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Abstract 

 

 For upcoming the sustainable society, the development of high-performance/functional biobased polymer 

materials has attracted interest from researchers. Cinnamoyl photodimers, which are derived from cinnamic acids by 

photo-assisted [2+2] cycloaddition, have high potentials to be used as monomers for the high-performance/functional 

polymers due to structural characteristics such as rigid structure, unique bending angles, chirality, and photodegradable 

cyclobutane. However, though cinnamoyl dimers have many interesting properties, only a few cinnamoyl dimer-based 

polymers were reported and the effects of cinnamoyl dimer moiety on the corresponding properties of polymers are not 

clear enough. In this thesis, the author describes effects of cinnamoyl dimer unit in polymer backbone on polymer 

properties through the developments of high-performance/functional polymers from unique cinnamoyl dimers. 
 

This thesis is composed of following five chapters: 
 

 Chapter 1 describes the background and objectives of this research. 
 

Chapter 2 describes the synthesis of mussel-mimetic photodegradable adhesive materials from 3,4-

dihydroxycinnamoyl dimer (34THTA). The 34THTA was synthesized from 3,4-dihydroxycinnamate by solid-state 

photodimerization and then was polymerized to synthesize polyamides bearing adhesive catechol groups in the side chain. 

As a result, obtained copolyamide exhibited good adhesive properties of ~7 MPa for stainless steel substrate. In addition, 

the cyclobutanes in polymer backbone were cleaved by ultraviolet light irradiation. The results described in this chapter 

provide insights into the molecular design of eco-friendly, high-performance adhesive materials with photodegradability. 
 

Chapter 3 describes the selective synthesis and polymerization of β-, and δ-type 4-aminocinnamoyl 

photodimers. In the solid-state photodimerization of 4-aminocinnamic acid derivatives, selective synthesis of each 

isomeric dimers was achieved by controlling molecular arrangements in the crystal. Density functional theory (DFT) 

calculations revealed that the β- and δ-type photodimers possessed unique bending angles of 70° and 101°, respectively. 

In addition, each obtained dimers were modified to diamine and dicarboxylic acid monomers then was used for the 

synthesis of polyamides. The present study provides a synthetic method for isomeric 4-aminocinnamoyl dimers, which 

have potential for high-performance and/or functional polymers based on the unique cinnamoyl dimer skeleton. 
 

Chapter 4 describes the synthesis of soluble biobased polyimides from isomeric 4-aminocinnamoyl 

photodimer-based diamines with unique bending angles. The β-, and δ-type diamines, which were synthesized in chapter 

3, were polymerized with tetracarboxylic acid dianhydrides to produce soluble polyimides. As a result, δ-type dimer-

based polyimides exhibited high thermostability and good solubility in organic solvents such as chloroform owing to its 

rigid and bending structure. The results described in this chapter showed the diamine with an angle of 101°, similar to δ-

type, had a suitable structure to provide solubility to the obtained polyimides. The present study provides insights into 

the molecular design of high-performance soluble polymers by focusing on the bending angles of the polymer chains. 
 

Chapter 5 summarizes the syntheses and evaluation of high-performance/functional polymers using unique 

cinnamoyl dimers as the overall conclusions of this thesis. This research is mainly focused on the effects of cyclobutane 

rings in polymer backbone. since the cyclobutane rings are easily obtained by [2+2] cycloaddition of olefins, the obtained 

insights would be possible to expand other polymer systems including olefin structures. 
 

Keywords: Biobased polymers, Polyamide, Polyimide, Cinnamic acid, Photodimerization, Cyclobutane. 
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1.1 Biobased Polymers  

In modern society, many kinds of polymer materials are used for our life. With 

the modernization and economic development, the mass production of the plastic 

materials is increasing year by year. In 2015, the mass production of polymer materials 

was estimated ~380 metric tons.1 In addition, more than 99% of these polymers are 

produced from petroleum resources.2 

For upcoming the sustainable society, Sustainable Development Goals (SDGs) 

was adopted by all member states of the United Nations in 2015. Biobased polymers, 

which are produced from biomass resources such as plants, animals, and microorganism-

metabolized materials, are considered to one of the effective approaches to achieve these 

goals.3,4 Biobased polymers can be divide three classifications;5 (a) polymers which are 

directly obtained from nature, such as cellulose, chitin, collagen, and lignin. (b) polymers 

which are produced by microbial fermentation, such as polyhydroxybutyrate, and 

polyhydrxyalkanoate, and (c) polymers which are synthetically produced from biobased 

monomers, such as poly(lactic acid). Numerous studies regarding to these polymers have 

been conducted.6–12 Hence, the development of biobased polymer materials has attracted 

interest from researchers in polymer chemistry field, as well as industrial fields in recent 

years (Figure 1-1).  
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Figure 1-1. Citation number of publications about biobased polymer in recent years.13 

 

1.2 Synthetic Biobased polymers  

To expand applications of biobased polymers for various fields, control of 

physicochemical properties is required. In the case of naturally occurred biobased 

polymers and their modified derivatives, these materials have a limit for controlling their 

properties because their basic chemical structure cannot be changed significantly. On the 

other hand, synthetic biobased polymers have an advantage that the molecular structure 

can be designed in monomer unit, indicating that polymer materials with desired 

properties can be tailored. Therefore, numerous studies regarding to synthetic biobased 

polymers including conventional biobased polymers such as poly(lactic acid),14,15 

poly(butylene succinate),16,17 and poly(trimethylene terephthalate),18,19 have been widely 

investigated (Figure 1-2). With a growing interest in biobased polymers, researchers also 
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focus on not only polymer syntheses but also monomer syntheses from biomass resources 

to develop novel biobased polymers.20,21 In recent years, high-performance biobased 

polymers such as polybenzimidazoles,22 and poly(ether ketone)s23 are developed from 

aromatic biobased monomers. These polymers exhibited excellent physical properties 

compared to common high-performance polymers derived from petroleum resources. 

Thus, development of novel biobased polymers and their precursors is important tasks for 

upcoming sustainable society. 

 

Figure 1-2. Molecular structures of typical conventional synthetic biobased polymers 

and recently developed high-performance biobased polymers.  
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1.3 Cinnamic Acids  

Cinnamic acids, which are widely found in plants, are well known as one of the 

phenylpropanoids. Naturally occurring cinnamic acids are produced from L- 

phenylalanine catalyzed by L-phenylalanine ammonia-lyase24. In recent years, these 

cinnamic acids and their derivatives have been used in various field such as cosmetics,25,26 

medicines,27,28 flavors,29 food additives,30,31 and intermediate of organic syntheses (Figure 

1-3).32,33 Several kinds of cinnamic acids can be produced from renewable resources by 

synthetical and/or biological approaches. For example, 4-hydroxy-3-methoxycinnamic 

acid is industrially produced by hydrolysis of γ-oryzanol from rice bran.34 3,4-

Dihydroxycinnamic acid can be obtained from plant resources such as kraft pulp and 

sweet potato by microbial fermentation.35,36 Thus, cinnamic acids have been attracted 

interest as one of the useful materials from biomass resources for upcoming sustainable 

society. 

 

Figure 1-3. Typical applications of cinnamic acids and their derivatives.  
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1.3.1 Photoreactions of Cinnamic Acids 

Cinnamic acids show photoreactivity since these compounds have photoreactive 

double bond in molecular structure. When the light with specific wavelength for 

photoreaction is irradiated to cinnamic acids, two kinds of photoreactions can be 

occurred: cis-trans isomerization and photodimerization. 

 

Cis-trans isomerization: 

Cis-trans isomerization of olefin compounds is well known as one of the 

important photoreactions. Numerous studies regarding to cis-trans isomerization of olefin 

compounds such as azobenzenes, and stilbenes have been conducted.37–39 Since cinnamic 

acids have 1,2-disubstituted olefin structure, they can also exist in two kinds of geometric 

isomers, cis- and trans- isomers. 40 The cis-trans isomerization, that is torsion around the 

double bond, is proceeded via excited state which is caused by light irradiation with 

corresponding wavelength (Scheme 1-1).41  

 

Scheme 1-1. Cis-trans Isomerization of Cinnamic Acid 
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Photodimerization:  

From the first found in 1877, photo-induced [2+2] cycloaddition of olefin 

compounds have been widely studied by researchers over a century.42–45 This reaction is 

proceeded by addition of olefin molecules in excited state which was generated by photo 

irradiation, to other olefin molecules (Scheme 1-2).42 Cinnamic acids can also undergo 

dimerization by photo irradiation and afford two kinds of cinnamoyl photodimers, 

truxillic acids and truxinic acids46 (Figure 1-4a). There are eleven isomers in the products 

of photodimerization of cinnamic acids (Figure 1-4b).47 In nature, cinnamoyl photodimers 

are also existed in plants. For example, several kinds of isomeric truxillines which are 

produced by sunlight-assisted [2+2] cycloaddition of cis- and/or trans- cinnamoyl cocaine 

in plant tissues, are found in Erythroxylum species.47–49 To synthesize such isomeric 

cinnamoyl photodimers under laboratory conditions, ultraviolet light-assisted [2+2] 

cycloaddition of cinnamic acid derivatives including nature-derived cinnamic acids such 

as cinnamic acid, 4-hydroxycinnamic acid, 4-hydroxy-3-methoxycinnamic acid, and 3,5-

dimethoxy-4-hydroxycinnamic acid derivatives, have been widely conducted.50–52 

Synthetic methods of cinnamoyl photodimers can be mainly divided into two types: 

solution photodimerization and solid-state photodimerization.   
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Scheme 1-2. Formation of Olefin Photodimers via Excited State by Photo-induced 

Dimerization. 

 

 

Figure 1-4. (a) Photodimerization of cinnamic acid and (b) molecular structure of 

isomeric cinnamoyl photodimes.  
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For photodimerization, two double bonds of adjacent cinnamic acid molecules 

in excited and ground state need to be close. In the solution photodimerization method, 

the photodimerization afford mixture of isomeric photodimers because cinnamic acid 

molecules have free movement in solution. To selectively synthesize certain isomer by 

solution photodimerization method, numerous studies have been conducted. One of the 

strategies to selectively synthesize isomeric photodimers in solution is restricting of 

molecular mobility and assisting molecular assemble by addition of salts,53 host 

molecules,54–56 or metal species57 to form complexes (Figure 1-5). However, selective 

synthesis of photodimers by solution photodimerization method is difficult because 

undesired isomers and cis-cinnamic acids can be formed simultaneously as minor product.  

 

 

Figure 1-5. Typical examples of selective synthesis of cinnamoyl photodimers by 

solution photodimerization method. 
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 On the other hand, solid-state photodimerization method is well known as one 

of the topochemical reactions, and only afford specific product. The structure of products 

depends on the arrangement of cinnamic acid molecules in the crystals since the 

photoreaction in crystalline state proceed with minimal molecular movement58–60 (Figure 

1-6). To proceed solid-state photodimerization, two double bonds of cinnamic acid 

molecules in the crystals need to be close. Schmidt and co-workers have widely studied 

solid-state photodimerization and found that the distance between two double bonds was 

closer within 4.2 Å to occur photodimerization,58,59 Hence, solid-state photodimerization 

method is prefer to selective synthesis of cinnamyl dimers. To selectively synthesize 

isomeric photodimers, numerous studies regarding to method for controlling molecular 

packing in the crystals have been reported.46,56,61,62 

 

 

Figure 1-6. Schematic illustration of solid-state photodimerization of cinnamic acid. 
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1.3.2 Structural Characteristics of Cinnamoyl Dimers for High-

performance/functional Polymers 

Molecular design of polymers and their precursors is one of the important factors 

to develop polymer materials with desired properties. The cinnamoyl photodimers have 

important structural characteristics such as rigid structure, unique bending angles, 

chirality, and photo-degradable cyclobutane (Figure 1-7). From above structural 

characteristics, cinnamoyl photodimers are candidate as building block for high-

performance and/or functional polymers. 

 

 

Figure 1-7. Structural characteristics of cinnamoyl photodimers. 
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Rigid structure: 

 The cinnamoyl photodimers are composed by rigid aromatic and aliphatic ring 

structure, benzene ring and cyclobutane ring. These rigid structures are effective in the 

improvement of thermal properties such as glass transition temperature, resulting in high 

thermal stability. In addition, these rigid structures can enhance mechanical strength of 

polymer materials. Thus, cinnamoyl photodimers could be a suitable candidate for 

syntheses of high-performance polymers. 

 

Unique bending angle: 

 It is known that physicochemical properties of polymer materials such as 

solubility,63–65 gas permeability66–68, thermal properties,69,70 and mechanical properties71 

are affected by bending structure in the polymer backbone. Since the cyclobutane ring 

has strain structure, bending structure with unique bending angles depended on spatial 

arrangement around cyclobutane ring can be introduced in polymer backbone by using 

cinnamoyl photodimers as monomers.  
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Chirality: 

 Optically active polymers show specific functions owing to their chirality and 

are used for various applications such as enantioselective separation,72,73 and asymmetric 

catalysts.74,75 Some of cinnamoyl photodimers such as delta-, mu-, neo-, and zeta- type 

show chirality. Hence when optically active photodimers are used as monomers for 

optically active polymer syntheses, specific functions can be expected. 

 

Photodegradable cyclobutane: 

 The cyclobutane ring can be cleaved by ultraviolet light irradiation.76,77 Thus, 

cinnamoyl dimer-based polymers can be expected to develop degradable polymer 

materials. 

 

Structural diversity: 

 Naturally occurred cinnamic acids have various functional groups such as 

hydroxy, methoxy, and amino groups. These functional groups are possible to modify 

other functional groups by chemical modification. In addition, since the cinnamoyl 

photodimers have isomers as mentioned above, various kinds of polymers can be 

expected by using cinnamoyl dimers as monomers.    
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1.3.3 Cinnamoyl Dimer-based Polymers  

As mentioned above, cinnamoyl dimers can be expected to apply for the 

syntheses of high-performance/functional polymers based on their unique structural 

characteristics. The photodimerization of the cinnamic acid and their derivatives have 

been used for photoreactive polymer syntheses, however most of studies used cinnamic 

acid moiety for photoreactive cross-linkage point at side chain.78–80 Hence, studies 

regarding to cinnamoyl photodimer units in polymer backbone are rarely conducted. 

 Saigo et al. reported polyamides which were synthesized from aliphatic/aromatic 

diamines and optically active coumarin dimer having μ-type cinnamoyl dimer structure 

(Scheme 1-3).81–83 They also investigated chiral recognition abilities of synthesized 

polyamides based on monomer chirality. As a result, some of polyamides with longer 

methylene unit, m=5–10, exhibited good chiral recognition ability for several racemates, 

indicated that these kinds of materials had a potential to apply chiral stationary phase for 

high-performance liquid chromatography. 
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Scheme 1-3. Synthesis of Optically Active Coumarin Dimer-based Polyamides 

 

 

 Kaneko et al. reported α-type 4-aminocinnamoyl photodimer-based high-

performance polymers such as polyamide and polyimides (Figure 1-8). The polyamide 

which was synthesized from α-type 4-aminocinnamoyl photodimer-based diamine and 

dicarboxylic acid monomers exhibited much higher mechanical strength than 

conventional transparent polymers such as polycarbonate.84 The polyimides synthesized 

from methyl 4-aminocinamate photodimer and tetracarboxylic acid anhydrides, showed 

good transparency and high thermal stability based on the cinnamoyl dimer skeleton.85,86 

In addition, when the methyl esters in the polyimide side chain were modified into 

carboxylic acid metal salt, polyimides were easily dissolved to water with high 

solubility.87  
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Figure 1-8. Molecular structure of representative α-type 4-aminocinnamoyl photodimer-

based high-performance polymers. 

 

Thus, cinnamoyl photodimers have been applied for high-performance and/or 

functional polymers, however few studies regarding to cinnamoyl photodimer-based 

polymers are presented, and effects of cinnamoyl photodimers on polymer properties are 

still not clear enough. 
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1.4 Objectives and Outline of the Thesis  

Development of biobased polymer materials are important tasks for upcoming 

sustainable society. In recent years, various kinds of biobased polymers including 

naturally occurred polymers and synthetic polymers from biomass resources have been 

developed. However, compared to conventional petroleum-based polymers, performance 

of biobased polymers is not high enough, resulting in limited use of biobased polymers. 

To expand application of biobased polymers, high performance and/or functional 

biobased polymers are deeply required. 

Cinnamic acids, one of the important intermediates from biomass resources, 

have been used for various applications including high-performance polymers. The 

cinnamic acids afford isomeric photodimers, truxillic acids, and truxinic acids by 

ultraviolet light irradiation. These photodimers have unique structural characteristics for 

high-performance and/or functional polymers such as rigid structure, unique bending 

angles, chirality, and photodegradable cyclobutane. However, since few studies about 

cinnamoyl photodimer-based polymers are presented, effects of cinnamoyl photodimers 

on polymer properties are not clear enough.  
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Based on above information, the objective of this thesis is clarification the effects 

of cinnamoyl dimer unit in polymer backbone on polymer properties through the 

developments of high-performance/functional polymers from unique cinnamoyl dimers 

(Figure 1-9). This research would provide insights into the molecular design of high-

performance and/or functional polymers by focusing on the unique cinnamoyl dimer 

structures. 

 

Figure 1-9. Objectives and outline of this research. 
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The outline of this thesis is as follows: 

 

Chapter 2 describes the synthesis of photodegradable adhesive materials from 

3,4-dihydroxycinnamoyl dimer (34THTA). The 34THTA was synthesized from methyl 

3,4-dihydroxycinnamate by solid-state photodimerization and further hydrolysis of 

methyl esters. The obtained 34THTA was copolymerized with adipic acid and α-type 4-

aminocinnamoyl dimer-based diamine (αATA-Me). As a result, the obtained copolyamide 

exhibited good adhesive properties of ~7 MPa for stainless steel substrate. In addition, 

polyamide synthesized from 34THTA and αATA-Me exhibited photodegradability by 

ultraviolet light irradiation. 

 

Chapter 3 describes the synthesis and polymerization of α-, β-, and δ-type 4-

aminocinnamoyl photodimers. The β- and δ-type photodimers were prepared from 

modified 4-nitrocinnamic acid derivatives, methyl 4-nitrocinnamate and N-

hydroxysuccinimide 4-nitrocinnamate, respectively via solid-state photodimerization. 

Density functional theory (DFT) calculations revealed that the β- and δ-type photodimers 

possessed unique bending angles of 70° and 101°, respectively. The obtained photodimers 

were modified into diamines and dicarboxylic acid for polyamide syntheses.   
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Chapter 4 describes the synthesis of soluble biobased polyimides from isomeric 

4-aminocinnamoyl photodimer-based diamines with unique bending angles. The β-, and 

δ-type diamines were polymerized with tetracarboxylic acid dianhydrides to produce 

soluble polyimides via chemical imidization. As a result, δ-type dimer-based polyimides 

exhibited high thermostability and good solubility in organic solvents owing to its rigid 

and bending structure. 

 

Chapter 5 summarizes the syntheses and evaluation of high-

performance/functional polymers using unique cinnamoyl dimers as the overall 

conclusions of this thesis. 
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2. 1 Introduction 

In nature, mussels can adhere to organic/inorganic surfaces by using adhesive 

proteins.1–3 According to studies of adhesion mechanism of mussels, catechol groups in 

the adhesive proteins have an important role for the strong adhesion preperties.4 In recent 

years, to develop adhesive materials with strong adhesive property, numerous studies 

regarding to mussel-mimetic adhesive materials containing catechol groups have been 

conducted.5–8 However, since most of the reported mussel-mimetic adhesive materials are 

composed of aliphatic moieties, thermal and mechanical properties of these materials are 

limited. 

3,4-Dihydroxycinnamic acid (34DHCA), one of the plant-derived cinnamic acid 

derivatives, has been considered as useful component for the synthesis of high-

performance biobased polymers due to its rigid aromatic structure.9–11 In addition, since 

34DHCA has a catechol group, application for the adhesive materials are also 

conducted.12,13 For example, Kaneko et al. reported hyper-branched polyesters 

synthesized from 34DHCA. The polyesters exhibited good thermostability over 150 °C 

and strong adhesive property based on catechol groups in chain ends.14,15 Thus, the 

34DHCA component is considered that one of the suitable candidate for high-

performance adhesive materials. 
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Since 34DHCA have photoreactive double bond, photo-assisted dimerization 

can be expected. Because of useful characteristics of 3,4-dihydroxycinnamoyl dimer 

(34THTA) such as rigid molecular structure, two catechol groups, and photodegradable 

cyclobutane, 34THTA have high potentials for high-performance, photodegradable 

polymer materials. However, studies regarding to 34THTA-based polymers have not been 

conducted yet.  

In this chapter, the author focused on 34THTA to be used as dicarboxylic acid 

monomer for the synthesis of adhesive polyamides (Scheme 2-1). To develop high-

performance photodegradable 34THTA-based adhesive polyamides, truxillic acid-type 

photodimer, such as α-type, is suitable candidate because (a) the rigid α-type cinnamoyl 

dimer skeleton could lead high mechanical strength of polymers,16 and (b) the photo-

assisted cleavage of cyclobutane rings could easily induce main chain scission, indicating 

good photodegradability. In addition, these adhesive polyamides with 34THTA 

components were expected to exhibit excellent heat resistance based on the rigid 

cinnamoyl dimer skeleton, and strong adhesive property based on the catechol groups in 

side chain, respectively. Furthermore, since 34DHCA is produced from bio-derived 

resources, these polyamides are expected to contribute to a sustainable society as high-

performance and eco-friendly materials.  
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Scheme 2-1. Synthesis of Adhesive Polyamide from 34THTA and Diamine Monomer 
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2.2 Experimental Section 

Materials. Hexane (>95.0%), chloroform (>99.0%), tetrahydrofuran (THF, >99.5%),  

methanol (>99.8%),  acetone (>99.0%), ethyl acetate (>99.5%), dimethyl sulfoxide 

(DMSO, >99.0%), N,N-dimethylformamide (DMF, >99.5%), N,N-dimethylacetamide 

(DMAc, >99.0%), sulfuric acid (96.0%), hydrochloric acid (35.0–37.0%), sodium 

hydroxide (>97.0%), and pyridine (>99.5%) were purchased from Kanto Chemicals Co., 

Inc. 4-Aminocinnamic acid (4ACA, >98.0%), cinnamic acid (>98.0%), adipic acid (AA, 

>99.0%), ethylenediamine anhydrous (EDA, >97.0%), hexamethylenediamine (HMDA, 

>99.0%), decamethylenediamine (DMDA, >98.0%), and triphenyl phosphite (>97.0%) 

were purchased from Tokyo Kasei Kogyo Co., Ltd. Calcium hydride (>80.0%) and 1-

methyl-2-pyrrolidone (NMP, >99.0%) were purchased from FUJIFILM Wako Pure 

Chemical Corporation. 3,4-Dihydroxycinnamic acid (34DHCA) was purchased from 

Tateyama Kasei, Co. Ltd. Magnesium sulfate (>99.0%) was purchased from Sigma-

Aldrich Co., Ltd. DMAc and pyridine were distilled from CaH2 prior to their use. HMDA 

and DMDA were distilled prior to their use. The α-type 4-aminocinnamyl dimer-based 

diamine (αATA-Me), and α-truxillic acid (TA) were synthesized by an analogous to 

method described in previously reported literatures.16–18 All other chemicals were 

purchased from available suppliers and used without purification. 
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Characterization. The 1H (400 MHz) and 13C NMR (100 MHz) spectra were recorded 

on a Bruker AVANCE 400 instrument using DMSO-d6 as the solvent. Size exclusion 

chromatography (SEC) measurements of the obtained polyimides were performed at 

40 °C using a JASCO GPC-101 system equipped with two Shodex KD-806M columns 

(linear, 8 mm × 300 mm) using 0.01 M LiBr in DMF at the flow rate of 1.0 mL min−1. 

The number-average molecular weight (Mn) and dispersity (Mw/Mn) of the polymers were 

determined by the RI based on poly(methyl methacrylate) (PMMA) standards. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

carried out on Hitachi High-Tech Corporation, STA7200 and Seiko Instruments SII, X-

DSC7000T, respectively, at a heating rate of 10 °C min-1 under a nitrogen atmosphere. 

TGA and DSC measurements were carried out over the range of 25−800 °C, and 

25−210 °C, respectively. Thermomechanical analysis (TMA) was carried out on Hitachi 

TMA7100C (tensile mode) from 50 to 210 °C with a heating rate of 5 °C min-1 under a 

nitrogen atmosphere. The contact angle was measured using a Kyowa Interface Science, 

Drop-Master DM 300. The tensile measurements were carried out at an elongation speed 

of 0.5 mm min-1 on a tensiometer, the Instron 3365 with a load cell (5 kN), at room 

temperature. The solubility of the polyamides was evaluated at room temperature in 

various polar (protic and aprotic) and nonpolar solvents and strong acids with a 
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concentration 2 mg mL-1. 

Synthesis of Methyl 3,4-Dihydroxycinnamate (34DHCA-Me). To a solution of 

34DHCA (40.0 g, 0.22 mol) in methanol (500 mL), sulfuric acid (1.20 mL, 3.75 mmol) 

was added dropwise at 0 °C. The reaction mixture was stirred for 17 h at reflux 

temperature then was cooled to room temperature. After evaporating the solvent, the 

products were extracted using ethyl acetate, and the extract was first washed with water, 

then water saturated with sodium bicarbonate, and finally with water again. The organic 

portion was dried over MgSO4. After evaporating the solvent, the product was dried under 

reduced pressure to give 34DHCA-Me as a brown solid. Yield, 30.7 g (72%). 1H NMR 

spectrum is shown in Figure 2-1. 1H NMR (400 MHz, DMSO-d6): δ (ppm) 3.70 (s, 3H, 

CH3), 6.29 (d, 1H, J = 15.9 Hz, CH=CH), 6.78 (d, 1H, J = 8.1 Hz, ArH), 7.02 (dd, 1H, J 

= 8.3 and 2.1 Hz, ArH), 7.08 (d, 1H, J = 2.1 Hz, ArH),7.51 (d, 1H, J = 16.0 Hz, Ar-

CH=CH), 9.38 (brs, 2H, OH). 13C NMR (100 MHz, DMSO-d6): δ (ppm) 51.2, 113.7, 

114.8, 115.8, 121.5, 125.5, 145.2, 145.6, 148.5 167.1.  
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Figure 2-1. 1H NMR spectrum (400 MHz, DMSO-d6) of 34DHCA-Me. 

 

Synthesis of Dimethyl 3,3,4,4-Tetrahydroxy-α-truxillate (34THTA-Me). The powder 

of 34DHCA-Me (20.0 g, 103 mmol) was dispersed in hexane (1 L) under magnetic 

agitation at room temperature and then irradiated with ultraviolet light by a high-pressure 

mercury lamp (Omni Cure S1500, EXFO Photonic Solutions Inc., lamp spectra are shown 

in Figure 2-2) for 24 h to induce [2+2] photocycloaddition. After the reaction, the 

precipitates were filtered and then dried under reduced pressure to give 34THTA-Me as 

a white solid. Yield, 19.0 g (95%). 1H NMR spectrum is shown in Figure 2-3. 1H NMR 

(400 MHz, DMSO-d6): δ (ppm) 3.30 (s, 6H, CH3), 3.70 (dd, 2H, J = 10.3, 7.2 Hz, CH), 

4.08 (dd, 2H, J = 10.3, 7.2 Hz, CH), 6.53 (dd, 2H, J = 8.1, 2.1 Hz, ArH), 6.64 (s, 2H, 

ArH), 6.65 (d, 2H, J = 6.5 Hz, ArH), 8.82 (brs, 4H, OH). 13C NMR (100 MHz, DMSO-

d6), δ (ppm) 40.5, 46.4, 51.2, 114.8, 115.3, 118.1, 129.6, 144.1, 144.9, 172.0.  
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Figure 2-2. Lamp spectra of Omni Cure S1500. 

 

 

Figure 2-3. 1H NMR spectrum (400 MHz, DMSO-d6) of 34THTA-Me.  
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Synthesis of 3,3,4,4-Tetrahydroxy-α-truxillic Acid (34THTA). To a 2 M aqueous 

solution of sodium hydroxide (75 mL), 34THTA-Me (19.0 g, 48.9 mmol) was added. The 

reaction mixture was stirred at 60 °C for 15 h under a nitrogen atmosphere then was 

cooled to room temperature. The reaction mixture was acidified with concentrated 

hydrochloric acid then was extracted using ethyl acetate, and the extract was washed with 

water. The organic portion was dried over MgSO4. After evaporating the solvent, the 

product was dried under reduced pressure to give 34THTA as a white solid. Yield, 9.36 g 

(53%). 1H NMR spectrum is shown in Figure 2-4. 1H NMR (400 MHz, DMSO-d6) : δ 

(ppm) 3.56 (dd, 2H, J = 10.4, 7.2 Hz, CH), 4.01 (dd, 2H, J = 10.2, 7.3 Hz, CH), 6.55 (dd, 

2H, J = 8.2, 2.1 Hz, ArH), 6.64–6.68 (m, 4H, ArH), 8.71 (s, 2H, OH), 8.79 (s, 2H, OH), 

11.96 (brs, 2H, COOH). 13C NMR (100 MHz, DMSO-d6), δ (ppm) 40.5, 46.8, 115.0, 

115.3, 118.4, 130.3, 144.0, 144.9, 173.1.  

 

Figure 2-4. 1H NMR spectrum (400 MHz, DMSO-d6) of 34THTA.  
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Synthesis of Polyamides from 34THTA and Aliphatic Diamines. A typical 

polymerization procedure is as follows. To 34THTA (382 mg, 1.06 mmol) and EDA (63.7 

mg, 1.06 mmol) placed in a flask under nitrogen atmosphere, DMAc (2.0 mL), triphenyl 

phosphite (0.71 mL, 2.71 mmol), and pyridine (0.97 mL, 12.0 mmol) ware added. After 

the reaction mixture was stirred for 24 hours at 60 °C, the reaction mixture was added 

into methanol (300 mL) to precipitate the polymer. The formed precipitates were filtered 

then were dried under reduced pressure to give PA-EDA as a light-yellow powder. Yield, 

331 mg (81%). Other polyamides from 34THTA and aliphatic diamines such as HMDA 

and DMDA were synthesized following above methods. Yield, PA-HMDA (90%), PA-

DMDA (80%). 

Synthesis of Polyamide and Copolyamides from 34THTA, AA, and αATA-Me. A 

typical polymerization procedure is as follows. To 34THTA (270 mg, 0.75 mmol), AA 

(36.5 mg, 0.25 mmol), and αATA-Me (354 mg, 1.00 mmol) placed in a flask under 

nitrogen atmosphere, DMAc (3.0 mL), triphenyl phosphite (0.60 mL, 2.30 mmol), and 

pyridine (0.97 mL, 12.0 mmol) ware added. After the reaction mixture was stirred for 3 

hours at 60 °C, the reaction mixture was added dropwise into methanol (300 mL) to 

precipitate the polymer. The formed precipitates were filtered then were dried under 

reduced pressure to give coPA-1 as a white fibril. Yield, 652 mg (96%). Other polyamide 
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and copolyamides with different charge ratio were synthesized following above methods. 

Yield, PA-αATA-Me (92%). coPA-2 (94%), and coPA-3 (85%). 

Synthesis of Copolyamide from TA, AA, and αATA-Me. To TA (74 mg, 0.25 mmol), 

AA (110 mg, 0.75 mmol), and αATA-Me (354 mg, 1.00 mmol) placed in a flask under 

nitrogen atmosphere, DMAc (3.0 mL), triphenyl phosphite (0.60 mL, 2.30 mmol), and 

pyridine (0.97 mL, 12.0 mmol) ware added. After the reaction mixture was stirred for 3 

hours at 60 °C, the reaction mixture was added dropwise into methanol (300 mL) to 

precipitate the polymer. The formed precipitates were filtered then were dried under 

reduced pressure to give coPA-TA as a white fibril. Yield, 501 mg (94%).  

Film Preparation of Synthesized Polyamides. The polyamide was dissolved in small 

amount of DMAc then was cast onto a glass plate to obtain a polyimide film.  

Preparation of Test Piece Glued by Polyamides for Adhesion Test. Stainless steel 

(SUS304) and aluminum substrates were purchased from Standard-testpiece Co. Ltd and 

used as received. Both substrates were 100 mm long, 25 mm wide and 2 mm thick. The 

bonding area was 12.5 mm long and 25 mm wide. The polyamide film was melted 

between two substrates at 160 °C and 10 MPa for 5 min using hot press. The bonded test 

pieces were cooled to room temperate and then were kept under atmospheric conditions. 
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2.3 Results and Discussion  

2.3.1 Synthesis of 3,4-Dihydroxycinnamoyl Dimer, 34THTA  

To synthesize 34THTA by solid-state photodimeization, chemical modification 

of 34DHCA was required because 34DHCA was inert to photodimerization in crystalline 

state. 34DHCA-Me, which was easily derived from 34DHCA by methyl esterification, 

was selected for solid-state photodimerization based on previously reported literature 

regarding to synthesis of 34THTA derivative.19 For the synthesis of 34THTA-Me, the 

photodimerization of 34DHCA-Me was carried out in the crystalline-state with ultraviolet 

light irradiation. From 1H NMR measurement, the olefin signals of the 34DHCA-Me at 

6.29 and 7.51 ppm disappeared, while the cyclobutane signals of the objective products, 

34THTA-Me, appeared at 3.70 and 4.08 ppm (Figure 2-3). After 99% conversion was 

achieved monitored by NMR, the suspended crystals were collected. The 34THTA-Me 

was then converted into 34THTA by a simple hydrolysis and further acidification 

(Scheme 2-2). The molecular structure of the 34DHCA-Me, 34THTA-Me, and 34THTA 

were identified by NMR spectroscopy (Figure 2-1, 2-3, 2-4). 
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Scheme 2-2. Synthetic Route of the 34THTA 

 

 

2.3.2 Synthesis of 34THTA-based Adhesive Polyamides and Copolyamides 

34THTA-based polyamides and copolyamides (PAs and coPAs) were 

synthesized by a conventional polymerization process using pyridine and 

tripheylphosphite (Scheme 2-3). When the 34THTA was polycondensed with aliphatic 

diamine (e.g., EDA and DMDA), the polyamides were precipitated during the 

polymerization process, presumably due to high reactivity of aliphatic diamines. On the 

other hand, PA-αATA-Me synthesized from two kinds of α-type cinnamoyl dimers, 

34THTA and αATA-Me, exhibited good solubility in DMAc during polymerization 

(Scheme 2-3a). Thus, αATA-Me was used as diamine component for further study on 

34THTA-based adhesive materials by copolymerization.  
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Scheme 2-3. Synthetic Route of the (a) PAs from 34THTA and Aliphatic/aromatic 

Diamine, (b) CoPAs from 34THTA, αATA-Me, and AA, (c) CoPA from TA, αATA-Me, 

and AA 
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The PA-αATA-Me had a rigid ring-connected backbone, which may cause hard 

and brittle properties. To improve flexibility of 34THTA-based polyamides, 

copolymerization with flexible aliphatic dicarboxylic acid, AA, which is well-known as 

monomers for nylon 6,6, was carried out (Scheme 2-3b). In addition, to evaluate adhesive 

properties based on catechol groups, coPA-TA without catechol groups was synthesized 

from αATA-Me, AA, and TA instead of 34THTA for comparison (Scheme 2-3c).  

The 1H NMR spectra of synthesized PA-αATA-Me and coPAs showed the main 

chain proton signals for amide, aromatics, cyclobutanes, and aliphatic chains at ~9.8 ppm, 

7.6–7.1 ppm, 4.2–3.8 ppm and 2.4–1.6 ppm respectively (Figure 2-5). In addition, the 

proton signals at ~8.6 ppm and 6.7–6.5 ppm were assigned as hydroxy groups and 

aromatics in side chain, respectively. The NMR spectroscopy results clearly indicated 

that the expected PA and coPAs were synthesized. 
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Figure 2-5. 1H NMR spectra (400 MHz, DMSO-d6) of synthesized PA-αATA-Me and 

coPAs. 
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The number-average molecular weight (Mn), weight-average molecular weight 

(Mw), and molecular weight distribution (Mw/Mn) of the synthesized PA-αATA-Me and 

coPAs were determined by SEC measurements (Table 2-1, SEC traces are shown in 

Figure 2-6). The synthesized PA-αATA-Me and coPAs showed Mws ranging from 50000 

to 544000 and Mw/Mn ranging from 3.10 to 9.79. In the case of long polymerization time, 

these polyamides were easily formed gels with the increasing molecular weight. To avoid 

such gelation, the polymerization was stopped before beginning of the gelation, resulted 

in wide range of Mw/Mn. 

 

Table 2-1. Molecular weights of the synthesized polyamides and copolyamides
a

 

polyamide [αATA-Me]0/[34THTA]0/[AA]0/[TA]0   M
n
 M

w
 M

w
/M

n
 

PA-αATA-Me 1/1/0/0  20000 76000 3.93 

coPA-1 1/0.75/0.25/0  11000 50000 4.56 

coPA-2 1/0.5/0.5/0  47000 460000 9.79 

coPA-3 1/0.25/0.75/0  30000 93000 3.10 

coPA-TA 1/0/0.75/0.25  81000 544000 6.73 

a

The weight-average molecular weight, M
w
, the number-average molecular weight, M

n
, 

and the molecular weight distribution, Mw/Mn, of polyimides were determined by SEC; 

eluent, 0.01 M LiBr in DMF; flow rate, 1.0 mL min
-1

; standards, PMMA standards.  



Chapter 2 

Syntheses of Photodegradable Adhesive Polyamides from 3,4-Dihydroxycinnamoyl Dimer 

57 

 

Figure 2-6. SEC traces of the synthesized polyamides (solvent, 0.01 M LiBr in DMF; 

flow rate, 1.0 mL min
-1

). 
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The weight loss temperature (5% weight loss temperature, Td5, and 10% weight 

loss temperature, Td10) and glass transition temperature (Tg) of the synthesized polyamides 

were evaluated by TGA (Figure 2-7) and DSC (Figure 2-8), respectively. From Table 2-

2, the synthesized polyamides exhibited high stability against thermal degradation of Td5 

and Td10 values ranging 295 to 350 °C and 335 to 365 °C, respectively. In the case of 

coPA-3 and coPA-TA, the Tg was observed in 195 and 185 ºC, respectively. On the other 

hand, Tg of other polyamides was not determined. This DSC results indicated that the Tg 

was decreased because the flexibility of polymer chains was improved with increasing 

AA composition.  

Table 2-2. Thermal properties of the synthesized polyamides 

polyamide [αATA-Me]0/[34THTA]0/[AA]0/[TA]0 T
d5

 (ºC)
a

 T
d10

 (ºC)
a

 T
g
 (ºC)

b

 

PA-αATA-Me 1/1/0/0 295 335 ND 

coPA-1 1/0.75/0.25/0 330 355 ND 

coPA-2 1/0.5/0.5/0 315 345 ND 

coPA-3 1/0.25/0.75/0 315 340 195 

coPA-TA 1/0/0.75/0.25 350 365 185 

a

5% weight loss temperature, T
d5

, and 10% weight loss temperature, T
d10

, were obtained 

from TGA curve scanned at a heating rate of 10 C min
-1

 under a nitrogen atmosphere. 

b

Glass transition temperature, T
g
, was measured by DSC thermogram scanned at a heating 

rate of 10 C min
-1

 under a nitrogen atmosphere. ND refers to not determined.  



Chapter 2 

Syntheses of Photodegradable Adhesive Polyamides from 3,4-Dihydroxycinnamoyl Dimer 

59 

 

Figure 2-7. TGA curves of synthesized polyamides. 

 

 

Figure 2-8. DSC curves of synthesized polyamides.  
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2.3.3 Solubility Test of Synthesized Polyamides 

The solubility of the synthesized polyamides was evaluated by dissolving them 

in four groups of solvents: (1) nonpolar solvents such as hexane; (2) polar aprotic solvents 

such as DMF, DMAc, NMP, DMSO, THF, and chloroform; (3) polar protic solvents such 

as distilled water, and methanol; and (4) strong acids such as concentrated sulfuric acid 

(Table 2-3). All polyamides were soluble in the DMF, DMAc, NMP, DMSO, and sulfuric 

acid. However, these solvents were unsuitable to use as adhesive solution due to low 

volatility and toxicity.20 



 

Table 2-3. Solubility of the Synthesized Polyamidesa 

solvent PA-αATA-Me coPA-1 coPA-2 coPA-3 coPA-TA 

n-hexane − − − − − 

chloroform − − − − − 

water − − − − − 

methanol − − − − − 

tetrahydrofuran − − − − − 

N,N-dimethylformamide  + + + + + 

N,N-dimethylacetamide + + + + + 

N-methyl-2-pyrrolidone  + + + + + 

dimethyl sulfoxide + + + + + 

conc. sulfuric acid + + + + + 

a

The solubility was evaluated under the condition of 2 mg-polyamide/1 mL-solvent at 25 °C. + refers to soluble, and − refers to insoluble. 
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2.3.4 Film Preparation of the Synthesized Polyamides 

The polyamide films were prepared by solution casting on glass plates after 

dissolution in DMAc. As a result, films for all the synthesized polyamides were fabricated 

with high transparency (Figure 2-9).  

 

Figure 2-9. Appearance of polyamide films casted over DMAc.  

 

 The mechanical properties of the polyamide films were evaluated by a tensile 

tester to determine their Young’s modulus, tensile strength at break, and elongation at 

break (Table 2-4, stress−strain curves are shown in Figure 2-10). The polyamide films 

exhibited Young’s modulus, tensile strength, and elongation at break in the range of 0.6–

1.0 GPa, 15–53 MPa, and 5.2–13.1%, respectively. In particular, the coPAs showed a 
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tendency to increase elongation at break with increasing AA composition, indicating that 

toughness of polyamides was enhanced.  

 

Figure 2-10. Stress-strain curves of polyamide films. 

 

The contact angle of the polyamide films was evaluated by sessile drop method 

(Table 2-4). The contact angle of the polyamide films was in the range of 72–86. With 

the increasing AA composition in the 34THTA-based coPAs, the contact angle was 

increased due to increasing hydrophobic aliphatic chain component. The contact angle of 

coPA-3 bearing catechol groups was 86, which was larger than the coPA-TA without the 

catechol groups. This is because the 34THTA unit was minor component in the coPA-3, 

and thus, there was no effect on the contact angle.   



 

Table 2-4. Mechanical properties, contact angle and softening temperature of the polyamide films 

 

polyamide [αATA-Me]0/[34THTA]0/[AA]0/[TA]0 
Young's modulus

a

 tensile strength
a

 elongation at break
a

  contact angle T
s

b

 
 

(GPa) (MPa) (%) (º) (ºC) 

PA-αATA-Me 1/1/0/0 0.9±0.1 35±0.8 5.2±0.5 72 127 

coPA-1 1/0.75/0.25/0 1.0±0.2 53±3.8 7.3±0.7 78 111 

coPA-2 1/0.5/0.5/0 1.0±0.1 34±1.5 9.7±3.4 79 115 

coPA-3 1/0.25/0.75/0 0.6±0.1 35±1.6 10.5±2.3 86 117 

coPA-TA 1/0/0.75/0.25 0.7±0.1 15±0.3 13.1±0.3 79 110 

a

 Young's modulus, tensile strength, and elongation at break were obtained from a tensiometer at room temperature. 
b

 Softening temperature, 

T
s
 was obtained from TMA curve scanned at a heating rate of 5 C min

-1

 under a nitrogen atmosphere. 
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The softening temperature (Ts) of the polyamide films was evaluated by TMA 

(Table 2-4, TMA curves are shown in Figure 2-11). All of the coPAs exhibited similar Ts 

values ranging from 110 to 117 ºC. This result indicated that the ratio of the AA 

component has negligible effects on Ts of the synthesized polyamide films. On the other 

hand, the PA-αATA-Me without AA component showed slightly higher Ts value of 127 

ºC. In addition, the PA-αATA-Me film was shrunk with temperature increasing. This is 

because orientation of the rigid PA-αATA-Me chains was eliminated by thermal 

treatment.  

 

Figure 2-11. TMA curves of polyamide films. 

  



Chapter 2 

Syntheses of Photodegradable Adhesive Polyamides from 3,4-Dihydroxycinnamoyl Dimer 

66 

2.3.5 Adhesive Test of the Synthesized Polyamides 

 To evaluate adhesive property of synthesized 34THTA-based polyamides, 

tensile test of the two kinds of substrates which were glued by each 34THTA-based 

polyamide, was carried out. The bonded substrates were pulled in opposite directions to 

evaluate adhesive shear strength for each substrate (Table 2-5, stress−strain curves are 

shown in Figure 2-12). For comparison, coPA-TA, which was synthesized from TA 

instead of 34THTA, was also evaluated to clarify effect of catechol groups. From Table 

2-5, adhesive shear strength of synthesized 34THTA-based polyamides for stainless steel 

and aluminum substrates were ranged in 2.5–7.1 MPa and 1.6–5.3 MPa, respectively. In 

particular, coPA-3 exhibited adhesive shear strength of 7.1 MPa for stainless steel 

substrate. This value was matched to expected performance of conventional instant 

superglue, 2–8 MPa,21 indicated that coPA-3 portrayed strong adhesive property. On the 

other hand, adhesive shear strengths of coPA-TA were ~0 MPa for each substrate. This 

results clearly indicated that strong adhesive property of 34THTA-based polyamides was 

caused by catechol groups in polymer side chain. In addition, with increasing AA 

composition, 34THTA-based polyamides exhibited tendency to increase adhesive shear 

strength. This result presumably caused by toughness of adhesive materials as mentioned 

above.  
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Table 2-5. Adhesive shear strength of the synthesized polyamides 

polyamide [αATA-Me]0/[34THTA]0/[AA]0/[TA]0 

 adhesive shear strength (MPa)
a

 

  
stainless steel 

(SUS304)  
aluminum 

PA-αATA-Me 1/1/0/0  3.6 1.6 

coPA-1 1/0.75/0.25/0  2.5 4.6 

coPA-2 1/0.5/0.5/0  5.0 4.6 

coPA-3 1/0.25/0.75/0  7.1 5.3 

coPA-TA 1/0/0.75/0.25  0.3 0.1 

a

Adhesive shear strength was obtained from a tensiometer at room temperature.  

 

 

 

Figure 2-12. Stress−strain curves of different substrates glued by 34THTA-based 

polyamide films, (a) stainless steel and (b) aluminum.  
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The fracture surfaces of pulled specimens are shown in Figure 2-13. In the case 

of PA-αATA-Me used as adhesive materials, fracture was occurred between adhesive and 

surface of the test piece (adhesion failure). This result presumably caused by shrink of the 

PA-αATA-Me film during thermal treatment as mentioned above. On the other hand, 

fracture of the specimens glued by coPA-3 with flexible aliphatic components and small 

amount of 34THTA moieties was occurred in adhesives (cohesive failure). Hence, in the 

34THTA-based polyamides, only 0.25 mole equivalent of 34THTA unit to 1 mole of 

diamine component was enough to adhere metal surfaces.  

 

 

Figure 2-13. Appearance of fractured surfaces after tensile test glued by PA-αATA-Me 

and coPA-3. 
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2.3.6 Photodegradability of the Synthesized Polyamide, PA-αATA-Me 

As mentioned above, since the 34THTA-based polyamides have 

photodegradable cyclobutane ring in polymer backbone, application for the degradable 

adhesive polymer materials is expected. To evaluate photodegradability of PA-αATA-

Me which synthesized from two kinds of cinnamoyl dimers, 34THTA and αATA-Me, 

ultraviolet light with a main wavelength of 254 nm was irradiated to PA-αATA-Me 

(Scheme 2-4). The photodegradation was monitored by 1H NMR spectroscopy (Figure 2-

14). With the increase of irradiation time, broad signals around 7.4–6.5 ppm and 4.3–3.8 

ppm, assigned as aromatics and cyclobutanes of PA-αATA-Me, respectively, became 

weaker. In addition, new signals of degradation products were appeared around 10 ppm 

and 7.7–6.5 ppm, assigned as amide, aromatics and double bonds, respectively. This 

NMR study clearly indicated that cleavage of cyclobutane rings was proceeded by 

ultraviolet light irradiation. Thus, 34THTA-based polyamides including PA-αATA-Me 

showed potential to use high-performance photodegradable adhesives.  
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Scheme 2-4. Photodegradation of PA-αATA-Me 

 

 

 

Figure 2-14. Change of 1H NMR spectra (400 MHz, DMSO-d6) of PA-αATA-Me by 

ultraviolet light irradiation.   
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2.4 Conclusions 

34THTA was synthesized from 34DHCA-Me by solid-state photodimerization 

and further hydrolysis of methyl esters. The obtained dimer was polymerized with 

aliphatic/aromatic diamines and AA to synthesize adhesive polyamides. All of the 

obtained 34THTA-based polyamides showed high thermostability, with Td10 of ~355 °C, 

and fabricated to transparent films by solution casting. From the tensile test of metal 

substrate glued by synthesized polyamides, copolyamide from 34THTA, αATA-Me and 

AA, exhibited strong adhesive properties for stainless substrate of ~7 MPa, matched to 

conventional instant superglue. Furthermore, PA-αATA-Me, synthesized from 34THTA 

and αATA-Me, exhibited photo-induced degradation by cleavage of cyclobutane rings in 

the main chain. In the present study, 34THTA-based polyamides with high thermostability, 

strong adhesive property, and photodegradability were prepared. These properties can 

only be realized by rigid and photoreactive cinnamoyl dimer skeleton, which is an 

essential component of this study. This research provides insights into the molecular 

design of mussel-mimetic high-performance adhesive polymers with photodegradability. 
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3.1 Introduction 

Physicochemical properties of polymer materials are affected by backbone 

architectures. Bending structure which is one of the well-known backbone architectures, 

affects several physicochemical properties such as solubility,1–3 electric properties,4 

thermal properties,5–7 and mechanical properties.8 Various kinds of bending structures 

including conventional bending linkages, such as –O–, –S–, –CH2–, S=O, and SO2, have 

been introduced in polymer backbone to control properties. However, these bending 

linkages are not suitable to investigate effects of bending angles on polymer properties 

because polymer chains bearing these linkages are possible to take various conformations 

due to the high flexibility. Hence, to clarify effects of bending angles on polymer 

properties, rigid and fixed bending architectures are required. 

A typical example of such rigid and fixed bending architecture is meta-, and 

ortho-substituted benzenes. When these substituted benzenes are used as building block, 

bending structures with angles of 60° and 120°, respectively, are introduced in polymer 

backbones. Among them, meta-substituted benzenes such as meta-phenylenediamine 

have been used for controlling polymer properties.2,9On the other hand, since ortho-

substituted benzene monomers are generally difficult to polymerize due to steric 

hindrance, effects of acute bending angles in the main chain on polymer properties are 
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not investigated yet. In addition, effects of other bending angles are rarely conducted, 

resulted in the effects on the properties of bending angles are not clear enough. 

Cinnamic acid can undergo solid-state photodimerization, a form of 

topochemical reaction, to afford rigid photodimers, truxillic acids and truxinic acids.10–12 

Schmidt and co-workers have reported that three types of molecular packing in the 

crystalline state (i.e., α-, β-, and γ-form) afford two types of isomeric cinnamoyl dimers 

by UV-assisted [2+2]cycloaddition; α- and β-form crystals afford α-type truxillic acid and 

β-type truxinic acid as cinnamoyl photodimers, respectively, while γ-form crystals are 

inert to photodimerization.13–15 Since the structure of the products depends on the 

molecular arrangement in the crystals, it is possible to selectively synthesize 

stereospecific photodimers by controlling the molecular packing in the crystals of the 

original cinnamate derivatives. To accomplish this, researchers have attempted to control 

the molecular packing in the crystals by evaluating the substituent effects of cinnamic 

acid derivatives,15 solvent effects, and crystallization rate.16,17 However, since cinnamoyl 

crystals are generally α-form crystals, systematic studies regarding the control of 

molecular packing in these crystals are rarely conducted. A few studies on the 

photodimerization of 4-aminocinnamic acid (4ACA),which afford α-type truxillic acids, 

have been reported.15,18,19 On the other hand, truxinic acid derivatives such as β- and δ-
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type derivatives with bending structures are suitable candidates for the introduction of 

rigid bending architecture to polymer chains.  

In this chapter, the author focused on isomeric 4ACA photodimers with rigid 

bending structures, which were selectively photodimerized from molecular packing-

controlled crystals of the 4ACA derivatives by introducing substituent groups to be used 

as diamine and dicarboxylic acid monomers for the synthesis and evaluation of 

polyamides with different bending angles to clarify the effects on the properties of each 

angle (Scheme 3-1).  

 

Scheme 3-1. Synthesis of Bending Polyamides from Isomeric 4-Aminocinnamoyl 

Dimers  
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3.2 Experimental Section 

Materials. Hexane (>95.0%), benzene (>99.5%), toluene (>99.0%), chloroform 

(>99.0%), dichloromethane (>99.0%), tetrahydrofuran (THF, >99.5%), 1,4-dioxane 

(>99.5%), methanol (>99.8%), 2-propanol (>99.7%), acetone (>99.0%), ethyl acetate 

(>99.5%), dimethyl sulfoxide (DMSO, >99.0%), N,N-dimethylformamide 

(DMF, >99.5%), N,N-dimethylacetamide (DMAc, >99.0%), sulfuric acid (96.0%), 

trifluoroacetic acid (>99.0%), hydrochloric acid (35.0–37.0%), acetic anhydride 

(>97.0%), sodium hydroxide (>97.0%), and pyridine (>99.5%) were purchased from 

Kanto Chemicals Co., Inc. 4-Aminocinnamic acid (4ACA, >98.0%), 4-nitrocinnamic 

acid (4NCA, >99.0%), N-hydroxysuccinimide (NHS, >98.0%), N,N′-

diisopropylcarbodiimide (DIC, >98.0%), and triphenyl phosphite (>97.0%) were 

purchased from Tokyo Kasei Kogyo Co., Ltd. Palladium-activated carbon (Pd 5%) and 

1-methyl-2-pyrrolidone (NMP, >99.0%) were purchased from FUJIFILM Wako Pure 

Chemical Corporation. Ethanol (95.2–95.4%) was purchased from Japan Alcohol Trading 

Co., Ltd. The α-type 4-aminocinnamyl dimer-based diamine and dicarboxylic acid, 

αATA-Me and αATA-Ac, were synthesized by an analogous to method described in 

previously reported literatures.19,20 All chemicals were purchased from available suppliers 

and used without purification. 
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Characterization. The 1H (400 MHz) and 13C NMR (100 MHz) spectra were recorded 

on a Bruker AVANCE 400 instrument using DMSO-d6 as the solvent. X-ray diffraction 

data was measured on a Rigaku R-Axis RAPID diffractometer using filtered Mo Kα 

radiation (λ = 0.71075 Å) at 123 K (cold gas stream). Size exclusion chromatography 

(SEC) measurements of the obtained polyimides were performed at 40 °C using a JASCO 

GPC-101 system equipped with two Shodex KD-806M columns (linear, 8 mm × 300 mm) 

using 0.01 M LiBr in DMF at the flow rate of 1.0 mL min−1. The number-average 

molecular weight (Mn) and dispersity (Mw/Mn) of the polymers were determined by the 

RI based on poly(methyl methacrylate) (PMMA) standards. Fourier transform ion 

cyclotron resonance mass spectrometry (FT-ICR MS) was performed using Bruker 

SolariX-JA. Thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) were carried out on Hitachi High-Tech Corporation, STA7200 and Seiko 

Instruments SII, X-DSC7000T, respectively, at a heating rate of 10 °C min-1 under a 

nitrogen atmosphere. TGA and DSC measurements were carried out over the range of 

25−800 °C, and 25−250 °C, respectively. The solubility of the polyamides was evaluated 

at room temperature in various polar (protic and aprotic) and nonpolar solvents and strong 

acids with a concentration 2 mg mL-1. Density functional theory (DFT) calculations were 

performed at the B3LYP/6-311++G(d,p) level using Gaussian 16.  
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Synthesis of Methyl 4-Nitrocinnamate (4NCA-Me). To a solution of 4NCA (2.00 g, 

10.4 mmol) in methanol (50 mL), sulfuric acid (0.20 mL, 3.75 mmol) was added dropwise 

at 0 °C. The reaction mixture was stirred for 12 h at reflux temperature and then cooled 

to room temperature. The formed precipitates were filtered and washed with water (100 

mL × 3) and then dried under reduced pressure to give 4NCA-Me as a white solid. Yield, 

1.84 g (85.6%). 1H NMR spectrum is shown in Figure 3-1. 1H NMR (400 MHz, DMSO-

d6): δ (ppm) 3.75 (s, 3H, CH3), 6.86 (d, 1H, J = 16.1 Hz, CH=CH), 7.76 (d, 1H, J = 16.1 

Hz, Ar-CH=CH), 8.00 (d, 1H, J = 8.8 Hz, ArH), 8.24 (d, 1H, J = 8.8 Hz, ArH). 13C NMR 

(100 MHz, DMSO-d6): δ (ppm) 51.8, 122.1, 123.9, 129.5, 140.4, 142.0, 148.1, 166.2. FT-

ICR MS (ESI) calcd for C10H10NO4 [M+H]+ 208.0604, found 208.0604. 

 

Figure 3-1. 1H NMR spectrum (400 MHz, DMSO-d6) of 4NCA-Me.  
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Synthesis of Dimethyl 4,4-Dinitro-β-truxinate (βNTA-Me). The powder of 4NCA-Me 

(2.00 g, 9.65 mmol) was dispersed in hexane (50 mL) under magnetic agitation at room 

temperature and then irradiated with UV using a 250–450 nm mercury lamp for 15 h to 

induce [2+2] photocycloaddition. The precipitates were filtered and then dried under 

reduced pressure to give βNTA-Me as a white solid. Yield, 1.92 g (96.2%). 1H NMR 

spectrum is shown in Figure 3-2. 1H NMR (400 MHz, DMSO-d6): δ (ppm) 3.67 (s, 6H, 

CH3), 4.15–4.19 (m, 2H, CH), 4.50–4.54 (m, 2H, CH), 7.39 (d, 4H, J = 8.8 Hz, ArH), 

7.97 (d, 4H, J = 8.7 Hz, ArH). 13C NMR (100 MHz, DMSO-d6), δ (ppm) 41.7, 44.3, 52.0, 

123.0, 129.2, 146.0, 146.3, 172.2. FT-ICR MS (ESI) calcd for C20H18N2NaO8 [M+Na]+ 

437.0955, found 437.0949. 

 

Figure 3-2. 1H NMR spectrum (400 MHz, DMSO-d6) of βNTA-Me.  
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Synthesis of Dimethyl 4,4-Diamino-β-truxinate (βATA-Me). To a solution of βNTA-

Me (1.00 g, 2.41 mmol) in methanol (30 mL), palladium on carbon (0.55 g) was added. 

The reaction mixture was stirred at 50 °C under a hydrogen atmosphere. The reaction was 

monitored by 1H NMR measurement. After the reaction, the reaction mixture was filtrated 

to remove palladium on carbon. The organic part was evaporated and dried under reduced 

pressure to give βATA-Me as a brown solid. Yield, 0.748 g (87.5%). 1H NMR spectrum 

is shown in Figure 3-3. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 3.61 (s, 6H, CH3), 

3.73–3.77 (m, 2H, CH), 3.91–3.95 (m, 2H, CH), 4.76 (s, 4H, NH2), 6.29 (d, 4H, J = 8.3 

Hz, ArH), 6.66 (d, 4H, J = 8.4 Hz, ArH). 13C NMR (100 MHz, DMSO-d6), δ (ppm) 42.7, 

44.3, 51.6, 113.5, 126.1, 128.5, 146.5, 173.1. FT-ICR MS (ESI) calcd for C20H23N2O4 

[M+H]+ 355.1652, found 355.1649. 

 

Figure 3-3. 1H NMR spectrum (400 MHz, DMSO-d6) of βATA-Me.  
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Synthesis of 4,4’-Dinitro-β-truxinic Acid (βNTA). To a 1 M aqueous solution of 

sodium hydroxide (50 mL), βNTA-Me (4.00 g, 9.65 mmol) was added. The reaction 

mixture was stirred at 25 °C for 4 days. The reaction mixture was filtered to remove 

insoluble components. The filtrate was acidified with concentrated hydrochloric acid. The 

formed precipitates were collected by filtration then were dried under reduced pressure 

to give βNTA as a brown solid. Yield, 2.56 g (67.0%). 1H NMR spectrum is shown in 

Figure 3-4. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 3.95–3.99 (m, 2H, CH), 4.46–4.48 

(m, 2H, CH), 7.38 (d, 4H, J = 8.8 Hz, ArH), 7.96 (d, 4H, J = 8.8 Hz, ArH), 12.65 (brs., 

2H, COOH). 13C NMR (100 MHz, DMSO-d6),  (ppm) 42.1, 44.3, 122.9, 129.2, 145.9, 

147.0, 173.4. FT-ICR MS (MALDI) calcd for C18H14N2NaO8 [M+Na]+ 409.0642, found 

409.153. 

 

Figure 3-4. 1H NMR spectrum (400 MHz, DMSO-d6) of βNTA. 
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Synthesis of 4,4’-Diamino-β-truxinic Acid (βATA). To a solution of βNTA (2.56 g, 

6.62 mmol) in THF (40 mL), palladium on carbon (2.20 g) was added. The reaction 

mixture was stirred at 25 °C under a hydrogen atmosphere. The reaction was monitored 

by 1H NMR measurement. After the reaction, the reaction mixture was filtered to remove 

palladium on carbon. The organic potion was evaporated and then was dried under 

reduced pressure to give βATA as a white solid. Yield, 985 mg (45.5%). 1H NMR 

spectrum is shown in Figure 3-5. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 3.52–3.60 (m, 

2H, CH), 3.87–3.91 (m, 2H, CH), 4.71 (brs, 4H, NH2), 6.29 (d, 4H, J = 8.4 Hz, ArH), 

6.64 (d, 4H, J = 8.4 Hz, ArH), 12.15 (brs., 2H, COOH). 13C NMR (100 MHz, DMSO-d6), 

 (ppm) 43.1, 44.2, 113.5, 126.8, 128.5, 146.3, 174.3. FT-ICR MS (MALDI) calcd for 

C18H18N2NaO4 [M+Na]+ 349.1159, found 349.010. 

 

Figure 3-5. 1H NMR spectrum (400 MHz, DMSO-d6) of βATA. 
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Synthesis of 4,4’-Diacetamide-β-truxinic Acid (βATA-Ac). To a solution of βATA 

(728 mg, 1.77 mmol) in THF (35 mL), acetic anhydride (2.50 mL, 22.7 mmol) was added. 

The reaction mixture was stirred at 50 °C for 17 h. After evaporating the solvent, the 

obtained products were washed with water then were dried under reduced pressure to give 

βATA-Ac as a white solid. Yield, 805 mg (87.9%). 1H NMR spectrum is shown in Figure 

3-6. 1H NMR (400 MHz, DMSO-d6) :  (ppm) 1.96 (s, 6H, CH3), 3.72–3.75 (m, 2H, CH), 

4.07–4.12 (m, 2H, CH), 6.93 (d, 4H, J = 8.6 Hz, ArH), 7.28 (d, 4H, J = 8.6 Hz, ArH), 

9.72 (s, 2H, NH), 12.39 (brs., 2H, COOH) 13C NMR (100 MHz, DMSO-d6): δ (ppm) 23.9, 

42.6, 44.1, 118.2, 128.1, 133.9, 137.2, 168.0, 174.0. FT-ICR MS (MALDI) calcd for 

C22H22N2NaO6 [M+Na]+ 433.1370, found 433.040. 

 

Figure 3-6. 1H NMR spectrum (400 MHz, DMSO-d6) of βATA-Ac. 
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Synthesis of N-Hydroxysuccinimide 4-Nitrocinnamate (4NCA-NHS). To a solution 

of 4NCA (5.00 g, 25.9 mmol) and N-hydroxysuccinimide (4.48 g, 38.9 mmol) in 1,4-

dioxane (25 mL), N,N- diisopropylcarbodiimide (6.01 mL, 38.8 mmol) was added 

dropwise at 0 °C. The reaction mixture was stirred overnight at reflux temperature then 

cooled to room temperature. The formed precipitates were filtered and washed with 2-

propanol (100 mL × 3) and then dried under reduced pressure to give 4NCA-NHS as a 

yellow crystal. Yield, 6.33 g (84.3%). 1H NMR spectrum is shown in Figure 3-7. 1H NMR 

(400 MHz, DMSO-d6) : δ (ppm) 2.87 (brs, 4H, CH2), 7.24 (d, J = 16.1 Hz, 1H, CH=CH), 

8.11 (d, J = 16.1 Hz, 1H, Ar-CH=CH), 8.13–8.17 (m, 2H, ArH), 8.27–8.32 (m, 2H, ArH). 

13C NMR (100 MHz, DMSO-d6): δ (ppm) 25.5, 116.2, 124.0, 130.3, 139.5, 147.2, 148.8, 

161.9, 170.3. FT-ICR MS (MALDI) calcd for C13H10N2NaO6 [M+Na]+ 313.0431, found 

312.8639. 

 

Figure 3-7. 1H NMR spectrum (400 MHz, DMSO-d6) of 4NCA-NHS. 
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Synthesis of Bis(N-hydroxysuccinimide) 4,4-Dinitro-δ-truxinate (δNTA-NHS). The 

powder of 4NCA-NHS (3.00 g, 10.3 mmol) was dispersed in benzene (45 mL) under 

magnetic agitation in water bath at room temperature and then irradiated with ultraviolet 

light by a high-pressure mercury lamp (Omni Cure S1500, EXFO Photonic Solutions Inc.) 

for 72 h to induce [2+2] photocycloaddition. After the reaction, the precipitates were 

filtered and then dried under reduced pressure to give δNTA-NHS as a brown solid. Yield, 

2.21 g (73.7%). 1H NMR spectrum is shown in Figure 3-8. 1H NMR (400 MHz, DMSO-

d6) : δ (ppm) 2.82 (brs, 8H, CH2), 4.16–4.26 (m, 4H, CH), 7.77 (d, J = 8.8 Hz, 4H, ArH), 

8.22 (d, J = 8.8 Hz, 4H, ArH). 13C NMR (100 MHz, DMSO-d6), δ (ppm) 25.5, 40.7, 47.1, 

123.8, 128.9, 145.6, 147.1, 166.7, 170.0. FT-ICR MS (MALDI) calcd for C26H21N4O12 

[M+H]+ 581.1150, found 581.7283. 

 

Figure 3-8. 1H NMR spectrum (400 MHz, DMSO-d6) of δNTA-NHS. 
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Synthesis of Dimethyl 4,4-Dinitro-δ-truxinate (δNTA-Me). A solution of δNTA-NHS 

(3.00 g, 5.17 mmol) in methanol (50 mL) was stirred overnight at reflux temperature and 

then extracted using ethyl acetate (50 mL × 3), washed with distilled water (50 mL). The 

organic portion was dried over anhydrous MgSO4. After filtration and evaporation to 

remove the solvent, the residue was dissolved in dichloromethane and then filtered to 

remove insoluble impurities. The organic part was evaporated and dried under reduced 

pressure to give δNTA-Me as a brown solid. Yield, 1.92 g (89.7%). 1H NMR spectrum is 

shown in Figure 3-9. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 3.58–3.60 (m, 2H, CH), 

3.67 (s, 6H, CH3), 3.90–3.95 (m, 2H, CH), 7.64 (d, J = 8.8 Hz, 4H, ArH), 8.21 (d, J = 8.7 

Hz, 4H, ArH). 13C NMR (100 MHz, DMSO-d6), δ (ppm) 43.5, 46.1, 52.1, 123.8, 128.5, 

146.7, 147.9, 171.7. FT-ICR MS (ESI) calcd for C20H18N2NaO8 [M+Na]+ 437.0955, 

found 437.0952. 

 

Figure 3-9. 1H NMR spectrum (400 MHz, DMSO-d6) of δNTA-Me. 
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Synthesis of Dimethyl 4,4-Diamino-δ-truxinate (δATA-Me). To a solution of δNTA-

Me (2.36 g, 5.70 mmol) in ethyl acetate (60 mL), palladium on carbon (0.59 g) was added. 

The reaction mixture was stirred at room temperature under a hydrogen atmosphere. The 

reaction was monitored by 1H NMR measurement. After the reaction, the reaction mixture 

was filtrated to remove palladium on carbon. The organic part was evaporated and dried 

under reduced pressure to give δATA-Me as a yellow solid. Yield, 1.63 g (80.8%). 1H 

NMR spectrum is shown in Figure 3-10. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 3.14–

3.19 (m, 2H, CH), 3.26–3.30 (m, 2H, CH), 3.62 (s, 6H, CH3), 4.99 (s, 4H, NH2), 6.49 (d, 

J = 8.3 Hz, 4H, ArH), 6.90 (d, J = 8.3 Hz, 4H, ArH)). 13C NMR (100 MHz, DMSO-d6), 

δ (ppm) 44.3, 47.6, 51.8, 113.8, 127.4, 128.0, 147.6, 172.6. FT-ICR MS (ESI) calcd for 

C20H23N2O4 [M+H]+ 355.1652, found 355.1651. 

 

Figure 3-10. 1H NMR spectrum (400 MHz, DMSO-d6) of δATA-Me. 
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Synthesis of 4,4’-Dinitro-δ-truxinic Acid (δNTA). The powder of δNTA-NHS (1.86 g, 

3.20 mmol) was dispersed in water (50 mL) under magnetic agitation at 25 °C. The 

reaction mixture was stirred at reflux temperature for 15 h then was cooled to room 

temperature. The formed precipitates were collected by filtration then were dried under 

reduced pressure to give δNTA as a brown solid. Yield, 1.10 g (88.9%). 1H NMR 

spectrum is shown in Figure 3-11. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 3.36–3.41 

(m, 2H, CH), 3.85–3.90 (m, 2H, CH), 7.64 (d, 4H, J = 8.8 Hz, ArH), 8.21 (d, 4H, J = 8.8 

Hz, ArH), 12.78 (brs, 2H, COOH). 13C NMR (100 MHz, DMSO-d6),  (ppm) 44.1, 46.0, 

123.8, 128.4, 146.6, 148.4, 173.0. FT-ICR MS (MALDI) calcd for C18H14N2NaO8 

[M+Na]+ 409.0642, found 409.131. 

 

Figure 3-11. 1H NMR spectrum (400 MHz, DMSO-d6) of δNTA. 
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Synthesis of 4,4’-Diamino-δ-truxinic Acid (δATA). To a solution of δNTA (1.10 g, 

2.85 mmol) in THF (40 mL), palladium on carbon (1.00 g) was added. The reaction 

mixture was stirred at 25 °C under a hydrogen atmosphere. The reaction was monitored 

by 1H NMR measurement. After the reaction, the reaction mixture was filtered to remove 

palladium on carbon. The organic potion was evaporated and then was dried under 

reduced pressure to give δATA as a white solid. Yield, 912 mg (98.1%). 1H NMR 

spectrum is shown in Figure 3-12. 1H NMR (400 MHz, DMSO-d6) : δ (ppm) 2.98–3.00 

(m, 2H, CH), 3.22–3.25 (m, 2H, CH), 4.95 (brs, 4H, NH2), 6.49 (d, 4H, J = 8.4 Hz, ArH), 

6.90 (d, 4H, J = 8.4 Hz, ArH), 12.39 (brs., 2H, COOH). 13C NMR (100 MHz, DMSO-d6), 

 (ppm) 44.9, 47.3, 113.8, 127.3, 128.6, 147.5, 174.0. FT-ICR MS (MALDI) calcd for 

C18H18N2NaO4 [M+Na]+ 349.1159, found 348.984. 

 

Figure 3-12. 1H NMR spectrum (400 MHz, DMSO-d6) of δATA. 
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Synthesis of 4,4’-Diacetamide-δ-truxinic Acid (δATA-Ac). To a solution of δATA 

(500 mg, 1.53 mmol) in THF (20 mL), acetic anhydride (1.25 mL, 11.4 mmol) was added. 

The reaction mixture was stirred at 50 °C for 17 h. After evaporating the solvent, the 

obtained products were washed with water then were dried under reduced pressure to give 

δATA-Ac as a yellow solid. Yield, 491 mg (78.1%). 1H NMR spectrum is shown in 

Figure 3-13. 1H NMR (400 MHz, DMSO-d6) :  (ppm) 2.01 (s, 6H, CH3), 3.11–3.13 (m, 

2H, CH), 3.42–3.46 (m, 2H, CH), 7.20 (d, 4H, J = 8.6 Hz, ArH), 7.50 (d, 4H, J = 8.5 Hz, 

ArH), 9.90 (s, 2H, NH), 12.58 (brs., 2H, COOH) 13C NMR (100 MHz, DMSO-d6): δ 

(ppm) 23.9, 31.0, 46.7, 119.1, 127.1, 135.9, 138.1, 168.1, 173.9. FT-ICR MS (MALDI) 

calcd for C22H22N2NaO6 [M+Na]+ 433.1370, found 433.246. 

Figure 3-13. 1H NMR spectrum (400 MHz, DMSO-d6) of δATA-Ac. 
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Crystal Structure Analysis of βNTA-Me and δNTA-Me. Single crystals of βNTA-Me 

and δNTA-Me were recrystallized from hexane/ethyl acetate.  

Crystal Data of βNTA-Me. M = 414.37, monoclinic, a = 10.8155(2), b = 13.1531(2), c 

= 13.9689(3) Å, U = 1986.31(6) Å3, T = 123 K, space group P21/c (no. 14), Z = 4, 33666 

reflections measured, 4536 were unique (Rint = 0.0228) and were used in all of the 

calculations. The final wR(F2) was 0.1094 (all data). 

Crystal Data of δNTA-Me. M = 414.37, triclinic, a = 10.00584 (18), b = 13.9329 (3), c 

= 14.4777 (3) Å, U = 1914.56 (6) Å3, T = 123 K, space group P-1 (no. 2), Z = 4, 33210 

reflections measured, 8747 were unique (Rint = 0.0255) and were used in all of the 

calculations. The final wR(F2) was 0.0979 (all data). 

Syntheses of Isomeric 4-Aminocinnamoyl Dimer-based Polyamides. A typical 

polymerization procedure is as follows. To βATA-Me (100 mg, 0.282 mmol), and αATA-

Ac (116 mg, 0.282 mmol) placed in a flask under nitrogen atmosphere, NMP (0.54 mL), 

tripheylphosphite (0.20 mL, 0.763 mmol), and pyridine (0.27 mL, 3.39 mmol) ware added. 

After the reaction mixture was stirred for 24 hours at 80 °C, the reaction mixture was 

added into methanol (100 mL) to precipitate the polymer. The formed precipitates were 

filtered then were dried under reduced pressure to give βα-PA as a white powder. Yield, 
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184 mg (88%). Other polyamides from isomeric 4-aminocinnamoyl dimer-based 

monomers such as αATA-Me, βATA-Me, δATA-Me, αATA-Ac, βATA-Ac, and δATA-

Ac were synthesized following above methods. Yield, δα-PA (79%), αβ-PA (91%), ββ-

PA (88%), δβ-PA (78%), αδ-PA (81%), βδ-PA (85%), δδ-PA (79%).  
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3.3 Results and Discussion 

3.3.1 Synthesis of Isomeric 4-Aminocinnamoyl Dimers 

To synthesize α-type 4-aminocinnamoyl photodimers (αATA-Me), 4-

aminocinnamic acid hydrochloride (4ACA-HCl) was used due to its parallel arrangement 

and the location of the phenyl head that is contiguous to the carboxylic acid tail.19,20 To 

selectively synthesize truxinic acid esters by solid-state photodimerization, 4NCA esters 

were used because the photodimerization of 4NCA afforded 4,4-dinitro-β-truxinic acid22, 

presumably owing to the parallel arrangement, where the carboxylic acid tails were 

contiguous (Figure 3-14a and Scheme 3-2). For the synthesis of βATA-Me, the 

photodimerization of 4NCA-Me, which was easily derived from biobased 4ACA, was 

carried out in the solid state with ultraviolet irradiation for conversion into βNTA-Me. 

From 1H NMR spectrum, the olefin signals of the 4NCA-Me at 6.86 and 7.76 ppm 

disappeared, while the cyclobutane signals of the objective products, βNTA-Me, 

appeared at 4.15–4.19 and 4.50–4.54 ppm. Monitored by NMR, after 99% conversion 

was achieved, the suspended crystals were collected by filtration. Molecular structures of 

obtained photodimers were identified by single-crystal X-ray diffraction analysis (Figure 

3-15). The βNTA-Me was then converted into βATA-Me by a simple reduction process 

using hydrogen gas in the present of palladium carbon, as confirmed by NMR 
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spectroscopy.  

 

 

Figure 3-14. Schematic illustrations of molecular arrangement in crystals for solid-state 

photodimerization, (a) 4NCA-Me, and (b) 4NCA-NHS. 

 

 

Figure 3-15. ORTEP drawing of βNTA-Me (left) and δNTA-Me (right).
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Scheme 3-2. Synthetic Route of the Isomeric 4-Aminocinnamoyl Dimer-based 

Monomers and Polyamides 
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On the other hand, δATA-Me was deemed to be formed from the dimerization 

of molecules arranged in parallel, in which the carboxylic acid tails must be separated 

(Figure 3-14b). To obtain such an arrangement, 4NCA derivatives, where their carboxylic 

acid tails were modified by bulky functional groups that can be converted into methyl 

groups, were used to separate the tails based on steric hindrance. In this case, N-

hydroxysuccinimide ester was selected because (a) the 4NCA-NHS molecule has a rigid 

and bulky structure, so crystals composed of alternately arranged molecules could be 

expected, and (b) the activated N-hydroxysuccinimide ester could be easily converted into 

other esters, such as methyl esters. Solid-state photodimerization of the 4NCA-NHS was 

carried out in toluene dispersion state, and the reduction of nitro groups was conducted 

using hydrogen gas in the present of palladium carbon after methyl esterification. From 

1H NMR spectrum, the olefin signals of the 4NCA-NHS disappeared at 7.24 and 8.11 

ppm, while the cyclobutane signals of the objective products, δNTA-NHS, appeared at 

4.16–4.26 ppm. Monitored by NMR, once 99% conversion was achieved, the suspended 

crystals were collected. The successful formation of δNTA-NHS, δNTA-Me, and δATA-

Me was confirmed by NMR spectroscopy. The steric structure of  δNTA-Me was 

confirmed by single-crystal X-ray diffraction analysis (Figure 3-15). The two 

enantiomers of δNTA-Me were packed into the crystal lattice (Figure 3-16), indicating 
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that the δ-type photodimers were obtained as racemates. 

 

 

Figure 3-16. (a) Enantiomers of the δNTA-Me, (b) crystal packing of δNTA-Me. 

 

In addition, to synthesize β-, and δ-type dicarboxylic acid monomers, βATA-Ac 

and δATA-Ac, reduction of nitro groups and further acetylation were conducted after 

hydrolysis of βNTA-Me and δNTA-NHS, respectively. The successful formation of 

βNTA, δNTA, βATA-Ac, and δATA-Ac was confirmed by NMR spectroscopy. 

  

  



Chapter 3 

Syntheses and Polymerizability of Isomeric 4-Aminocinnamoyl Dimers with Different Bending Angles 

103 

To clarify the bending angle of these isomeric dimers, the structures of βATA-

Me and δATA-Me were optimized by DFT calculations. Figure 3-17 shows the optimized 

dimer structures. βATA-Me and δATA-Me exhibited bending angles of 70° and 101°, 

respectively, which could be introduced into the polymer backbone for bending structures. 

On the other hand, the bending angle of αATA-Me was reported as 156°, indicating an 

almost straight building block structure.21 Building blocks with such unique angles have 

not been reported yet. 

 

Figure 3-17. Optimized structures and bending angles of βATA-Me and δATA-Me. 

  



Chapter 3 

Syntheses and Polymerizability of Isomeric 4-Aminocinnamoyl Dimers with Different Bending Angles 

104 

3.3.2 Synthesis of Polyamides from Isomeric 4-Aminocinnamoyl Dimers 

Isomeric 4-aminocinnamoyl dimer-based polyamides with different bending 

angles, βα-, δα-, αβ, ββ-, δβ, αδ, βδ-, and δδ-PA were synthesized from corresponding 

diamine and dicarboxylic acid monomers using pyridine and tripheylphosphite (Scheme 

3-2). The 1H NMR spectrum of βα-PA showed the main chain proton signals for amides, 

aromatics and cyclobutanes at ~9.7 ppm, 7.4–6.8 ppm and 4.3–3.8 ppm, respectively 

(Figure 3-18). Moreover, the signals for amines and carboxylic acids in polymer chain 

end were not detected, indicating that the polymerization proceeded at a high efficiency. 

The structures of other synthesized polyamides were also confirmed by 1H NMR 

spectroscopy. Thus, NMR spectroscopy results clearly indicated that the expected 

polyamides were synthesized.  
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Figure 3-18. 1H NMR spectra (400 MHz, DMSO-d6) of bending polyamides.  
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The number-average molecular weight (Mn), weight-average molecular weight 

(Mw), and molecular weight distribution (Mw/Mn) of the polyamides were determined by 

SEC measurements (Table 3-1, SEC traces are shown in Figure 3-19). The molecular 

weights of the ββ-PA were not determined by SEC measurement because ββ-PA was 

insoluble in DMF. In addition, the αδ-PA exhibited higher molecular weights and wider 

Mw/Mn due to the gelation in polymerization process. Other polyamides showed a 

monomodal distribution with Mws ranging from 10000 to 161000 and Mw/Mn ranging 

from 1.36 to 3,31. Even though the polymerizations of monomers with acute bending 

angles such as ortho-phenylenediamine are generally difficult, the β-type dimer-based 

diamine and dicarboxylic acid monomers, which possessed acute bending angles of 70°, 

were polymerized to polyamides. The βATA-Ac-based polyamides, αβ-PA and δβ-PA 

showed lower molecular weights indicating that two carboxylic groups of βATA-Ac 

which were located on adjacent carbon atoms in cyclobutane ring with acute bending 

angle, were prevent polymerization due to steric hindrance. 
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Table 3-1. Molecular weights of the synthesized polyamides
a

 

polyamide M
n
 M

w
 Mw/Mn 

αα-PA 49000 161000 3.31 

βα-PA 38000 66000 1.74 

δα-PA 19000 33000 1.76 

αβ-PA 7300 10000 1.37 

ββ-PA no data 

δβ-PA 8300 11000 1.36 

αδ-PA 73000 394000 5.40 

βδ-PA 18000 25000 1.38 

δδ-PA 25000 42000 1.67 

a

The weight-average molecular weight, M
w
, the number-average molecular weight, M

n
, 

and the molecular weight distribution, Mw/Mn, of polyimides were determined by SEC; 

eluent, 0.01 M LiBr in DMF; flow rate, 1.0 mL min
-1

; standards, PMMA standards.  
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Figure 3-19. SEC traces of the bending polyamides. (solvent, 0.01 M LiBr in DMF; flow 

rate, 1.0 mL min
-1

). 
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Solubility Test of Bending Polyamides 

The solubility of the bending polyamides was evaluated by dissolving them in 

four groups of solvents: (1) nonpolar solvents such as hexane and toluene; (2) polar 

aprotic solvents such as acetone, ethyl acetate, DMF, DMAc, NMP, DMSO, THF, and 

chloroform; (3) polar protic solvents such as distilled water, and methanol; and (4) strong 

acids such as concentrated sulfuric acid (Table 3-2). The polyamides were soluble in polar 

solvents, such as NMP, DMAc, DMSO, and conc. sulfuric acid, at 25 °C. In addition, all 

the polyamides, except for ββ-PA, were soluble in DMF. The ββ-PA was composed from 

β-type diamine and dicarboxylic acid with high structural symmetry and acute bending 

angles, which decreased solubility of ββ-PA by intramolecular interactions such as π–π 

stacking of aromatic ring.  

 



 

Table 3-2. Solubility of the synthesized polyamidesa 

solvent αα-PA βα-PA δα-PA αβ-PA ββ-PA δβ-PA αδ-PA βδ-PA δδ-PA 

n-hexane – – – – – – – – – 

toluene – – – – – – – – – 

chloroform – – – – – – – – – 

water – – – – – – – – – 

methanol – – – – – – – – – 

acetone – – – – – – – – – 

ethyl acetate – – – – – – – – – 

tetrahydrofuran – – – – – – – – – 

N,N-dimethylformamide + + + + – + + + + 

N,N-dimethylacetamide + + + + + + + + + 

N-methyl-2-pyrrolidone + + + + + + + + + 

dimethyl sulfoxide + + + + + + + + + 

conc. sulfuric acid + + + + + + + + + 

a

The solubility was evaluated under the condition of 2 mg-polyamide/1 mL-solvent at 25 °C. + refers to soluble, and – refers to insoluble. 
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Thermal Properties of Bending Polyamides 

To evaluate the thermal stability, the weight loss temperature (5% weight loss 

temperature, Td5, and 10% weight loss temperature, Td10), char yield, and glass transition 

temperature (Tg) were determined by TGA (Figure 3-20) and DSC (Figure 3-21), 

respectively. From Table 3-3, the Td5 and Td10 values of all the synthesized bending 

polyamides ranged from 300 to 340 °C and from 315 to 360 °C, respectively, indicating 

that the polyamides portrayed high thermal stability. In addition, all the polyamides 

exhibited similar weight loss temperatures because these polyamides were composed of 

similar skeletons, 4-aminocinnamoyl photodimer structures. The polyamides including β-

type dimer units showed slightly lower weight loss temperatures due to difference of 

thermal stability of each isomeric 4-aminocinnamoyl dimers (Figure 3-22, TGA curves 

of αATA-Me, βATA-Me, and δATA-Me). 
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Table 3-3. Thermal properties of the synthesized polyamides 

polyamide T
d5 

(ºC)
a

 T
d10 

(ºC)
a

 T
g 

(ºC)
b

 char yield (%) 

αα-PA 340 355 262 31 

βα-PA 320 335 ND 45 

δα-PA 325 350 ND 46 

αβ-PA 305 335 ND 58 

ββ-PA 300 315 ND 50 

δβ-PA 310 345 ND 57 

αδ-PA 340 360 ND 45 

βδ-PA 315 330 ND 52 

δδ-PA 335 360 ND 50 

a

5% weight loss temperature, T
d5

, and 10% weight loss temperature, T
d10

, were obtained 

from TGA curve scanned at a heating rate of 10 C min
-1

 under a nitrogen atmosphere. 

b

Glass transition temperature, T
g
, was measured by DSC thermogram scanned at a 

heating rate of 10 C min
-1

 under a nitrogen atmosphere. ND refers to not determined.  
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Figure 3-20. TGA curves of 4-aminocinnamoyl dimer-based polyamides. 

 

Figure 3-21. DSC curves of bending polyamides. 
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Figure 3-22. TGA curves of isomeric 4-aminocinnamoyl dimer-based diamines. 

 

The char yield of bending polyamides was ranged from 45 to 58% although the 

αα-PA which was composed of α-type dimers, exhibited the char yield of 31%. Hence, 

the char yield was dramatically increased by introduction of bending units such as β-, and 

δ-type dimer structure. According to a literature regarding to thermal decomposition of 

cyclobutane-based polymers, possible modes of cyclobutane cleavages were proceeded 

competitively.22 Therefore, truxillic acids such as α-type dimer, only gave cinnamic acids 

by thermal decomposition (Figure 3-23). On the other hand, truxinic acids such as β-, and 

δ-type dimer afford cinnamic acids, fumaric acid and stilbenes by thermal decomposition 

based on different modes of cleavage. From this hypothesis, the thermal decomposition 
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of αα-PA, which synthesized from two kinds of truxiliic acid-based monomers, induced 

polymer degradation by main chain scission, resulted in low char yield due to 

volatilization of degradation fragments. On the other hand, thermal decomposition of 

bending polyamides having truxinic acid components were possible to afford unsaturated 

polymer chains when the fumaric acids were eliminated, resulted in high char yields. 

 

 

Figure 3-23 Schematic illustration of thermal decomposition of truxillic and truxinic 

acid-based polymers 
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Generally, Tg decreases when a bending structure is introduced in the backbone 

due to an increase in the free volume of the respective polymer chain.2,3 However, the Tg 

of the bending polyamides was not observed under 250 °C, similar to that of the αα-PA. 

Hence, the Tg of the bending 4-aminocinnamyl dimer-based polyamides was not 

depended on its bending angles. This result is assumed that t since the backbone of these 

polyamides was composed by rigid ring-connected structures, the mobility of the polymer 

chains was inhibited resulted in maintaining Tg regardless of the bending angles.  
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3.4 Conclusion 

Two types of isomeric 4-aminocinnamoyl photodimer-based diamine and 

dicarboxylic acid monomers with different bending structures were selectively 

synthesized and used for the synthesis of polyamides with different bending angles. DFT 

calculations revealed that the synthesized β- and δ-type dimers possessed unique bending 

angles of 70° and 101°, respectively. By polymerization of the β-type photodimer, the 

bending polyamides having acute angles with Mw >10000 were synthesized. By 

evaluation of solubility and molecular weights of the β-type-based polyamides, effects on 

these properties based on unique structural characteristics of cinnamoyl dimer such as 

acute bending angles and high axical symmetry were confirmed. In addition, all of the 

bending polyamides showed high heat resistance with Td10 of 315–360 °C. Furthermore, 

from the results of TGA measurement, bending polyamides showed higher char yield 

than almost straight-shaped αα-PA. In this chapter, the author has selectively prepared 

isomeric 4-aminocinnamoyl dimers by controlling molecular arrangements in crystals. In 

addition, novel polyamides were prepared that bear a unique bending angle based on the 

spatial arrangement around the cyclobutane rings in the polymer main chains. This 

research provides insights into the molecular design for synthesis of isomeric cinnamoyl 

dimers and their-based high-performance/functional polymers.   
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4.1 Introduction 

Polyimides, which are well known as super engineering plastics, have been used 

for the production of high-performance industrial materials, such as electronic1,2 and 

optical devices,3,4 as well as materials used in space applications5 due to their excellent 

thermal resistance and mechanical properties. However, their low solubility in solvents 

and nonthermoplastic properties lead to the poor processability of these materials. In 

addition, thermal imidization of poly(amic acid)s was generally used for syntheses of 

insoluble polyimide, which should decrease their mechanical performance for two 

reasons: (a) Water molecules condensed at high temperatures during the imidization 

process may hydrolyze the remaining poly(amic acid)s to reduce the molecular weight. 

(b) The voids in polyimide film were generated by the evaporation of water. To avoid 

such performance decreases, soluble polyimides which can be directly cast to film without 

thermal treatment, are required. As such, numerous studies have been conducted to design 

soluble and processable polyimides. One of the strategies to improve the solubility of 

polyimides is the introduction of bulky side chains,6,7 flexible linkages,8,9 and bending 

structures into their main chain for better flexibility of the polymer chains.10,11 However, 

modifications to the chemical structures decrease the heat resistance of these materials. 

The introduction of isomeric bending structures to polymer chains is considered an 
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effective approach to improve the solubility and processability of polymers. With the 

polymer skeletons unchanged, the heat resistance of these polymers is maintained. In 

view of this, the effects of introducing isomeric bending structures such as diamines and 

tetracarboxylic acid dianhydrides to polymers have been widely studied.  

A typical and simple example of such an approach in polyimides is the synthesis 

of para- and meta-phenylenediamine as bending diamines.12,13 Polyimides with a bending 

dianhydride structure such as mellophanic dianhydride show good solubility in organic 

solvents, such as CHCl3, N,N-dimethylacetamide, and dimethyl sulfoxide.11 Recently 

developed biobased polyimides synthesized from microorganism-metabolized 4-

aminocinnamic acid (4ACA) dimer and various tetracarboxylic acid dianhydrides showed 

high heat resistance and transparency.14 Soluble biobased polyimides have also been 

synthesized from bending tetracarboxylic acid dianhydrides or by modifying the 

carboxylic acid side chains.15,16 The dimers of cinnamic acid generate various structural 

isomers, some of which may be suitable bending structure candidates that induce high 

solubility. 

This research focused on bending 4ACA photodimers such as β- and δ-type 

dimers to be used as diamine monomers for the synthesis of soluble biobased polyimides 

(Scheme 4-1). These soluble polyimides with bending 4ACA dimer components were 
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expected to exhibit excellent heat resistance and processability based on 4ACA dimer 

skeleton without performance degradation by thermal imidization. In addition, since 

4ACA is produced from bio-derived resources, these polyimides are expected to 

contribute to a sustainable society as high-performance and eco-friendly materials. 

 

 

Scheme 4-1. Synthesis of Bending 4ACA Photodimer -Based Polyimides 
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4.2 Experimental Section 

Materials. Hexane (>95.0%), toluene (>99.0%), chloroform (>99.0%), dichloromethane 

(>99.0%), tetrahydrofuran (THF, >99.5%), methanol (>99.8%), acetone (>99.0%), ethyl 

acetate (>99.5%), dimethyl sulfoxide (DMSO, >99.0%), N,N-dimethylformamide (DMF, 

>99.5%), N,N-dimethylacetamide (DMAc, >99.0%), sulfuric acid (96.0%), 

trifluoroacetic acid (>99.0%), acetic anhydride (>97.0%), and triethylamine (TEA, 

>99.0%) were purchased from Kanto Chemicals Co., Inc. 1,2,3,4-

Cyclobutanetetracarboxylic dianhydride (CBDA, >98.0%), pyromellitic dianhydride 

(PMDA, >98.0%), 3,3′,4,4′-benzophenonetetracarboxylic dianhydride (BTDA, >96.0%), 

4,4′-oxydiphthalic anhydride (ODPA, >98.0%), and 3,3′,4,4′-

diphenylsulfonetetracarboxylic dianhydride (DSDA, >99.0%) were purchased from 

Tokyo Kasei Kogyo Co., Ltd. Calcium hydride (>80.0%), and 1-methyl-2-pyrrolidone 

(NMP, >99.0%) were purchased from FUJIFILM Wako Pure Chemical Corporation. 

Ethanol (95.2–95.4%) was purchased from Japan Alcohol Trading Co., Ltd. TEA and 

DMAc were distilled from CaH2 prior to their use. Acetic anhydride was distilled from 

molecular sieve 4A prior to their use. CBDA, PMDA, BTDA, ODPA, and DSDA were 

sublimated prior to their use. The β- and δ-type 4-aminocinnamyl dimer-based diamine, 

βATA-Me and δATA-Me, were synthesized by analogous to method described in chapter 
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3. All other chemicals were purchased from available suppliers and used without 

purification. 

Characterization. The 1H (400 MHz) and 13C NMR (100 MHz) spectra were recorded 

on a Bruker AVANCE 400 instrument using DMSO-d6 as the solvent. The Fourier 

transform infrared (FT-IR) spectra were recorded with a Perkin-Elmer Spectrum One 

spectrometer between 4000 and 500 cm−1 using a diamond-attenuated total reflection 

(ATR) accessory. Size exclusion chromatography (SEC) measurements of the obtained 

polyimides were performed at 40 °C using a JASCO GPC-101 system equipped with two 

Shodex OHpak SB-806M columns (linear, 8 mm × 300 mm) using 0.01 M LiBr in DMF 

at the flow rate of 1.0 mL min−1. The number-average molecular weight (Mn) and 

dispersity (Mw/Mn) of the polymers were determined by the RI based on poly(methyl 

methacrylate) (PMMA) standards. Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were carried out on Hitachi High-Tech Corporation, 

STA7200 and Seiko Instruments SII, X-DSC7000T, respectively, at a heating rate of 

10 °C min-1 under a nitrogen atmosphere. TGA and DSC measurements were carried out 

over the range of 25−800 °C, and 25−250 °C, respectively. The tensile measurements 

were carried out at an elongation speed of 0.5 mm min-1 on a tensiometer, the Instron 

3365 with a load cell (5 kN), at room temperature. The ultraviolet−visible (UV−vis) 
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optical absorption spectra were recorded on a JASCO, V670 UV/vis spectrophotometer 

at room temperature over the range of 200−800 nm. The solubility of the polyimides was 

evaluated at room temperature in various polar (protic and aprotic) and nonpolar solvents 

and strong acids with a concentration 2 mg mL-1. 

Syntheses of Biobased Polyimides. A typical polymerization procedure is as follows. To 

a solution of δATA-Me (271 mg, 0.765 mmol) in DMAc (0.3 mL), CBDA (150 mg, 0.765 

mmol) was added under argon atmosphere. The reaction mixture was stirred to dissolve 

the tetracarboxillic acid dianhydride, and then DMAc (1.00 mL), triethylamine (0.200 

mL, 1.43 mmol), and acetic anhydride (0.300 mL, 3.17 mmol) were added. The reaction 

mixture was heated at 40 °C for 1 h and 100 °C for 10 min. After the heating, the solution 

was added dropwise into methanol to precipitate the polyimide. The formed precipitates 

were collected by filtration and thoroughly washed with methanol and then were dried at 

200 °C under reduced pressure. The obtained polyimide was dissolved in small amount 

of DMAc then was cast onto a glass plate to obtain a polyimide film. The obtained film 

was heated stepwise at 100, 150, 200, and 250 °C for 1 h at each step to give a polyimide 

film. δPI-1 (Yield, 350 mg, 65%). Other polyimides from βATA-Me or δATA-Me and 

tetracarboxillic acid dianhydride such as CBDA, PMDA, BTDA, ODPA, and DSDA were 

synthesized following the above methods. Yield, βPI-1 (74%), βPI-2 (69%), δPI-2 (86%), 
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δPI-3 (83%), δPI-4 (65%), δPI-5 (60%). The obtained polyimides were purified several 

times by reprecipitation to remove low-molecular-weight fraction including triethylamine 

and acetic anhydride, resulting in low yields of polyimides. 
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4.3 Results and Discussion  

4.3.1 Synthesis of Biobased Polyimides from β-Type and δ-Type Diamine Monomers  

βATA-Me- and δATA-Me-based biopolyimides (βPIs and δPIs) were 

synthesized by a two-step chemical imidization reaction. First, the obtained βATA-Me or 

δATA-Me was polycondensed with tetracarboxylic acid dianhydride (e.g., CBDA, 

PMDA, BTDA, ODPA, and DSDA), followed by the imidization of the precursor, 

poly(amic acid), which was conducted using triethylamine and acetic anhydride (Scheme 

4-1). When CBDA and PMDA were used, δATA-Me-based polyimides with obtuse 

bending angles showed good solubility in DMAc along with an increase in the molecular 

weight during polymerization. Even though the βATA-Me-based polyimides possessed 

smaller bending angles than δATA-Me-based polyimides, the polyimides were 

precipitated during the imidization process. Due to the high structural symmetry of 

βATA-Me, intramolecular interactions were enhanced by π–π stacking of aromatic rings, 

resulting in a decrease in the solubility of βATA-Me-based polyimides similar to the β-

type diamine and dicarboxylic acid-based polyamide described in chapter 3. These results 

suggested that a diamine with an angle of 101°, similar to δATA-Me, has a suitable 

structure to provide solubility to the obtained polyimide, and a diamine of βATA-Me bent 

at 70° is insufficient to produce a soluble polyimide owing to the narrow angle and 
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interaction. Hence, δATA-Me was used for further research on soluble biobased 

polyimides with other tetracarboxylic acid dianhydrides, BTDA, ODPA, and DSDA 

(Scheme 4-2).  

 

Scheme 4-2. Synthetic Route of the δ-Type Dimer-Based Biopolyimides 
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The FT-IR spectra of δPI-1 showed two peaks assigned to the carbonyl group, 

1364 cm-1 (C–N stretching) and 1776 cm-1 (C=O asymmetric stretching), which 

represented the characteristic peaks of the polyimides (Figure 4-1). The peaks at 1436 

cm-1 and 1515 cm-1 were assigned to the C–C stretching of the aromatic rings due to the 

dianhydride and diamine moieties, respectively. In δPI-4, a small peak at 1231 cm-1 was 

assigned to the C–O stretching of the ether bond. δPI-5 showed peaks at 1149 cm-1 and 

1322 cm-1, which were assigned to the symmetric and asymmetric S=O stretching, 

respectively. Since the obtained δPIs were dissolved in DMSO, 1H NMR measurements 

of the polyimides were performed. The 1H NMR spectrum of δPI-1 showed the main 

chain proton signals for aromatics and cyclobutanes at ~7.6–7.3 ppm and 4.3–3.5 ppm, 

respectively (Figure 4-2). Moreover, the signals for amides and carboxylic acids were not 

detected, indicating that the imidization and dehydrocyclization reactions of poly(amic 

acid) proceeded at a high efficiency. The NMR and IR spectroscopy results clearly 

indicated that the expected δPIs were synthesized.  



Chapter 4 

Soluble Biobased Polyimides from Diaminotruxinic Acid with Unique Bending Angles 

135 

 

Figure 4-1. IR spectra of δPIs. 
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Figure 4-2. 1H NMR spectra (400 MHz, DMSO-d6) of δPIs. 
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The number-average molecular weight (Mn), weight-average molecular weight 

(Mw), and molecular weight distribution (Mw/Mn) of the δPIs were determined by SEC 

measurements (Table 4-1, SEC traces are shown in Figure 4-3). In a previous study on 

αATA-Me-based polyimides,14 their molecular weights and Mw/Mn were difficult to be 

determined because of their insolubility in DMF. On the other hand, soluble δPIs showed 

a monomodal distribution with Mws ranging from 21000 to 72000 and Mw/Mn ranging 

from 4.20 to 6.74.  

Table 4-1. Molecular weights of the synthesized polyimides
a

 

polyimide 

(DA) 
diamine M

n
 M

w
 M

w
/M

n
 

PI-1 

(CBDA) 

α no data 

δ 10000 66000 6.18 

PI-2 

(PMDA) 

α no data 

δ 9600 65000 6.74 

PI-3 

(BTDA) 

α no data 

δ 13000 72000 5.69 

PI-4 

(ODPA) 

α no data 

δ 3000 21000 6.55 

PI-5 

(DSDA) 

α no data 

δ 5500 23000 4.20 

a

The weight-average molecular weight, M
w
, the number-average molecular weight, M

n
, 

and the molecular weight distribution, Mw/Mn, of polyimides were determined by SEC; 

eluent, 0.01 M LiBr in DMF; flow rate, 1.0 mL min
-1

; standards, PMMA standards.  
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Figure 4-3. SEC traces of the δPIs (solvent, 0.01 M LiBr in DMF; flow rate, 1.0 mL 

min−1). 
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To evaluate the thermal stability, the weight loss temperature (5% weight loss 

temperature, Td5, and 10% weight loss temperature, Td10) and glass transition temperature 

(Tg) were determined by TGA (Figure 4-4) and DSC (Figure 4-5), respectively. From 

Table 4-2, the Td5 and Td10 values of all of the δPIs ranged from 380 to 395 °C and from 

400 to 415 °C, respectively, indicating that the δPIs portrayed high stability against 

thermal decomposition. In particular, δPI-3 exhibited the highest thermal stability at Td5 

of 415 °C. In addition, all of the δPIs exhibited similar or slightly lower weight loss 

temperatures than the αPIs, indicating that the δPIs maintained a high resistance against 

thermal decomposition despite the introduction of a bending structure in the polymer 

backbone because these polyimides were composed of similar skeletons, cinnamoyl 

photodimer structures. The Tg of the δPIs was above 230 °C, similar to that of the αPIs. 

Hence, the bending structure of the δATA moiety was considered to have negligible 

effects on enhancing the micro-Brownian motion of the polyimide chains because of the 

fixed bending angle, in contrast to conventional bending linkages, such as –O–, –S–, –

CH2–, S=O, and SO2. 
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Table 4-2 Thermal properties of the synthesized polyimides 

polyimide 

(DA) 
diamine T

d5 
(ºC)

a

 T
d10 

(ºC)
a

 T
g 

(ºC)
b

 

PI-1 

(CBDA) 

α 365 390 ND 

δ 380 400 ND 

PI-2 

(PMDA) 

α 410 425 ND 

δ 385 410 ND 

PI-3 

(BTDA) 

α 400 420 260 

δ 385 415 ND 

PI-4 

(ODPA) 

α 400 410 250 

δ 395 415 230 

PI-5 

(DSDA) 

α 410 425 275 

δ 380 405 ND 

a

5% weight loss temperature, T
d5

, and 10% weight loss temperature, T
d10

, were obtained 

from TGA curve scanned at a heating rate of 10 C min
-1

 under a nitrogen atmosphere. 

b

Glass transition temperature, T
g
, was measured by DSC thermogram scanned at a 

heating rate of 10 C min
-1

 under a nitrogen atmosphere. ND refers to not determined.  
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Figure 4-4. TGA curves of δPIs. 

 

 

Figure 4-5. DSC curves of δPIs.  
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4.3.2 Solubility Test of Bending Polyimides, δPIs 

The solubility of the δPIs was further evaluated by dissolving them in four 

groups of solvents: (1) nonpolar solvents such as hexane and toluene; (2) polar aprotic 

solvents such as acetone, ethyl acetate, DMF, DMAc, NMP, DMSO, THF, 

dichloromethane, and chloroform; (3) polar protic solvents such as distilled water, 

methanol, and ethanol; and (4) strong acids such as trifluoroacetic acid and concentrated 

sulfuric acid (Table 4-3). Although all of the αPIs, which were synthesized from αATA-

Me with an almost straight structure, were only soluble in strong acids, the δPIs were 

soluble in polar solvents, such as NMP, DMAc, DMF, DMSO, and strong acids, at 25 °C. 

In addition, all of the δPIs, except for δPI-1, were soluble in volatile solvents, such as 

dichloromethane and chloroform. Although δPI-2 had a rigid dianhydride moiety, PMDA, 

it was also soluble in the above-mentioned solvents. The high solubility indicated that the 

bending structure of δATA improved the solubility of polyimides in a similar manner as 

bending tetracarboxylic acid dianhydrides,15 as mentioned in previous literature. 

Furthermore, the racemic monomer of δPI contributed to the increased solubility of the 

obtained δPI because of the diastereomeric disordering of the polymer main chains. 



 

Table 4-3. Solubility of the Synthesized Polyimidesa 

solvent δPI-1 δPI-2 δPI-3 δPI-4 δPI-5 αPIs 

n-hexane − − − − − − 

toluene − − − − − − 

dichloromethane − + + + + − 

chloroform − + + + + − 

water − − − − − − 

methanol − − − − − − 

ethanol − − − − − − 

acetone − − − − − − 

ethyl acetate − − − − − − 

tetrahydrofuran − − − − − − 

N,N-dimethylformamide  + + + + + − 

N,N-dimethylacetamide + + + + + − 

N-methyl-2-pyrrolidone  + + + + + − 

dimethyl sulfoxide + + + + + − 

trifluoroacetic acid + + + + + + 

conc. sulfuric acid + + + + + + 
a

The solubility was evaluated under the condition of 2 mg-polyimide/1 mL-solvent at 25 °C. + refers to soluble, and − refers to insoluble. 
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4.3.3 Film Preparation of the δPIs 

Since the obtained δPIs were soluble in some organic solvents, δPI films were 

casted on glass plates after dissolution in DMAc (Figure 4-6). As a result, films for all of 

the δPIs were fabricated, except for δPI-5, which exhibited hard and brittle properties. 

Factors such as molecular weight and entanglement of the polymer chain are important 

in film preparation. As δPI-1−3 exhibited a higher molecular weight than δPI-5, these 

polyimides easily formed films. In addition, δPI-4, with a molecular weight similar to that 

of δPI-5, formed its film, suggesting that the flexible ether structure of δPI-4 enhanced 

the entanglement of the polymer chain to support the film preparation. 

 

 

Figure 4-6. Appearance of δPI films casted over DMAc in the polyimide state.  
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The mechanical properties of the δPI films were evaluated by a tensile tester to 

determine their Young’s modulus, tensile strength at break, and elongation at break 

(Table 4-4, stress−strain curves are shown in Figure 4-7). The Young’s modulus of the 

δPI films, in the range of 0.2–0.6 GPa, was lower than that of the αPIs films. The tensile 

strength of the δPI films showed almost constant values, except for the δPI-1 film 

synthesized from aliphatic tetracarboxylic acid dianhydride. The elongation at break of 

the δPI films, in the range of 2.9–10.2%, was larger than that of the αPIs films. One 

important factor affecting mechanical properties is the interaction of the polymer chains. 

Since the αPIs have almost straight structures, they are strongly influenced by 

intermolecular interactions. The strong interactions caused by the aromatic rings derived 

from diamines and tetracarboxylic acid dianhydride moieties make the film hard and 

brittle. Furthermore, because of the almost straight structure of the αPIs, they are less 

likely to be influenced by the difference in the tetracarboxylic acid dianhydride moieties, 

resulting in the insignificant difference in the physical properties (Figure 4-8a). However, 

as the bending δPI is composed of a bending diamine and linear tetracarboxylic acid 

dianhydride units that are mixed, its mechanical properties depend on the structure of the 

tetracarboxylic acid dianhydrides, particularly the presence or absence of an aromatic ring 

(Figure 4-8b).  



 

Table 4-4. Mechanical and optical properties of the synthesized polyimide filmsa 

 

polyimide 

(DA) 
diamine 

Young's modulus
b

 tensile strength
b

 elongation at break
b

  
 

T
450

c

  λ
0

c

 
 

(GPa) (MPa) (%) (%) (nm) 

PI-1 

(CBDA) 

α 10±3.7 75±6.6 1.8±0.3  88 270 

δ 0.4±0.2 31±5.4 10.2±3.4  76 284 

PI-2 

(PMDA) 

α 8.0±1.2 89±9.2 2.5±0.1  80 357 

δ 0.6±0.1 15±2.9 2.9±0.3  6 424 

PI-3 

(BTDA) 

α 4.2±0.2 48±0.8 1.7±0.3  79 326 

δ 0.5±0.2 22±1.4 5.8±1.3  52 379 

PI-4 

(ODPA) 

α 13.4±3.0 98±5.7 4.5±0.5  69 363 

δ 0.2±0.1 16±2.7 8.9±0.4   73 378 

a

 Thickness of αPIs and δPIs films was 12±3 and 19±3 μm, respectively. 
b

 Young's modulus, tensile strength, and elongation at break were 

obtained from a tensiometer at room temperature. 
c

 UV cutoff wavelength, λ
0
, and transmittance at 450 nm, T

450
, were measured by UV−vis 

spectrophotometer. 



Chapter 4 

Soluble Biobased Polyimides from Diaminotruxinic Acid with Unique Bending Angles 

147 

 

Figure 4-7. Stress-strain curves of δPIs. 

 

 

Figure 4-8. Molecular structures of the 4-aminocinnamate photodimer-based polyimides: 

(a) αPI-1 and (b) δPI-1. 

 

To support the above hypothesis, the optical transparency at 450 nm (T450) and 

the cutoff wavelengths (λ0) were measured by UV−Vis spectroscopy (Table 4-4, UV−Vis 

absorption spectra are shown in Figure 4-9). The δPI films, except for δPI-2, showed 

yellow appearances, and the T450 values ranged from 6 to 76%. The αPI in a previous 

work showed a lower difference in transmittance, ranging from 69 to 88%, which was 

attributed to the dianhydride monomers. δPI-2 exhibited a transmittance of 6% because 
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the interaction between the PMDA units, as described above, was strongly affected, and 

the charge-transfer effect was observed. The difference in the yellowness between the αPI 

and the δPI was derived from each monomer color; δATA-Me showed a paler red 

appearance compared to αATA-Me. The above evaluations of the obtained PIs showed 

that the bending structure of the δATA-Me unit strongly affected the obtained δPI. In 

addition, the mechanical and optical properties of the obtained δPI could be modified by 

changing the counter dianhydride monomers. 

 

 

Figure 4-9. UV−Vis absorption spectra of δPIs. 
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4.4 Conclusions 

Two types of isomeric 4-aminocinnamoyl photodimer-based diamines with 

bending structures were polymerized with tetracarboxylic acid dianhydrides for the 

synthesis of soluble biobased polyimides. By chemical imidization of the δ-type 

photodimer, the δPIs showed solubility in organic solvents, such as NMP, DMAc, DMF, 

DMSO, and strong acids. All of the δPIs, except for δPI-1, were soluble in 

dichloromethane and chloroform, in addition to the above-mentioned organic solvents. In 

addition, all of the δPIs showed high heat resistance, with Td10 of ~400 °C, similar to that 

of the previously reported αPIs, which also possessed almost straight main chain 

structures. Furthermore, several δPIs were formed into films by solution casting, taking 

advantage of their good solubility in organic solvents. In addition, the obtained δPIs, 

except for δPI-1, showed brittle properties, indicating that the structural properties of 

tetracarboxylic acid dianhydride moieties were strongly affected by the obtained 

polyimides. In the present study, polyimides that bear a single-component, high flexibility, 

and good solubility, were prepared. These properties can only be realized by truxinic acid 

derived from biobased cinnamic acid, which is an essential component of this study. This 

research provides insights into the molecular design of high-performance soluble 

polymers by focusing on the bending angles of the polymer chains.  
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Cinnamoyl photodimers have useful structural characteristics for high-

performance and/or functional polymers such as rigid structure, unique bending angles, 

chirality, and photodegradable cyclobutane. In this thesis, the author describes effects of 

cinnamoyl dimer unit in polymer backbone on physicochemical properties of polymers 

through development of high-performance and/or functional polymers from unique 

cinnamoyl dimers. 

 

A summary of this thesis is as follows: 

Chapter 2 “Syntheses of Photodegradable Adhesive Polyamides from 3,4-

Dihydroxycinnamoyl Dimer” 

3,4-Dihydroxycinnamoyl dimer was synthesized from methyl 3,4-

dihydroxycinnamate by solid-state photodimerization and further chemical modification. 

The obtained dimer was used as dicarboxylic acid monomer for the syntheses of adhesive 

polyamides. The obtained polyamides exhibited high thermal stability with 10% weight 

loss temperature of ~355 °C and strong adhesive property of ~7 MPa based on the rigid 

cinnamoyl dimer skeleton and adhesive catechol groups in the side chain, respectively. 

In addition, the cyclobutanes in polymer backbone were cleaved by ultraviolet light 
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irradiation. The results described in this chapter provides insights into the molecular 

design of eco-friendly, high-performance adhesive materials with photodegradability. 

 

Chapter 3 “Syntheses and Polymerizability of Isomeric 4-Aminocinnamoyl Dimers with 

Different Bending Angles” 

Isomeric 4-aminocinnamoyl dimers with different bending angles, β- and δ-type 

truxinic acids, were selectively synthesized from functionalized 4-nitrocinnamic acid 

derivatives by solid-state photodimerization. Density functional theory (DFT) 

calculations revealed that the β- and δ-type photodimers possessed unique bending angles 

of 70° and 101°, respectively. The obtained dimers were modified to diamine and 

dicarboxylic acid monomers then was used for synthesis of polyamides. Although β-type 

monomer possessed acute bending angle of 70°, β-type-based polyamides with high 

molecular weight of Mw>10000 were synthesized. In addition, the obtained polyamides 

exhibited a high thermostability based on the rigid cinnamoyl dimer skeleton at 10% 

weight loss temperature of ~360 °C. The results described in this chapter showed 

demonstration for the selective synthesis and polymerization of cinnamyl dimer-based 

monomers with unique bending angles based on the spatial arrangement around 
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cyclobutane ring. Building blocks with such unique angles have not been reported yet. 

 

Chapter 4 “Soluble Biobased Polyimides from Diaminotruxinic Acid with Unique 

Bending Angles” 

The β- and δ-type diamines with unique bending angles, which were synthesized 

in chapter 3, were polymerized with tetracarboxylic acid dianhydrides to produce soluble 

polyimides via chemical imidization. The obtained δ-type-based polyimides exhibited a 

high thermostability at 10% weight loss temperature of ~415 °C and good solubility in 

organic solvents. Most of the δ-type-based polyimides were soluble in chloroform and 

dichloromethane, as well as polar organic solvents. Tensile test results showed that 

biopolyimide films from cyclobutanetetracarboxylic dianhydride exhibited ~10.2% 

elongation at break, indicating high flexibility. In this chapter, effects of unique bending 

angles on solubility and thermal/mechanical properties of polyimides were investigated. 

As a result, the diamine with an angle of 101°, similar to δATA-Me, has a suitable 

structure to provide solubility to the obtained polyimides. This result provides insights 

into the molecular design of high-performance soluble polymers by focusing on the 

bending angles of the polymer chains. 
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Thus, the author revealed the methodology for the synthesis of high-performance 

and/or functional polymers focused on cinnamoyl dimer skeleton, particularly 

cyclobutane rings in polymer backbone. Importantly, since the cyclobutane ring is easily 

obtained by [2+2] cycloaddition of olefins, these molecular design for high-

performance/functional polymers are not only limited to cinnamoyl dimer-based 

polymers, but also other synthetic polymers bearing cyclobutane components. The author 

expects that these unique functions of cyclobutane ring will attract much interest by not 

only polymer scientists, but also the researchers in different fields.
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