cross-linked, it still have 

enough mobility to be arranged into a disordered structure and the strain in the network 

also helps to recover the ordered lamellar structure. 

 

Figure 3.44 UV–Vis spectra of H6 (a, red) before irradiation and (b, blue) after 60 min UV and 

(c, green) subsequent 18 min Vis light irradiation. 
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Figure 3.45 XRD patterns of H6 (a) before irradiation and (b) after 60 min UV and (c) static in 

natural light for 1 h. 

 

Figure 3.46 Models of the structure transition of H6 upon UV/Vis irradiation. 

3.5 Conclusions 

In this chapter, hybrid azo–siloxane powders and films are obtained by hydrolysis and 

polycondensation of different types of precursors (pendant-type, bridged type and 

dumbbell-type). These ordered lamellar structures were formed by self-assembly of 

hydrolyzed precursors. They have different trans–cis photo-isomerisation properties, 

which were influenced by the mobility, geometry and cross-linking degree of the 

networks. Several kinds of novel photo-induced structure changes of the hybrid films 

are obtained such as reversible changes of d-spacings, order–disorder transitions. The 

results are summarized in Table 3.3. 
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Table 3.3 Structures and photo-responsive properties of hybrid films (H1-H6) prepared from 

different types of precursors (P1-P6). 
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CHAPTER 4 Synthesis of Azo–siloxane Hybrid Gels by 

Hydrosilylation 

4.1 Introduction 

Materials with high porosity and surface areas are having and still gaining broad 

applications in gas storage, catalysis, separation, selectively absorbents, membranes, etc. 

Besides traditional inorganic porous materials such as zeolites, activated carbon, 

mesoporous/hollow silica nanoparticles, new materials such as Covalent Organic 

Frameworks (COF)
[1-3]

, Metal–Organic Frameworks (MOFs), etc. are excellent 

organic/hybrid porous materials developed in recent years. Preparation and 

characterization of new porous materials by employing new compositions or building 

blocks are attracting more and more research interests. 

Hydrogels 

Compared to the condensed polymeric particles or monoliths, hydrogels (gels) is a kind 

of soft materials that are capable of incorporating small molecules (solvents, 

biomolecules) and change their volume, solvent content, refractive index, permeability, 

and hydrophilicity–hydrophobicity by loading and releasing small molecules. They play 

important roles in fields such as chemical engineering, electronics, agriculture, medicine, 

food processing, separation technology, cosmetics and pharmaceuticals.
[4]

 

Many researches on gels are focusing on their capability of incorporation of small 

molecules and the controlled release on external stimuli, including temperature, pH and 

ion intensity. Gels containing poly(N-isopropyl-acrylamide) (pNIPAAm), which is a 
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temperature-dependent polymer, show reversible swelling–deswelling properties upon 

variation in temperature. Several azo-containing gels exhibit light-induced gel–sol or 

sol–gel transitions.
[5-8]

 Azo-containing side chain gels cross-linked by physical 

interactions also show swelling–deswelling behavior. However, the weak physical 

interactions induced low efficiency of controlled release.
[9]

 Covalently cross-linked 

azo-containing soft gels or porous materials are promising materials that may exhibit 

photo-induced swelling–deswelling behavior or other novel photo-responsive 

properties.  

D4R-containing porous materials 

D4R (double-four-ring unit) is a rigid siloxane cage which is a second building unite of 

several types of zeolites. Due to its high rigidity, symmetry and reactivity of being 

available to be modified on its eight Si corner atoms with various organic groups, D4R 

is incorporated into porous materials or as the second building unit to prepare organic–

inorganic porous materials.
[10-19]

 D4R cages are a good choice of scaffold to arrange 

functional groups and modify the properties.
[20]

 In this chapter, azo molecules are 

attached to D4R cages through hydrosilylation reactions, which is an effective strategy 

to form Si–C bonds.
[21]

 and three dimensional networks can be obtained. The bulky 

D4R cages which can provide large free volume around the azo moieties, are expected 

to not only promote pore formation but also facilitate trans–cis photo-isomerization of 

azo moieties and photo-responsiveness of the azo–siloxane networks. 

4.2 Experimental 

Materials 

Allyl-modified azobenzene (4,4’-diallyloxy-azobenzene) was synthesized according 
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to Chapter 2.3.1 and D4R (H8Si8O12) was synthesized as in Chapter 2.4.1. Platinum 

(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex in xylene (Pt~2%) was purchased 

from Sigma-Aldrich. Dehydrated toluene was purchased from Wako Pure Chemical 

Industry. 

Synthesis of gels 

The hydrosilylation was conducted according to scheme 4.1. In a typical procedure, 

Azo-allyl (0.2 g, 0.00068 mol), D4R (0.072 g, 0.00017 mol), dehydrated toluene (2 mL) 

were added to a 50 mL pre-vacuumed Schlenk flask under N2 flowing. Pt catalyst 

(0.013 g) was added to the above mixture under stirring. The mixture was stirred for 24 

h at 70 °C. Gelation occurred during stirring. After reaction, red wet gels (Figure 4.1, 

left) were obtained. After air-drying or vacuum evaporation of solvent, dry gels were 

obtained (Figure 4.1, right). 

Characterization 

Fourier transform infrared (FT-IR) spectra were recorded using a JASCO FT-IR-6100 

spectrometer by the KBr pellet technique. Solid-state 
13

C and 
29

Si-NMR spectra were 

recorded using a JEOL CMX-300 spectrometer at resonance frequencies of 75.57 and 

59.7 MHz, respectively. X-ray diffraction (XRD) patterns were obtained using a 

RIGAKU UltimaIV diffractometer with CuKa radiation. UV–Vis absorption spectra 

were recorded using a JASCO V-670 instrument. 
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Scheme 4.1 Hydrosilylation reaction of D4R and Azo-allyl to form networks (above) and 

structure of the obtained networks (below). 

 

 

 

 

Figure 4.1 Appearance of wet gels and dry gels. 
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4.3 Results and discussion 

4.3.1 Structural characterizations 

The reaction has proceeded as identified from the FT-IR spectra before and after 

reaction (Figure 4.2). Before reaction (a), strong absorption peak at 2300 cm
−1

 was 

assigned to the stretching vibration of Si–H in D4R. In Azo-allyl (b), Peaks at 2800–

3000 cm
−1

 was attributed to the stretching vibration of C–H and peak at 1640 cm
−1

 is 

assigned to stretching vibration of C=C bonds. In dry gels (c), peaks for Si–H and C=C 

decreased greatly, and peaks for C–H increased. This is in consistence with the 

hydrosilylation which converts Si–H and C=C bonds to Si–C connections. 

Signals in solid 
13

C-NMR (Figure 4.3. left) can be assigned to C atoms derived 

from Azo-allyl, indicating the intactness of azo groups. Disappearance of signals for 

C=C bond and appearance of new signals for methylene (indicated by stars) were 

observed. Two peaks at – 65 ppm and –75 ppm in the solid 
29

Si-NMR are assigned to 

silicon linked to C (C–Si) and H (H–Si, unreacted silicon) respectively. Calculation of 

the degree of reaction from 
29

Si-NMR result gave the result of ca. 70 %, suggesting a 

relatively high degree of cross-linking. N2 adsorption result of the dry gels show very 

low BET surface (almost nonporous).Though various drying approach were attempt, the 

porosity had not been improved. This is probably due to the flexibility of propylene (–

CH2–CH2–CH2–) linkers between azo and D4R units, which has blocked the pores after 

drying. It is considered that the large shrinkage of the network upon removing of the 

solvent leaves no pores between the D4R cages. Rigid linker with less number of 

methylene groups (such as –CH2–CH2–) may be a method to improve the porous 

properties. XRD pattern (Figure 4.4) showed that the dry gels are amorphous with only 

two large lumps. 
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Figure 4.2 FT-IR spectra of (a) D4R, (b) Azo-allyl and (c) dry gels. 

 

Figure 4.3 Solid 
13

C-, 
29

Si-/MAS NMR of dry gel. 

 

 

Figure 4.4 XRD pattern of the dry gels. 

4.3.2 Swelling–deswelling behaviors 

The obtained dry gels can undergo reversible swelling–deswelling transition after 

soaking in toluene and drying in air. After drying in air, shrinkage of ca. 70% was 
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observed, after emerging in toluene the original size can be recovered, as shown in 

Figure 4.5. However, directly irradiation on the wet gels did not induce any deswelling 

phenomena. This may be because it is too bulky for UV/Vis light to penetrate the gels. 

Absorption may only occur at a thin surface layer of materials. Morphology 

modification of the gels into thin films or nanoparticles (nanogels) (through an emulsion 

polymerization process) may of great favor to endowing them photo-responsive 

properties. 

 

Figure 4.5 Swelling–deswelling behaviors of gels. 

4.3.3 Photo-isomerization properties of wet gels 

 

Figure 4.6 (left) wet gels in quartz cell used for UV–Vis measurement, (right) UV–Vis spectra 

of wet gels (red) before irradiation, (blue) after 1min of UV irradiation, (green) after 1 min of 

Vis irradiation. Solid lines: 1
st
 cycle of irradiation; dash lines: 2

nd
 cycle of irradiation. 

Photo-isomerization properties of wet gels were studied by measuring the UV–Vis 

spectra of xerogels after its welling in toluene. Reversible and fast trans–cis 

isomerization with a relatively high extent was observed. This reversible process can be 
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repeated for several times. It reveals that in the three dimensional networks, after 

covalently incorporated into framework azos can still exhibit trans–cis isomerization 

properties. It is considered that this can be contributed to the large free volume of azos 

which was sandwiched by bulky D4R siloxane cages and the external environments 

formed by quantities of solvents after swelling. Controlled pore size changes in the gels 

are expected to be achieved by light irradiations. Especially, when the gels are 

fabricated into microscale or nanoscale, controllable pore size and release of small 

molecules are expected. 

4.4 Conclusions 

Azo–D4R three dimensional hybrid nanogels were prepared through hydrosilylation of 

azo derivative and oligosiloxane silane. The obtained gels are well cross-linked with a 

polymerization extent of ca. 70 %. The reversible swelling–deswelling behavior of the 

networks suggested that the spaces inside networks are accessible to small molecules 

(solvent), which is promising to be used in drug delivery systems. Fast and reversible 

trans–cis isomerization with large extent was achieved for the gels. However, UV/Vis 

irradiation on the bulky gel did not induce deswelling or other macroscopic behavior of 

the wet gels. N2 adsorption revealed a nonporous material of the dry gel. Decreasing the 

length of organic linkers between azos and D4R cages and fabricating gels into small 

sizes are possible methods to prepare pore size controllable photo-responsive materials. 
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CHAPTER 5 General Conclusions and Perspectives 

Smart materials are of great research interests not only because of the academic 

significance but also their broad potential applications in biomedical materials, smart 

devices and so on.  Photo-responsive materials which have taken the advantages of 

versatile photo-active molecules and easy manipulation of light stimulus are attracting 

more and more attention. Reversible trans–cis isomerization upon UV/Vis irradiation is 

the characteristic of azobenzene and its derivatives which induce dramatic morphology 

and size changes of the molecules. Azos can be easily incorporated into various organic 

or inorganic matrixes through covalent bonds. Endowing novel photo-responsive 

properties to materials are much desired in materials science. Organic polymers 

containing azo moieties such as liquid crystal polymers can realize photo-induced 

reversible contraction–expansion, bending–unbending behaviors of thin films as well as 

deformation of particles. Moreover, dynamic motions such as oscillations, inch-like 

walking, and robotic arm-like moving are also achieved. However, the organic-based 

materials suffer from their low thermal and mechanical stabilities which are unfavorable 

to their applications. 

Organic-inorganic hybrid materials, which integrate the organic and inorganic 

moieties in the molecular scale in one material and successfully avoid the micro-phase 

separation, have attracted interests of many researchers. Silica-based materials have 

advantages including light transparency in the UV–Vis region, good thermal and 

mechanical stabilities and versatile ordered structures available by self-assembly 

processes. Preparation of azo-containing siloxane hybrids is a prospective strategy to 
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obtain smart materials with photo-responsive properties as well as good thermal and 

mechanical properties. 

5.1 Main contents in this thesis 

In chapter 1, firstly, brief introduction of stimuli-responsive materials and properties of 

azos are stated. Then, azo-containing materials with various novel photo-responsive 

functions are listed. To ensure the photo-responsive properties of materials, two 

requirements are needed to be satisfied: 1) Enough free volume around the azo groups 

and high mobility of N = N bonds, 2) azo groups in the matrix must be orderly arranged. 

In organic polymer systems, the matrixes are flexible and provide enough free volume 

and motility to azos. Furthermore, azos in these polymers are orderly arranged by 

stretching, rubbing or other mechanical processes. 

Following is the introduction and preparation of organosiloxane materials. In 

preparation of azo–siloxane materials, two approaches are utilized to obtain ordered 

structures. Surfactant-directed self-assembly in which azos are grafted to the wall 

surface of mesoporous hybrids or embedded in the framework in order to adjust the 

pore size and absorption abilities were reported. However, these hybrids have the 

disadvantages of limited loading amount as well as inhomogeneous distribution of azos. 

Another approach is self-assembly of azo-containing silane precursors without 

surfactants. However, the closely packed and intense intermolecular interactions 

between these precursors always inhibit trans–cis isomerization. To overcome it, 

carefully synthesis of precursors with no intense H-bondings and other interactions is 

important. 

 Precursors with different configurations and reactive properties are synthesized 
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and studied in chapter 2. Mono-alkoxysilane precursors with pendant azo groups (P1 

and P2), Bis-alkoxysilane precursors with bridged azo groups (P3, P4 and P5) and a 

dumbbell-like bis-octasiloxane precursor with bridged azo groups (P6) were 

synthesized (Scheme 5.1). These precursors possess different types and numbers of 

reactive groups (hydrolytic ethoxy groups or reactive Si–H groups). Photo-responsive 

properties of solution (for P1-P6) as well as thin films (for P3-P6) of precursors are 

investigated. Azos in all solution show fast and reversible trans–cis photo isomerization. 

Trans-to-cis ratios before after UV irradiation and UV light energy efficiencies of in 

organic solution are also calculated. Solution of pendant type precursors (P1 and P2) 

exhibit highest trans-to-cis transition ratio and energy efficiency. P3-P6 films show 

different photo-isomerization properties which may be due to different intermolecular 

interactions arisen from different structures and packing states of the precursors. P3 film 

shows almost no trans–cis isomerization upon irradiation which is considered to be 

prevented by the closely aggregated and high intermolecular interactions of molecules. 

P5 film show partially reversible trans–cis photo-isomerization, indicating a higher 

mobility of azos. For P4 film, reversible crystalline–isotropic phase transitions are 

observed. The polarized microscopic images also show disappearance and recovery of 

the crystal texture upon UV and subsequent Vis irradiation. Further investigation 

showed that this phenomenon should be caused by the effects of irradiation and 

relatively low intermolecular interactions (low melting point) of P4. For P6 film, 

reversible trans–cis isomerization and lamellar–disordered transition were observed, 

which may derived from the large free volume provided by oligomeric siloxane cages. 

The results are summarized in Table 5.1 (left part). 
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Scheme 5.1 Preparation of hybrids from P1-P6. 

 

 

Table 5.1 Different photo-responsive behaviors of P1-P6 and H1-H6.  
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In chapter 3, hybrid azo–siloxane films H1-H6 were prepared from P1-P6 

precursors by different hydrolysis and polymerization approaches accompanied by 

self-assembly. Their structures and photo-responsive properties were studied. 

Hydrolysis of P1 and P2 in THF solvent using HCl as the catalyst and subsequent 

spin-coating and heating gave polycondensed hybrid films H1 and H2 with ordered 

lamellar structures. Photo-induced reversible and opposite d-spacing changes of these 

two films were achieved. Furthermore, co-condensation of P1 and P2 with TEOS gave 

H1’ and H2’ with highly ordered lamellar mesostructures and higher reversible 

photo-isomerization extents. They can be swelled by several organic solvents to induce 

increases of the d-spacings by ca. 0.5 and 0.3 nm respectively. Lamellar-structured 

hybrid powders from P3, THF, HCl, H2O solution are obtained by self-assembly 

processes; whereas, powders obtained from P4 and P5 through similar processes 

possess no obvious ordered structures. H4 and H5 films with lamellar structures were 

prepared by spin-coating of hydrolyzed solution of P4 and P5 followed by HCl vapor 

treatment or heating to induce polycondensation. Solid–liquid reaction of P3 film in 

HCl solution gave H3 film with lamellar structures, possessing similar d-spacing with 

the corresponding powders. Solid–liquid reactions of P4 and P5 films were also 

conducted to prepare H4’ and H5’ films with lamellar structures. Photo-isomerization 

and photo-responsive properties of these films are influenced by siloxane cross-linking 

degree of the frameworks. Networks with lower cross-linking degree after 

polycondensation (H5 film) exhibit largest extent of trans–cis isomerization but no 

photo-induced structural changes were observed and the reason is unknown yet. H4 film 

showed slight photo-isomerization and a photo-induced lamellar–disorder transition. 

Trans–cis isomerization and structure transition in H3 film were inhibited due to 
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constrains in the highly polycondensed framework. H6 film also exhibited reversible 

trans–cis isomerization and reversible order–disorder transition due to high free volume 

in the hybrids. All hybrids films possess much higher thermal stabilities than pure azos. 

Different photo-responsive behaviors of hybrid films are also summarized in table 

5.1(right part). It can be concluded that precursors with pendant type azos have higher 

trans–cis isomerization ability than the bridged-type ones; dumbbell-like bridged type 

precursor also has a higher isomerization degree. Modifying the number of terminal 

ethoxy groups induce different behaviors of hybrids which may be derived from 

different siloxane cross-linking degrees in the networks. 

In chapter 4, three dimensional gels were prepared by hydrosilylation of oligomeric 

siloxane units (H8Si8O12, D4R) with allyl-substituted azos. D4R units are employed 

because of their novel hyper-branched structures and bulky size as well as high thermal 

stabilities which are commonly used as building units for porous materials or fillers or 

inorganic moiety in hybrids to enhance thermal properties. Xerogels obtained in this 

chapter possess a ca. 70% of polycondensation extent. Unfortunately, no porous 

structures exist in this xerogels according to the N2 adsorption result. However, xerogels 

show a reversible swelling–deswelling behavior in toluene and drying in air. Effective 

reversible trans–cis isomerization of the wet gels in toluene was observed upon UV–Vis 

irradiation. Though no photo-induced swelling–deswelling behaviors were observed, 

irradiation may induce pore size changes of the wet gel networks and release of solvent 

molecules trapped in the networks. It might difficult for light to penetrate into the inner 

part of too bulky gels. Further strategies, for example, preparation of nanogels by 

emulsion polymerization are promising to get size-changeable gel particles or 

aggregates with changeable pore sizes of inter- and intra-particles. 
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Based on the above experiment results, several conclusions can be drawn:  

1) Self-assembly is an effective approach to obtain ordered structures. In this 

dissertation, driving forces for the formation of lamellar-structured hybrids (except for 

solid reactions) are the H-bondings of hydrolyzed precursors, –  stackings or weak 

hydrophobic interactions without intense interactions (such as intense H-bondings from 

urea groups or strong hydrophobic interactions from long alkyl chains in previous 

report), though intense interactions were considered necessary for ordered structures in 

previous studies. 

2) Pendant-type precursors are preferable to photo-isomerization both in solution 

and solid hybrids. Pendant-like precursors and their corresponding hybrids exhibit good 

photo-responsive properties such as higher ratio of trans–cis isomerization, higher 

energy efficiencies, and novel reversible d-spacing change performances. 

3) The cross-linking degree of siloxane networks is of great importance to adjust 

flexibility and endow azos with high mobility. It can be modified by utilizing precursors 

with different numbers of hydrolytic groups. Hybrid film with a lower cross-linking 

degree is easier to realize trans–cis isomerization. 

4) Polycondensation degree and polycondensation forms of azo-containing 

precursors may influence the photo-responsiveness more greatly than the environments 

(or states, such as in films states or in solution). Intense constrains may generate from 

polycondensed hybrids, which may restrain the photo-isomerization behaviors of azos. 

In that case, the limiting factor for photo-isomerization will not be the intermolecular 

interactions but the intrinsic constrains in the chains. 

Comparisons on preparation processes, compositions, structures, and properties of 



Chapter 5 General Conclusions and Perspectives 

132 

azo–siloxane hybrids in this dissertation with azo-containing organic materials and 

other azo–siloxane materials are listed in Table 5.2 and 5.3.  

Table 5.2 Comparisons of azo–siloxane system in this dissertation with conventional 

organic system. 

 

Table 5.3 Comparisons of azo–siloxane hybrids in this dissertation with other azo–

siloxane materials. 

 

Compared with organic systems in which the preparation processes are always 

complex and multi-steps and long reaction time and high reaction temperatures are often 

necessary, the azo–siloxane systems are relatively simple: one step process 
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(self-assembly, hydrolysis and polycondensation simultaneously) and mild reaction 

conditions are very preferable. In organic systems, novel photo-induced dynamic 

motions are realized, whereas these materials suffer from low strength and thermal 

stability. The azo–siloxane hybrids exhibit very different forms of photo-responsive 

behaviors such as reversible d-spacing changes, order–disorder structure transitions and 

excellent thermal stabilities. Compared with other azo–siloxane hybrids obtained by 

self-assembly, materials prepared in this dissertation are also of great advantages, such 

as good self-assemble abilities of versatile precursors, ordered lamellar structures as 

well as three dimensional networks, reversible trans–cis isomerization and 

photo-induced structure transitions. 

5.2 Design of photo-responsive azo–siloxane materials 

Scheme 5.1 Perspective to further design of photo-responsive azo–siloxane materials. 

 

Through trans–cis isomerization and photo-induced structure changes are realized in the 

present azo–siloxane systems, challenges are still remained to be surmounted. Further 

increase of the trans–cis photo isomerization degree (as high as in solution) and 
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realization of novel photo-induced motions (bending, rolling as in organic systems) are 

to be achieved. As shown in Scheme 5.1, diligence can be made in aspects from the 

microscopic level to macroscopic level. Firstly, precursor molecules design should be 

considered, except for molecules with different geometries utilized in this dissertation, 

other geometries such as star-like, dendrimer-like precursors are promising alternatives. 

Attaching bulky groups such as oligomeric cages, adamantine, fullerences, α-CD and 

other spacers into azo molecules by covalent and noncovalent bonds is considered to be 

a promising method to prevent close packing of azos and generate large free volume. 

Secondly, the properties of matrix in which azos are embedded also influence the 

photo-responsive properties. For siloxane networks, modification of the flexibility of 

siloxane networks and change the constrains in the networks by introducing flexible 

chains, decreasing the polycondensation degree of hydrolytic groups to decrease 

cross-linking degree of Si–O–Si bonds, and building hyper-branched type of siloxane 

networks are prospected. Thirdly, in addition to thin films, other morphologies of 

materials are expected. Free-standing films, nanofibers, nanogels, hollow spheres and 

hierarchical structures are of interests to realize dynamic motions, controllable porous 

properties. What’s more, the external environments around molecules/functional groups 

which influence intermolecular interactions of polymer chains may also affect the 

photo-responsive behaviors. Generally, loosely environment, for example, hybrid 

particles surrounded by solvents, may reduce the intermolecular interactions and show 

better properties than rigid environment such as materials in the solid states. By 

changing the external environment media, different photo-responsive behaviors are 

promising. These modifications may contribute finally to the application fields. 
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The arrangements of azos may be an important factor that influences the motions of 

films. In organic-based films, azos in films are arranged parallel to the substrate surface 

in a good order. A small portion of configuration change of azos may induce dramatic 

bending or other motions of the films. In the present azo–siloxane films, the azos are 

arranged perpendicular to substrate surface, though trans–cis isomerization and 

reversible d-spacing changes are observed, motions may be constrained. Further 

strategies (stretching or rubbing or other mechanical processes as in the organic 

systems) to modify the arrangements of azos in other directions or parallel to the 

substrates are promising to explore interesting properties. 

5.3 Future potential applications  

Applications of these azo–siloxane photo-responsive materials involve taking 

advantages of size changes of the pores, d-spacing variations, swelling capacity of 

lamellar structures as well as possible bending–unbending motions. Drug delivery and 

controlled release devices, selective separation/adsorption membranes, smart sensors, 

smart nanovalves, switches and actuators are the potential applications. Some examples 

are listed below. 

Controlled drug release devices 

   

Figure 5.1 Azo–siloxane hybrids used in drug delivery and controlled release systems. 

Azo–siloxane mesoporous materials in which azo groups are grafted on the wall of 
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framework are investigated to be applied into controlled release of drugs, as shown in 

Figure 5.1(left)
[1-3]

 The mesopores were loaded with luminescent probe molecules and 

photo-induced expulsion of the probe from the mesopores is monitored by luminescence 

spectroscopy. However, this material suffers from the difficulty in grafting azos 

homogeneously on the pore walls; pore blocking may occur. In addition, the creation of 

mesopores involves utilizing templates and removing them, which is over elaborating. 

The Azo–D4R three dimensional networks in chapter 4, are a good candidate as vesicles 

to be used in drug delivery system (DDS). Facile preparation processes of the gels and 

high loading amount of small molecules derived from the high porosity of the wet gel 

networks are great merits than the afore mentioned mesoporous structures. Effective 

reversible trans–cis isomerization of cross-linked azos in the wet gels can take place 

upon UV/Vis irradiation. Though gels prepared in this dissertation have large 

dimensions, microgels or nanogels are expected to be obtained by modifying the 

preparation method, for example using emulsion polycondensation processes. After UV 

irradiation, occurrence of dramatic shrinkage of microgels/nanogels accompanied by 

trans–cis isomerization may induce release of drug molecules (Figure 5.1 right).  

Smart switches or actuators 

      

Figure 5.2 Bending–unbending motions of azo-containing films upon UV/Vis irradiation. 
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Figure 5.3 Different arrangements of azos in films (left: azo–siloxane films prepared in this 

dissertation). 

Reversible bending–unbending motion (Figure 5.2) is a typical photo-responsive 

phenomenon for organic thin films. These films are promising being used as smart 

switches or actuators for devices. However, the low mechanical strength and thermal 

stability of organics are the main drawbacks. Azo–siloxane films which possess high 

mechanical strength and thermal stabilities as well as capability of similar bending–

unbending motions are promising alternatives. Azo–siloxane films prepared at present 

are those in which azos are arranged perpendicular to the film surface in a good order. 

Further design of precursors with different geometries and structures or using other 

preparation processes such as stretching, rubbing or other mechanical methods, 

modification of the arrangements of azos into parallel to film surface (Figure 5.3) are 

possible. They are excellent candidates for applications as switches and actuators. 

Controlled mass transfer membranes 

 

Figure 5.4 Azo–siloxane film used in controlled mass transfer. 

The ordered arrangement of azos and the space between azo layers of azo–siloxane films 
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can be utilized in controlled mass transfer. In this case, the arrangement of azos is also 

very important. By different synthesis strategies (different types of precursors, 

co-condensation with TEOS) and diverse preparation processes, azos with lamellar 

arrays can be arranged parallel to the film surface as shown in Figure 5.4. Channels 

perpendicular to film surface are formed. Small molecules can penetrate the film 

through these channels. Selectivity can realize by changing the channel sizes. 

Reversible trans–cis isomerization may induce a reversible channel size change which 

can modulate the transfer of molecules with different sizes. 

Smart sensors 

 

Figure 5.5 Azo–siloxane film used as smart sensors. 

The swelling properties of azo–siloxane films (in this dissertation, H1’ and H2’ 

prepared by co-condensation of P1 and P2 with TEOS) can be used to detect organic 

molecules such as methanol molecules released from newly decorated houses. As 

shown in Figure 5.5, after swelled by small molecules, d-spacing of lamellar structures 

increases, this change can be detected by a pressure detection device connected to the 

film. 

Of course, to utilize these materials in practical applications, other factors should be 

considered.  For example, in the DDS system, materials should be compatible with 
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cells, nontoxic and degradable. For other applications, systematically design and 

integration with other parts of the devices are essential. 

5.4 Significance of this research and contribution to engineering 

Azobenzene is a typical photo-responsive compound commonly utilized in organic 

fields. In this dissertation, trans–cis isomerization and photo-induced structure changes 

of hybrids in which azos are incorporated into siloxane inorganic system are studied. In 

the newly established system, properties of siloxane matrix and azo compounds are 

expected to be synergized to induce novel properties. Various precursors and 

preparation methods are employed to give azo–siloxane hybrids. Results have suggested 

that properties similar to the siloxane matrix (high thermal stabilities) are retained; 

trans–cis isomerization, phase transitions occurred in organic systems are also observed. 

In addition, new properties (d-spacing changes) are generated. Further strategies are 

proposed to improve photo-responsive properties of these azo–siloxane hybrids. This 

concept of put a commonly studied object to a new system and exploring the new 

properties can also be used into other researches. 

In the present azo–siloxane systems, relationships between “composition–structure–

property” of materials are investigated, which is the basis for the engineering of 

materials. Hybrids with high thermal stability and novel photo-responsive properties are 

prepared, which is of practical importance for applications. Strategies to further improve 

the photo-responsive properties are proposed which are necessary for future applications 

of the azo–siloxane hybrid materials. 
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