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Abstract 

Preparation and Characterization of Mechanical Stimuli-

Responsive Conjugated Microporous Polymers 

Yoonbin Lim 

Department of Materials Science and Engineering 

Seoul National University 

 

Mechanical stimuli are among simplest and easiest stimuli that can 

be applied to materials. Therefore, there have been extensive studies on the 

relationships between mechanical stimuli and the responses of materials 

from ancient time to the modern era in the fields of architecture, mechanics, 

electronics, and others. Although a great amount of knowledge has been 

accumulated over a long time, there is still strong demand for materials 

showing novel responses to mechanical stimuli, and studies of such materials 

are widely conducted. In this study, conjugated microporous polymers with 

mechanical stimuli-responsive properties are prepared and characterized.  

 First, compressible microporous polymers (MPs) are investigated. 

The MPs were prepared as monoliths via a Sonogashira–Hagihara coupling 

reaction of 1,3,5-triethynylbenzene (TEB) with the bis(bromothiophene) 

monomer (PBT-Br). The polymers were reversibly compressible and were 
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easily cut into any form using a knife. Microscopy studies of the MPs found 

that the polymers had tubular microstructures, resembling those often found 

in marine sponges. Under compression, elastic buckling of the tube bundles 

was observed by an optical microscope. MP0.8, which was synthesized 

using a 0.8:1 molar ratio of PBT-Br to TEB, showed microporosity with a 

BET surface area as high as 463 m
2
g

–1
. The polymer was very hydrophobic, 

with a water contact angle of 145, and it absorbed 7–17 times its own 

weight of organic liquids. The absorbates were released by simple 

compression, allowing recyclable use of the polymer. MPs are potential 

precursors of structured carbon materials; for example, a partially graphitic 

material was obtained by the pyrolysis of MP-0.8, which showed a tubular 

structure similar to that of MP-0.8. 

 Secondly, a microporous polymer sponge composite showing 

enhanced tensile properties was studied. In the previous study, MP-0.8 

exhibited stable compressibility but had poor mechanical stability under 

tensile stress. To offset this weakness, a composite MP-PDMS sample 

consisting of MP-0.8 and polydimethylsiloxane (PDMS) was prepared. MP-

PDMS was prepared by synthesizing MP-0.8 in the presence of PDMS and a 

curing agent. The homogeneous distribution of PDMS in MP-PDMS was 

confirmed by solid-state 
13

C NMR and EDS analyses. The microstructures 
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measured by SEM and TEM showed shapes nearly identical to those of MP-

0.8, indicating that no phase separation occurred between MP-0.8 and 

PDMS. The decreased BET surface area implied that some micropores were 

filled with PDMS during the reaction. However, elongation of the polymer 

was increased with the formation of the composite. 

 Lastly, the piezochromic behaviors of C3-symmetric molecules 

having p-bromophenyl side groups connected to a phenyl ring core through 

cyano-vinylene bridges were studied. Upon grinding, α-BPAN-Br with 

cyano groups at the α-position relative to the phenyl ring core showed 

substantial quenching of a bluish green emission (on–off switching) and its 

constitutional isomer, β-BPAN-Br, exhibited an emission color change from 

bluish green to deep blue (color tuning). When the molecules were exposed 

to an organic vapor, the initial emission of each molecule was recovered. 

Powder X-ray diffraction and DSC studies revealed that the as-synthesized 

and vapor-annealed samples had the same crystalline structures, while the 

ground samples had amorphous structures. Their structural analogues, α-

BPAN-H and β-BPAN-H which had no bromo groups, did not show any 

piezochromic or vapochromic behavior. Poly(β-BPAN) consisting of 

covalently linked β-BPAN units was synthesized by an Ullmann reaction of 

β-BPAN-Br. The polymer showed luminescence similar to that of crystalline 
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β-BPAN-Br, but its initial emission was not changed by grinding. 
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I-1. Mechanical Characters of Materials 

The mechanical properties like strength, toughness, Young’s 

modulus are one of the basic and major factors of materials in their 

applications. The have been also great interest in how materials respond to 

mechanical stimuli has been extensively studied and deep understandings on 

these issues were achieved.
1
 Human history can be classified by the 

development of new materials which drastically changed and enhanced 

human lives and civilization in each period, such as Stone Age, Bronze Age, 

Iron Age. As mechanical behaviors and application of materials are in 

inextricable connection, studies on new materials showing novel mechanical 

behaviors have been continuously carried out and changing human lives. 

There are several expressions that describe current ages like Plastic Age
2,3

 or 

Carbon Age
4
 to emphasize the important and increasing roles or each 

material.  

 Organic materials like plastics have attracted enormous attention due 

to their properties much different from metals or ceramics. Studies on the 

mechanical properties of various organic polymers were also conducted for 

this reason. Since the first development by Wallace Carothers at Du Pont in 

1930s, nylon has greatly affected fabrics and clothes due to its high 

mechanical strength and chemical stability.
5,6

 Kevlar is another famous 
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example of commercially succeeded polymer for its superior mechanical 

property.
7
 It consists of inter-molecularly linked polymer chains through 

hydrogen bonds making the polymer highly tough. Owing to its excellent 

mechanical property, Kevlar is used for various kinds of applications that 

require high mechanical strength such as armors, sport instruments, ropes 

and so on. 

 Carbon materials are attracting great interests of researchers for their 

outstanding mechanical properties. Carbon nanotubes (CNTs) are one of the 

most famous carbon materials that has high mechanical strength and 

electrical conductivity.
8-11

 Not only CNTs themselves, but also composites of 

CNT/polymer are being developed for reinforced mechanical performance of 

polymers.
12-15

 Graphenes, which are 2-dimensional carbon materials, are also 

widely being studied due to their excellent electric and mechanical 

properties.
16-19

 

 Besides mechanically stable high strength materials, mechanical 

stimuli-responsive materials have been also extensively studied for advanced 

materials. Piezoelectric material is a good example of such material. As 

piezoelectric materials have asymmetric structures of electric charges.
20,21

 An 

applied mechanical stress changes electric dipole moments resulting in 

electric signals. This mechanical stimuli-responsive behavior allowed 
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numerous applications for piezoelectric materials like speakers, electric 

guitars, touch panels, etc. 

 Because mechanical stimulus is one of the simplest stimuli we can 

apply to a material, investigations on novel mechanical stimuli-responsive 

materials have great meanings. In this thesis, mechanical stimuli-responsive 

conjugated microporous polymers will be discussed in the view of the 

relationships between their microporous or optical properties and mechanical 

stimuli.  

 

I-2. Compressible Materials 

I-2.1. Introduction to Compressible Materials 

It is very amusing that there are many examples of cellular structure 

in nature such as honeycomb, wood, cork, and so on. This structure consists 

of cell or foam-like constituents and contains lots of unoccupied space inside 

the material. Inspired by naturally made cellular structures, people tried to 

obtain man-made cellular structured materials with polymers, ceramics or 

metals because this structure has several advantages. It shows very stable and 

strong mechanical properties with light weight. Moreover, compressibility is 

often achieved in cellular structured materials.
22

 Because cells have 

vacancies inside it, such structure can be compressed under compressive 
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stresses by filling the vacancies. The unique compressive process in cellular 

structures is hardly expected in rigid and condensed materials. This process 

for a typical foam consists of three stages as described in Fig. I-1.  

 

Figure I-1. Typical compressive stress-strain curve for foam-like structure. 

 

In the early stage of compression with a little strain, cell walls start 

to bend and they show linear elastic deformation. This behavior conforms to 

the following eq. I-1, where E is Young’s modulus of foam, Es is Young’s 

modulus of cell-wall material, ρ is density of foam, ρs is density of cell-wall 

material, and c2 is a constant. This process is graphically described in Fig. I-2. 
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   (eq. I-1) 

 The next stage is collapse of foams with buckling of cell walls. In 

this procedure, the material can be compressed significantly with a little 

increase in compressive stress and the stress-strain curve shows plateau. This 

deformation is also elastic but it shows non-linear behavior. It follows eq. I-2 

where σel is elastic collapse stress of elastomeric foam and c3 is a constant. 

          
   

  
       

 

  
 
 

    (eq. I-2) 

 Finally, the material undergoes densification. In this stage, cell walls 

start to touch each other and crash together. The start of densification region 

follows eq. I-3.  

                

 

  
 

 

  
  

  

 

 

  
 

 

 

    (eq. I-3) 

 In this equation, ε stands for the strain where densification begins 

and σy is yield stress.
22
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Figure I-2. Schematic drawings showing the sequential deformation of 

typical foams on loading of compressive stresses.  

 

 Sponges are porous, flexible and compressible materials which are 

named after marine animal sponges.
23

 Due to its unique mechanical 

properties, sponges are used for wide range of applications from daily 

supplies to industrial tools. Fabrication of sponges has various methods. The 

most widely used one is crosslinking of polymers in a mixture of polymer 

and a small compound followed by removal of the compound.
24
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I-2.2. Carbon Material Based Compressible Materials 

Carbon materials such as carbon nanotube or graphene are attracting 

enormous attentions due to their properties. For this reason, there have been 

extensive studies on the enhancement of such properties by using carbon 

materials.
9-19

  

 

Figure I-3. Schematic structures of (a) carbon naotube and (b) graphene 

 

 Ajayan’s group reported the preparation of vertically aligned carbon 

nanotube free-standing film by chemical vapor deposition (CVD) method 

using xylene as carbon source and ferrocene as catalyst.
25

 This film showed 

foamlike and highly compressible behaviors. They found that this property 

came from the collective buckling of carbon nanotubes in zig-zag shape. 

Moreover, buckling started from the bottom of the vertical alignment and 

elasticity decreased as the compression-release cycles were repeated. 
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Nevertheless, these films possed improved mechanical properties like high 

compressive strengths (12-15 MPa), compared with other low density 

flexible foams reported before.  

 Deeper understanding on the mechanical properties of aligned 

carbon nanotubes were later made by A. H. Slocum’s group.
26

 They studied 

on how the thickness and alignment of carbon nanotubes affected by the 

process condition like chemical vapor deposition. In fixed catalyst method, a 

Fe/Al2O3 film as a catalyst and ethane as a carbon source were used. In a 

floating catalyst system, ferrocene-Fe(C5H5)2 as catalyst and xylene as a 

carbon source were used. Thicker carbon nanotubes with 90 nm diameter 

were obtained by the floating catalyst while the fixed catalyst system 

produced 26 nm and 8 nm diameter carbon nanotubes in argon and hydrogen 

annealed systems, respectively. In addition, carbon nanotubes from the argon 

annealed fixed catalyst system were more irregularly aligned than carbon 

nanotubes obtained by other two methods. Comparing those carbon 

nanotubes from three methods, the authors concluded that higher elastic 

recovery occurred for densely alignmed thicker carbon nanotubes. 

 The first carbon nanotube sponges were fabricated by D. Wu’s 

group.
27

 They prepared carbon nanotube sponges by chemical vapor 

deposition method with dichlorobenzene as a carbon precursor and ferrocene 
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as a catalyst. The sponge consisted of carbon nanotubes with 30-50 nm outer 

diameters showing a 300-400 cm
2
/g specific surface area. It showed superb 

compressibility and shape-memory properties. It also had low density and 

high hydrophobicity, which resulted in water-floating property and selective 

absorption of oils. 

 Zhang’s group fabricated a graphene foam by dipping a nickel foam 

into a suspension of graphene oxide followed by etching of nickel and 

reduction of graphene.
28

 The graphene foam showed a three dimensionally 

networked foam-like microstructure and highly compressible behavior. The 

authors also prepared a composite of graphene foam coated with polyaniline, 

which had high specific capacitance and power density of 760 Fg
-1

 and 98 

kWkg
-1

, respectively.  

 

I-2.3. Polymer Based Compressible Mateirlas 

 Besides carbon materials based compressible materials, there are 

various kinds of compressible materials that composed of polymers. 

However, pristine sponges made from organic polymers such as melamine, 

urethane sponges are macroporous and they do not have high surface areas. 

These disadvantages have limited the applications of polymer sponges. There 

have been numerous studies about modification of polymer sponges for 
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novel application.  

G. Wang and coworkers reported a polyurethane sponge which has 

alkyl groups at the surface.
29

 This sponge possessed hydrophobicity and 

showed increased oil absorption. The authors explained that it is because the 

alkyl chains stretched when they contacted with oils while they curled into a 

ball when they contacted with water, inducing the change in hydrophobicity. 

The increased hydrophobicity allowed selective absorption of hydrophobic 

organic solvents and oils. 

 

 

Figure I-4. Chemical structures of polymers conventionally used for sponge 

fabrication. (a) Polyurethane, (b) polymelamine, and (c) cellulose. 
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 C. Ruan and coworkers synthesized a hydrophobic melamine sponge 

having alkyl groups at the surface.
30

 They first coated the surface of a 

melamine sponge with polydopamine and then attached alkyl groups on it. 

This sponge showed high water contact angles, retaining the compressibility 

and fire retardancy of the original melamine sponge. It also showed selective 

absorption of hydrophobic organic solvents like octadecane or oils. This 

modified melamine sponge had advantages in large scale production because 

it could be manufactured by simple processes with low cost starting 

materials. 

 Preparation of silylated nanocellulose sponges was reported by Z. 

Zhang and coworkers.
31

 They silylated terminal –OH groups in cellulose 

sponges with polymethylsilane under acidic conditions. These sponges 

showed compression and shape recovery behaviors depended on the degree 

of silylation. They exhibited selectivity for dodecane over water due to their 

high hydrophobicities. Also, the sponges could be recycled by washing the 

absorbed liquids. 

 There have been reported composites which combined advantages of 

carbon materials and organic sponges.
32

 H.-B. Yao et al. reported a 

composite of graphene and a polyurethane sponge. They coated graphene 

oxide on the surface of the polyurethane sponge by solution dipping method. 
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After that, they left it in 95% compressed state for two hours to make a 

fractured microfiber structure. A piezoresistive sensor was obtained by this 

method because compression induced the contacts between fractures and 

promoted electron channels in graphenes, increasing electric conductivity.  

 

I-2.4. Aerogel Based Compressible Mateirlas 

 Aerogels are light and porous materials prepared from gels whose 

liquid components were replaced by gases.
33-35

 As their dispersed phases are 

gases, they have unique properties like very low densities and thermal 

conductivities. To achieve such properties, it is important to maintain 

microstructures of gels during the drying process. Lyophilization and 

supercritical drying are methods often used for this purpose. After careful 

treatment with those drying processes, aerogels are obtained with fibrillar or 

foam-like cellular microstructures. Aerogels can be prepared from 

organogels, hydrogels, silica gels, or carbon materials. Most aerogels are 

brittle and destroyed by mechanical forces, however, there are some 

examples of aerogels which show high resistance and endurance to 

mechanical stresses.  

Z. Wang et al. prepared a silsesquioxane aerogel with a precursor 

containing sulfur atoms in aliphatic chains (Fig. I-5a).
36

 The aerogel was 
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obtained after sol-gel reaction of the precursor followed by vacuum-drying. 

This aerogel consisted of highly networked porous microstructures and 

showed a compressible behavior with repeatability. The authors insisted that 

the compressibility came from C-S bond whose rotational barrier was much 

lower than that of C-C bond, which allowed more freely rotatable 

conformations.  

 Y. Gao’s group reported a similar aerogel with a precursor having 

sulfur and oxygen atoms (Fig. I-5b).
37

 This aerogel was also prepared by sol-

gel reaction, however, the drying process in this study was carried out in 

ambient pressure at an elevated temperature. The authors claimed that slow 

evaporation can conserve the microstructure of the gel during drying. They 

also explained the highly compressible character of the aerogel came from 

the networked structure of the aerogel and low rotational barrier of C-S and 

C-O bonds. 
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Figure I-5. Synthesis of precursors for aerogel fabrications. 

 

 Y. Luo et al. reported a aerogel obtained from an elastic polypyrrole 

hydrogel.
38

 They made the polypyrrole hydrogel first and then dried the gel 

by supercritical fluid. The important point in this fabrication was slow 

formation of the hydrogel from pyrrole. They tested several different reaction 

conditions and found that three conditions were essential for elastic hydrogel 

formation, i) mixed solvent of water and ethanol (H2O : EtOH = 1 : 1 (v/v)), 

ii) deficient amount of oxidant (pyrrole : Fe(NO3)3∙9H2O = 1 : 1 (molar 

ratio)), and iii) slow secondary growth reaction for 30 days. After 

supercritical fluid drying, the resulting aerogel conserved the networked 

microstructure which existed in hydrogel and compressible properties. Due 

to electrically conductive nature of polypyrrole, a potential application of the 
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aerogel for stress sensor was demonstrated.  

Aerogels are fabricated not only by organic materials but also by 

carbon materials.
39

 Ming’s group fabricated a graphene aerogel via 

lyophilization of graphene oxdie and ethylenediamine and a subsequent 

reduction. The aerogel obtained in this way showed great compressibility 

with a sponge-like internal structure. Because it consisted of graphene, the 

aerogel had high electric conductivity. Combining superior compressibility 

and electric conductivity of the aerogel, it could be utilized for potentiometer. 

Moreover, this material showed good fire resistance and selective absorption 

and storage of organic solvents.  

 C. Wang et al. prepared another type of aerogel by lyophilization of 

a graphene oxide and graphene nanoribbon mixture in a aqueous solution 

followed by reduction.
40

 This aerogel showed outstanding compressibility 

with a foam-like structure. The amount of organic solvents it could absorb 

was several hundred times of its own mass. It showed high specific 

capacitance of 256 F/g. 
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I-3. Microporous Materials 

I-3.1. Introduction for Microporous Materials 

 Micropores refer to pores of which diameters are narrower than 2 

nm, according to IUPAC definition.
41

 They have unique characteristics that 

other class of pores like mesopores (2 nm < diameter < 50 nm) or 

macropores (diameter > 50 nm) cannot have.
42

 Due to their small sizes 

ranging in molecular scale, they can be used for adsorption and storage of 

gases or small molecules,
43-46

 catalysis,
47

 filtration of gases or fluids,
48

 and so 

on. 

 Metal-organic frameworks (MOFs) are one of the widely studied 

microporous materials.
49

 They have crystalline structures composed of 

organic ligands and metallic cores which are connected by coordination. In 

1999, O. M. Yaghi’s group reported I-1 having Langmuir surface areas of 

2900 m
2
g

-1
.
50

 However, MOFs have several disadvantages such as sensitive 

fabrication conditions, and instabilities in ambient air. Covalent-organic 

frameworks (COFs) are also crystalline materials which show high surface 

areas.
51

 These frames are formed by reversible organic bonds such as B-O 

bonds. O. M. Yaghi’s groups prepared I-2 having Brunauer-Emmett-Teller 

(BET) surface area (SBET) of 711 m
2
g

-1
.
52 

Fabrication of COFs also requires 

complicated processes and techniques which weakens the competitiveness of 
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COFs in industrial application.   

 

 

Figure I-6. Synthetic scheme of (a) I-1 and (b) I-2. 

 

Cross-linked microporous organic polymers (MOPs) are good 

alternatives of MOFs and COFs.
53

 MOPs are fabricated by organic or 

organometallic reactions of organic building blocks. Due to their simple 

reaction processes and physicochemical stabilities, they have attracted great 

attentions of researchers. Most MOPs are synthesized by metal-catalyzed 

coupling reactions. D. Jiang’s group prepared I-3 by Suzuki reaction of 

1,2,4,5-tetrabromobenzene and 1,4-benzene diboronic acid with a Pd(0) 

catalyst under basic conditions.
54

 This MOP showed a high surface area of 

1083 m
2
g

-1
. J. Schmidt et al. reported a MOP named as I-4 prepared by 

Yamamoto reaction of 1,3,5-tribromobenzene with Ni(COD)2 and 2,2’-

bipydidyl.
55

 This polymer recorded a very large BET surface area 
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(SBET=1225 m2g-1). Sonogashira reaction was also used for the synthesis of 

MOPs. A. I. Cooper reported I-5 which was prepared by Sonogashira 

reaction of 1,3,5-triethynylbenzene and 1,4-diiodobenzene with Pd(II) and 

Cu(I) catalysts.
56

 It showed BET surface area of 834 m
2
g

-1
. 

 

 

Figure I-7. Synthetic scheme of MOPs. (a) I-3 prepared by Suzuki reaction. 

(b) I-4 prepared by Yamamoto reaction. (c) I-5 prepared by Sonogashira 

reaction. 
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I-3.2. Microporous Organic Polymers with Tubular Microstructures 

 Most MOPs are obtained as powders which have no particular 

microstructures. There have been some reports on MOPs prepared by 

Sonogashira reaction that have tubular microstructures. A. I. Cooper reported 

a microporous polymer I-5 with a tubular structure. Macroscopic gelation 

was observed during the synthesis but the gel was fragmentized during the 

workup processes.
56

 K. Müllen’s group reported I-6 having a tubular 

microstructure.
57

 They prepared this polymer by Sonogashira reaction of 1,4-

diethynylbenzene and a spiral monomer bearing three iodo groups. Although 

no noticeable surface area was found for I-6, it recorded a 858 m
2
g

-1
 BET 

surface area after pyrolysis. N. Kang et al. reported tubular microstructured 

I-7 prepared by Sonogashira reaction.
58

 They used an ioninc monomer 

having iodo groups. When a similar monomer without ionic character was 

used instead of the ionic compound, no tubular microstructures were 

observed. Also, tubular microstructures were obtained only when the 

reaction was carried out in the co-solvent of toluene and methanol. No tubes 

were obtained when the reaction was carried out in toluene or methanol only. 

These results indicate that the formation of tubular microstructures by 

Sonogashira reaction is subject to the reaction conditions like solvents and 

monomers.  
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Figure I-8. Synthetic scheme of (a) I-6 and (b) I-7. 

 

 More detailed studies on the tubular microstructure formations were 

done by D. Tan et al..
59

 They prepared I-8 by Sonogashira reaction between 

1,3,5-tribromobenzene and 1,3,5-triethynylbenzene. Three kinds of solvents 

including toluene, p-xylene and mesitylene were tested as reaction solvents. 

Among those solvents, only the polymer synthesized in p-xylene showed 

tubular microstructure while other polymers showed spherical or rod shape 

microstructures.  

 S. U. Son’s group studied the dynamic evolution of tubular 

microstructures by Sonogashira reaction for the synthesis of I-9.
60

 They 

focused on the rate of Sonogashira reaction. In one condition, all the 

reactants were dissolved in the reaction mixture from the beginning of the 
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reaction. In another condition, one monomer was added slowly during the 

reaction process. Tubular microstructure were obtained only in the reaction 

with slow addition, implying that the reaction rate played an important role 

in formation of tubes. The authors proposed that the tubes formed by 

sequential of 1-dimensional, 2-dimensional, and 3-dimensional crosslinking 

reactions due to steric situations of each network. 

 Although there have been several examples of tubular shaped MOPs, 

MOP having mechanical stability have not been reported yet.
61,62

 The lack of 

durability of MOPs limits their further application as practical usage of a 

material often requires a certain shape. 

 

 

Figure I-9. Synthetic scheme of (a) I-8 and (b) I-9. 
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I-4. Piezochromic Materials 

I-4.1. Introduction for Piezochromism 

 Luminescent properties of materials have drawn lots of attentions 

due to their applications in displays,
63,64

 sensors,
65

 and so on. As all human 

beings have their own detectors for luminescence signals called ‘eyes’, 

luminescence has been one of the most important properties of materials that 

can be used for our real lives. For their practical usages, researches on the 

ways to control the luminescence by temperature,
66-69

 light,
69-71

 pH
72,73

 also 

have been conducted. Mechanical stimuli would be the simplest one as they 

can be applied to a responsive material without a complicated equipment or 

process. There have been efforts to find the materials which change their 

luminescence by mechanical. 

 Piezochromism, so called mechanochromism, refers to a 

phenomenon that color or luminescence changes by mechanical stimuli like 

grinding, shearing, or compression.
74

 The mechanism of piezochromism is 

suggested to involve the transition between a crystalline phase and an 

amorphous phase by mechanical stresses but the detailed process and 

condition for the occurrence of this phenomenon have yet to be clearly 

elucidated (Fig. I-10). Inter- or intramolecular interactions with moderate 

strengths are required  for piezochromic materials which can be cleaved by 
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applied mechanical forces. There have been several kinds of approaches to 

induce piezochromism. 

 

 

Figure I-10. Proposed mechanism of piezochromism. 

 

 

   I-4.2. Interactions for Piezochromism 

 The most common interactions for piezochromism is intermolecular 

π-π stacking. This secondary bond allows transition between crystalline and 

amorphous phases depending on the structure of the molecule.  

Y. Wang’s group reported a piezochromic material I-10 that shows 

crystalline-amorphous transition by destruction and recovery of π-π stacked 

structure (Fig. I-11).
75
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Figure I-11. Structure of I-10. 

 

 Orange fluorescence of I-10 turned green after grinding and was 

restored by thermal or vapor annealing treatment. PXRD and DSC studies 

revealed that this emission color change was operated by the transition 

between crystalline and amorphous phases. The researchers  found that 

bulky –CF3 group hindered strong π-π interactions and allowed moderate 

strength interactions for piezochromism. 

 There were some reports on piezochromic materials operated by 

hydrogen bonds. T. Han et al. reported piezochromic behaviors of I-11 

having hydrogen bonding sites (Fig. I-12).
76

 I-11 showed blue emission in 

as-synthesized state but the luminescence color changed to yellow green 

after being ground. Its initial color was restored when the ground I-11 was 

exposed to organic solvents or their vapors. The single crystal XRD study 

showed that and found that hydrogen bonds played a key role in the 

operation of piezochromic behaviors. 
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Figure I-12. Structure of I-11. 

 

 The change in emission color can originate from dimer-to-monomer 

transition by mechanical shearing. K. Araki’s group reported piezochromic 

materials with TPPy derivative I-12 (Fig. I-13).
77

 I-12 in a dimeric form 

initially had yellow emission. When the compound was ground to become a 

monomer, its emission turned to green.  

 

 

Figure I-13. Structure of I-12. 
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 S. Y. Park’s group prepared piezochromic materials using donor-

acceptor complex strategy.
78

 A donor-acceptor-donor (DAD) triad I-13 had a 

N-ethylcarbazole donor and a dicyanodistyrylbenzene acceptor, which were 

linked by non-conjugated alkyl chains (Fig. I-14). When I-13 was in 

crystalline state, non-luminescent charge-transfer complex of donor and 

acceptor formed. Upon being ground, however, this structure was destroyed 

and the compound showed photoluminescence as electron transfer rate 

delayed.  

I-13 showed high contrast change in emission intensity. There have 

been reported only a few compounds showing this kind of on-off switching 

piezochormism. 

 

Figure I-14. Structure of I-13. 
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I-4.3. On-Off Switching Piezochromism 

 On-off switching piezochromism refers to a noticeable contrast 

change in emission intensity upon grinding. This phenomenon can be applied 

to digital signaling because ‘turned-on’ state can be digitally signaled as ‘1’ 

and ‘turned-off’ state as ‘0’. It can be utilized for digital displays or storage 

devices.  

 As the definite mechanism of piezochromism is still not fully 

understood, there is no specific rule for designing on-off switching 

piezochromic materials. 

 

 

Figure I-15. Structures of I-14 and I-15 derivatives. 

 

 J. Luo et al. reported on-off switching piezochromic materials based 

on donor-acceptor interaction.
79

 They synthesized donor molecule I-14 and 

acceptor molecules I-15 (Fig. I-15). When the donor and acceptor molecules 

were co-crystallized, the mixture showed a new pattern in X-ray diffraction 
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that was totally different from patterns of each molecule. This co-crystal 

showed no noticeable emission, however, when compressed, it showed blue 

emission that came from donor molecule. This result suggested that this 

‘turning on’ was the result of strong self-crystallization of donor molecules. 

 

Figure I-16. Structures of I-16 and I-17. 

 

 On-of switching piezochromism was achieved by controlling the 

conformation of a distorted compound. X. Luo et al. found two on-off 

pizeochromic materials I-16 and I-17 (Fig. I-16).
81

 Crystalline I-16 showed 

green or yellow emission while I-17 showed blue emission. The emissions of 

both molecules were substantially quenched upon grinding. Conformational 

change in each molecule played important role in altering the emission color 

and intensity. Molecular states with more contorted conformation resulted in 

blue-shifted or quenched emission. 
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Compressible and Monolithic Microporous Polymer 

Sponge Prepared via One-Pot Synthesis: 

Tubular Structures and Absorption Properties 
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II-1. Introduction 

The fascinating morphologies of sea sponges have inspired researchers in 

materials science. The outer surface cells of a sponge have many small holes 

called dermal pores through which large volumes of water can move inside 

the sponge. Internal channels are also found in the outer surface cells. The 

skeleton of a sponge consists of collagens and inorganic components, such as 

silica and calcium carbonate. Some sponges have collagen fibres that 

constitute a network structure, called sponging.
1
 Sponge-like structures have 

been widely adapted for synthetic materials and have shown enhanced 

performance in their application in various areas, such as nanogeneration, 

catalysis, supercapacitance, photovoltaics, drug delivery, and tissue 

generation.
2–8

 

As a material, a sponge is characterized by its porosity, flexibility, and 

compressibility. Sponges with a network structure of sponging fibres 

obtained from sea animals have been used for removing liquids by 

absorption since ancient times. There is also a variety of synthetic polymer 

sponges available. One of the most common methods to synthesize sponges 

is to mix a polymer with an inorganic crystal, such as sodium sulfate, which 

is then removed by heating the mixture to generate pores in the polymer 

matrix. The pore size formed depends on the size of the crystals, which 
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usually ranges from the millimetre down to the micrometre scale. Sponges 

prepared using the emulsion solvent diffusion method are known to have 

pores in the mesopore range.
9
 Polymer sponges based on materials, such as 

chitosan,
10

 melamine,
11

 cellulose,
12

 and polydimethylsiloxane
13

 have been 

chemically modified to provide them with properties suitable for specific 

applications. 

Recently, there have been efforts to synthesize sponges with small pores 

using a bottom-up approach. Gui et al. reported on monolithic carbon 

nanotube (CNT)-based sponges using a chemical vapour deposition process 

employing ferrocene and 1,2-dichlorobenzene as a catalyst precursor and a 

carbon source, respectively.
14

 These CNT sponges had a surface area of 300–

400 m
2
g
–1

 and an average pore size of about 80 nm. Hashim et al. 

synthesized macroporous (pore diameter >50 nm) CNT sponges via a boron-

doping strategy during the chemical vapour deposition of toluene using 

ferrocene as the catalyst precursor. Excess boron atoms were found in the 

“elbow” junctions forming nanotube covalent interconnections.
15

 

The most attractive feature of sponges is their compressibility, which 

enables easy removal of absorbates by applying pressure. While sponges 

with large pores are mainly used for removing liquids by absorption, sponges 

with micropores will have a wider range of applications, such as in 
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molecular storage, separation, and catalysis. According to IUPAC 

notation,
16,17

 microporosity refers to porosity with pores having a diameter < 

2 nm. Zeolites, activated carbons, and metal–organic frameworks (MOFs) 

are typical microporous materials, but they are not compressible. Recently, 

microporous organic polymers (MOPs) have been studied extensively 

because of their versatile functionality and mechanical stability. Most MOPs 

are usually prepared using a stepwise polymerization of tri- or higher 

multifunctional building blocks, and are obtained as precipitated particles 

because of their cross-linked structures. Although macroscopic gelation is 

sometimes observed during the polymerization, the resulting gels are easily 

broken into pieces after drying.
18,19

 To our knowledge, sponge-like 

microporous polymers have not yet been reported.
20–23

 

In this work, compressible, monolithic microporous polymer sponges 

with tubular structures, prepared via a one-pot synthesis was studied. A series 

of microporous polymers using the cross-coupling reactions of 

multifunctional aromatic monomers were prepared. From among several 

possible combinations, the reaction conditions were clarified under which 

compressible polymer monoliths could be produced. In this work, the 

compressibility mechanisms along with the microstructures and porous 

properties of these polymers was discussed. 
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II-2. Experimental 

Materials. 

All chemicals, reagents, and solvents were purchased from Sigma-

Aldrich, Tokyo Chemical Industry, or Junsei Chemical and used without any 

further purification. Urethane sponge was obtained from a product 

manufactured by 3M and washed with ethanol and acetone before using.    

 

Measurements. 

1
H NMR spectra were recorded on a Bruker Advance 300 

spectrometer (300 MHz). 
13

C NMR spectra were recorded on a Jeol JNM-

LA400 (400 MHz). Solid-state 
13

C NMR spectra were recorded on a Bruker 

Avance 400WB spectrometer (100 MHz) equipped with a CP/MAS probe. 

Elemental analyses were performed using a Flash EA 1112 elemental 

analyzer. TGA were performed on a TA modulated TGA2050 with a heating 

rate of 10 °C/min under nitrogen. The compression test was performed on a 

KES-FB3 automatic compression tester. SEM images were obtained by Carl 

Zeiss SUPRA 55VP. TEM images were obtained by a Carl Zeiss LIBRA 120 

operating at 120 kV. TEM samples were dispersed in ethanol and a drop of 

the mixture was placed on a carbon-coated copper TEM grid. EDS elemental 

maps were obtained using an Oxford instrument X-Max
N
 detector and 
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analyzed with AZtecEnergy EDS analysis. Optical Microscope images were 

obtained using an Olympus BX51. PXRD patterns were obtained using a 

N w D8 Advanc  (Cu Kα radiation, λ = 1.54 Å). Th  FT-IR spectra were 

measured by a Thermo Scientific Nicolet 6700 FT-IR spectrometer using 

KBr pellets. N2 uptake amounts were measured by a Belsorp-Max (BEL 

Japan, Inc.) apparatus. UV-Vis spectra were obtained with the use of a Sinco 

S-3150 spectrometer. The water contact angle was measured using a KSV 

CAM 101-Optical Contact Angle and Surface Tension Meter. Raman 

spectroscopy was conducted using a RAMANplus confocal laser Raman 

microscope (Nanophoton). 

 

Synthesis of 2,2'-(2,5-difluoro-1,4-phenylene)bisthiophene (PBT).  

To a solution of 1,4-dibromo-2,5-difluorobenzene (1.50 g, 5.52 

mmol) and Pd(PPh3)4 (255 mg, 0.221 mmol) in DMF (50 mL), was added 2-

(tributylstannyl)thiophene (4.94 g, 13.2 mmol). After stirring at 100 °C in 

darkness for 24 h, the mixture was cooled down to room temperature, poured 

into distilled water, and extracted with ethyl acetate. The organic layer was 

dried with MgSO4, filtered and the solvent was evaporated under reduced 

pressure. Remaining solid was recrystallized (tetrahydrofuran/ethanol, 1:9) 

to give colorless solid (998 mg, 65%). 
1
H NMR (300 MHz, CDCl3): δ 7.51 
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(d, J = 3.3 Hz, 2H), 7.44 (m, 4H), 7.15 (t, 2H); 
13

C NMR (400 MHz, THF-d
8
): 

δ 157.28, 154.75, 136.41, 128.65, 128.09, 123.02, 116.27; Analysis (calcd, 

found for C14H8F2S2): C (60.41, 60.69), H (2.90, 2.78), S (23.04, 23.07). 

 

Synthesis of 2,2'-(2,5-difluoro-1,4-phenylene)bis(5-bromothiophene) 

(PBT-Br).  

To a solution of 2,2'-(2,5-difluoro-1,4-phenylene)bisthiophene (1.16 

g, 4.17 mmol) in DMF (50 mL), was added N-bromosuccinimide (1.49 g, 

8.37 mmol). After stirring at room temperature in darkness for 12 h, the 

mixture was poured into distilled water and extracted with ethyl acetate. The 

organic layer was dried with MgSO4, filtered and the solvent was evaporated 

under reduced pressure. Remaining solid was recrystallized 

(tetrahydrofuran/ethanol, 1:9) to give colorless solid (1.56 g, 86%). 
1
H NMR 

(300 MHz, CDCl3): δ 7.34 (t, 2H), 7.24 (d, J = 3.9 Hz, 2H), 7.09 (d, J = 3.9 

Hz, 2H); 
13

C NMR (400 MHz, THF-d
8
): δ 157.15, 154.66, 137.81, 131.87, 

128.32, 122.65, 115.77; Analysis (calcd, found for C14H6Br2F2S2): C (38.55, 

38.72), H (1.39, 1.26), S (14.70, 14.76). 
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General procedure for polymerization by Sonogashira-Hagihara 

coupling reactions.  

A typical procedure was as follows: PBT-Br (300 mg, 0.688 mmol), 

TEB (129 mg, 0.859 mmol), PdCl2(PPh3)2 (35.0 mg, 49.9 μmol), and CuI 

(11.5 mg, 60.4 μmol) were dissolved in a co-solvent of toluene (2.5 mL) and 

DMF (2.5 mL) and the mixture was heated up with stirring. At the moment 

the temperature reached 50 °C, triethylamine (TEA, 2.5 mL) was added 

dropwise and the reaction proceeded at 100 °C for 24 h. The produced 

polymer monolith was taken out of the reaction vessel and washed with 

methanol, water, tetrahydrofuran, and acetone. After Soxhlet extraction with 

methanol and drying in vacuo at 120 
o
C, the polymer (MP0.8) was obtained 

as a light brown monolith. FT-IR (KBr, cm
-1

): 3439, 3303, 3072, 2925, 2198, 

1583, 1499, 1454, 1172, 873, 800, 687. 

 

Absorption experiments 

A polluted aqueous sample was prepared by mixing water (15 mL) 

with n-decane (1.5 mL) dyed with Oil Red O (1 mg/mL) for visualization. A 

sample of MP-0.8 (215 mg) was added to the solution to remove n-decane. 

The sample of MP-0.8 was reused for absorption after releasing absorbed n-

decane by simple compression. 
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A sample of MP-0.8 (50 mg) was immersed in 5 mL of a solution of 

Sudan I in ethanol (5.0  10
–5

 M) and manually compressed and released in 

situ at a rate of about 5 s per cycle. A static absorption experiment was 

carried out by immersing the same mass of MP-0.8 in 5 mL of the Sudan I 

solution (5.0  10
–5

 M) for 10 min. The same tests were performed using a 

commercially available macroporous urethane sponge (Vtot = 0.168 cm
3
g
–1

 at 

p/p0 = 0.99; Supplementary Fig. II-8). The urethane sponge was immersed 

statically in a Sudan I solution for 10 min and was also compressed and 

released 100 times.  
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II-3. Results and Discussions 

Synthesis and characterization.  

Compressible MPs were prepared via a Sonogashira–Hagihara 

coupling reaction of 1,3,5-triethynylbenzene (TEB) with the 

bis(bromothiophene) monomer (PBT-Br) (Scheme II-1).
18

 PBT-Br was 

synthesized from a Stille coupling reaction of 1,4-dibromo-2,5-

difluorobenzene with 2-(tributylstannyl)thiophene, followed by bromination 

with N-bromosuccinimide. The polymerization reactions of PBT-Br and 

TEB were carried out in a mixture of toluene and N,N-dimethylformamide 

(DMF) (1:1, v/v). The TEB dissolved well in the polymerization medium at 

room temperature, but the PBT-Br was only slightly soluble. Unless 

otherwise noted, the polymerization reactions were carried out at 100 C for 

24 h. The monomer feed ratio influenced the resulting polymer morphology. 

Five polymers were synthesized, MP0.5, MP0.8, MP1.0, MP1.2, and 

MP1.5, which were synthesized by changing the molar ratio between PBT-

Br and TEB as 0.5:1, 0.8:1, 1:1, 1.2:1, and 1.5:1, respectively. MP0.8, 

MP1.0, MP1.2, and MP1.5 were obtained as monoliths, but MP0.5 was 

obtained as a powder. 
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TEB  

Scheme II-1. Reaction scheme for the synthesis of the bis(bromothiophene) 

monomer (PBT-Br) and microporous polymers (MPs). The polymers were 

prepared by a Sonogashira-Hagihara coupling reaction. 

 

Monolithic polymers were prepared in various shapes and sizes that 

were retained, even after several workup processes, including washing, 

Soxhlet extraction, and drying at elevated temperatures. Figure II-1a shows 

an image of MP0.8 prepared in a 10 mL vial as a mold. Dry MP0.8 was 

easily cut into any form using a knife. The polymer exhibited reversible 

compressibility (Fig. II-1b). Only a small change was observed in the 

compressive stress–strain curves (Fig. II-1c) measured over 10 cycles of 

repeated stress loading and unloading, which suggested a high mechanical 

stability of the polymer against compressive force.
11,24

 Compressibility is 

usually exhibited in solids having cellular or foam structures containing 

pores or voids inside;
25

 however, to our knowledge, observing a 
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compressible behaviour in highly cross-linked microporous polymers is 

unprecedented. 

The solid state 
13

C cross-polarization/magic-angle spinning nuclear 

magnetic resonance (CP/MAS NMR) spectrum of MP-0.8 (Fig. II-2) showed 

aromatic carbon peaks arising from benzene and thiophene rings occurring 

from 115 to 140 ppm. The intense peak observed at 155 ppm was assigned to 

the fluorine-substituted aromatic carbon atoms. The peaks assigned to the 

acetylene carbon atoms linked to the benzene and thiophene rings were 

observed at 85 and 96 ppm, respectively. In the Fourier transform infrared 

(FT-IR) spectrum of MP-0.8, the peak at 3280 cm
–1

, assignable to the C–H 

stretching vibration of the ethynyl groups in the terminal TEB units, was 

very weak (Fig. II-3), indicating that most of the ethynyl groups of the TEB 

molecules participated in the polymerization reaction, as was expected. 

Polymer MP-0.8 was thermally stable up to 300 C (Fig. II-5) as measured 

using thermogravimetric analysis (TGA). 
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Figure II-1. (a) Images of MP0.8 prepared in a 10 mL vial as a mold (upper) 

and of the polymer cut into a star shape (lower). (b) Images of MP0.8 under 

loaded and unloaded conditions. (c) Compressive stress–strain curves of 

MP0.8 for the first and tenth test cycles. 
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Figure II-2. Solid state 
13

C CP/MAS NMR spectrum of MP-0.8. 

 

Figure II-3. FT-IR spectra of TEB and MP-0.8. 

 

Figure II-4. TGA curve of MP-0.8.  
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Microstructures.  

It was very notable that monolithic polymers were formed under 

reaction conditions where long polymer chains could only be produced with 

difficulty. Cross-linked microporous polymers are usually obtained as 

powders.
26–31

 Although some studies have reported where the reaction 

mixture turned into a gel during the Sonogashira–Hagihara coupling 

reactions of multifunctional monomers, the gel then fragmented into pieces 

when applying workup processes.
18,19

 

Electron microscopy studies have shown that monolithic polymers 

have very interesting microstructures. Figure II-5a,b,c shows scanning 

electron microscope (SEM) images of MP-0.8 that consisted mainly of tubes 

with diameters in the range of a few hundred nanometres, together with 

spherical particles on the micrometre scale. Transmission electron 

microscope (TEM) images suggested that these tubes had hollow structures 

with open ends (Fig. II-6a,b,c). This microstructure resembles that often 

observed in marine sponge animals.
32

 Some tubes were bundled into fibrous 

assemblies that had become entangled with each other to form a monolithic 

structure.
14

 While most of the tube terminals had either a circular or an 

irregular shape, some had a polygonal shape, such as a hexagon (Fig. II-7). 

However, powder X-ray diffraction (PXRD) measurements revealed that 
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MP-0.8 was amorphous without any long-range ordering (Fig. II-8). 

 

 

Figure II-5. (a–c) SEM images of MP-0.8 (scale bar: a = 100 m, b = 10 

m, and c = 5 m). 
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Figure II-6. (a–b) TEM images of MP-0.8 (scale bar: a = 500 nm, b = 1 m, 

and c = 1 m). 
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Figure II-7. SEM images of MP-0.8 showing polygonal. 

 

 

 

Figure II-8. PXRD pattern of MP-0.8. 
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To obtain further insight into the microstructure of MP-0.8, the 

chemical composition of the polymer was studied using energy dispersive 

spectroscopy (EDS). Element mapping of the main elements of MP-0.8 

showed that carbon, fluorine, and sulfur were distributed uniformly 

throughout the sample (Fig. II-9). This result suggests that the Sonogashira–

Hagihara cross-coupling reaction between PBT-Br and TEB monomers 

occurred predominantly, although the possibility of a homocoupling reaction 

of TEB cannot be excluded under the reaction conditions used.
19

 Relatively 

higher concentrations of carbon, fluorine, and sulfur in the spherical particle 

regions reflected the solid character of the particles and the hollow structure 

of the tubes, which agreed well with the results obtained from the TEM 

images. 
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Figure II-9. (a) SEM image and EDS elemental maps of (b) carbon, (c) 

fluorine, and (d) sulfur for MP-0.8.  

 

The other monolithic polymers also had similar fibrous tubular 

microstructures. Figures II-10a,b,c show SEM images of MP1.0, MP1.2, 

and MP1.5, respectively. Notably, more tube bundles with diameters around 

10 m were observed in MP-0.8 and MP1.0 than in other polymers. 

MP1.5 consisted mainly of highly entangled individual tubes. MP1.0 and 

MP1.2 showed a compressible behaviour that was comparable to MP0.8, 

but MP1.5 was hard with low compressibility. 
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Figure II-10. SEM images of (a) MP-1.0 (scale bar = 100 m), (b) MP-1.2 

(scale bar = 20 m), and (c) MP-1.5 (scale bar = 10 m). 
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To follow the development of the tubular structures, the morphology 

of the products that formed in the early stages of the reaction was 

investigated. Figure II-11a shows time-dependent images of the reaction 

products of PBT-Br and TEB (molar ratio = 0.8:1) in toluene/DMF (1:1, 

v/v). After a reaction time of 5 min at 100 C, tiny particles precipitated out 

of the dark solution in which monomers and catalysts were fully dissolved. 

Soon after, a brown monolith began to form, filling the reaction vial. The 

reaction mixture became immobile within 15 min, and no visible flow 

occurred when the vial was turned upside down. 
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Figure II-11. (a) Time-dependent images of a reaction mixture of PBT-Br 

and TEB (molar ratio = 0.8:1) in toluene/DMF (1:1, v/v) on a hotplate. (b) 

Strain–stress curves of the samples obtained after different reaction times. 

 

A monolithic solid (MP-0.8-10min) isolated after a reaction time of 

10 min was slightly compressible (Fig. II-11b). Tubular entities, together 

with spherical particles, were observed in the SEM image of MP-0.8-10min, 

suggesting that tubular structures formed at an early stage of the reaction 

(Fig. II-12a). The microstructures of all the polymers obtained after a 

reaction time of 3 h appeared similar to that of MP-0.8 in their SEM images 

(Fig. II-12b), but the compressibility of the polymers increased with 

increasing reaction time (Fig. II-11b). 
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Figure II-12. SEM images of the samples obtained after a reaction time of (a) 

10 min and (b) 3 h (scale bars = 40 m). (c) SEM image of MP-lin (scale bar 

= 40 m). 
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Tubular fibres and their bundles are intriguing morphologies that are 

not expected in polymers prepared from a cross-coupling reaction of 

multifunctional monomers. There have been a few reports on the formation 

of tubular structures of cross-linked polymers,
21–23

 but the mechanism is not 

fully understood. The formation of tubular shapes is most likely induced by 

step reactions in combination with the structured self-assembly of the 

reactants. Presumably, linear oligomers having reactive ethynyl groups on 

each repeating unit are produced first from the cross-coupling reaction 

between two of the three ethynyl groups of TEB and two C–Br groups of 

PBT-Br. These develop into tubular structures on further reaction with 

monomers or oligomers (Fig. II-13). The reactivity of the soluble oligomers 

with twisted structures seems to play an important role in this process. MP-

lin synthesized from PBT-Br and 1,3-diethynylbenzene instead of TEB 

under the same reaction conditions as those for MP-0.8 does not form any 

tubular structures, as observed in the SEM image shown in Fig. II-12c. Both 

monomers, PBT-Br and 1,3-diethynylbenzene, have a bifunctionality, and 

therefore, the resulting polymers should have linear structures. 

The effect of fluoro groups in linker monomers was tested. Analogue of 

PBT-Br with absence of fluoro groups, 0F-Br, has lower solubility than 

PBT-Br in our reaction condition and the polymer product 0F-0.8 showed 
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neither compressibility nor monolithic property with shapeless 

microstructure (Fig. II-14). Tube formation is thought to be affected by 

various factors such as reaction concentration, solubility and so on. The 

presence of fluorine atoms changes the solubility of the monomer and it 

luckily leads to the formation of tubular structures in our reaction condition.  

 

Figure II-13. Proposed mechanism of tube formation. 

 

 

Figure II-14. SEM images of 0F-0.8 (scale bar = 5 m).  
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Origin of the compressibility. 

To understand the origin of the compressibility, the change in 

microstructure of MP-0.8 under stress was investigated using an optical 

microscope. Although it was unable to distinguish individual fibres because 

of the limited resolution of the optical microscope, some fibre bundles with 

lengths of tens of micrometres were clearly observed under the optical 

microscope (Fig. II-15a). The polymer monolith resembled a non-woven 

fabric, where fibrous units are randomly entangled to form a monolith. The 

change in morphology of the polymer was imaged while a compressive 

stress was applied. As denoted by the yellow lines in Fig. II-15a, the bundles 

were bent in the direction perpendicular to the direction of compressive 

stress. The initial structure was restored upon release of the stress, which 

suggested that the mechanism of the compressibility was linked to the elastic 

buckling of the bundled tubular assemblies. Individual tubes would not have 

enough durability to maintain their structure under compressive stress. 

However, through bundling they are able to withstand the load because the 

assembled tubes are able to support each other and distribute the loaded 

stress.
33,34

 This mechanism is shown schematically in Fig. II-15b. 
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Figure II-15. (a) Optical microscope images of MP-0.8 taken under loaded 

and unloaded conditions (scale bar = 50 m). (b) Schematic drawing of the 

mechanism of the compressibility of MP-0.8.  
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Microporous properties. 

The porosity of MP-0.8 was investigated using cryogenic N2 

adsorption–desorption experiments (Fig. II-16). The gradient of the N2 

adsorption isotherm increased sharply at low relative pressures, indicating 

the existence of micropores. Non-local density functional theory (NL-DFT) 

pore size distribution calculations on MP-0.8 also revealed that the polymer 

had micropores with diameters < 2 nm along with mesopores. The Brunauer–

Emmett–Teller (BET) surface area of MP-0.8 was achived up to 463 m
2
g
–1

 

(397 m
2
g
–1 

in average for four times of reproducibility tests). The total pore 

volume and micropore volume were 0.454 cm
3
g
–1

 at p/p0 = 0.99 and 0.157 

cm
3
g
–1

 at p/p0 = 0.10, respectively. 

To check the effect of tubular structure on the microporosity of MP-

0.8, destruction of the microstructure by mechanical grinding was carried out 

and its effect was investigated. Tubular microstructure was considerably 

damaged after grinding as shown in the SEM image of mechanically ground 

MP -0.8 sample (Fig. II-17a). Although the microstructure was destroyed by 

mechanically grounding, it was observed that its microporosity is not 

hindered by macroscopic grinding. When BET surface area of MP -0.8 was 

measured before and after grinding, they did not show significant change in 

their values (Fig. II-17b). Before grinding, MP-0.8 used in this test showed 
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BET surface area of 382 m
2
g

-1
 and it recorded 375 m

2
g

-1
 after grinding. N2 

adsorption-desorption isotherm curves showed sharp increase in macropore 

regions for ground samples and it can be attributed to newly exposed surface 

of nanotubes at breaking points. Conserved microporousity under such 

destruction demonstrates the microporosity of MP-0.8 originates from 

micropores in the tube walls or spherical particles rather than inner cavities 

in tubes. Also, this result reveals high durability of its microporous structures 

in harsh mechanical stresses. 

Because the polymer morphology was influenced by the monomer 

feed ratio used in the polymer synthesis, so too was the resulting polymer 

porosity. The BET surface area of the polymers decreased as the molar ratio 

of PBT-Br increased, so that MP0.5 showed the highest BET surface area 

of 853 m
2
g
–1

, followed by MP-0.8, MP1.0 (109 m
2
g
–1

), MP1.2 (62 m
2
g
–1

), 

and MP1.5 (non-porous) (Fig. II-18). This tendency was attributable in part 

to the formation of a less dense network on incorporation of more PBT-Br. 

The BET surface area of MP0.5 was similar to that of a TEB homocoupled 

microporous polymer reported in the literature (842 m
2
g
–1

)
19

, suggesting that 

the homocoupling of ethynyl groups was dominant because they were in 

excess in the reaction mixture. 
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Figure II-16. (a) N2 adsorption–desorption isotherms of MP-0.8 measured at 

77 K. (b) NL-DFT pore size distribution of MP-0.8. 
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Figure II-17. (a) SEM images of MP-0.8 after mechanical grinding. (b) N2 

adsorption-desorption isotherms of MP-0.8 before and after grinding. 

 

Figure II-18. N2 adsorption-desorption isotherms of MPs. 
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Absorption properties.  

MPs are expected to show a high absorption capacity with 

selectivity towards hydrophobic liquids because of their aromatic 

hydrocarbon structures and microporosities.
10–12,35

 Materials with such 

properties have potential applications in environmental pollution control, 

such as for marine oil spill recovery. Sorbent materials with compressibility 

will be particularly useful when the sorbents or sorbed substances need to be 

recycled. 

As shown in Fig. II-19a,b, the surface of MP-0.8 was very 

hydrophobic with a water contact angle of 145.
36

 The selective absorption 

of a hydrophobic pollutant over water by MP-0.8 was examined. A polluted 

aqueous sample was prepared by mixing water with n-decane dyed with Oil 

Red O for visualization. When a sample of MP-0.8 was added to the solution, 

n-decane was selectively removed within a period of tens of seconds (Fig. II-

19c). The n-decane was released by simple compression and then reabsorbed 

by MP-0.8 (Fig. II-19d), demonstrating the possibility of recycling the 

polymer on use. The absorption properties of MP-0.8 for various organic 

liquids were also investigated. MP-0.8 could absorb 7–17 times its weight in 

liquid (Fig. II-20a). Interestingly, there was a linear correlation between the 

absorption capacity of MP-0.8 and the density of an absorbate (Fig. II-20b), 
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suggesting that the absorption capacity was dependent on the accessible pore 

volume. 

 

 

Figure II-19. (a) The water contact angle measured on the surface of MP-

0.8. (b) A droplet of water dyed with Rhodamine B on the surface of MP-0.8. 

(c) Removal of n-decane dyed with Oil Red O floating on water using MP-

0.8. (d) Release of absorbed n-decane by compression and repeated 

absorption using MP-0.8. 
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Figure II-20. (a) Absorption capacity of MP-0.8 for various liquids and (b) 

their correlation with the absorbate density. 
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Microporous materials can absorb and store small molecules more 

efficiently than mesoporous or macroporous materials can. For this reason, 

there has been extensive research into the application of microporous 

polymers for the removal of toxic chemicals in the air and in solutions.
31,35,37

 

The possible use of MP-0.8 for the removal of small molecules from a 

solution and their subsequent release by compression was examined. Sudan I 

was chosen as a test molecule, which has been used as a food colouring, but 

now its usage is banned because of its genotoxic and carcinogenic 

properties.
38

 

A sample of MP-0.8 (50 mg) was immersed in 5 mL of a solution of 

Sudan I in ethanol (5.0  10
–5

 M) and manually compressed and released in 

situ at a rate of about 5 s per cycle. The UV–Vis absorption of the solution 

was monitored every 25 cycles. Figure II-21a shows that a gradual decrease 

in the absorption intensity of Sudan I in the solution was observed. The 

yellowish solution became almost colourless after 100 cycles, indicating that 

Sudan I had been removed by the polymer (Fig. II-21b). In contrast, when a 

static absorption experiment was carried out by immersing the same mass of 

MP-0.8 in 5 mL of the Sudan I solution (5.0  10
–5

 M) for 10 min,
39

 the UV–

Vis spectrum of the resulting solution showed only a small decrease in the 

concentration of Sudan I. It appears that the repeated compression and 
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release facilitated interfacial contact between Sudan I in the solution and the 

MP-0.8 with a resulting enhancement of the absorption performance of the 

polymer. The microporosity of MP-0.8 could also be an important factor 

influencing the absorption performance, as it would impede the release of 

any adsorbed Sudan I during compression. To verify this proposition, the 

same tests were performed using a commercially available macroporous 

urethane sponge (Vtot = 0.168 cm
3
g
–1

 at p/p0 = 0.99 and Vmicro = 6.34  10
–3

 

m
3
g
–1

 at p/p0 = 0.10). The urethane sponge was immersed statically in a 

Sudan I solution for 10 min and was also compressed and released 100 times. 

The UV–Vis spectra of the solutions measured after the tests were almost the 

same, and were similar to the spectrum of the initial solution, indicating that 

Sudan I was barely absorbed by the urethane sponge. 

 MP-0.8 could be also used as a syringe filter for more facile and 

rapid removal of a dye (Fig. II-22).
40

 Due to its monolithic character, MP-0.8 

was fabricated into a shape that fitted into the inner diameter of a syringe. 

Sudan I solution was placed into a syringe whose outlet was blocked with 

MP-0.8 and then the solution was pressed out through the material. The 

yellow Sudan I solution turned colourless as it passed through the MP-0.8. 

The UV–Vis spectrum of the filtrate showed that most of the dye molecules 

were removed in this process (Fig. II-22b). 
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Figure II-21. (a) UV–Vis spectra of Sudan I solutions (initial concentration 

= 5.0  10
–5

 M in ethanol) measured after removing a dye by MP-0.8 (0, 25, 

50, 75, and 100 cycles of compression and release, and a static absorption for 

10 min) and by a urethane sponge (100 cycles of compression and release) 

(black circles). (b) Photographs of the above solutions. 
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Figure II-22. (a) UV–Vis spectra of the Sudan I stock solution and a filtered 

solution. (b) Sequential photographs showing Sudan I dye capture using an 

MP-0.8 syringe filter. 
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Carbonization. 

MPs with tubular structures are potential precursors of structured 

carbon materials.
22

 MP-0.8 was carbonized by pyrolysis at 800 C under 

inert N2 gas to form MP-0.8-C. An SEM study showed that the tubular 

structure of MP-0.8 was maintained after pyrolysis (Fig. II-23a). Newly 

formed holes observed on the tube surfaces indicated that some organic 

entities were vaporized during the pyrolysis. Raman spectroscopy showed a 

G band occurring at 1598 cm
–1

 together with a D band occurring at 1355 cm
–

1
 (Fig. II-23b), indicating that MP-0.8-C was partially graphitic. The BET 

surface area increased markedly to 1288 m
2
/g after carbonization (Fig. II-

23c). The NL-DFT pore size distribution showed a generation of ultra-

micropores with sizes around 0.45 nm (Fig. II-23d).
41

 MP-0.8-C did not 

exhibit a compressible and monolithic character. 
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Figure II-23. (a) SEM image (scale bar = 2 m) and (b) Raman spectrum of 

MP-0.8-C. (c) N2 adsorption–desorption isotherms of MP-0.8-C measured 

at 77 K. (d) NL-DFT pore size distribution of MP-0.8-C. 
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II-4. Conclusion 

The formation of compressible monolithic polymers, MPs, from a 

cross-coupling reaction of multifunctional aromatic compounds was 

observed. A microscope study revealed that the polymers consisted mainly of 

tubes and their bundles, together with spherical particles. The polymer 

morphology was influenced by the experimental conditions, such as the 

monomer feed ratio and solvent used. Although the mechanism for the 

development of these intriguing MP morphologies requires further research, 

our study suggests that tubular shapes are most likely formed by step 

reactions in combination with structured self-assembly of the reactants in the 

reaction mixture, such as monomers, linear oligomers, and branched 

polymers having reactive ethynyl groups. Regarding the observation of 

compressibility of the polymers, the bundled tubular structures appear to be 

responsible for this via elastic buckling under stress. As the tube bundles are 

rigid and are strong enough to endure compressive stress, they did not 

undergo structural destruction under load and recovered their original 

macroscopic shape once the stress was removed. The polymers showed a 

degree of microporosity, which was suitable for the removal of toxic 

chemicals from the environment. In particular, the compressibility and 

monolithic character of these polymers allowed for the facile release of 
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adsorbed chemicals by applying pressure and thereby imparting a good 

recyclability. It is believed that this discovery of microporous polymers with 

these unprecedented properties will contribute greatly to research into soft 

sorbent materials and to an increase in their applications. 
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Chapter III.  

 

Microporous Polymer-Polydimethylsiloxane 

Composite Sponge Showing  

Enhanced Tensile Properties 
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III-1. Introduction 

 Materials used in real life are typically under several types 

of mechanical stress. The use of a material is often determined by how well 

the material can resist or withstand the stress. Therefore, extensive studies of 

the mechanical behaviors of materials under various types of stress have 

been conducted thus far. Essentially, mechanical stresses are classified into 

five categories: tension, compression, shear, bending, and torsion (Fig. III-

1).
1
 Tension is a stress that can induce elongation of a material along its load 

axis. In contrast, compressive stress is applied in a direction opposite to that 

of tension to reduce the size of a material along its load axis. Shear is caused 

by forces applied to two adjacent points of a material in directions opposite 

and parallel to each other. Bending occurs when stress is applied to the 

middle of a material when both ends are in a fixed state. Torsion is induced 

by two rotational forces in opposite directions applied to two other points of 

a material. Among the mechanical properties related to these types of stress, 

the tensile property is most commonly used.
2
 

In the previous chapter, MP-0.8 showed compressible mechanical 

behavior.
3
 However, the polymer also showed poor stability under tensile 

stress. A lack of stable mechanical properties can limit the application of a 

material. 
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Figure III-1. Five basic types of stresses. 

 

 Several studies have attempted to reinforce microporous organic 

polymers. Fan et al. reported a hydrophobic sponge with a melamine sponge 

mixed with a microporous polymer prepared by a Sonogashira reaction.
4
 Due 

to the robustness of the melamine sponge and the microporosity of the 

microporous polymer, the sponge could be used repeatedly for the absorption 

of various organic solv nts. Li’s group pr par d polym r composit s using 

conjugated microporous polymer nanotubes as fillers.
5
 When 0.5-2.0 wt% of 

microporous polymers were added to poly(methyl methacrylate) (PMMA) or 

polydimethylsilane (PDMS), the resulting composite showed greatly 

enhanced tensile properties. 

 In this work, MP-PDMS, a composite material consisting of MP-0.8 

and PDMS, was prepared and its tensile properties were investigated. In the 
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composite, MP-0.8 was used as a major component and PDMS was used as 

a filler material. PDMS is widely used for various applications, such as soft 

lithography, capping, and others due to its elastomeric, non-toxic and 

transparent properties.
6-10

 Crosslinked PDMS is usually prepared by mixing a 

siloxane base and a siloxane cross-linker.
11

 MP-0.8 was synthesized in the 

presence of PDMS and a cross-linker. The formation of cross-linked PDMS 

in MP-0.8 and the effect of PDMS on the mechanical properties of the 

composite are discussed herein. 
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III-2. Experimental 

Materials. 

All chemicals, reagents, and solvents were purchased from Sigma-

Aldrich, Tokyo Chemical Industry, or Junsei Chemical and used without any 

further purification. Sylgard 184
TM

 was used for making PDMS cross-linked 

polymer. 

 

Measurements. 

Solid-state 
13

C nuclear magnetic resonance (NMR) spectrum was 

recorded on a Bruker Avance 400WB spectrometer (100 MHz) equipped 

with a CP/MAS probe. Elemental analyses were performed using a Flash EA 

1112 elemental analyzer. Thermogravimetric analysis (TGA) was performed 

on a TA modulated TGA2050 with a heating rate of 10 °C/min under 

nitrogen. The compression test was performed on a Instron Universal Testing 

Machine 5940. Tensile test was performed on a TA Instrument Dynamic 

Mechanical Analysis Q800 with force ramping rate of 0.200 N/min. 

Scanning electron microscope (SEM) images were obtained by Carl Zeiss 

SUPRA 55VP. Transmission electron microscope (TEM) images were 

obtained by a Carl Zeiss LIBRA 120 operating at 120 kV. TEM samples 

were dispersed in ethanol and a drop of the mixture was placed on a carbon-
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coated copper TEM grid. Elemental maps and energy-dispersive X-ray 

spectroscopy (EDS) spectrum were obtained using an Oxford instrument X-

Max
N
 detector and analyzed with AZtecEnergy EDS analysis. Powder X-ray 

diffraction (PXRD) patterns were obtained using a N w D8 Advanc  (Cu Kα 

radiation, λ = 1.54 Å). The Fourier transform infrared spectroscopy (FT-IR) 

spectra were measured by a Thermo Scientific Nicolet 6700 FT-IR 

spectrometer using KBr pellets. N2 uptake and non-local density functional 

theory (NLDFT) pore size distribution amounts were measured by a Belsorp-

Max (BEL Japan, Inc.) apparatus. 

 

Synthesis of Control.  

2,2'-(2,5-Difluoro-1,4-phenylene)bis(5-bromothiophene) (PBT-Br, 

150 mg, 0.344 mmol), TEB (65 mg, 0.430 mmol), PdCl2(PPh3)2 (17.5 mg, 

25.0 μmol), and CuI (5.8 mg, 30.2 μmol) were dissolved in a co-solvent of 

toluene (1.5 mL) and DMF (1.5 mL) and the mixture was heated up with 

stirring. At the moment the temperature reached 50 °C, triethylamine (TEA, 

1.5 mL) was added dropwise and the reaction proceeded at 90 °C for 24 h. 

The produced polymer monolith was taken out of the reaction vessel and 

washed with methanol, water, tetrahydrofuran, and acetone. After Soxhlet 

extraction with methanol and drying in vacuo at 120 
o
C, the polymer 
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(control) was obtained as a light brown monolith. 

 

Synthesis of MP-PDMS.  

PBT-Br (150 mg, 0.344 mmol), TEB (65 mg, 0.430 mmol), 

PdCl2(PPh3)2 (17.5 mg, 25.0 μmol), and CuI (5.8 mg, 30.2 μmol) were 

dissolved in a co-solvent of toluene (1.5 mL) and DMF (1.5 mL) and the 

mixture was heated up with stirring. At the moment the temperature reached 

50 °C, PDMS base and curing agent (10:1 weight ratio, total 100 mg) in TEA 

(1.5 mL) were added dropwise and the reaction proceeded at 90 °C for 24 h. 

The produced polymer monolith was taken out of the reaction vessel and 

washed with methanol, water, tetrahydrofuran, and acetone. After Soxhlet 

extraction with methanol and drying in vacuo at 120 
o
C, the polymer (MP-

PDMS) was obtained as a light brown monolith. 

 

Synthesis of Model. 

 2-Bromothiophene (421 mg, 2.58 mmol), 4-ethynyltoluene 

(300 mg, 2.58 mmol, triethylvinylsilane (367 mg, 2.58 mmol), Pd(PPh3)2Cl2 

(70 mg), CuI (20 mg) were dissolved in toluene (2.5 mL), DMF (2.5 mL), 

TEA (2.5 mL) and heated to 90 
o
C. The reaction was allowed to continue for 

24 h and the mixture was cooled down to room temperature, poured into 
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distilled water, and extracted with ethyl acetate. The organic layer was dried 

with MgSO4, filtered and the solvent was evaporated under reduced pressure. 

Crude product was purified by column chromatography with n-hexane. 

Model was obtained as white powder. (430 mg, 84%) 
1
H NMR (300 MHz, 

DMSO-d6): δ 7.66 (d, J = 4.8 Hz, 1H), 7.45 (d, J = 8.1 Hz, 2H), 7.40 (d, J = 

3.6 Hz, 1H), 7.25 (d, J = 8.1 Hz, 2H), 7.12 (t, 1H), 2.34 (s, 3H); 
13

C NMR 

(400 MHz, DMSO-d6): δ 138.85, 132.44, 131.11, 129.46, 128.73, 127.78, 

122.03, 118.85, 93.01, 82.01, 21.07; Analysis (calcd, found for C13H10S): C 

(78.75, 78.71), H (5.08, 5.12), S (16.17, 16.10). 
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III-3. Result and Discussion 

Synthesis and Characterization. 

MP-PDMS, a composite of MP-0.8 and PDMS, as noted above, was 

prepared in a manner similar to the preparation of MP-0.8 with a minor 

modification (Scheme III-1). The polymerization process was carried out 

using 150 mg of PBT-Br monomer, 65 mg of TEB monomer, and 100 mg of 

a mixture of PDMS as a base with a curing agent (Sylgard 184
TM

, 10:1 

weight ratio).
11

 After purification processes, 191 mg of MP-PDMS was 

obtained. When the same reaction was carried out in the absence of PDMS, 

169 mg of Control was obtained after the same purification processes. Based 

on these results, it was assumed that there was 22 mg of cross-linked PDMS 

polymer in 191 mg of MP-PDMS. Sylgard 184
TM

 is normally used without a 

solvent, and cross-linked PDMS is formed after several hours quantitatively. 

In this work, Sylgard 184
TM

 was used in a toluene/DMF/TEA cosolvent 

system. As the PDMS base and the curing agent were reacted in a diluter 

condition, they would be loosely cross-linked. 

 In the solid-state 
13

C NMR spectrum, MP-PDMS showed the peaks 

of aromatic carbons and acetylene carbons between 152-105 ppm and 95-78 

ppm, respectively (Fig. III-2). The carbon peaks of the methyl groups in 

PDMS appeared at -2 ppm. The FT-IR spectrum showed no peak for terminal 
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acetylene groups at 3280 cm
-1

, indicating the complete consumption of TEB 

to form MP-PDMS (Fig. III-3).
12

 The TGA curve displayed the thermal 

stability of MP-PDMS up to 300 
o
C with a slight decrease in its weight at 

200 
o
C, which was attributable to the decomposition of the PDMS polymer 

(Fig. III-4). The powder X-ray diffraction result did not show a distinct 

pattern, which indicated the amorphous nature of MP-PDMS (Fig. III-5). 

 

 

 

 

Scheme III-1. Synthesis of MP-PDMS and Control. 

 

 



95 

 

   

Figure III-2. Solid-state 
13

C NMR spectrum of MP-PDMS. 

 

 

Figure III-3. FT-IR spectrum of MP-PDMS. 
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Figure III-4. TGA curve of MP-PDMS. 

 

 

Figure III-5. PXRD pattern of MP-PDMS. 
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Incorporation of PDMS. 

 The incorporation of PDMS in MP-PDMS was confirmed by EDS 

measurements (Fig. III-6).
13,14

 Figure III-6a shows the EDS spectrum of MP-

PDMS. A sharp peak at 1.838 keV corresponding to the excitation energy of 

the silicon K shell suggested that PDMS polymer was incorporated into MP-

PDMS. The compositions of the major atoms are summarized in Table III-1. 

The content of silicon was found to be 2.54% and 1.23% for the normalized 

weight percentage and the atomic percentage, respectively. To determine the 

distribution of PDMS in the composite, elemental mapping was conducted 

with EDS (Fig. III-6b). As there was no silicon atom in pure MP-0.8, a 

silicon atom was chosen as the characteristic atom of PDMS. Figure III-6b 

indicates that silicon atoms are uniformly distributed over the sample. 

 It should be noted that a Heck coupling reaction could proceed 

between vinylsilane and aryl bromide in the presence of a palladium catalyst 

and a base, as shown in Scheme III-2.
15,16

 Therefore, it was possible for the 

Heck coupling reaction to compete with the Sonogashira reaction that was 

originally predicted. To clarify the dominant reaction between these two 

reactions, a model reaction was performed. 2-Bromothiophene, 

triethylvinylsilane, and 4-ethynyltoluene (1:1:1 molar ratio) were dissolved 

in toluene/DMF/TEA (1:1:1 volume ratio) as a cosolvent with palladium and 
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copper catalysts (Scheme III-3). The reaction was allowed to continue for 24 

hours. The major product was isolated by column chromatography at an 84% 

yield. A 
1
H NMR analysis showed that the major product was formed by a 

Sonogashira reaction between 2-bromothiophene and 4-ethynyltoluene (Fig. 

III-7).  

 

Figure III-6. (a) Elemental map and (b) EDS spectrum of MP-PDMS. 

  carbon fluorine sulfur silicon bromine 

weight % 79.57 5.62 10.77 2.54 1.50  

atomic % 89.94 4.02 4.56 1.23 0.25 

      Table III-1. Elemental composition of MP-PDMS obtained by EDS study. 
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Scheme III-2. Reaction scheme of Heck coupling reaction. 

 

 

Scheme III-3. Model reaction.  

 

 

Figure III-7. 
1
H NMR spectrum of Model. 
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Microstructure of MP-PDMS. 

 SEM and TEM measurements were taken to investigate the 

microstructure of MP-PDMS. The SEM images of MP-PDMS in Fig. III-8 

reveal that MP-PDMS consisted of tubes as the major constituent and 

spherical particles as the minor constituent.
17

 Most of the tubes were 

arranged to form tube bundles with diameters of 10-20 μm. Th s   undl s 

were thought to be responsible for compressibility such that they could 

withstand and distribute the applied load.
3
 The tubular structures are clearly 

observable in the SEM and TEM images (Fig. III-9).   

The microstructures of MP-PDMS showed no noticeable 

differences with regard to those of MP-0.8, as shown in the previous chapter. 

The absence of a new microstructure implied that the PDMS polymer did not 

undergo a phase separation and that it was distributed evenly in the 

composite. 

 

Figure III-8. SEM images of MP-PDMS. 
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Figure III-9. TEM images of MP-PDMS. 

 

Microporous Properties of MP-PDMS. 

 The effect of the incorporation of PDMS into MP-0.8 was studied. 

Although Control was prepared with 1.2 times the diluter amount compared 

to the preparation of the pure MP-0.8, the microporosity of Control was 

similar to that of MP-0.8. Control showed a Brunauer–Emmett–Teller (BET) 

specific surface area of 380 m
2
g

-1
 (Fig. III-10a).

18
 MP-PDMS exhibited a 

BET surface area of 105 m
2
g

-1
. In the NLDFT pore size distribution curve 

(Fig. III-10b), the two polymers showed very similar curves at mesopore 

regions over 2 nm but a large difference in the micropore region.  

The decreased microporosity of MP-PDMS could be attributed to 

the fact that some PDMS chains filled the micropores of MP-0.8. 
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Figure III-10. (a) N2 adsorption-desorption isotherms and (b) pore size 

distribution curves of control and MP-PDMS. 
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Mechanical Properties of MP-PDMS. 

 The compressive and tensile mechanical properties of MP-PDMS 

were investigated. Like MP-0.8, MP-PDMS had compressible and 

monolithic characteristics.
3
 It showed repeatable compressibility with 50% 

strain under 29 kPa of compressive stress (Fig. III-11a). The mechanical 

properties of Control were also measured to determine the effect of the 

incorporation of PDMS on the mechanical properties.
5
 The compressive 

property of Control was very similar to that of MP-PDMS, indicating that 

an addition of a small amount of PDMS did not significantly alter the 

compressible nature of MP-0.8. The results of tensile property tests of these 

two polymers are displayed in Fig. III-11b. Control was only slightly 

stretchable (4.5% strain at 7.3 kPa stress). MP-PDMS showed greatly 

enhanced elongation up to 18.8% of strain under 72 kPa of tensile stress. The 

elastic moduli were calculated to be 241 kPa and 264 kPa for Control and 

MP-PDMS, respectively. The difference in the toughness between the two 

samples was very noticeable. While Control had a toughness of 19 kJ∙m
-3

, 

MP-PDMS showed a toughness of 683 kJ∙m
-3

. The enhanced elongation and 

toughness demonstrated that the incorporation of cross-linked PDMS 

significantly reinforced the microporous polymer sponge, as expected.   
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Figure III-11. (a) Compressive stress-strain curves and (b) tensile stress-

strain curves of control and MP-PDMS. 
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III-4. Conclusion 

 A microporous polymer sponge MP-PDMS with enhanced tensile 

properties was prepared. PDMS polymer was incorporated into the 

microporous polymer sponge during the polymerization of MP-0.8. The 

existence of PDMS in the sponge was verified by solid-state 
13

C NMR and 

EDS measurements. Although side reactions including the Heck coupling 

reaction were possible, the model reaction revealed that the Sonogashira 

reaction was dominant. SEM and TEM images showed that the 

microstructure of MP-PDMS mainly consisted of tube bundles without 

phase separation of the PDMS. The microporosity was decreased by the 

incorporation of PDMS, which was attributable to the blockage of 

micropores by the PDMS. The tensile property of MP-PDMS differed 

greatly from that of the Control sample without PDMS, whereas their 

compressive properties were similar. 
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Chapter IV.  

 

Two Different Piezochromic Behaviors of 

Constitutional Isomers Having C3-Symmetries: 

On-Off Switching and Color Tuning 

 

 

 

 

 

 

 

 

 

 



109 

 

IV-1. Introduction 

Due to their potential applications such as in displays,
1,2

 sensors,
3
 

and memory devices
4
, luminescent materials are of great interests. In recent 

years, enormous efforts have been made to control the luminescence 

properties with external stimuli such as temperature,
5-8

 light,
8-10

 vapour,
11-14

 

or pH.
14,15

 Mechanical stress is one of the simplest stimuli that can be applied 

to a responsive material. Piezochormic materials, showing reversible and 

repeatable color change induced by mechanical stress, are being widely 

studied in this context.
5-7,11-26

 In recent years, various piezochromic materials 

with different luminophores such as anthracene,
5
 diphenyldibenzofulvene,

19
 

cyanostyrylbenzene,
12

 pyrene,
15,26

 tetraphenylethene,
22

 and triphenylamine 

have been investigated.
23,24

 

Piezochromic materials showing significant change in their 

luminescence intensities by mechanical shearing are particularly attractive 

because they can be utilized for on-off switching of digital signals. A few 

examples for on-off switchable piezochromic materials have been 

reported.
18-20

 Tang’s r s arch group d monstrat d th  r v rsi l  switching of 

emission intensities of piezochromic materials based on 

diphenyldibenzofulvenes.
19

 Luo et al. used a donor–acceptor system for on-

off switching. The fluorescence of the co-crystallised complex between 2,5-
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di(E)-distyrylfuran as an electron donor and an N-alkyl substituted 

maleimide as an acceptor was quenched when deposited on the substrate but 

recovered by applying mechanical force.
20

 Kwon et al. achieved an on-off 

switching with a donor–acceptor–donor triad molecule containing 

dicyanodistyrylbenzene and carbazole moieties.
18

 

In this work, four types of C3-symmetric molecules having cyano-

vinylene bridges and a phenyl ring core were synthesized (Scheme IV-1) and 

their structural effects on the piezochromism were studied. α-BPAN-H and 

α-BPAN-Br have cyano groups at the α-position to the phenyl ring core and 

β-BPAN-H and β-BPAN-Br have cyano groups at the β-position to the core. 

A network polymer was also prepared by Ullmann reaction of β-BPAN-Br 

to compare its optical properties with those of β-BPAN-Br. 
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IV-2. Experimental 

Materials 

Benzene-1,3,5-tricarbaldehyde
27

 and (benzene-1,3,5-

triyl)triacetonitrile
28

 were prepared according to the literatures. All other 

chemicals were purchased from Aldrich or Tokyo Chemical Industry and 

used without any further purification. 

 

Measurements 

1
H nuclear magnetic resonance (NMR) spectra were recorded on a 

Bruker Advance 300 spectrometer (300 MHz). 
13

C NMR spectra were 

recorded on a Jeol JNM-LA400 (100 MHz). Solid-state 
13

C NMR spectra 

were recorded on a BrukerAvance 400WB spectro-meter (100 MHz) 

equipped with a CP-MAS probe. Elemental analyses were performed using a 

Flash EA 1112 elemental analyzer. Differential scanning calorimetry (DSC) 

measurements were made on a TA modulated DSC Q10 with a scanning rate 

of 10 °C/min under nitrogen. Powder X-ray diffraction (PXRD) patterns 

were obtained using a Bruker New D8 Advance (Cu Kα radiation, λ = 1.54 

Å ). UV-Vis spectra were obtained using a Sinco S-3150 spectrometer. 

Photoluminescence (PL) measurements were performed on a Shimadzu RF-
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5301PC spectrofluorometer. The FT-IR spectra were measured with a 

Thermo Scientific Nicolet 6700 FT-IR spectrometer using KBr pellets. N2 

uptake amounts were measured using a Belsorp-Max (BEL Japan, Inc.) 

apparatus. 

 

Crystal structure prediction 

The packing propensity of the α-BPAN-Br and β-BPAN-Br was 

investigated through crystal structure prediction using the Polymorph 

Predictor module of the Materials Studio software package (version 6.1, 

2012; Accelrys). The molecular structures of two molecules were drawn, and 

their structures were individually optimized through the energy minimisation 

in the COMPASS force field.
29

 The resulting structures were used as the 

input for the Polymorph Predictor.
30,31

 The Polymorph Predictor was 

performed in the COMPASS force field with integral charges, and the 

calculation of the van der Waals and Coulomb interactions was done through 

the Ewald summation method.
32

 No rigid body constraints were applied 

during the process. The process of the Monte Carlo simulated annealing 

(100,000 K to 300 K) was independently repeated 26 times for each 

molecule to obtain reproducible results. The number of the trial structures for 

each run was set as 7,000, and the number of the final structures per run was 
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between 24 and 159 after clustering. The explored space group was limited 

to the P2/m based on the indexing of the powder XRD patterns through 

GSAS-II utilizing the index algorithm by singular value decomposition.
33-35

 

The predicted structures were ranked according to the lattice energy, and 

only the structures of the lowest energy per each run were compared (total 

26). Finally, the multiple repeated structures were extracted as the final 

results. 

 

Synthesis of (Benzene-1,3,5-triyl)tris(3-phenylacrylonitrile) (α-BPAN-H) 

To a solution of (benzene-1,3,5-triyl)triacetonitrile (0.100 g, 0.512 

mmol) and benzaldehyde (0.169 g, 1.59 mmol) in ethanol (30 mL) and 

tetrahydrofuran (THF, 3 mL) was added sodium hydroxide (0.123 g, 3.07 

mmol) in ethanol (10 mL). After stirring for 12 h at room temperature, the 

precipitate was filtered and washed with ethanol. The product was obtained 

as a yellow solid. Yield: 76%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.977 (m, 

Ar-H, 6H), δ 7.957 (s, Ar-H, 3H), δ 7.696 (s, vinyl, 3H), δ 7.521 (m, Ar-H, 

9H). 
13

C NMR (400 MHz, DMSO-d
6
, ppm): δ 145.32, 135.83, 133.44, 

131.13, 129.35, 129.07, 123.86, 117.59, 109.11. Elemental Analysis: Calc. 

for C33H21N3: C, 86.25; H, 4.61; N, 9.14. Found: C, 86.30; H, 4.45; N, 9.04. 
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Synthesis of (Benzene-1,3,5-triyl)tris(3-(4-bromophenyl)acrylonitrile) (α-

BPAN-Br) 

To a solution of (benzene-1,3,5-triyl)triacetonitrile (0.300 g, 1.54 

mmol) and 4-bromobenzaldehyde (0.506 g, 4.76 mmol) in ethanol (50 mL) 

and THF (6 mL) was added sodium hydroxide (0.369 g, 9.22 mmol) in 

ethanol (20 mL). After stirring for 12 h at room temperature, the precipitate 

was filtered and washed with ethanol. The product was obtained as a pale 

yellow solid. Yield: 63%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.936 (s, Ar-

H, 3H), δ 7.837 (d, J = 8.7Hz, Ar-H, 6H), δ 7.670 (d, J = 8.7Hz, Ar-H, 6H), δ 

7.612 (s, vinyl, 3H). 
13

C NMR (400 MHz, THF-d
8
, ppm): δ 144.00, 137.76, 

133.98, 133.29, 132.12, 126.14, 125.36, 118.00, 111.91. Elemental Analysis: 

Calc. for C33H18Br3N3: C, 56.93; H, 2.61; N, 6.04. Found: C, 57.02; H, 2.60; 

N, 6.10. 

 

Synthesis of (Benzene-1,3,5-triyl)tris(2-phenylacrylonitrile) (β-BPAN-H) 

To a solution of benzene-1,3,5-tricarbaldehyde (0.100 g, 0.617 

mmol) and phenylacetonitrile (0.224 g, 1.91 mmol) in ethanol (30 mL) and 

THF (3 mL) was added sodium hydroxide (0.148 g, 3.70 mmol) in ethanol 

(10 mL). After stirring for 12 h at room temperature, the precipitate was 

filtered and washed with ethanol. The product was obtained as a pale yellow 
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solid. Yield: 81%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 8.443 (s, Ar-H, 3H), 

7.764 (m, Ar-H, 6H), 7.738 (s, vinyl, 3H), 7.518 (m, Ar-H, 9H). 
13

C NMR 

(400 MHz, DMSO-d
6
, ppm): δ 141.38, 135.21, 133.18, 130.54, 129.82, 

129.34, 126.04, 117.19, 112.95. Elemental Analysis: Calc. for C33H21N3: C, 

86.25; H, 4.61; N, 9.14. Found: C, 86.27; H, 4.57; N, 9.09. 

 

Synthesis of (Benzene-1,3,5-triyl)tris(2-(4-bromophenyl)acrylonitrile) (β-

BPAN-Br) 

To a solution of benzene-1,3,5-tricarbaldehyde (0.100 g, 0.617 

mmol) and 4-bromophenylacetonitrile (0.375 g, 1.91 mmol) in ethanol (30 

mL) and THF (3 mL) was added sodium hydroxide (0.148 g, 3.70 mmol) in 

ethanol (10 mL). After stirring for 12 h at room temperature, the precipitate 

was filtered and washed with ethanol. The product was obtained as a pale 

yellow solid. Yield: 89%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 8.396 (s, Ar-

H, 3H), 7.645 (d, J = 9.0Hz, Ar-H, 6H), 7.604 (d, J = 9.0Hz, Ar-H, 6H), 

7.852 (s, vinyl, 3H). 
13

C NMR (400 MHz, DMSO-d
6
, ppm): δ 141.93, 

135.14, 132.44, 132.26, 130.74, 128.07, 123.20, 116.85, 111.94. Elemental 

Analysis: Calc. for C33H18Br3N3: C, 56.93; H, 2.61; N, 6.04. Found: C, 56.67; 

H, 2.67; N, 6.02. 
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IV-3. Results and Discussion 

C3-symmetric molecules having cyano-vinylene bridges and a 

phenyl ring core were synthesized via Knoevenagel condensation reaction as 

shown in Scheme IV-1.
36

 For α-BPAN-H and α-BPAN-Br, (benzene-1,3,5-

triyl)triacetonitrile was reacted with benzaldehyde and 4-bromobenzaldehyde, 

respectively, in ethanol in the presence of sodium hydroxide. In the case of 

β-BPAN-H and β-BPAN-Br, benzene-1,3,5-tricarbaldehyde was reacted 

with phenylacetonitrile and 4-bromophenylacetonitrile, respectively. The 

compounds obtained were bright yellow solids and characterized by 
1
H 

NMR, 
13

C NMR and element analysis. 

α-BPAN-Br and β-BPAN-Br showed no significant difference in 

the band gap, showing almost the same absorption spectra in THF (5.0 ×10
-5

 

M) with the absorption onset around 375 nm (Fig. IV-1a); however, their 

emission behaviors significantly differed when excited at 365 nm. While no 

noticeable emission was observed from α-BPAN-Br in THF, an intense blue 

emission with a peak maximum at 415 nm was detected from β-BPAN-Br in 

THF (Fig. IV-1b). α-BPAN-H and β-BPAN-H showed the absorption 

maxima at 318 and 324 nm, respectively in THF (5.0 ×10
-5

 M) (Fig. IV-1c). 

α-BPAN-H exhibited a weak blue emission with peak maximum at 412, 

while β-BPAN-H showed a strong blue emission with peak maximum at 427 
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nm when excited at 365 nm (Fig. IV-1d). 

 

 

 

 

Scheme IV-1. Synthesis of (a) α-BPAN-H and α-BPAN-Br and (b) β-

BPAN-H and β-BPAN-Br 
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Figure IV-1. (a) Absorption and (b) PL spectra of α-BPAN-Br and β-BPAN-

Br in THF (5.0 × 10
-5

 M) (λex = 365 nm). (c) Absorption and (d) PL spectra 

of α-BPAN-H and β-BPAN-H in THF (5.0 × 10
-5

 M) (λex = 365 nm). 
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Figure IV-2. PL spectra of (a) α-BPAN-Br and (b) β-BPAN-Br measured 

in as-synth siz d and ground stat s (λex = 365 nm). 

 

 

 

 

Figure IV-3. PL spectra of (a) α-BPAN-H and (b) β-BPAN-H measured in 

as-synth siz d and ground stat s (λex = 365 nm). 
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In the solid states, the compounds showed different emission 

properties from those in the solution states where they are considered to exist 

as monomers.
12

 When excited at 365 nm, both the α-BPAN-Br and β-

BPAN-Br compounds exhibited bluish green luminescence with a peak 

maximum at 493 nm and at 483 nm, respectively (Fig. IV-2). α-BPAN-H 

and β-BPAN-H showed blue emissions with peak maxima at 455 and 437 

nm, respectively (Fig. IV-3). 

It is worth noting that only the compounds bearing bromo groups 

displayed piezochromiosm. Upon grinding, α-BPAN-Br and β-BPAN-Br 

changed from opaque bright yellow solids to colorless solids and their 

luminescence color changed considerably, while the color and luminescence 

of α-BPAN-H and β-BPAN-H showed no significant change. More 

interestingly, the two constitutional isomers, α-BPAN-Br and β-BPAN-Br, 

showed very different piezochromic properties. When the ground samples 

were excited at 365 nm, β-BPAN-Br showed a blue emission with a peak 

maximum at 368 nm, which was 47 nm blue-shifted, while the luminescence 

of α-BPAN-Br was almost quenched. The emissions of α-BPAN-Br and β-

BPAN-Br observed in the ground state nearly coincided with their monomer 

state emissions. 

When the ground samples of α-BPAN-Br and β-BPAN-Br were 
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exposed to the vapours of organic solvents, their initial luminescence colors 

were restored. Although common organic solvents such as THF, ethyl 

acetate (EA), acetone, chloroform and dichloromethane were useful for the 

luminescence restoration, EA and THF were the most effective for α-BPAN-

Br and β-BPAN-Br, respectively. The original bright yellow color appeared 

within one minute when the ground compounds were in contact with the 

vapour of EA or THF. Upon excitation at 365 nm, they showed bluish green 

luminescence as observed in the as-synthesized compounds (Fig. IV-4). The 

restoration of the luminescence as well as the solid color suggested that the 

organic solvent vapour provided sufficient driving force for the 

rearrangement of the molecules into the ordered phase. 
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Figure IV-4. PL spectra of the ground samples, (a) α-BPAN-Br and (b) β-

BPAN-Br measured after vapor- xposur  (λex = 365 nm). PL changes of (c) 

α-BPAN-Br and (d) β-BPAN-Br  y grinding and vapor  xposur  (λex = 365 

nm). 

 

 

Figure IV-5. Piezochromic writing and vapochromic erasing of the letters 

‘SNU’ writt n on filt r pap rs w tt d with solutions of (a) α-BPAN-Br and 

(b) β-BPAN-Br in EA and THF, respectively. 
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As a demonstration for practical applications of these piezochromic 

and vapochromic properties of α-BPAN-Br and β-BPAN-Br, piezochromic 

writing and vapochromic erasing were tried.
20,25

 Two non-fluorescent filter 

papers were wetted with solutions of α-BPAN-Br and β-BPAN-Br in EA 

and THF, respectively.
13,25

 As the solvents had evaporated, the filter papers 

emitted bluish green luminescence similar to the as-synthesized compounds. 

Wh n th  l tt rs ‘SNU’ w r  writt n on th  pap rs with a rod, distinct 

changes in the luminescence were observed only at the regions where 

mechanical forces were applied (Fig. IV-5). The letters written on the paper 

of α-BPAN-Br appeared dark while those of β-BPAN-Br showed blue 

emission. When the letters on the α-BPAN-Br and β-BPAN-Br solution-

wetted papers were exposed to EA and THF vapour, respectively, they were 

erased as the initial luminescences were recovered. These piezochromic 

writing and vapochromic erasing behaviors agreed well with the 

piezochromic and vapochromic properties of the solid compounds as shown 

in Figure IV-4. 

It has been proposed that piezochromism occurs by destruction of an 

ordered structure by external mechanical forces although its definite 

mechanism is still under controversy.
16

 The idea that macroscopic 

mechanical forces substantially alter the microscopic nanostructure seemed 
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to be acceptable at least based on PXRD and DSC analysis results for α-

BPAN-Br and β-BPAN-Br.
11,15,18

 The as-synthesized samples of α-BPAN-

Br and β-BPAN-Br exhibited crystalline PXRD patterns with sharp and 

strong peaks. When these compounds were ground, they showed no 

noticeable peaks, indicating the transition from the crystalline states to 

amorphous states (Fig. IV-6). The crystalline peaks appeared again after 

exposure of the ground samples to the EA or THF vapour, suggesting the 

restoration of their initial phases. The crystallisation by the solvent vapour 

treatment was also confirmed by DSC.
11,26

 As-synthesized α-BPAN-Br and 

β-BPAN-Br showed melt transitions near 210 °C and 240 °C, respectively in 

the first heating scan. In contrast, the ground samples of α-BPAN-Br and β-

BPAN-Br showed exothermic crystallisation peaks at 98 °C and 109 °C, 

respectively, followed by melt transition peaks (Fig. IV-7). The ground 

sample of α-BPAN-Br showed a very small crystallisation peak, indicating 

slow crystallisation. The lower crystallisability of α-BPAN-Br compared to 

β-BPAN-Br could be associated with the steric effect of the α-nitrile groups 

on the conformation of the molecule. The crystallisation peaks did not appear 

in the DSC thermograms of the vapour-annealed samples. These results were 

consistent with the PXRD results in which the ordered crystalline phases of 

α-BPAN-Br and β-BPAN-Br were changed to the amorphous phases by 
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grinding and were restored by the solvent vapour exposure.
11,18 

 

 

 

Figure IV-6. PXRD patterns of (a) α-BPAN-Br and (b) β-BPAN-Br. 

 

 

 

Figure IV-7. DSC curves of (a) α-BPAN-Br (inset: a magnified curve of the 

ground sample) and (b) β-BPAN-Br. 
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A considerable difference in the piezochromic behaviors of the two 

constitutional isomers, α-BPAN-Br and β-BPAN-Br, were also of 

significant interest. To elucidate the origin of this discrepancy, growing 

crystals with single crystal X-ray diffraction qualities was tried, but failed to 

obtain good crystals probably due to the three-branched complicated 

structures of the two molecules. Instead, crystal structure prediction using the 

Polymorph Predictor module of the Materials Studio was adopted for the 

investigation of crystal structures of each molecule.
30,31

 The optimized 

structures with minimum lattice energy were obtained with systematic 

calculation of van der Waals and Coulomb interactions, as explained in detail 

in the experimental section. As a result, a striking contrast was observed 

between the optimized structures of α-BPAN-Br and β-BPAN-Br. While α-

BPAN-Br has twisted conformations between the phenyl ring core and 

branches, β-BPAN-Br has a perfectly planar structure over the entire 

molecule (Fig. IV-8). This difference in molecular structures in crystalline 

states is ascribed to the different positions and steric effects of the nitrile 

groups in each molecule. In α-BPAN-Br, three nitrile groups are located at 

the α-positions to the phenyl ring core, making the molecular centre more 

crowded than in the case of β-BPAN-Br. This crowdedness causes higher 

conformational torsion for α-BPAN-Br relative to β-BPAN-Br, promoting 
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molecular motions.
37

 Luminescence quenching of α-BPAN-Br in the 

monomer and ground states is likely because the excited energy was mostly 

lost by non-radiative pathways such as vibrational and rotational motions.
12

 

On the other hand, the perfectly planar structure of β-BPAN-Br in 

crystalline state suppresses molecular motions, and the excited energies are 

consumed in the form of luminescence. With this relationship between 

molecular structures and piezochromic behaviors observed in α-BPAN-Br 

and β-BPAN-Br, it was found to be possible to modulate on-off switching 

and color tuning by changing the position of bulky groups. 
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Figure IV-8. Optimized structures of (a) α-BPAN-Br and (b) β-BPAN-Br 

calculated with Polymorph Predictor in Materials Studio 6.1. 
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To further understand the role of the weak intermolecular bondings 

for piezochromism, a polymer Poly(β-BPAN) was prepared by Ullmann 

reaction of β-BPAN-Br.
38

 Poly(β-BPAN) consisted of β-BPAN units, which 

were linked covalently to each other. The polymer structure was 

characterized by solid-state 
13

C NMR and FT-IR spectroscopy (Fig. IV-9). In 

the solid-state 
13

C NMR spectrum, the carbon peaks for the cyano groups 

and phenyl groups appeared at 115 and 119-136 ppm, respectively. The FT-

IR spectroscopy showed that a characteristic absorption band for a carbon-

bromine bond at 488 cm
-1

 disappeared after polymerisation.
38

 The polymer 

was isolated as yellow powders. Since β-BPAN-Br had three reactive sites, 

Poly(β-BPAN) had a network structure. The Brunauer–Emmett–Teller (BET) 

surface area of the polymer calculated from the N2 adsorption isotherm at 77 

K was 42.5 m
2
g

-1
 (Fig. IV-10a). 

The polymer showed blue luminescence at 365 nm excitation as 

crystalline β-BPAN-Br. However, its initial emission was not changed by 

grinding (Fig. IV-10b), which was a completely different behavior compared 

with the crystalline monomer. Apparently, the external mechanical force 

could not alter the covalently linked network structure of Poly(β-BPAN). 
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Figure IV-9. (a) Solid-state 
13

C NMR spectrum of Poly(β-BPAN) and (b) 

FT-IR spectra of β-BPAN-Br and Poly(β-BPAN). 

 

 

Figure IV-10. (a) Nitrogen sorption isotherm curves of Poly(β-BPAN-Br) 

and (b) PL spectra of as-synthesized and ground Poly(β-BPAN-Br). 

 

 



131 

 

IV-4. Conclusion 

Four types of conjugated C3-symmetric molecules with a phenyl ring 

core were prepared and their piezochromic properties were investigated. 

Among them, two constitutional isomers α-BPAN-Br and β-BPAN-Br, 

having bromine atoms at the branched phenyl groups showed piezochromism. 

Upon grinding, α-BPAN-Br exhibited substantial quenching of a bluish 

green emission while β-BPAN-Br showed luminescence color change from 

bluish green to deep blue. This discrepancy was ascribed to the difference of 

crowdedness in the vicinities of cores, which caused different degree of 

molecular torsion. The initial emission of each molecule was restored by 

exposure to an organic solvent vapour. PXRD and DSC studies revealed that 

the piezochromic and vapochromic behaviors were operated by the 

destruction and reconstruction of the ordered structures of the compounds. 

Their structural analogues, α-BPAN-H and β-BPAN-H, which had no 

bromo groups, however, did not show any piezochromic or 

vapochromicbehavior. Poly(β-BPAN), comprised of covalently linked β-

BPAN units, also did not show any piezochromic or vapochromicbehavior. 

These results led to the conclusion that the transitions between ordered and 

disordered phases by external stimuli were enabled due to the weak 

intermolecular non-covalent bonds formed in crystalline α-BPAN-Br and β-
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BPAN-Br. The present work demonstrates an efficient method of 

modulating the properties of piezochromic materials. 
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국문요약 

 기계적 자극은 재료에 가할 수 있는 가장 간단하고 간편한 

자극 중 하나이다. 따라서 기계적 자극과 이에 따른 재료의 반응과

의 관계에 대한 연구가 고대로부터 현대에 이르기까지 건축, 기계, 

전자 등 여러 분야에서 진행되어왔다. 하지만 이렇게 축적된 지식

에도 불구하고 기계적 자극에 대한 새로운 반응 거동을 보이는 재

료에 대한 요구는 계속 존재하며, 이러한 재료에 대한 연구가 활발

히 진행되고 있다. 본 연구에서는 기계적 자극에 반응하는 미세기

공성 공액고분자를 제조하고 그 특성을 분석하였다. 

 먼저, 압축성과 같은 특성을 지닌 미세기공성 고분자(MP)

들을 연구하였다. MP들은 세 방향의 아세틸렌 그룹이 있는 TEB와 

두 개의 브로모 그룹이 있는 PBT-Br 단량체간의 소노가시라-하

기하라 커플링 반응을 통해 단일체로 제조되었다. 제조된 고분자는 

반복적인 압축성을 보였으며, 칼을 이용하여 간편하게 특정한 형태

로 가공할 수 있었다. 미세구조 분석 결과 MP들은 해면생물 스펀

지의 미세구조와 유사한 튜브 구조를 갖는 것을 확인하였다. 압축

응력 하에서 튜브다발들이 탄성 굽힘을 보인다는 것을 광학현미경

을 통해 확인하였다. PBT-Br과 TEB가 0.8:1의 비율로 반응하여 

얻어진 MP-0.8의 경우 463 m2g-1의 BET 비표면적을 나타내었

다. 이 고분자는 145o의 물접촉각을 갖는 높은 소수성을 나타내었

으며, 자체 질량의 7-17의 유기액체를 흡수하였다. 흡수된 액체는 

단순한 압축에 의해 배출되어 고분자를 재활용 할 수 있었다. MP

들은 나노구조 탄소재료를 만들기 위한 전구체로서의 가능성을 보
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였다. 예를 들면, MP-0.8을 탄화시키어 MP-0.8와 유사한 튜브 

구조를 갖는 부분적으로 그래피틱한 물질을 얻을 수 있었다. 

둘째로, 인장성질이 향상된 미세기공성 고분자 스펀지 복합

체에 대한 연구를 진행하였다. 앞선 연구에서 MP-0.8은 안정적인 

압축성질을 보였지만 인장응력 하에서는 기계적 안정성을 보이지 

않았다. 이러한 단점을 보완하기 위해, MP-0.8과 폴리다이케틸실

록산(PDMS) 고분자의 복합체인 MP-PDMS를 제조하고 그 특성

을 분석하였다. PDMS 기본물질과 가교제를 MP-0.8 반응혼합물

에 넣어 MP-PDMS를 제조하였다. PDMS 고분자가 MP-PDMS에 

포함되었다는 것을 고체상태 13C NMR과 EDS 분석을 통해 확인하

였다. SEM과 TEM 측정 결과 MP-PDMS는 MP-0.8과 유사한 

미세구조를 갖는 다는 것을 확인하였고, 이는 MP-0.8과 PDMS 

사이에 상분리가 없다는 것을 의미한다. BET 비표면적의 감소가 

관찰되었는데 이는 반응과정에서 PDMS가 미세기공의 일부를 채

우기 때문으로 보인다. 복합체 형성에 따라서 고분자의 인장은 증

가하였다. 

 끝으로, 시아노비닐렌 연결고리를 통해 중앙의 벤젠 고리와 

연결된 p-브로모페닐 그룹을 갖는 C3-대칭구조 분자의 피에조크

로믹 거동에 대해 연구하였다. 중앙 벤젠 그룹으로부터 α-위치에 

시아노 그룹이 있는 α–BPAN-Br을 기계적으로 갈게 되면 청록색

의 형광이 사라졌다(on-off switching). 한편, 이와 구조이성질체 

관계에 있는 β–BPAN-Br은 청록색의 형광이 짙은 파란색 형광으

로 변하였다(color tuning). 이 분자들이 유기용매 증기에 노출되

면 초기의 형광이 되돌아왔다. PXRD와 DSC 분석을 통하여 합성
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직후와 증기에 노출된 상태의 시료들은 같은 결정구조를 가지며 

갈린 상태의 시료는 비정질 구조를 갖는다는 것이 확인되었다. 이

들의 Br그룹이 없는 유사체인 α–BPAN-H와 β–BPAN-H는 피에

조크로믹 혹은 베이포크로믹 거동을 전혀 보이지 않았다. β–

BPAN-Br의 울만 반응을 통해 공유결합으로 연결된 β–BPAN들로 

이루어진 Poly(β-BPAN)을 합성하였다. 이 고분자는 β–BPAN-

Br 결정과 유사한 발광을 보였지만 기계적 자극에 의해 본래의 발

광이 변하지 않았다. 

 

주요어 : 기계적 자극, 기계적 성질, 공액 고분자, 미세기공성, 피에

조크로미즘. 

학 번 : 2009-20635 
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Abstract 

Preparation and Characterization of Mechanical Stimuli-

Responsive Conjugated Microporous Polymers 

Yoonbin Lim 

Department of Materials Science and Engineering 

Seoul National University 

 

Mechanical stimuli are among simplest and easiest stimuli that can 

be applied to materials. Therefore, there have been extensive studies on the 

relationships between mechanical stimuli and the responses of materials 

from ancient time to the modern era in the fields of architecture, mechanics, 

electronics, and others. Although a great amount of knowledge has been 

accumulated over a long time, there is still strong demand for materials 

showing novel responses to mechanical stimuli, and studies of such materials 

are widely conducted. In this study, conjugated microporous polymers with 

mechanical stimuli-responsive properties are prepared and characterized.  

 First, compressible microporous polymers (MPs) are investigated. 

The MPs were prepared as monoliths via a Sonogashira–Hagihara coupling 

reaction of 1,3,5-triethynylbenzene (TEB) with the bis(bromothiophene) 

monomer (PBT-Br). The polymers were reversibly compressible and were 
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easily cut into any form using a knife. Microscopy studies of the MPs found 

that the polymers had tubular microstructures, resembling those often found 

in marine sponges. Under compression, elastic buckling of the tube bundles 

was observed by an optical microscope. MP0.8, which was synthesized 

using a 0.8:1 molar ratio of PBT-Br to TEB, showed microporosity with a 

BET surface area as high as 463 m
2
g

–1
. The polymer was very hydrophobic, 

with a water contact angle of 145, and it absorbed 7–17 times its own 

weight of organic liquids. The absorbates were released by simple 

compression, allowing recyclable use of the polymer. MPs are potential 

precursors of structured carbon materials; for example, a partially graphitic 

material was obtained by the pyrolysis of MP-0.8, which showed a tubular 

structure similar to that of MP-0.8. 

 Secondly, a microporous polymer sponge composite showing 

enhanced tensile properties was studied. In the previous study, MP-0.8 

exhibited stable compressibility but had poor mechanical stability under 

tensile stress. To offset this weakness, a composite MP-PDMS sample 

consisting of MP-0.8 and polydimethylsiloxane (PDMS) was prepared. MP-

PDMS was prepared by synthesizing MP-0.8 in the presence of PDMS and a 

curing agent. The homogeneous distribution of PDMS in MP-PDMS was 

confirmed by solid-state 
13

C NMR and EDS analyses. The microstructures 
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measured by SEM and TEM showed shapes nearly identical to those of MP-

0.8, indicating that no phase separation occurred between MP-0.8 and 

PDMS. The decreased BET surface area implied that some micropores were 

filled with PDMS during the reaction. However, elongation of the polymer 

was increased with the formation of the composite. 

 Lastly, the piezochromic behaviors of C3-symmetric molecules 

having p-bromophenyl side groups connected to a phenyl ring core through 

cyano-vinylene bridges were studied. Upon grinding, α-BPAN-Br with 

cyano groups at the α-position relative to the phenyl ring core showed 

substantial quenching of a bluish green emission (on–off switching) and its 

constitutional isomer, β-BPAN-Br, exhibited an emission color change from 

bluish green to deep blue (color tuning). When the molecules were exposed 

to an organic vapor, the initial emission of each molecule was recovered. 

Powder X-ray diffraction and DSC studies revealed that the as-synthesized 

and vapor-annealed samples had the same crystalline structures, while the 

ground samples had amorphous structures. Their structural analogues, α-

BPAN-H and β-BPAN-H which had no bromo groups, did not show any 

piezochromic or vapochromic behavior. Poly(β-BPAN) consisting of 

covalently linked β-BPAN units was synthesized by an Ullmann reaction of 

β-BPAN-Br. The polymer showed luminescence similar to that of crystalline 
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β-BPAN-Br, but its initial emission was not changed by grinding. 
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I-1. Mechanical Characters of Materials 

The mechanical properties like strength, toughness, Young’s 

modulus are one of the basic and major factors of materials in their 

applications. The have been also great interest in how materials respond to 

mechanical stimuli has been extensively studied and deep understandings on 

these issues were achieved.
1
 Human history can be classified by the 

development of new materials which drastically changed and enhanced 

human lives and civilization in each period, such as Stone Age, Bronze Age, 

Iron Age. As mechanical behaviors and application of materials are in 

inextricable connection, studies on new materials showing novel mechanical 

behaviors have been continuously carried out and changing human lives. 

There are several expressions that describe current ages like Plastic Age
2,3

 or 

Carbon Age
4
 to emphasize the important and increasing roles or each 

material.  

 Organic materials like plastics have attracted enormous attention due 

to their properties much different from metals or ceramics. Studies on the 

mechanical properties of various organic polymers were also conducted for 

this reason. Since the first development by Wallace Carothers at Du Pont in 

1930s, nylon has greatly affected fabrics and clothes due to its high 

mechanical strength and chemical stability.
5,6

 Kevlar is another famous 
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example of commercially succeeded polymer for its superior mechanical 

property.
7
 It consists of inter-molecularly linked polymer chains through 

hydrogen bonds making the polymer highly tough. Owing to its excellent 

mechanical property, Kevlar is used for various kinds of applications that 

require high mechanical strength such as armors, sport instruments, ropes 

and so on. 

 Carbon materials are attracting great interests of researchers for their 

outstanding mechanical properties. Carbon nanotubes (CNTs) are one of the 

most famous carbon materials that has high mechanical strength and 

electrical conductivity.
8-11

 Not only CNTs themselves, but also composites of 

CNT/polymer are being developed for reinforced mechanical performance of 

polymers.
12-15

 Graphenes, which are 2-dimensional carbon materials, are also 

widely being studied due to their excellent electric and mechanical 

properties.
16-19

 

 Besides mechanically stable high strength materials, mechanical 

stimuli-responsive materials have been also extensively studied for advanced 

materials. Piezoelectric material is a good example of such material. As 

piezoelectric materials have asymmetric structures of electric charges.
20,21

 An 

applied mechanical stress changes electric dipole moments resulting in 

electric signals. This mechanical stimuli-responsive behavior allowed 
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numerous applications for piezoelectric materials like speakers, electric 

guitars, touch panels, etc. 

 Because mechanical stimulus is one of the simplest stimuli we can 

apply to a material, investigations on novel mechanical stimuli-responsive 

materials have great meanings. In this thesis, mechanical stimuli-responsive 

conjugated microporous polymers will be discussed in the view of the 

relationships between their microporous or optical properties and mechanical 

stimuli.  

 

I-2. Compressible Materials 

I-2.1. Introduction to Compressible Materials 

It is very amusing that there are many examples of cellular structure 

in nature such as honeycomb, wood, cork, and so on. This structure consists 

of cell or foam-like constituents and contains lots of unoccupied space inside 

the material. Inspired by naturally made cellular structures, people tried to 

obtain man-made cellular structured materials with polymers, ceramics or 

metals because this structure has several advantages. It shows very stable and 

strong mechanical properties with light weight. Moreover, compressibility is 

often achieved in cellular structured materials.
22

 Because cells have 

vacancies inside it, such structure can be compressed under compressive 
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stresses by filling the vacancies. The unique compressive process in cellular 

structures is hardly expected in rigid and condensed materials. This process 

for a typical foam consists of three stages as described in Fig. I-1.  

 

Figure I-1. Typical compressive stress-strain curve for foam-like structure. 

 

In the early stage of compression with a little strain, cell walls start 

to bend and they show linear elastic deformation. This behavior conforms to 

the following eq. I-1, where E is Young’s modulus of foam, Es is Young’s 

modulus of cell-wall material, ρ is density of foam, ρs is density of cell-wall 

material, and c2 is a constant. This process is graphically described in Fig. I-2. 
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   (eq. I-1) 

 The next stage is collapse of foams with buckling of cell walls. In 

this procedure, the material can be compressed significantly with a little 

increase in compressive stress and the stress-strain curve shows plateau. This 

deformation is also elastic but it shows non-linear behavior. It follows eq. I-2 

where σel is elastic collapse stress of elastomeric foam and c3 is a constant. 

          
   

  
       

 

  
 
 

    (eq. I-2) 

 Finally, the material undergoes densification. In this stage, cell walls 

start to touch each other and crash together. The start of densification region 

follows eq. I-3.  

                

 

  
 

 

  
  

  

 

 

  
 

 

 

    (eq. I-3) 

 In this equation, ε stands for the strain where densification begins 

and σy is yield stress.
22
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Figure I-2. Schematic drawings showing the sequential deformation of 

typical foams on loading of compressive stresses.  

 

 Sponges are porous, flexible and compressible materials which are 

named after marine animal sponges.
23

 Due to its unique mechanical 

properties, sponges are used for wide range of applications from daily 

supplies to industrial tools. Fabrication of sponges has various methods. The 

most widely used one is crosslinking of polymers in a mixture of polymer 

and a small compound followed by removal of the compound.
24
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I-2.2. Carbon Material Based Compressible Materials 

Carbon materials such as carbon nanotube or graphene are attracting 

enormous attentions due to their properties. For this reason, there have been 

extensive studies on the enhancement of such properties by using carbon 

materials.
9-19

  

 

Figure I-3. Schematic structures of (a) carbon naotube and (b) graphene 

 

 Ajayan’s group reported the preparation of vertically aligned carbon 

nanotube free-standing film by chemical vapor deposition (CVD) method 

using xylene as carbon source and ferrocene as catalyst.
25

 This film showed 

foamlike and highly compressible behaviors. They found that this property 

came from the collective buckling of carbon nanotubes in zig-zag shape. 

Moreover, buckling started from the bottom of the vertical alignment and 

elasticity decreased as the compression-release cycles were repeated. 
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Nevertheless, these films possed improved mechanical properties like high 

compressive strengths (12-15 MPa), compared with other low density 

flexible foams reported before.  

 Deeper understanding on the mechanical properties of aligned 

carbon nanotubes were later made by A. H. Slocum’s group.
26

 They studied 

on how the thickness and alignment of carbon nanotubes affected by the 

process condition like chemical vapor deposition. In fixed catalyst method, a 

Fe/Al2O3 film as a catalyst and ethane as a carbon source were used. In a 

floating catalyst system, ferrocene-Fe(C5H5)2 as catalyst and xylene as a 

carbon source were used. Thicker carbon nanotubes with 90 nm diameter 

were obtained by the floating catalyst while the fixed catalyst system 

produced 26 nm and 8 nm diameter carbon nanotubes in argon and hydrogen 

annealed systems, respectively. In addition, carbon nanotubes from the argon 

annealed fixed catalyst system were more irregularly aligned than carbon 

nanotubes obtained by other two methods. Comparing those carbon 

nanotubes from three methods, the authors concluded that higher elastic 

recovery occurred for densely alignmed thicker carbon nanotubes. 

 The first carbon nanotube sponges were fabricated by D. Wu’s 

group.
27

 They prepared carbon nanotube sponges by chemical vapor 

deposition method with dichlorobenzene as a carbon precursor and ferrocene 
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as a catalyst. The sponge consisted of carbon nanotubes with 30-50 nm outer 

diameters showing a 300-400 cm
2
/g specific surface area. It showed superb 

compressibility and shape-memory properties. It also had low density and 

high hydrophobicity, which resulted in water-floating property and selective 

absorption of oils. 

 Zhang’s group fabricated a graphene foam by dipping a nickel foam 

into a suspension of graphene oxide followed by etching of nickel and 

reduction of graphene.
28

 The graphene foam showed a three dimensionally 

networked foam-like microstructure and highly compressible behavior. The 

authors also prepared a composite of graphene foam coated with polyaniline, 

which had high specific capacitance and power density of 760 Fg
-1

 and 98 

kWkg
-1

, respectively.  

 

I-2.3. Polymer Based Compressible Mateirlas 

 Besides carbon materials based compressible materials, there are 

various kinds of compressible materials that composed of polymers. 

However, pristine sponges made from organic polymers such as melamine, 

urethane sponges are macroporous and they do not have high surface areas. 

These disadvantages have limited the applications of polymer sponges. There 

have been numerous studies about modification of polymer sponges for 
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novel application.  

G. Wang and coworkers reported a polyurethane sponge which has 

alkyl groups at the surface.
29

 This sponge possessed hydrophobicity and 

showed increased oil absorption. The authors explained that it is because the 

alkyl chains stretched when they contacted with oils while they curled into a 

ball when they contacted with water, inducing the change in hydrophobicity. 

The increased hydrophobicity allowed selective absorption of hydrophobic 

organic solvents and oils. 

 

 

Figure I-4. Chemical structures of polymers conventionally used for sponge 

fabrication. (a) Polyurethane, (b) polymelamine, and (c) cellulose. 

 

N

O

H

N

H

O

H

H H

H

O
n

N

N

N

HN

HN

N

N

N

N
H

N
H

N

NN

NH

NH

NH

N
H

N
H n

O

OH

HO
OH

O O
HO

OH

O

OH

n

(a)

(b)

(c)



12 

 

 C. Ruan and coworkers synthesized a hydrophobic melamine sponge 

having alkyl groups at the surface.
30

 They first coated the surface of a 

melamine sponge with polydopamine and then attached alkyl groups on it. 

This sponge showed high water contact angles, retaining the compressibility 

and fire retardancy of the original melamine sponge. It also showed selective 

absorption of hydrophobic organic solvents like octadecane or oils. This 

modified melamine sponge had advantages in large scale production because 

it could be manufactured by simple processes with low cost starting 

materials. 

 Preparation of silylated nanocellulose sponges was reported by Z. 

Zhang and coworkers.
31

 They silylated terminal –OH groups in cellulose 

sponges with polymethylsilane under acidic conditions. These sponges 

showed compression and shape recovery behaviors depended on the degree 

of silylation. They exhibited selectivity for dodecane over water due to their 

high hydrophobicities. Also, the sponges could be recycled by washing the 

absorbed liquids. 

 There have been reported composites which combined advantages of 

carbon materials and organic sponges.
32

 H.-B. Yao et al. reported a 

composite of graphene and a polyurethane sponge. They coated graphene 

oxide on the surface of the polyurethane sponge by solution dipping method. 
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After that, they left it in 95% compressed state for two hours to make a 

fractured microfiber structure. A piezoresistive sensor was obtained by this 

method because compression induced the contacts between fractures and 

promoted electron channels in graphenes, increasing electric conductivity.  

 

I-2.4. Aerogel Based Compressible Mateirlas 

 Aerogels are light and porous materials prepared from gels whose 

liquid components were replaced by gases.
33-35

 As their dispersed phases are 

gases, they have unique properties like very low densities and thermal 

conductivities. To achieve such properties, it is important to maintain 

microstructures of gels during the drying process. Lyophilization and 

supercritical drying are methods often used for this purpose. After careful 

treatment with those drying processes, aerogels are obtained with fibrillar or 

foam-like cellular microstructures. Aerogels can be prepared from 

organogels, hydrogels, silica gels, or carbon materials. Most aerogels are 

brittle and destroyed by mechanical forces, however, there are some 

examples of aerogels which show high resistance and endurance to 

mechanical stresses.  

Z. Wang et al. prepared a silsesquioxane aerogel with a precursor 

containing sulfur atoms in aliphatic chains (Fig. I-5a).
36

 The aerogel was 
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obtained after sol-gel reaction of the precursor followed by vacuum-drying. 

This aerogel consisted of highly networked porous microstructures and 

showed a compressible behavior with repeatability. The authors insisted that 

the compressibility came from C-S bond whose rotational barrier was much 

lower than that of C-C bond, which allowed more freely rotatable 

conformations.  

 Y. Gao’s group reported a similar aerogel with a precursor having 

sulfur and oxygen atoms (Fig. I-5b).
37

 This aerogel was also prepared by sol-

gel reaction, however, the drying process in this study was carried out in 

ambient pressure at an elevated temperature. The authors claimed that slow 

evaporation can conserve the microstructure of the gel during drying. They 

also explained the highly compressible character of the aerogel came from 

the networked structure of the aerogel and low rotational barrier of C-S and 

C-O bonds. 
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Figure I-5. Synthesis of precursors for aerogel fabrications. 

 

 Y. Luo et al. reported a aerogel obtained from an elastic polypyrrole 

hydrogel.
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ratio)), and iii) slow secondary growth reaction for 30 days. After 

supercritical fluid drying, the resulting aerogel conserved the networked 

microstructure which existed in hydrogel and compressible properties. Due 

to electrically conductive nature of polypyrrole, a potential application of the 
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aerogel for stress sensor was demonstrated.  

Aerogels are fabricated not only by organic materials but also by 

carbon materials.
39

 Ming’s group fabricated a graphene aerogel via 

lyophilization of graphene oxdie and ethylenediamine and a subsequent 

reduction. The aerogel obtained in this way showed great compressibility 

with a sponge-like internal structure. Because it consisted of graphene, the 

aerogel had high electric conductivity. Combining superior compressibility 

and electric conductivity of the aerogel, it could be utilized for potentiometer. 

Moreover, this material showed good fire resistance and selective absorption 

and storage of organic solvents.  

 C. Wang et al. prepared another type of aerogel by lyophilization of 

a graphene oxide and graphene nanoribbon mixture in a aqueous solution 

followed by reduction.
40

 This aerogel showed outstanding compressibility 

with a foam-like structure. The amount of organic solvents it could absorb 

was several hundred times of its own mass. It showed high specific 

capacitance of 256 F/g. 
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I-3. Microporous Materials 

I-3.1. Introduction for Microporous Materials 

 Micropores refer to pores of which diameters are narrower than 2 

nm, according to IUPAC definition.
41

 They have unique characteristics that 

other class of pores like mesopores (2 nm < diameter < 50 nm) or 

macropores (diameter > 50 nm) cannot have.
42

 Due to their small sizes 

ranging in molecular scale, they can be used for adsorption and storage of 

gases or small molecules,
43-46

 catalysis,
47

 filtration of gases or fluids,
48

 and so 

on. 

 Metal-organic frameworks (MOFs) are one of the widely studied 

microporous materials.
49

 They have crystalline structures composed of 

organic ligands and metallic cores which are connected by coordination. In 

1999, O. M. Yaghi’s group reported I-1 having Langmuir surface areas of 

2900 m
2
g

-1
.
50

 However, MOFs have several disadvantages such as sensitive 

fabrication conditions, and instabilities in ambient air. Covalent-organic 

frameworks (COFs) are also crystalline materials which show high surface 

areas.
51

 These frames are formed by reversible organic bonds such as B-O 

bonds. O. M. Yaghi’s groups prepared I-2 having Brunauer-Emmett-Teller 

(BET) surface area (SBET) of 711 m
2
g

-1
.
52 

Fabrication of COFs also requires 

complicated processes and techniques which weakens the competitiveness of 
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COFs in industrial application.   

 

 

Figure I-6. Synthetic scheme of (a) I-1 and (b) I-2. 

 

Cross-linked microporous organic polymers (MOPs) are good 

alternatives of MOFs and COFs.
53

 MOPs are fabricated by organic or 

organometallic reactions of organic building blocks. Due to their simple 

reaction processes and physicochemical stabilities, they have attracted great 

attentions of researchers. Most MOPs are synthesized by metal-catalyzed 

coupling reactions. D. Jiang’s group prepared I-3 by Suzuki reaction of 

1,2,4,5-tetrabromobenzene and 1,4-benzene diboronic acid with a Pd(0) 

catalyst under basic conditions.
54

 This MOP showed a high surface area of 

1083 m
2
g

-1
. J. Schmidt et al. reported a MOP named as I-4 prepared by 

Yamamoto reaction of 1,3,5-tribromobenzene with Ni(COD)2 and 2,2’-

bipydidyl.
55

 This polymer recorded a very large BET surface area 
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(SBET=1225 m2g-1). Sonogashira reaction was also used for the synthesis of 

MOPs. A. I. Cooper reported I-5 which was prepared by Sonogashira 

reaction of 1,3,5-triethynylbenzene and 1,4-diiodobenzene with Pd(II) and 

Cu(I) catalysts.
56

 It showed BET surface area of 834 m
2
g

-1
. 

 

 

Figure I-7. Synthetic scheme of MOPs. (a) I-3 prepared by Suzuki reaction. 

(b) I-4 prepared by Yamamoto reaction. (c) I-5 prepared by Sonogashira 

reaction. 
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I-3.2. Microporous Organic Polymers with Tubular Microstructures 

 Most MOPs are obtained as powders which have no particular 

microstructures. There have been some reports on MOPs prepared by 

Sonogashira reaction that have tubular microstructures. A. I. Cooper reported 

a microporous polymer I-5 with a tubular structure. Macroscopic gelation 

was observed during the synthesis but the gel was fragmentized during the 

workup processes.
56

 K. Müllen’s group reported I-6 having a tubular 

microstructure.
57

 They prepared this polymer by Sonogashira reaction of 1,4-

diethynylbenzene and a spiral monomer bearing three iodo groups. Although 

no noticeable surface area was found for I-6, it recorded a 858 m
2
g

-1
 BET 

surface area after pyrolysis. N. Kang et al. reported tubular microstructured 

I-7 prepared by Sonogashira reaction.
58

 They used an ioninc monomer 

having iodo groups. When a similar monomer without ionic character was 

used instead of the ionic compound, no tubular microstructures were 

observed. Also, tubular microstructures were obtained only when the 

reaction was carried out in the co-solvent of toluene and methanol. No tubes 

were obtained when the reaction was carried out in toluene or methanol only. 

These results indicate that the formation of tubular microstructures by 

Sonogashira reaction is subject to the reaction conditions like solvents and 

monomers.  
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Figure I-8. Synthetic scheme of (a) I-6 and (b) I-7. 

 

 More detailed studies on the tubular microstructure formations were 

done by D. Tan et al..
59

 They prepared I-8 by Sonogashira reaction between 

1,3,5-tribromobenzene and 1,3,5-triethynylbenzene. Three kinds of solvents 

including toluene, p-xylene and mesitylene were tested as reaction solvents. 

Among those solvents, only the polymer synthesized in p-xylene showed 

tubular microstructure while other polymers showed spherical or rod shape 

microstructures.  

 S. U. Son’s group studied the dynamic evolution of tubular 

microstructures by Sonogashira reaction for the synthesis of I-9.
60

 They 

focused on the rate of Sonogashira reaction. In one condition, all the 

reactants were dissolved in the reaction mixture from the beginning of the 
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reaction. In another condition, one monomer was added slowly during the 

reaction process. Tubular microstructure were obtained only in the reaction 

with slow addition, implying that the reaction rate played an important role 

in formation of tubes. The authors proposed that the tubes formed by 

sequential of 1-dimensional, 2-dimensional, and 3-dimensional crosslinking 

reactions due to steric situations of each network. 

 Although there have been several examples of tubular shaped MOPs, 

MOP having mechanical stability have not been reported yet.
61,62

 The lack of 

durability of MOPs limits their further application as practical usage of a 

material often requires a certain shape. 

 

 

Figure I-9. Synthetic scheme of (a) I-8 and (b) I-9. 
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I-4. Piezochromic Materials 

I-4.1. Introduction for Piezochromism 

 Luminescent properties of materials have drawn lots of attentions 

due to their applications in displays,
63,64

 sensors,
65

 and so on. As all human 

beings have their own detectors for luminescence signals called ‘eyes’, 

luminescence has been one of the most important properties of materials that 

can be used for our real lives. For their practical usages, researches on the 

ways to control the luminescence by temperature,
66-69

 light,
69-71

 pH
72,73

 also 

have been conducted. Mechanical stimuli would be the simplest one as they 

can be applied to a responsive material without a complicated equipment or 

process. There have been efforts to find the materials which change their 

luminescence by mechanical. 

 Piezochromism, so called mechanochromism, refers to a 

phenomenon that color or luminescence changes by mechanical stimuli like 

grinding, shearing, or compression.
74

 The mechanism of piezochromism is 

suggested to involve the transition between a crystalline phase and an 

amorphous phase by mechanical stresses but the detailed process and 

condition for the occurrence of this phenomenon have yet to be clearly 

elucidated (Fig. I-10). Inter- or intramolecular interactions with moderate 

strengths are required  for piezochromic materials which can be cleaved by 
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applied mechanical forces. There have been several kinds of approaches to 

induce piezochromism. 

 

 

Figure I-10. Proposed mechanism of piezochromism. 

 

 

   I-4.2. Interactions for Piezochromism 

 The most common interactions for piezochromism is intermolecular 

π-π stacking. This secondary bond allows transition between crystalline and 

amorphous phases depending on the structure of the molecule.  

Y. Wang’s group reported a piezochromic material I-10 that shows 

crystalline-amorphous transition by destruction and recovery of π-π stacked 

structure (Fig. I-11).
75
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Figure I-11. Structure of I-10. 

 

 Orange fluorescence of I-10 turned green after grinding and was 

restored by thermal or vapor annealing treatment. PXRD and DSC studies 

revealed that this emission color change was operated by the transition 

between crystalline and amorphous phases. The researchers  found that 

bulky –CF3 group hindered strong π-π interactions and allowed moderate 

strength interactions for piezochromism. 

 There were some reports on piezochromic materials operated by 

hydrogen bonds. T. Han et al. reported piezochromic behaviors of I-11 

having hydrogen bonding sites (Fig. I-12).
76

 I-11 showed blue emission in 

as-synthesized state but the luminescence color changed to yellow green 

after being ground. Its initial color was restored when the ground I-11 was 

exposed to organic solvents or their vapors. The single crystal XRD study 

showed that and found that hydrogen bonds played a key role in the 

operation of piezochromic behaviors. 
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Figure I-12. Structure of I-11. 

 

 The change in emission color can originate from dimer-to-monomer 

transition by mechanical shearing. K. Araki’s group reported piezochromic 

materials with TPPy derivative I-12 (Fig. I-13).
77

 I-12 in a dimeric form 

initially had yellow emission. When the compound was ground to become a 

monomer, its emission turned to green.  

 

 

Figure I-13. Structure of I-12. 
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 S. Y. Park’s group prepared piezochromic materials using donor-

acceptor complex strategy.
78

 A donor-acceptor-donor (DAD) triad I-13 had a 

N-ethylcarbazole donor and a dicyanodistyrylbenzene acceptor, which were 

linked by non-conjugated alkyl chains (Fig. I-14). When I-13 was in 

crystalline state, non-luminescent charge-transfer complex of donor and 

acceptor formed. Upon being ground, however, this structure was destroyed 

and the compound showed photoluminescence as electron transfer rate 

delayed.  

I-13 showed high contrast change in emission intensity. There have 

been reported only a few compounds showing this kind of on-off switching 

piezochormism. 

 

Figure I-14. Structure of I-13. 
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I-4.3. On-Off Switching Piezochromism 

 On-off switching piezochromism refers to a noticeable contrast 

change in emission intensity upon grinding. This phenomenon can be applied 

to digital signaling because ‘turned-on’ state can be digitally signaled as ‘1’ 

and ‘turned-off’ state as ‘0’. It can be utilized for digital displays or storage 

devices.  

 As the definite mechanism of piezochromism is still not fully 

understood, there is no specific rule for designing on-off switching 

piezochromic materials. 

 

 

Figure I-15. Structures of I-14 and I-15 derivatives. 

 

 J. Luo et al. reported on-off switching piezochromic materials based 

on donor-acceptor interaction.
79

 They synthesized donor molecule I-14 and 

acceptor molecules I-15 (Fig. I-15). When the donor and acceptor molecules 

were co-crystallized, the mixture showed a new pattern in X-ray diffraction 
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that was totally different from patterns of each molecule. This co-crystal 

showed no noticeable emission, however, when compressed, it showed blue 

emission that came from donor molecule. This result suggested that this 

‘turning on’ was the result of strong self-crystallization of donor molecules. 

 

Figure I-16. Structures of I-16 and I-17. 

 

 On-of switching piezochromism was achieved by controlling the 

conformation of a distorted compound. X. Luo et al. found two on-off 

pizeochromic materials I-16 and I-17 (Fig. I-16).
81

 Crystalline I-16 showed 

green or yellow emission while I-17 showed blue emission. The emissions of 

both molecules were substantially quenched upon grinding. Conformational 

change in each molecule played important role in altering the emission color 

and intensity. Molecular states with more contorted conformation resulted in 

blue-shifted or quenched emission. 
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Compressible and Monolithic Microporous Polymer 

Sponge Prepared via One-Pot Synthesis: 

Tubular Structures and Absorption Properties 
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II-1. Introduction 

The fascinating morphologies of sea sponges have inspired researchers in 

materials science. The outer surface cells of a sponge have many small holes 

called dermal pores through which large volumes of water can move inside 

the sponge. Internal channels are also found in the outer surface cells. The 

skeleton of a sponge consists of collagens and inorganic components, such as 

silica and calcium carbonate. Some sponges have collagen fibres that 

constitute a network structure, called sponging.
1
 Sponge-like structures have 

been widely adapted for synthetic materials and have shown enhanced 

performance in their application in various areas, such as nanogeneration, 

catalysis, supercapacitance, photovoltaics, drug delivery, and tissue 

generation.
2–8

 

As a material, a sponge is characterized by its porosity, flexibility, and 

compressibility. Sponges with a network structure of sponging fibres 

obtained from sea animals have been used for removing liquids by 

absorption since ancient times. There is also a variety of synthetic polymer 

sponges available. One of the most common methods to synthesize sponges 

is to mix a polymer with an inorganic crystal, such as sodium sulfate, which 

is then removed by heating the mixture to generate pores in the polymer 

matrix. The pore size formed depends on the size of the crystals, which 
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usually ranges from the millimetre down to the micrometre scale. Sponges 

prepared using the emulsion solvent diffusion method are known to have 

pores in the mesopore range.
9
 Polymer sponges based on materials, such as 

chitosan,
10

 melamine,
11

 cellulose,
12

 and polydimethylsiloxane
13

 have been 

chemically modified to provide them with properties suitable for specific 

applications. 

Recently, there have been efforts to synthesize sponges with small pores 

using a bottom-up approach. Gui et al. reported on monolithic carbon 

nanotube (CNT)-based sponges using a chemical vapour deposition process 

employing ferrocene and 1,2-dichlorobenzene as a catalyst precursor and a 

carbon source, respectively.
14

 These CNT sponges had a surface area of 300–

400 m
2
g
–1

 and an average pore size of about 80 nm. Hashim et al. 

synthesized macroporous (pore diameter >50 nm) CNT sponges via a boron-

doping strategy during the chemical vapour deposition of toluene using 

ferrocene as the catalyst precursor. Excess boron atoms were found in the 

“elbow” junctions forming nanotube covalent interconnections.
15

 

The most attractive feature of sponges is their compressibility, which 

enables easy removal of absorbates by applying pressure. While sponges 

with large pores are mainly used for removing liquids by absorption, sponges 

with micropores will have a wider range of applications, such as in 
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molecular storage, separation, and catalysis. According to IUPAC 

notation,
16,17

 microporosity refers to porosity with pores having a diameter < 

2 nm. Zeolites, activated carbons, and metal–organic frameworks (MOFs) 

are typical microporous materials, but they are not compressible. Recently, 

microporous organic polymers (MOPs) have been studied extensively 

because of their versatile functionality and mechanical stability. Most MOPs 

are usually prepared using a stepwise polymerization of tri- or higher 

multifunctional building blocks, and are obtained as precipitated particles 

because of their cross-linked structures. Although macroscopic gelation is 

sometimes observed during the polymerization, the resulting gels are easily 

broken into pieces after drying.
18,19

 To our knowledge, sponge-like 

microporous polymers have not yet been reported.
20–23

 

In this work, compressible, monolithic microporous polymer sponges 

with tubular structures, prepared via a one-pot synthesis was studied. A series 

of microporous polymers using the cross-coupling reactions of 

multifunctional aromatic monomers were prepared. From among several 

possible combinations, the reaction conditions were clarified under which 

compressible polymer monoliths could be produced. In this work, the 

compressibility mechanisms along with the microstructures and porous 

properties of these polymers was discussed. 
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II-2. Experimental 

Materials. 

All chemicals, reagents, and solvents were purchased from Sigma-

Aldrich, Tokyo Chemical Industry, or Junsei Chemical and used without any 

further purification. Urethane sponge was obtained from a product 

manufactured by 3M and washed with ethanol and acetone before using.    

 

Measurements. 

1
H NMR spectra were recorded on a Bruker Advance 300 

spectrometer (300 MHz). 
13

C NMR spectra were recorded on a Jeol JNM-

LA400 (400 MHz). Solid-state 
13

C NMR spectra were recorded on a Bruker 

Avance 400WB spectrometer (100 MHz) equipped with a CP/MAS probe. 

Elemental analyses were performed using a Flash EA 1112 elemental 

analyzer. TGA were performed on a TA modulated TGA2050 with a heating 

rate of 10 °C/min under nitrogen. The compression test was performed on a 

KES-FB3 automatic compression tester. SEM images were obtained by Carl 

Zeiss SUPRA 55VP. TEM images were obtained by a Carl Zeiss LIBRA 120 

operating at 120 kV. TEM samples were dispersed in ethanol and a drop of 

the mixture was placed on a carbon-coated copper TEM grid. EDS elemental 

maps were obtained using an Oxford instrument X-Max
N
 detector and 
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analyzed with AZtecEnergy EDS analysis. Optical Microscope images were 

obtained using an Olympus BX51. PXRD patterns were obtained using a 

N w D8 Advanc  (Cu Kα radiation, λ = 1.54 Å). Th  FT-IR spectra were 

measured by a Thermo Scientific Nicolet 6700 FT-IR spectrometer using 

KBr pellets. N2 uptake amounts were measured by a Belsorp-Max (BEL 

Japan, Inc.) apparatus. UV-Vis spectra were obtained with the use of a Sinco 

S-3150 spectrometer. The water contact angle was measured using a KSV 

CAM 101-Optical Contact Angle and Surface Tension Meter. Raman 

spectroscopy was conducted using a RAMANplus confocal laser Raman 

microscope (Nanophoton). 

 

Synthesis of 2,2'-(2,5-difluoro-1,4-phenylene)bisthiophene (PBT).  

To a solution of 1,4-dibromo-2,5-difluorobenzene (1.50 g, 5.52 

mmol) and Pd(PPh3)4 (255 mg, 0.221 mmol) in DMF (50 mL), was added 2-

(tributylstannyl)thiophene (4.94 g, 13.2 mmol). After stirring at 100 °C in 

darkness for 24 h, the mixture was cooled down to room temperature, poured 

into distilled water, and extracted with ethyl acetate. The organic layer was 

dried with MgSO4, filtered and the solvent was evaporated under reduced 

pressure. Remaining solid was recrystallized (tetrahydrofuran/ethanol, 1:9) 

to give colorless solid (998 mg, 65%). 
1
H NMR (300 MHz, CDCl3): δ 7.51 
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(d, J = 3.3 Hz, 2H), 7.44 (m, 4H), 7.15 (t, 2H); 
13

C NMR (400 MHz, THF-d
8
): 

δ 157.28, 154.75, 136.41, 128.65, 128.09, 123.02, 116.27; Analysis (calcd, 

found for C14H8F2S2): C (60.41, 60.69), H (2.90, 2.78), S (23.04, 23.07). 

 

Synthesis of 2,2'-(2,5-difluoro-1,4-phenylene)bis(5-bromothiophene) 

(PBT-Br).  

To a solution of 2,2'-(2,5-difluoro-1,4-phenylene)bisthiophene (1.16 

g, 4.17 mmol) in DMF (50 mL), was added N-bromosuccinimide (1.49 g, 

8.37 mmol). After stirring at room temperature in darkness for 12 h, the 

mixture was poured into distilled water and extracted with ethyl acetate. The 

organic layer was dried with MgSO4, filtered and the solvent was evaporated 

under reduced pressure. Remaining solid was recrystallized 

(tetrahydrofuran/ethanol, 1:9) to give colorless solid (1.56 g, 86%). 
1
H NMR 

(300 MHz, CDCl3): δ 7.34 (t, 2H), 7.24 (d, J = 3.9 Hz, 2H), 7.09 (d, J = 3.9 

Hz, 2H); 
13

C NMR (400 MHz, THF-d
8
): δ 157.15, 154.66, 137.81, 131.87, 

128.32, 122.65, 115.77; Analysis (calcd, found for C14H6Br2F2S2): C (38.55, 

38.72), H (1.39, 1.26), S (14.70, 14.76). 
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General procedure for polymerization by Sonogashira-Hagihara 

coupling reactions.  

A typical procedure was as follows: PBT-Br (300 mg, 0.688 mmol), 

TEB (129 mg, 0.859 mmol), PdCl2(PPh3)2 (35.0 mg, 49.9 μmol), and CuI 

(11.5 mg, 60.4 μmol) were dissolved in a co-solvent of toluene (2.5 mL) and 

DMF (2.5 mL) and the mixture was heated up with stirring. At the moment 

the temperature reached 50 °C, triethylamine (TEA, 2.5 mL) was added 

dropwise and the reaction proceeded at 100 °C for 24 h. The produced 

polymer monolith was taken out of the reaction vessel and washed with 

methanol, water, tetrahydrofuran, and acetone. After Soxhlet extraction with 

methanol and drying in vacuo at 120 
o
C, the polymer (MP0.8) was obtained 

as a light brown monolith. FT-IR (KBr, cm
-1

): 3439, 3303, 3072, 2925, 2198, 

1583, 1499, 1454, 1172, 873, 800, 687. 

 

Absorption experiments 

A polluted aqueous sample was prepared by mixing water (15 mL) 

with n-decane (1.5 mL) dyed with Oil Red O (1 mg/mL) for visualization. A 

sample of MP-0.8 (215 mg) was added to the solution to remove n-decane. 

The sample of MP-0.8 was reused for absorption after releasing absorbed n-

decane by simple compression. 
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A sample of MP-0.8 (50 mg) was immersed in 5 mL of a solution of 

Sudan I in ethanol (5.0  10
–5

 M) and manually compressed and released in 

situ at a rate of about 5 s per cycle. A static absorption experiment was 

carried out by immersing the same mass of MP-0.8 in 5 mL of the Sudan I 

solution (5.0  10
–5

 M) for 10 min. The same tests were performed using a 

commercially available macroporous urethane sponge (Vtot = 0.168 cm
3
g
–1

 at 

p/p0 = 0.99; Supplementary Fig. II-8). The urethane sponge was immersed 

statically in a Sudan I solution for 10 min and was also compressed and 

released 100 times.  
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II-3. Results and Discussions 

Synthesis and characterization.  

Compressible MPs were prepared via a Sonogashira–Hagihara 

coupling reaction of 1,3,5-triethynylbenzene (TEB) with the 

bis(bromothiophene) monomer (PBT-Br) (Scheme II-1).
18

 PBT-Br was 

synthesized from a Stille coupling reaction of 1,4-dibromo-2,5-

difluorobenzene with 2-(tributylstannyl)thiophene, followed by bromination 

with N-bromosuccinimide. The polymerization reactions of PBT-Br and 

TEB were carried out in a mixture of toluene and N,N-dimethylformamide 

(DMF) (1:1, v/v). The TEB dissolved well in the polymerization medium at 

room temperature, but the PBT-Br was only slightly soluble. Unless 

otherwise noted, the polymerization reactions were carried out at 100 C for 

24 h. The monomer feed ratio influenced the resulting polymer morphology. 

Five polymers were synthesized, MP0.5, MP0.8, MP1.0, MP1.2, and 

MP1.5, which were synthesized by changing the molar ratio between PBT-

Br and TEB as 0.5:1, 0.8:1, 1:1, 1.2:1, and 1.5:1, respectively. MP0.8, 

MP1.0, MP1.2, and MP1.5 were obtained as monoliths, but MP0.5 was 

obtained as a powder. 
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microporous polymers (MP-r)PBT-Br +

TEB  

Scheme II-1. Reaction scheme for the synthesis of the bis(bromothiophene) 

monomer (PBT-Br) and microporous polymers (MPs). The polymers were 

prepared by a Sonogashira-Hagihara coupling reaction. 

 

Monolithic polymers were prepared in various shapes and sizes that 

were retained, even after several workup processes, including washing, 

Soxhlet extraction, and drying at elevated temperatures. Figure II-1a shows 

an image of MP0.8 prepared in a 10 mL vial as a mold. Dry MP0.8 was 

easily cut into any form using a knife. The polymer exhibited reversible 

compressibility (Fig. II-1b). Only a small change was observed in the 

compressive stress–strain curves (Fig. II-1c) measured over 10 cycles of 

repeated stress loading and unloading, which suggested a high mechanical 

stability of the polymer against compressive force.
11,24

 Compressibility is 

usually exhibited in solids having cellular or foam structures containing 

pores or voids inside;
25

 however, to our knowledge, observing a 
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compressible behaviour in highly cross-linked microporous polymers is 

unprecedented. 

The solid state 
13

C cross-polarization/magic-angle spinning nuclear 

magnetic resonance (CP/MAS NMR) spectrum of MP-0.8 (Fig. II-2) showed 

aromatic carbon peaks arising from benzene and thiophene rings occurring 

from 115 to 140 ppm. The intense peak observed at 155 ppm was assigned to 

the fluorine-substituted aromatic carbon atoms. The peaks assigned to the 

acetylene carbon atoms linked to the benzene and thiophene rings were 

observed at 85 and 96 ppm, respectively. In the Fourier transform infrared 

(FT-IR) spectrum of MP-0.8, the peak at 3280 cm
–1

, assignable to the C–H 

stretching vibration of the ethynyl groups in the terminal TEB units, was 

very weak (Fig. II-3), indicating that most of the ethynyl groups of the TEB 

molecules participated in the polymerization reaction, as was expected. 

Polymer MP-0.8 was thermally stable up to 300 C (Fig. II-5) as measured 

using thermogravimetric analysis (TGA). 

 



50 

 

 

Figure II-1. (a) Images of MP0.8 prepared in a 10 mL vial as a mold (upper) 

and of the polymer cut into a star shape (lower). (b) Images of MP0.8 under 

loaded and unloaded conditions. (c) Compressive stress–strain curves of 

MP0.8 for the first and tenth test cycles. 
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Figure II-2. Solid state 
13

C CP/MAS NMR spectrum of MP-0.8. 

 

Figure II-3. FT-IR spectra of TEB and MP-0.8. 

 

Figure II-4. TGA curve of MP-0.8.  
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Microstructures.  

It was very notable that monolithic polymers were formed under 

reaction conditions where long polymer chains could only be produced with 

difficulty. Cross-linked microporous polymers are usually obtained as 

powders.
26–31

 Although some studies have reported where the reaction 

mixture turned into a gel during the Sonogashira–Hagihara coupling 

reactions of multifunctional monomers, the gel then fragmented into pieces 

when applying workup processes.
18,19

 

Electron microscopy studies have shown that monolithic polymers 

have very interesting microstructures. Figure II-5a,b,c shows scanning 

electron microscope (SEM) images of MP-0.8 that consisted mainly of tubes 

with diameters in the range of a few hundred nanometres, together with 

spherical particles on the micrometre scale. Transmission electron 

microscope (TEM) images suggested that these tubes had hollow structures 

with open ends (Fig. II-6a,b,c). This microstructure resembles that often 

observed in marine sponge animals.
32

 Some tubes were bundled into fibrous 

assemblies that had become entangled with each other to form a monolithic 

structure.
14

 While most of the tube terminals had either a circular or an 

irregular shape, some had a polygonal shape, such as a hexagon (Fig. II-7). 

However, powder X-ray diffraction (PXRD) measurements revealed that 
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MP-0.8 was amorphous without any long-range ordering (Fig. II-8). 

 

 

Figure II-5. (a–c) SEM images of MP-0.8 (scale bar: a = 100 m, b = 10 

m, and c = 5 m). 
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Figure II-6. (a–b) TEM images of MP-0.8 (scale bar: a = 500 nm, b = 1 m, 

and c = 1 m). 
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Figure II-7. SEM images of MP-0.8 showing polygonal. 

 

 

 

Figure II-8. PXRD pattern of MP-0.8. 
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To obtain further insight into the microstructure of MP-0.8, the 

chemical composition of the polymer was studied using energy dispersive 

spectroscopy (EDS). Element mapping of the main elements of MP-0.8 

showed that carbon, fluorine, and sulfur were distributed uniformly 

throughout the sample (Fig. II-9). This result suggests that the Sonogashira–

Hagihara cross-coupling reaction between PBT-Br and TEB monomers 

occurred predominantly, although the possibility of a homocoupling reaction 

of TEB cannot be excluded under the reaction conditions used.
19

 Relatively 

higher concentrations of carbon, fluorine, and sulfur in the spherical particle 

regions reflected the solid character of the particles and the hollow structure 

of the tubes, which agreed well with the results obtained from the TEM 

images. 
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Figure II-9. (a) SEM image and EDS elemental maps of (b) carbon, (c) 

fluorine, and (d) sulfur for MP-0.8.  

 

The other monolithic polymers also had similar fibrous tubular 

microstructures. Figures II-10a,b,c show SEM images of MP1.0, MP1.2, 

and MP1.5, respectively. Notably, more tube bundles with diameters around 

10 m were observed in MP-0.8 and MP1.0 than in other polymers. 

MP1.5 consisted mainly of highly entangled individual tubes. MP1.0 and 

MP1.2 showed a compressible behaviour that was comparable to MP0.8, 

but MP1.5 was hard with low compressibility. 
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Figure II-10. SEM images of (a) MP-1.0 (scale bar = 100 m), (b) MP-1.2 

(scale bar = 20 m), and (c) MP-1.5 (scale bar = 10 m). 
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To follow the development of the tubular structures, the morphology 

of the products that formed in the early stages of the reaction was 

investigated. Figure II-11a shows time-dependent images of the reaction 

products of PBT-Br and TEB (molar ratio = 0.8:1) in toluene/DMF (1:1, 

v/v). After a reaction time of 5 min at 100 C, tiny particles precipitated out 

of the dark solution in which monomers and catalysts were fully dissolved. 

Soon after, a brown monolith began to form, filling the reaction vial. The 

reaction mixture became immobile within 15 min, and no visible flow 

occurred when the vial was turned upside down. 
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Figure II-11. (a) Time-dependent images of a reaction mixture of PBT-Br 

and TEB (molar ratio = 0.8:1) in toluene/DMF (1:1, v/v) on a hotplate. (b) 

Strain–stress curves of the samples obtained after different reaction times. 

 

A monolithic solid (MP-0.8-10min) isolated after a reaction time of 

10 min was slightly compressible (Fig. II-11b). Tubular entities, together 

with spherical particles, were observed in the SEM image of MP-0.8-10min, 

suggesting that tubular structures formed at an early stage of the reaction 

(Fig. II-12a). The microstructures of all the polymers obtained after a 

reaction time of 3 h appeared similar to that of MP-0.8 in their SEM images 

(Fig. II-12b), but the compressibility of the polymers increased with 

increasing reaction time (Fig. II-11b). 
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Figure II-12. SEM images of the samples obtained after a reaction time of (a) 

10 min and (b) 3 h (scale bars = 40 m). (c) SEM image of MP-lin (scale bar 

= 40 m). 
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Tubular fibres and their bundles are intriguing morphologies that are 

not expected in polymers prepared from a cross-coupling reaction of 

multifunctional monomers. There have been a few reports on the formation 

of tubular structures of cross-linked polymers,
21–23

 but the mechanism is not 

fully understood. The formation of tubular shapes is most likely induced by 

step reactions in combination with the structured self-assembly of the 

reactants. Presumably, linear oligomers having reactive ethynyl groups on 

each repeating unit are produced first from the cross-coupling reaction 

between two of the three ethynyl groups of TEB and two C–Br groups of 

PBT-Br. These develop into tubular structures on further reaction with 

monomers or oligomers (Fig. II-13). The reactivity of the soluble oligomers 

with twisted structures seems to play an important role in this process. MP-

lin synthesized from PBT-Br and 1,3-diethynylbenzene instead of TEB 

under the same reaction conditions as those for MP-0.8 does not form any 

tubular structures, as observed in the SEM image shown in Fig. II-12c. Both 

monomers, PBT-Br and 1,3-diethynylbenzene, have a bifunctionality, and 

therefore, the resulting polymers should have linear structures. 

The effect of fluoro groups in linker monomers was tested. Analogue of 

PBT-Br with absence of fluoro groups, 0F-Br, has lower solubility than 

PBT-Br in our reaction condition and the polymer product 0F-0.8 showed 
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neither compressibility nor monolithic property with shapeless 

microstructure (Fig. II-14). Tube formation is thought to be affected by 

various factors such as reaction concentration, solubility and so on. The 

presence of fluorine atoms changes the solubility of the monomer and it 

luckily leads to the formation of tubular structures in our reaction condition.  

 

Figure II-13. Proposed mechanism of tube formation. 

 

 

Figure II-14. SEM images of 0F-0.8 (scale bar = 5 m).  
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Origin of the compressibility. 

To understand the origin of the compressibility, the change in 

microstructure of MP-0.8 under stress was investigated using an optical 

microscope. Although it was unable to distinguish individual fibres because 

of the limited resolution of the optical microscope, some fibre bundles with 

lengths of tens of micrometres were clearly observed under the optical 

microscope (Fig. II-15a). The polymer monolith resembled a non-woven 

fabric, where fibrous units are randomly entangled to form a monolith. The 

change in morphology of the polymer was imaged while a compressive 

stress was applied. As denoted by the yellow lines in Fig. II-15a, the bundles 

were bent in the direction perpendicular to the direction of compressive 

stress. The initial structure was restored upon release of the stress, which 

suggested that the mechanism of the compressibility was linked to the elastic 

buckling of the bundled tubular assemblies. Individual tubes would not have 

enough durability to maintain their structure under compressive stress. 

However, through bundling they are able to withstand the load because the 

assembled tubes are able to support each other and distribute the loaded 

stress.
33,34

 This mechanism is shown schematically in Fig. II-15b. 
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Figure II-15. (a) Optical microscope images of MP-0.8 taken under loaded 

and unloaded conditions (scale bar = 50 m). (b) Schematic drawing of the 

mechanism of the compressibility of MP-0.8.  
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Microporous properties. 

The porosity of MP-0.8 was investigated using cryogenic N2 

adsorption–desorption experiments (Fig. II-16). The gradient of the N2 

adsorption isotherm increased sharply at low relative pressures, indicating 

the existence of micropores. Non-local density functional theory (NL-DFT) 

pore size distribution calculations on MP-0.8 also revealed that the polymer 

had micropores with diameters < 2 nm along with mesopores. The Brunauer–

Emmett–Teller (BET) surface area of MP-0.8 was achived up to 463 m
2
g
–1

 

(397 m
2
g
–1 

in average for four times of reproducibility tests). The total pore 

volume and micropore volume were 0.454 cm
3
g
–1

 at p/p0 = 0.99 and 0.157 

cm
3
g
–1

 at p/p0 = 0.10, respectively. 

To check the effect of tubular structure on the microporosity of MP-

0.8, destruction of the microstructure by mechanical grinding was carried out 

and its effect was investigated. Tubular microstructure was considerably 

damaged after grinding as shown in the SEM image of mechanically ground 

MP -0.8 sample (Fig. II-17a). Although the microstructure was destroyed by 

mechanically grounding, it was observed that its microporosity is not 

hindered by macroscopic grinding. When BET surface area of MP -0.8 was 

measured before and after grinding, they did not show significant change in 

their values (Fig. II-17b). Before grinding, MP-0.8 used in this test showed 
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BET surface area of 382 m
2
g

-1
 and it recorded 375 m

2
g

-1
 after grinding. N2 

adsorption-desorption isotherm curves showed sharp increase in macropore 

regions for ground samples and it can be attributed to newly exposed surface 

of nanotubes at breaking points. Conserved microporousity under such 

destruction demonstrates the microporosity of MP-0.8 originates from 

micropores in the tube walls or spherical particles rather than inner cavities 

in tubes. Also, this result reveals high durability of its microporous structures 

in harsh mechanical stresses. 

Because the polymer morphology was influenced by the monomer 

feed ratio used in the polymer synthesis, so too was the resulting polymer 

porosity. The BET surface area of the polymers decreased as the molar ratio 

of PBT-Br increased, so that MP0.5 showed the highest BET surface area 

of 853 m
2
g
–1

, followed by MP-0.8, MP1.0 (109 m
2
g
–1

), MP1.2 (62 m
2
g
–1

), 

and MP1.5 (non-porous) (Fig. II-18). This tendency was attributable in part 

to the formation of a less dense network on incorporation of more PBT-Br. 

The BET surface area of MP0.5 was similar to that of a TEB homocoupled 

microporous polymer reported in the literature (842 m
2
g
–1

)
19

, suggesting that 

the homocoupling of ethynyl groups was dominant because they were in 

excess in the reaction mixture. 
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Figure II-16. (a) N2 adsorption–desorption isotherms of MP-0.8 measured at 

77 K. (b) NL-DFT pore size distribution of MP-0.8. 
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Figure II-17. (a) SEM images of MP-0.8 after mechanical grinding. (b) N2 

adsorption-desorption isotherms of MP-0.8 before and after grinding. 

 

Figure II-18. N2 adsorption-desorption isotherms of MPs. 
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Absorption properties.  

MPs are expected to show a high absorption capacity with 

selectivity towards hydrophobic liquids because of their aromatic 

hydrocarbon structures and microporosities.
10–12,35

 Materials with such 

properties have potential applications in environmental pollution control, 

such as for marine oil spill recovery. Sorbent materials with compressibility 

will be particularly useful when the sorbents or sorbed substances need to be 

recycled. 

As shown in Fig. II-19a,b, the surface of MP-0.8 was very 

hydrophobic with a water contact angle of 145.
36

 The selective absorption 

of a hydrophobic pollutant over water by MP-0.8 was examined. A polluted 

aqueous sample was prepared by mixing water with n-decane dyed with Oil 

Red O for visualization. When a sample of MP-0.8 was added to the solution, 

n-decane was selectively removed within a period of tens of seconds (Fig. II-

19c). The n-decane was released by simple compression and then reabsorbed 

by MP-0.8 (Fig. II-19d), demonstrating the possibility of recycling the 

polymer on use. The absorption properties of MP-0.8 for various organic 

liquids were also investigated. MP-0.8 could absorb 7–17 times its weight in 

liquid (Fig. II-20a). Interestingly, there was a linear correlation between the 

absorption capacity of MP-0.8 and the density of an absorbate (Fig. II-20b), 
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suggesting that the absorption capacity was dependent on the accessible pore 

volume. 

 

 

Figure II-19. (a) The water contact angle measured on the surface of MP-

0.8. (b) A droplet of water dyed with Rhodamine B on the surface of MP-0.8. 

(c) Removal of n-decane dyed with Oil Red O floating on water using MP-

0.8. (d) Release of absorbed n-decane by compression and repeated 

absorption using MP-0.8. 

 



72 

 

 

 

 

Figure II-20. (a) Absorption capacity of MP-0.8 for various liquids and (b) 

their correlation with the absorbate density. 
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Microporous materials can absorb and store small molecules more 

efficiently than mesoporous or macroporous materials can. For this reason, 

there has been extensive research into the application of microporous 

polymers for the removal of toxic chemicals in the air and in solutions.
31,35,37

 

The possible use of MP-0.8 for the removal of small molecules from a 

solution and their subsequent release by compression was examined. Sudan I 

was chosen as a test molecule, which has been used as a food colouring, but 

now its usage is banned because of its genotoxic and carcinogenic 

properties.
38

 

A sample of MP-0.8 (50 mg) was immersed in 5 mL of a solution of 

Sudan I in ethanol (5.0  10
–5

 M) and manually compressed and released in 

situ at a rate of about 5 s per cycle. The UV–Vis absorption of the solution 

was monitored every 25 cycles. Figure II-21a shows that a gradual decrease 

in the absorption intensity of Sudan I in the solution was observed. The 

yellowish solution became almost colourless after 100 cycles, indicating that 

Sudan I had been removed by the polymer (Fig. II-21b). In contrast, when a 

static absorption experiment was carried out by immersing the same mass of 

MP-0.8 in 5 mL of the Sudan I solution (5.0  10
–5

 M) for 10 min,
39

 the UV–

Vis spectrum of the resulting solution showed only a small decrease in the 

concentration of Sudan I. It appears that the repeated compression and 
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release facilitated interfacial contact between Sudan I in the solution and the 

MP-0.8 with a resulting enhancement of the absorption performance of the 

polymer. The microporosity of MP-0.8 could also be an important factor 

influencing the absorption performance, as it would impede the release of 

any adsorbed Sudan I during compression. To verify this proposition, the 

same tests were performed using a commercially available macroporous 

urethane sponge (Vtot = 0.168 cm
3
g
–1

 at p/p0 = 0.99 and Vmicro = 6.34  10
–3

 

m
3
g
–1

 at p/p0 = 0.10). The urethane sponge was immersed statically in a 

Sudan I solution for 10 min and was also compressed and released 100 times. 

The UV–Vis spectra of the solutions measured after the tests were almost the 

same, and were similar to the spectrum of the initial solution, indicating that 

Sudan I was barely absorbed by the urethane sponge. 

 MP-0.8 could be also used as a syringe filter for more facile and 

rapid removal of a dye (Fig. II-22).
40

 Due to its monolithic character, MP-0.8 

was fabricated into a shape that fitted into the inner diameter of a syringe. 

Sudan I solution was placed into a syringe whose outlet was blocked with 

MP-0.8 and then the solution was pressed out through the material. The 

yellow Sudan I solution turned colourless as it passed through the MP-0.8. 

The UV–Vis spectrum of the filtrate showed that most of the dye molecules 

were removed in this process (Fig. II-22b). 
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Figure II-21. (a) UV–Vis spectra of Sudan I solutions (initial concentration 

= 5.0  10
–5

 M in ethanol) measured after removing a dye by MP-0.8 (0, 25, 

50, 75, and 100 cycles of compression and release, and a static absorption for 

10 min) and by a urethane sponge (100 cycles of compression and release) 

(black circles). (b) Photographs of the above solutions. 
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Figure II-22. (a) UV–Vis spectra of the Sudan I stock solution and a filtered 

solution. (b) Sequential photographs showing Sudan I dye capture using an 

MP-0.8 syringe filter. 
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Carbonization. 

MPs with tubular structures are potential precursors of structured 

carbon materials.
22

 MP-0.8 was carbonized by pyrolysis at 800 C under 

inert N2 gas to form MP-0.8-C. An SEM study showed that the tubular 

structure of MP-0.8 was maintained after pyrolysis (Fig. II-23a). Newly 

formed holes observed on the tube surfaces indicated that some organic 

entities were vaporized during the pyrolysis. Raman spectroscopy showed a 

G band occurring at 1598 cm
–1

 together with a D band occurring at 1355 cm
–

1
 (Fig. II-23b), indicating that MP-0.8-C was partially graphitic. The BET 

surface area increased markedly to 1288 m
2
/g after carbonization (Fig. II-

23c). The NL-DFT pore size distribution showed a generation of ultra-

micropores with sizes around 0.45 nm (Fig. II-23d).
41

 MP-0.8-C did not 

exhibit a compressible and monolithic character. 
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Figure II-23. (a) SEM image (scale bar = 2 m) and (b) Raman spectrum of 

MP-0.8-C. (c) N2 adsorption–desorption isotherms of MP-0.8-C measured 

at 77 K. (d) NL-DFT pore size distribution of MP-0.8-C. 
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II-4. Conclusion 

The formation of compressible monolithic polymers, MPs, from a 

cross-coupling reaction of multifunctional aromatic compounds was 

observed. A microscope study revealed that the polymers consisted mainly of 

tubes and their bundles, together with spherical particles. The polymer 

morphology was influenced by the experimental conditions, such as the 

monomer feed ratio and solvent used. Although the mechanism for the 

development of these intriguing MP morphologies requires further research, 

our study suggests that tubular shapes are most likely formed by step 

reactions in combination with structured self-assembly of the reactants in the 

reaction mixture, such as monomers, linear oligomers, and branched 

polymers having reactive ethynyl groups. Regarding the observation of 

compressibility of the polymers, the bundled tubular structures appear to be 

responsible for this via elastic buckling under stress. As the tube bundles are 

rigid and are strong enough to endure compressive stress, they did not 

undergo structural destruction under load and recovered their original 

macroscopic shape once the stress was removed. The polymers showed a 

degree of microporosity, which was suitable for the removal of toxic 

chemicals from the environment. In particular, the compressibility and 

monolithic character of these polymers allowed for the facile release of 
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adsorbed chemicals by applying pressure and thereby imparting a good 

recyclability. It is believed that this discovery of microporous polymers with 

these unprecedented properties will contribute greatly to research into soft 

sorbent materials and to an increase in their applications. 
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Chapter III.  

 

Microporous Polymer-Polydimethylsiloxane 

Composite Sponge Showing  

Enhanced Tensile Properties 
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III-1. Introduction 

 Materials used in real life are typically under several types 

of mechanical stress. The use of a material is often determined by how well 

the material can resist or withstand the stress. Therefore, extensive studies of 

the mechanical behaviors of materials under various types of stress have 

been conducted thus far. Essentially, mechanical stresses are classified into 

five categories: tension, compression, shear, bending, and torsion (Fig. III-

1).
1
 Tension is a stress that can induce elongation of a material along its load 

axis. In contrast, compressive stress is applied in a direction opposite to that 

of tension to reduce the size of a material along its load axis. Shear is caused 

by forces applied to two adjacent points of a material in directions opposite 

and parallel to each other. Bending occurs when stress is applied to the 

middle of a material when both ends are in a fixed state. Torsion is induced 

by two rotational forces in opposite directions applied to two other points of 

a material. Among the mechanical properties related to these types of stress, 

the tensile property is most commonly used.
2
 

In the previous chapter, MP-0.8 showed compressible mechanical 

behavior.
3
 However, the polymer also showed poor stability under tensile 

stress. A lack of stable mechanical properties can limit the application of a 

material. 
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Figure III-1. Five basic types of stresses. 

 

 Several studies have attempted to reinforce microporous organic 

polymers. Fan et al. reported a hydrophobic sponge with a melamine sponge 

mixed with a microporous polymer prepared by a Sonogashira reaction.
4
 Due 

to the robustness of the melamine sponge and the microporosity of the 

microporous polymer, the sponge could be used repeatedly for the absorption 

of various organic solv nts. Li’s group pr par d polym r composit s using 

conjugated microporous polymer nanotubes as fillers.
5
 When 0.5-2.0 wt% of 

microporous polymers were added to poly(methyl methacrylate) (PMMA) or 

polydimethylsilane (PDMS), the resulting composite showed greatly 

enhanced tensile properties. 

 In this work, MP-PDMS, a composite material consisting of MP-0.8 

and PDMS, was prepared and its tensile properties were investigated. In the 
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composite, MP-0.8 was used as a major component and PDMS was used as 

a filler material. PDMS is widely used for various applications, such as soft 

lithography, capping, and others due to its elastomeric, non-toxic and 

transparent properties.
6-10

 Crosslinked PDMS is usually prepared by mixing a 

siloxane base and a siloxane cross-linker.
11

 MP-0.8 was synthesized in the 

presence of PDMS and a cross-linker. The formation of cross-linked PDMS 

in MP-0.8 and the effect of PDMS on the mechanical properties of the 

composite are discussed herein. 

 

 

 

 

 

 

 

 

 

 

 

 



89 

 

III-2. Experimental 

Materials. 

All chemicals, reagents, and solvents were purchased from Sigma-

Aldrich, Tokyo Chemical Industry, or Junsei Chemical and used without any 

further purification. Sylgard 184
TM

 was used for making PDMS cross-linked 

polymer. 

 

Measurements. 

Solid-state 
13

C nuclear magnetic resonance (NMR) spectrum was 

recorded on a Bruker Avance 400WB spectrometer (100 MHz) equipped 

with a CP/MAS probe. Elemental analyses were performed using a Flash EA 

1112 elemental analyzer. Thermogravimetric analysis (TGA) was performed 

on a TA modulated TGA2050 with a heating rate of 10 °C/min under 

nitrogen. The compression test was performed on a Instron Universal Testing 

Machine 5940. Tensile test was performed on a TA Instrument Dynamic 

Mechanical Analysis Q800 with force ramping rate of 0.200 N/min. 

Scanning electron microscope (SEM) images were obtained by Carl Zeiss 

SUPRA 55VP. Transmission electron microscope (TEM) images were 

obtained by a Carl Zeiss LIBRA 120 operating at 120 kV. TEM samples 

were dispersed in ethanol and a drop of the mixture was placed on a carbon-
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coated copper TEM grid. Elemental maps and energy-dispersive X-ray 

spectroscopy (EDS) spectrum were obtained using an Oxford instrument X-

Max
N
 detector and analyzed with AZtecEnergy EDS analysis. Powder X-ray 

diffraction (PXRD) patterns were obtained using a N w D8 Advanc  (Cu Kα 

radiation, λ = 1.54 Å). The Fourier transform infrared spectroscopy (FT-IR) 

spectra were measured by a Thermo Scientific Nicolet 6700 FT-IR 

spectrometer using KBr pellets. N2 uptake and non-local density functional 

theory (NLDFT) pore size distribution amounts were measured by a Belsorp-

Max (BEL Japan, Inc.) apparatus. 

 

Synthesis of Control.  

2,2'-(2,5-Difluoro-1,4-phenylene)bis(5-bromothiophene) (PBT-Br, 

150 mg, 0.344 mmol), TEB (65 mg, 0.430 mmol), PdCl2(PPh3)2 (17.5 mg, 

25.0 μmol), and CuI (5.8 mg, 30.2 μmol) were dissolved in a co-solvent of 

toluene (1.5 mL) and DMF (1.5 mL) and the mixture was heated up with 

stirring. At the moment the temperature reached 50 °C, triethylamine (TEA, 

1.5 mL) was added dropwise and the reaction proceeded at 90 °C for 24 h. 

The produced polymer monolith was taken out of the reaction vessel and 

washed with methanol, water, tetrahydrofuran, and acetone. After Soxhlet 

extraction with methanol and drying in vacuo at 120 
o
C, the polymer 
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(control) was obtained as a light brown monolith. 

 

Synthesis of MP-PDMS.  

PBT-Br (150 mg, 0.344 mmol), TEB (65 mg, 0.430 mmol), 

PdCl2(PPh3)2 (17.5 mg, 25.0 μmol), and CuI (5.8 mg, 30.2 μmol) were 

dissolved in a co-solvent of toluene (1.5 mL) and DMF (1.5 mL) and the 

mixture was heated up with stirring. At the moment the temperature reached 

50 °C, PDMS base and curing agent (10:1 weight ratio, total 100 mg) in TEA 

(1.5 mL) were added dropwise and the reaction proceeded at 90 °C for 24 h. 

The produced polymer monolith was taken out of the reaction vessel and 

washed with methanol, water, tetrahydrofuran, and acetone. After Soxhlet 

extraction with methanol and drying in vacuo at 120 
o
C, the polymer (MP-

PDMS) was obtained as a light brown monolith. 

 

Synthesis of Model. 

 2-Bromothiophene (421 mg, 2.58 mmol), 4-ethynyltoluene 

(300 mg, 2.58 mmol, triethylvinylsilane (367 mg, 2.58 mmol), Pd(PPh3)2Cl2 

(70 mg), CuI (20 mg) were dissolved in toluene (2.5 mL), DMF (2.5 mL), 

TEA (2.5 mL) and heated to 90 
o
C. The reaction was allowed to continue for 

24 h and the mixture was cooled down to room temperature, poured into 
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distilled water, and extracted with ethyl acetate. The organic layer was dried 

with MgSO4, filtered and the solvent was evaporated under reduced pressure. 

Crude product was purified by column chromatography with n-hexane. 

Model was obtained as white powder. (430 mg, 84%) 
1
H NMR (300 MHz, 

DMSO-d6): δ 7.66 (d, J = 4.8 Hz, 1H), 7.45 (d, J = 8.1 Hz, 2H), 7.40 (d, J = 

3.6 Hz, 1H), 7.25 (d, J = 8.1 Hz, 2H), 7.12 (t, 1H), 2.34 (s, 3H); 
13

C NMR 

(400 MHz, DMSO-d6): δ 138.85, 132.44, 131.11, 129.46, 128.73, 127.78, 

122.03, 118.85, 93.01, 82.01, 21.07; Analysis (calcd, found for C13H10S): C 

(78.75, 78.71), H (5.08, 5.12), S (16.17, 16.10). 
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III-3. Result and Discussion 

Synthesis and Characterization. 

MP-PDMS, a composite of MP-0.8 and PDMS, as noted above, was 

prepared in a manner similar to the preparation of MP-0.8 with a minor 

modification (Scheme III-1). The polymerization process was carried out 

using 150 mg of PBT-Br monomer, 65 mg of TEB monomer, and 100 mg of 

a mixture of PDMS as a base with a curing agent (Sylgard 184
TM

, 10:1 

weight ratio).
11

 After purification processes, 191 mg of MP-PDMS was 

obtained. When the same reaction was carried out in the absence of PDMS, 

169 mg of Control was obtained after the same purification processes. Based 

on these results, it was assumed that there was 22 mg of cross-linked PDMS 

polymer in 191 mg of MP-PDMS. Sylgard 184
TM

 is normally used without a 

solvent, and cross-linked PDMS is formed after several hours quantitatively. 

In this work, Sylgard 184
TM

 was used in a toluene/DMF/TEA cosolvent 

system. As the PDMS base and the curing agent were reacted in a diluter 

condition, they would be loosely cross-linked. 

 In the solid-state 
13

C NMR spectrum, MP-PDMS showed the peaks 

of aromatic carbons and acetylene carbons between 152-105 ppm and 95-78 

ppm, respectively (Fig. III-2). The carbon peaks of the methyl groups in 

PDMS appeared at -2 ppm. The FT-IR spectrum showed no peak for terminal 
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acetylene groups at 3280 cm
-1

, indicating the complete consumption of TEB 

to form MP-PDMS (Fig. III-3).
12

 The TGA curve displayed the thermal 

stability of MP-PDMS up to 300 
o
C with a slight decrease in its weight at 

200 
o
C, which was attributable to the decomposition of the PDMS polymer 

(Fig. III-4). The powder X-ray diffraction result did not show a distinct 

pattern, which indicated the amorphous nature of MP-PDMS (Fig. III-5). 

 

 

 

 

Scheme III-1. Synthesis of MP-PDMS and Control. 

 

 



95 

 

   

Figure III-2. Solid-state 
13

C NMR spectrum of MP-PDMS. 

 

 

Figure III-3. FT-IR spectrum of MP-PDMS. 
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Figure III-4. TGA curve of MP-PDMS. 

 

 

Figure III-5. PXRD pattern of MP-PDMS. 
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Incorporation of PDMS. 

 The incorporation of PDMS in MP-PDMS was confirmed by EDS 

measurements (Fig. III-6).
13,14

 Figure III-6a shows the EDS spectrum of MP-

PDMS. A sharp peak at 1.838 keV corresponding to the excitation energy of 

the silicon K shell suggested that PDMS polymer was incorporated into MP-

PDMS. The compositions of the major atoms are summarized in Table III-1. 

The content of silicon was found to be 2.54% and 1.23% for the normalized 

weight percentage and the atomic percentage, respectively. To determine the 

distribution of PDMS in the composite, elemental mapping was conducted 

with EDS (Fig. III-6b). As there was no silicon atom in pure MP-0.8, a 

silicon atom was chosen as the characteristic atom of PDMS. Figure III-6b 

indicates that silicon atoms are uniformly distributed over the sample. 

 It should be noted that a Heck coupling reaction could proceed 

between vinylsilane and aryl bromide in the presence of a palladium catalyst 

and a base, as shown in Scheme III-2.
15,16

 Therefore, it was possible for the 

Heck coupling reaction to compete with the Sonogashira reaction that was 

originally predicted. To clarify the dominant reaction between these two 

reactions, a model reaction was performed. 2-Bromothiophene, 

triethylvinylsilane, and 4-ethynyltoluene (1:1:1 molar ratio) were dissolved 

in toluene/DMF/TEA (1:1:1 volume ratio) as a cosolvent with palladium and 
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copper catalysts (Scheme III-3). The reaction was allowed to continue for 24 

hours. The major product was isolated by column chromatography at an 84% 

yield. A 
1
H NMR analysis showed that the major product was formed by a 

Sonogashira reaction between 2-bromothiophene and 4-ethynyltoluene (Fig. 

III-7).  

 

Figure III-6. (a) Elemental map and (b) EDS spectrum of MP-PDMS. 

  carbon fluorine sulfur silicon bromine 

weight % 79.57 5.62 10.77 2.54 1.50  

atomic % 89.94 4.02 4.56 1.23 0.25 

      Table III-1. Elemental composition of MP-PDMS obtained by EDS study. 
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Scheme III-2. Reaction scheme of Heck coupling reaction. 

 

 

Scheme III-3. Model reaction.  

 

 

Figure III-7. 
1
H NMR spectrum of Model. 
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Microstructure of MP-PDMS. 

 SEM and TEM measurements were taken to investigate the 

microstructure of MP-PDMS. The SEM images of MP-PDMS in Fig. III-8 

reveal that MP-PDMS consisted of tubes as the major constituent and 

spherical particles as the minor constituent.
17

 Most of the tubes were 

arranged to form tube bundles with diameters of 10-20 μm. Th s   undl s 

were thought to be responsible for compressibility such that they could 

withstand and distribute the applied load.
3
 The tubular structures are clearly 

observable in the SEM and TEM images (Fig. III-9).   

The microstructures of MP-PDMS showed no noticeable 

differences with regard to those of MP-0.8, as shown in the previous chapter. 

The absence of a new microstructure implied that the PDMS polymer did not 

undergo a phase separation and that it was distributed evenly in the 

composite. 

 

Figure III-8. SEM images of MP-PDMS. 
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Figure III-9. TEM images of MP-PDMS. 

 

Microporous Properties of MP-PDMS. 

 The effect of the incorporation of PDMS into MP-0.8 was studied. 

Although Control was prepared with 1.2 times the diluter amount compared 

to the preparation of the pure MP-0.8, the microporosity of Control was 

similar to that of MP-0.8. Control showed a Brunauer–Emmett–Teller (BET) 

specific surface area of 380 m
2
g

-1
 (Fig. III-10a).

18
 MP-PDMS exhibited a 

BET surface area of 105 m
2
g

-1
. In the NLDFT pore size distribution curve 

(Fig. III-10b), the two polymers showed very similar curves at mesopore 

regions over 2 nm but a large difference in the micropore region.  

The decreased microporosity of MP-PDMS could be attributed to 

the fact that some PDMS chains filled the micropores of MP-0.8. 
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Figure III-10. (a) N2 adsorption-desorption isotherms and (b) pore size 

distribution curves of control and MP-PDMS. 
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Mechanical Properties of MP-PDMS. 

 The compressive and tensile mechanical properties of MP-PDMS 

were investigated. Like MP-0.8, MP-PDMS had compressible and 

monolithic characteristics.
3
 It showed repeatable compressibility with 50% 

strain under 29 kPa of compressive stress (Fig. III-11a). The mechanical 

properties of Control were also measured to determine the effect of the 

incorporation of PDMS on the mechanical properties.
5
 The compressive 

property of Control was very similar to that of MP-PDMS, indicating that 

an addition of a small amount of PDMS did not significantly alter the 

compressible nature of MP-0.8. The results of tensile property tests of these 

two polymers are displayed in Fig. III-11b. Control was only slightly 

stretchable (4.5% strain at 7.3 kPa stress). MP-PDMS showed greatly 

enhanced elongation up to 18.8% of strain under 72 kPa of tensile stress. The 

elastic moduli were calculated to be 241 kPa and 264 kPa for Control and 

MP-PDMS, respectively. The difference in the toughness between the two 

samples was very noticeable. While Control had a toughness of 19 kJ∙m
-3

, 

MP-PDMS showed a toughness of 683 kJ∙m
-3

. The enhanced elongation and 

toughness demonstrated that the incorporation of cross-linked PDMS 

significantly reinforced the microporous polymer sponge, as expected.   
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Figure III-11. (a) Compressive stress-strain curves and (b) tensile stress-

strain curves of control and MP-PDMS. 
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III-4. Conclusion 

 A microporous polymer sponge MP-PDMS with enhanced tensile 

properties was prepared. PDMS polymer was incorporated into the 

microporous polymer sponge during the polymerization of MP-0.8. The 

existence of PDMS in the sponge was verified by solid-state 
13

C NMR and 

EDS measurements. Although side reactions including the Heck coupling 

reaction were possible, the model reaction revealed that the Sonogashira 

reaction was dominant. SEM and TEM images showed that the 

microstructure of MP-PDMS mainly consisted of tube bundles without 

phase separation of the PDMS. The microporosity was decreased by the 

incorporation of PDMS, which was attributable to the blockage of 

micropores by the PDMS. The tensile property of MP-PDMS differed 

greatly from that of the Control sample without PDMS, whereas their 

compressive properties were similar. 
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Chapter IV.  

 

Two Different Piezochromic Behaviors of 

Constitutional Isomers Having C3-Symmetries: 

On-Off Switching and Color Tuning 
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IV-1. Introduction 

Due to their potential applications such as in displays,
1,2

 sensors,
3
 

and memory devices
4
, luminescent materials are of great interests. In recent 

years, enormous efforts have been made to control the luminescence 

properties with external stimuli such as temperature,
5-8

 light,
8-10

 vapour,
11-14

 

or pH.
14,15

 Mechanical stress is one of the simplest stimuli that can be applied 

to a responsive material. Piezochormic materials, showing reversible and 

repeatable color change induced by mechanical stress, are being widely 

studied in this context.
5-7,11-26

 In recent years, various piezochromic materials 

with different luminophores such as anthracene,
5
 diphenyldibenzofulvene,

19
 

cyanostyrylbenzene,
12

 pyrene,
15,26

 tetraphenylethene,
22

 and triphenylamine 

have been investigated.
23,24

 

Piezochromic materials showing significant change in their 

luminescence intensities by mechanical shearing are particularly attractive 

because they can be utilized for on-off switching of digital signals. A few 

examples for on-off switchable piezochromic materials have been 

reported.
18-20

 Tang’s r s arch group d monstrat d th  r v rsi l  switching of 

emission intensities of piezochromic materials based on 

diphenyldibenzofulvenes.
19

 Luo et al. used a donor–acceptor system for on-

off switching. The fluorescence of the co-crystallised complex between 2,5-
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di(E)-distyrylfuran as an electron donor and an N-alkyl substituted 

maleimide as an acceptor was quenched when deposited on the substrate but 

recovered by applying mechanical force.
20

 Kwon et al. achieved an on-off 

switching with a donor–acceptor–donor triad molecule containing 

dicyanodistyrylbenzene and carbazole moieties.
18

 

In this work, four types of C3-symmetric molecules having cyano-

vinylene bridges and a phenyl ring core were synthesized (Scheme IV-1) and 

their structural effects on the piezochromism were studied. α-BPAN-H and 

α-BPAN-Br have cyano groups at the α-position to the phenyl ring core and 

β-BPAN-H and β-BPAN-Br have cyano groups at the β-position to the core. 

A network polymer was also prepared by Ullmann reaction of β-BPAN-Br 

to compare its optical properties with those of β-BPAN-Br. 
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IV-2. Experimental 

Materials 

Benzene-1,3,5-tricarbaldehyde
27

 and (benzene-1,3,5-

triyl)triacetonitrile
28

 were prepared according to the literatures. All other 

chemicals were purchased from Aldrich or Tokyo Chemical Industry and 

used without any further purification. 

 

Measurements 

1
H nuclear magnetic resonance (NMR) spectra were recorded on a 

Bruker Advance 300 spectrometer (300 MHz). 
13

C NMR spectra were 

recorded on a Jeol JNM-LA400 (100 MHz). Solid-state 
13

C NMR spectra 

were recorded on a BrukerAvance 400WB spectro-meter (100 MHz) 

equipped with a CP-MAS probe. Elemental analyses were performed using a 

Flash EA 1112 elemental analyzer. Differential scanning calorimetry (DSC) 

measurements were made on a TA modulated DSC Q10 with a scanning rate 

of 10 °C/min under nitrogen. Powder X-ray diffraction (PXRD) patterns 

were obtained using a Bruker New D8 Advance (Cu Kα radiation, λ = 1.54 

Å ). UV-Vis spectra were obtained using a Sinco S-3150 spectrometer. 

Photoluminescence (PL) measurements were performed on a Shimadzu RF-
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5301PC spectrofluorometer. The FT-IR spectra were measured with a 

Thermo Scientific Nicolet 6700 FT-IR spectrometer using KBr pellets. N2 

uptake amounts were measured using a Belsorp-Max (BEL Japan, Inc.) 

apparatus. 

 

Crystal structure prediction 

The packing propensity of the α-BPAN-Br and β-BPAN-Br was 

investigated through crystal structure prediction using the Polymorph 

Predictor module of the Materials Studio software package (version 6.1, 

2012; Accelrys). The molecular structures of two molecules were drawn, and 

their structures were individually optimized through the energy minimisation 

in the COMPASS force field.
29

 The resulting structures were used as the 

input for the Polymorph Predictor.
30,31

 The Polymorph Predictor was 

performed in the COMPASS force field with integral charges, and the 

calculation of the van der Waals and Coulomb interactions was done through 

the Ewald summation method.
32

 No rigid body constraints were applied 

during the process. The process of the Monte Carlo simulated annealing 

(100,000 K to 300 K) was independently repeated 26 times for each 

molecule to obtain reproducible results. The number of the trial structures for 

each run was set as 7,000, and the number of the final structures per run was 
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between 24 and 159 after clustering. The explored space group was limited 

to the P2/m based on the indexing of the powder XRD patterns through 

GSAS-II utilizing the index algorithm by singular value decomposition.
33-35

 

The predicted structures were ranked according to the lattice energy, and 

only the structures of the lowest energy per each run were compared (total 

26). Finally, the multiple repeated structures were extracted as the final 

results. 

 

Synthesis of (Benzene-1,3,5-triyl)tris(3-phenylacrylonitrile) (α-BPAN-H) 

To a solution of (benzene-1,3,5-triyl)triacetonitrile (0.100 g, 0.512 

mmol) and benzaldehyde (0.169 g, 1.59 mmol) in ethanol (30 mL) and 

tetrahydrofuran (THF, 3 mL) was added sodium hydroxide (0.123 g, 3.07 

mmol) in ethanol (10 mL). After stirring for 12 h at room temperature, the 

precipitate was filtered and washed with ethanol. The product was obtained 

as a yellow solid. Yield: 76%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.977 (m, 

Ar-H, 6H), δ 7.957 (s, Ar-H, 3H), δ 7.696 (s, vinyl, 3H), δ 7.521 (m, Ar-H, 

9H). 
13

C NMR (400 MHz, DMSO-d
6
, ppm): δ 145.32, 135.83, 133.44, 

131.13, 129.35, 129.07, 123.86, 117.59, 109.11. Elemental Analysis: Calc. 

for C33H21N3: C, 86.25; H, 4.61; N, 9.14. Found: C, 86.30; H, 4.45; N, 9.04. 
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Synthesis of (Benzene-1,3,5-triyl)tris(3-(4-bromophenyl)acrylonitrile) (α-

BPAN-Br) 

To a solution of (benzene-1,3,5-triyl)triacetonitrile (0.300 g, 1.54 

mmol) and 4-bromobenzaldehyde (0.506 g, 4.76 mmol) in ethanol (50 mL) 

and THF (6 mL) was added sodium hydroxide (0.369 g, 9.22 mmol) in 

ethanol (20 mL). After stirring for 12 h at room temperature, the precipitate 

was filtered and washed with ethanol. The product was obtained as a pale 

yellow solid. Yield: 63%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 7.936 (s, Ar-

H, 3H), δ 7.837 (d, J = 8.7Hz, Ar-H, 6H), δ 7.670 (d, J = 8.7Hz, Ar-H, 6H), δ 

7.612 (s, vinyl, 3H). 
13

C NMR (400 MHz, THF-d
8
, ppm): δ 144.00, 137.76, 

133.98, 133.29, 132.12, 126.14, 125.36, 118.00, 111.91. Elemental Analysis: 

Calc. for C33H18Br3N3: C, 56.93; H, 2.61; N, 6.04. Found: C, 57.02; H, 2.60; 

N, 6.10. 

 

Synthesis of (Benzene-1,3,5-triyl)tris(2-phenylacrylonitrile) (β-BPAN-H) 

To a solution of benzene-1,3,5-tricarbaldehyde (0.100 g, 0.617 

mmol) and phenylacetonitrile (0.224 g, 1.91 mmol) in ethanol (30 mL) and 

THF (3 mL) was added sodium hydroxide (0.148 g, 3.70 mmol) in ethanol 

(10 mL). After stirring for 12 h at room temperature, the precipitate was 

filtered and washed with ethanol. The product was obtained as a pale yellow 
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solid. Yield: 81%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 8.443 (s, Ar-H, 3H), 

7.764 (m, Ar-H, 6H), 7.738 (s, vinyl, 3H), 7.518 (m, Ar-H, 9H). 
13

C NMR 

(400 MHz, DMSO-d
6
, ppm): δ 141.38, 135.21, 133.18, 130.54, 129.82, 

129.34, 126.04, 117.19, 112.95. Elemental Analysis: Calc. for C33H21N3: C, 

86.25; H, 4.61; N, 9.14. Found: C, 86.27; H, 4.57; N, 9.09. 

 

Synthesis of (Benzene-1,3,5-triyl)tris(2-(4-bromophenyl)acrylonitrile) (β-

BPAN-Br) 

To a solution of benzene-1,3,5-tricarbaldehyde (0.100 g, 0.617 

mmol) and 4-bromophenylacetonitrile (0.375 g, 1.91 mmol) in ethanol (30 

mL) and THF (3 mL) was added sodium hydroxide (0.148 g, 3.70 mmol) in 

ethanol (10 mL). After stirring for 12 h at room temperature, the precipitate 

was filtered and washed with ethanol. The product was obtained as a pale 

yellow solid. Yield: 89%. 
1
H NMR (300 MHz, CDCl3, ppm): δ 8.396 (s, Ar-

H, 3H), 7.645 (d, J = 9.0Hz, Ar-H, 6H), 7.604 (d, J = 9.0Hz, Ar-H, 6H), 

7.852 (s, vinyl, 3H). 
13

C NMR (400 MHz, DMSO-d
6
, ppm): δ 141.93, 

135.14, 132.44, 132.26, 130.74, 128.07, 123.20, 116.85, 111.94. Elemental 

Analysis: Calc. for C33H18Br3N3: C, 56.93; H, 2.61; N, 6.04. Found: C, 56.67; 

H, 2.67; N, 6.02. 
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IV-3. Results and Discussion 

C3-symmetric molecules having cyano-vinylene bridges and a 

phenyl ring core were synthesized via Knoevenagel condensation reaction as 

shown in Scheme IV-1.
36

 For α-BPAN-H and α-BPAN-Br, (benzene-1,3,5-

triyl)triacetonitrile was reacted with benzaldehyde and 4-bromobenzaldehyde, 

respectively, in ethanol in the presence of sodium hydroxide. In the case of 

β-BPAN-H and β-BPAN-Br, benzene-1,3,5-tricarbaldehyde was reacted 

with phenylacetonitrile and 4-bromophenylacetonitrile, respectively. The 

compounds obtained were bright yellow solids and characterized by 
1
H 

NMR, 
13

C NMR and element analysis. 

α-BPAN-Br and β-BPAN-Br showed no significant difference in 

the band gap, showing almost the same absorption spectra in THF (5.0 ×10
-5

 

M) with the absorption onset around 375 nm (Fig. IV-1a); however, their 

emission behaviors significantly differed when excited at 365 nm. While no 

noticeable emission was observed from α-BPAN-Br in THF, an intense blue 

emission with a peak maximum at 415 nm was detected from β-BPAN-Br in 

THF (Fig. IV-1b). α-BPAN-H and β-BPAN-H showed the absorption 

maxima at 318 and 324 nm, respectively in THF (5.0 ×10
-5

 M) (Fig. IV-1c). 

α-BPAN-H exhibited a weak blue emission with peak maximum at 412, 

while β-BPAN-H showed a strong blue emission with peak maximum at 427 
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nm when excited at 365 nm (Fig. IV-1d). 

 

 

 

 

Scheme IV-1. Synthesis of (a) α-BPAN-H and α-BPAN-Br and (b) β-

BPAN-H and β-BPAN-Br 
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Figure IV-1. (a) Absorption and (b) PL spectra of α-BPAN-Br and β-BPAN-

Br in THF (5.0 × 10
-5

 M) (λex = 365 nm). (c) Absorption and (d) PL spectra 

of α-BPAN-H and β-BPAN-H in THF (5.0 × 10
-5

 M) (λex = 365 nm). 
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Figure IV-2. PL spectra of (a) α-BPAN-Br and (b) β-BPAN-Br measured 

in as-synth siz d and ground stat s (λex = 365 nm). 

 

 

 

 

Figure IV-3. PL spectra of (a) α-BPAN-H and (b) β-BPAN-H measured in 

as-synth siz d and ground stat s (λex = 365 nm). 
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In the solid states, the compounds showed different emission 

properties from those in the solution states where they are considered to exist 

as monomers.
12

 When excited at 365 nm, both the α-BPAN-Br and β-

BPAN-Br compounds exhibited bluish green luminescence with a peak 

maximum at 493 nm and at 483 nm, respectively (Fig. IV-2). α-BPAN-H 

and β-BPAN-H showed blue emissions with peak maxima at 455 and 437 

nm, respectively (Fig. IV-3). 

It is worth noting that only the compounds bearing bromo groups 

displayed piezochromiosm. Upon grinding, α-BPAN-Br and β-BPAN-Br 

changed from opaque bright yellow solids to colorless solids and their 

luminescence color changed considerably, while the color and luminescence 

of α-BPAN-H and β-BPAN-H showed no significant change. More 

interestingly, the two constitutional isomers, α-BPAN-Br and β-BPAN-Br, 

showed very different piezochromic properties. When the ground samples 

were excited at 365 nm, β-BPAN-Br showed a blue emission with a peak 

maximum at 368 nm, which was 47 nm blue-shifted, while the luminescence 

of α-BPAN-Br was almost quenched. The emissions of α-BPAN-Br and β-

BPAN-Br observed in the ground state nearly coincided with their monomer 

state emissions. 

When the ground samples of α-BPAN-Br and β-BPAN-Br were 



121 

 

exposed to the vapours of organic solvents, their initial luminescence colors 

were restored. Although common organic solvents such as THF, ethyl 

acetate (EA), acetone, chloroform and dichloromethane were useful for the 

luminescence restoration, EA and THF were the most effective for α-BPAN-

Br and β-BPAN-Br, respectively. The original bright yellow color appeared 

within one minute when the ground compounds were in contact with the 

vapour of EA or THF. Upon excitation at 365 nm, they showed bluish green 

luminescence as observed in the as-synthesized compounds (Fig. IV-4). The 

restoration of the luminescence as well as the solid color suggested that the 

organic solvent vapour provided sufficient driving force for the 

rearrangement of the molecules into the ordered phase. 
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Figure IV-4. PL spectra of the ground samples, (a) α-BPAN-Br and (b) β-

BPAN-Br measured after vapor- xposur  (λex = 365 nm). PL changes of (c) 

α-BPAN-Br and (d) β-BPAN-Br  y grinding and vapor  xposur  (λex = 365 

nm). 

 

 

Figure IV-5. Piezochromic writing and vapochromic erasing of the letters 

‘SNU’ writt n on filt r pap rs w tt d with solutions of (a) α-BPAN-Br and 

(b) β-BPAN-Br in EA and THF, respectively. 
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As a demonstration for practical applications of these piezochromic 

and vapochromic properties of α-BPAN-Br and β-BPAN-Br, piezochromic 

writing and vapochromic erasing were tried.
20,25

 Two non-fluorescent filter 

papers were wetted with solutions of α-BPAN-Br and β-BPAN-Br in EA 

and THF, respectively.
13,25

 As the solvents had evaporated, the filter papers 

emitted bluish green luminescence similar to the as-synthesized compounds. 

Wh n th  l tt rs ‘SNU’ w r  writt n on th  pap rs with a rod, distinct 

changes in the luminescence were observed only at the regions where 

mechanical forces were applied (Fig. IV-5). The letters written on the paper 

of α-BPAN-Br appeared dark while those of β-BPAN-Br showed blue 

emission. When the letters on the α-BPAN-Br and β-BPAN-Br solution-

wetted papers were exposed to EA and THF vapour, respectively, they were 

erased as the initial luminescences were recovered. These piezochromic 

writing and vapochromic erasing behaviors agreed well with the 

piezochromic and vapochromic properties of the solid compounds as shown 

in Figure IV-4. 

It has been proposed that piezochromism occurs by destruction of an 

ordered structure by external mechanical forces although its definite 

mechanism is still under controversy.
16

 The idea that macroscopic 

mechanical forces substantially alter the microscopic nanostructure seemed 
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to be acceptable at least based on PXRD and DSC analysis results for α-

BPAN-Br and β-BPAN-Br.
11,15,18

 The as-synthesized samples of α-BPAN-

Br and β-BPAN-Br exhibited crystalline PXRD patterns with sharp and 

strong peaks. When these compounds were ground, they showed no 

noticeable peaks, indicating the transition from the crystalline states to 

amorphous states (Fig. IV-6). The crystalline peaks appeared again after 

exposure of the ground samples to the EA or THF vapour, suggesting the 

restoration of their initial phases. The crystallisation by the solvent vapour 

treatment was also confirmed by DSC.
11,26

 As-synthesized α-BPAN-Br and 

β-BPAN-Br showed melt transitions near 210 °C and 240 °C, respectively in 

the first heating scan. In contrast, the ground samples of α-BPAN-Br and β-

BPAN-Br showed exothermic crystallisation peaks at 98 °C and 109 °C, 

respectively, followed by melt transition peaks (Fig. IV-7). The ground 

sample of α-BPAN-Br showed a very small crystallisation peak, indicating 

slow crystallisation. The lower crystallisability of α-BPAN-Br compared to 

β-BPAN-Br could be associated with the steric effect of the α-nitrile groups 

on the conformation of the molecule. The crystallisation peaks did not appear 

in the DSC thermograms of the vapour-annealed samples. These results were 

consistent with the PXRD results in which the ordered crystalline phases of 

α-BPAN-Br and β-BPAN-Br were changed to the amorphous phases by 
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grinding and were restored by the solvent vapour exposure.
11,18 

 

 

 

Figure IV-6. PXRD patterns of (a) α-BPAN-Br and (b) β-BPAN-Br. 

 

 

 

Figure IV-7. DSC curves of (a) α-BPAN-Br (inset: a magnified curve of the 

ground sample) and (b) β-BPAN-Br. 
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A considerable difference in the piezochromic behaviors of the two 

constitutional isomers, α-BPAN-Br and β-BPAN-Br, were also of 

significant interest. To elucidate the origin of this discrepancy, growing 

crystals with single crystal X-ray diffraction qualities was tried, but failed to 

obtain good crystals probably due to the three-branched complicated 

structures of the two molecules. Instead, crystal structure prediction using the 

Polymorph Predictor module of the Materials Studio was adopted for the 

investigation of crystal structures of each molecule.
30,31

 The optimized 

structures with minimum lattice energy were obtained with systematic 

calculation of van der Waals and Coulomb interactions, as explained in detail 

in the experimental section. As a result, a striking contrast was observed 

between the optimized structures of α-BPAN-Br and β-BPAN-Br. While α-

BPAN-Br has twisted conformations between the phenyl ring core and 

branches, β-BPAN-Br has a perfectly planar structure over the entire 

molecule (Fig. IV-8). This difference in molecular structures in crystalline 

states is ascribed to the different positions and steric effects of the nitrile 

groups in each molecule. In α-BPAN-Br, three nitrile groups are located at 

the α-positions to the phenyl ring core, making the molecular centre more 

crowded than in the case of β-BPAN-Br. This crowdedness causes higher 

conformational torsion for α-BPAN-Br relative to β-BPAN-Br, promoting 
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molecular motions.
37

 Luminescence quenching of α-BPAN-Br in the 

monomer and ground states is likely because the excited energy was mostly 

lost by non-radiative pathways such as vibrational and rotational motions.
12

 

On the other hand, the perfectly planar structure of β-BPAN-Br in 

crystalline state suppresses molecular motions, and the excited energies are 

consumed in the form of luminescence. With this relationship between 

molecular structures and piezochromic behaviors observed in α-BPAN-Br 

and β-BPAN-Br, it was found to be possible to modulate on-off switching 

and color tuning by changing the position of bulky groups. 
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Figure IV-8. Optimized structures of (a) α-BPAN-Br and (b) β-BPAN-Br 

calculated with Polymorph Predictor in Materials Studio 6.1. 
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To further understand the role of the weak intermolecular bondings 

for piezochromism, a polymer Poly(β-BPAN) was prepared by Ullmann 

reaction of β-BPAN-Br.
38

 Poly(β-BPAN) consisted of β-BPAN units, which 

were linked covalently to each other. The polymer structure was 

characterized by solid-state 
13

C NMR and FT-IR spectroscopy (Fig. IV-9). In 

the solid-state 
13

C NMR spectrum, the carbon peaks for the cyano groups 

and phenyl groups appeared at 115 and 119-136 ppm, respectively. The FT-

IR spectroscopy showed that a characteristic absorption band for a carbon-

bromine bond at 488 cm
-1

 disappeared after polymerisation.
38

 The polymer 

was isolated as yellow powders. Since β-BPAN-Br had three reactive sites, 

Poly(β-BPAN) had a network structure. The Brunauer–Emmett–Teller (BET) 

surface area of the polymer calculated from the N2 adsorption isotherm at 77 

K was 42.5 m
2
g

-1
 (Fig. IV-10a). 

The polymer showed blue luminescence at 365 nm excitation as 

crystalline β-BPAN-Br. However, its initial emission was not changed by 

grinding (Fig. IV-10b), which was a completely different behavior compared 

with the crystalline monomer. Apparently, the external mechanical force 

could not alter the covalently linked network structure of Poly(β-BPAN). 
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Figure IV-9. (a) Solid-state 
13

C NMR spectrum of Poly(β-BPAN) and (b) 

FT-IR spectra of β-BPAN-Br and Poly(β-BPAN). 

 

 

Figure IV-10. (a) Nitrogen sorption isotherm curves of Poly(β-BPAN-Br) 

and (b) PL spectra of as-synthesized and ground Poly(β-BPAN-Br). 
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IV-4. Conclusion 

Four types of conjugated C3-symmetric molecules with a phenyl ring 

core were prepared and their piezochromic properties were investigated. 

Among them, two constitutional isomers α-BPAN-Br and β-BPAN-Br, 

having bromine atoms at the branched phenyl groups showed piezochromism. 

Upon grinding, α-BPAN-Br exhibited substantial quenching of a bluish 

green emission while β-BPAN-Br showed luminescence color change from 

bluish green to deep blue. This discrepancy was ascribed to the difference of 

crowdedness in the vicinities of cores, which caused different degree of 

molecular torsion. The initial emission of each molecule was restored by 

exposure to an organic solvent vapour. PXRD and DSC studies revealed that 

the piezochromic and vapochromic behaviors were operated by the 

destruction and reconstruction of the ordered structures of the compounds. 

Their structural analogues, α-BPAN-H and β-BPAN-H, which had no 

bromo groups, however, did not show any piezochromic or 

vapochromicbehavior. Poly(β-BPAN), comprised of covalently linked β-

BPAN units, also did not show any piezochromic or vapochromicbehavior. 

These results led to the conclusion that the transitions between ordered and 

disordered phases by external stimuli were enabled due to the weak 

intermolecular non-covalent bonds formed in crystalline α-BPAN-Br and β-
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BPAN-Br. The present work demonstrates an efficient method of 

modulating the properties of piezochromic materials. 
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국문요약 

 기계적 자극은 재료에 가할 수 있는 가장 간단하고 간편한 

자극 중 하나이다. 따라서 기계적 자극과 이에 따른 재료의 반응과

의 관계에 대한 연구가 고대로부터 현대에 이르기까지 건축, 기계, 

전자 등 여러 분야에서 진행되어왔다. 하지만 이렇게 축적된 지식

에도 불구하고 기계적 자극에 대한 새로운 반응 거동을 보이는 재

료에 대한 요구는 계속 존재하며, 이러한 재료에 대한 연구가 활발

히 진행되고 있다. 본 연구에서는 기계적 자극에 반응하는 미세기

공성 공액고분자를 제조하고 그 특성을 분석하였다. 

 먼저, 압축성과 같은 특성을 지닌 미세기공성 고분자(MP)

들을 연구하였다. MP들은 세 방향의 아세틸렌 그룹이 있는 TEB와 

두 개의 브로모 그룹이 있는 PBT-Br 단량체간의 소노가시라-하

기하라 커플링 반응을 통해 단일체로 제조되었다. 제조된 고분자는 

반복적인 압축성을 보였으며, 칼을 이용하여 간편하게 특정한 형태

로 가공할 수 있었다. 미세구조 분석 결과 MP들은 해면생물 스펀

지의 미세구조와 유사한 튜브 구조를 갖는 것을 확인하였다. 압축

응력 하에서 튜브다발들이 탄성 굽힘을 보인다는 것을 광학현미경

을 통해 확인하였다. PBT-Br과 TEB가 0.8:1의 비율로 반응하여 

얻어진 MP-0.8의 경우 463 m2g-1의 BET 비표면적을 나타내었

다. 이 고분자는 145o의 물접촉각을 갖는 높은 소수성을 나타내었

으며, 자체 질량의 7-17의 유기액체를 흡수하였다. 흡수된 액체는 

단순한 압축에 의해 배출되어 고분자를 재활용 할 수 있었다. MP

들은 나노구조 탄소재료를 만들기 위한 전구체로서의 가능성을 보
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였다. 예를 들면, MP-0.8을 탄화시키어 MP-0.8와 유사한 튜브 

구조를 갖는 부분적으로 그래피틱한 물질을 얻을 수 있었다. 

둘째로, 인장성질이 향상된 미세기공성 고분자 스펀지 복합

체에 대한 연구를 진행하였다. 앞선 연구에서 MP-0.8은 안정적인 

압축성질을 보였지만 인장응력 하에서는 기계적 안정성을 보이지 

않았다. 이러한 단점을 보완하기 위해, MP-0.8과 폴리다이케틸실

록산(PDMS) 고분자의 복합체인 MP-PDMS를 제조하고 그 특성

을 분석하였다. PDMS 기본물질과 가교제를 MP-0.8 반응혼합물

에 넣어 MP-PDMS를 제조하였다. PDMS 고분자가 MP-PDMS에 

포함되었다는 것을 고체상태 13C NMR과 EDS 분석을 통해 확인하

였다. SEM과 TEM 측정 결과 MP-PDMS는 MP-0.8과 유사한 

미세구조를 갖는 다는 것을 확인하였고, 이는 MP-0.8과 PDMS 

사이에 상분리가 없다는 것을 의미한다. BET 비표면적의 감소가 

관찰되었는데 이는 반응과정에서 PDMS가 미세기공의 일부를 채

우기 때문으로 보인다. 복합체 형성에 따라서 고분자의 인장은 증

가하였다. 

 끝으로, 시아노비닐렌 연결고리를 통해 중앙의 벤젠 고리와 

연결된 p-브로모페닐 그룹을 갖는 C3-대칭구조 분자의 피에조크

로믹 거동에 대해 연구하였다. 중앙 벤젠 그룹으로부터 α-위치에 

시아노 그룹이 있는 α–BPAN-Br을 기계적으로 갈게 되면 청록색

의 형광이 사라졌다(on-off switching). 한편, 이와 구조이성질체 

관계에 있는 β–BPAN-Br은 청록색의 형광이 짙은 파란색 형광으

로 변하였다(color tuning). 이 분자들이 유기용매 증기에 노출되

면 초기의 형광이 되돌아왔다. PXRD와 DSC 분석을 통하여 합성
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직후와 증기에 노출된 상태의 시료들은 같은 결정구조를 가지며 

갈린 상태의 시료는 비정질 구조를 갖는다는 것이 확인되었다. 이

들의 Br그룹이 없는 유사체인 α–BPAN-H와 β–BPAN-H는 피에

조크로믹 혹은 베이포크로믹 거동을 전혀 보이지 않았다. β–

BPAN-Br의 울만 반응을 통해 공유결합으로 연결된 β–BPAN들로 

이루어진 Poly(β-BPAN)을 합성하였다. 이 고분자는 β–BPAN-

Br 결정과 유사한 발광을 보였지만 기계적 자극에 의해 본래의 발

광이 변하지 않았다. 

 

주요어 : 기계적 자극, 기계적 성질, 공액 고분자, 미세기공성, 피에

조크로미즘. 

학 번 : 2009-20635 
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