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研究成果の概要（和文）：ラダーポリマーはモノマーが2本以上の結合で連結されたポリマーであり、一般的に
剛直な秩序構造を有する。これらのラダーポリマーに刺激応答性を付与できれば、異なる秩序構造を持つポリマ
ー間の可逆構造変換が可能になると期待できる。本研究では、外部刺激に応答して変形可能な柔軟性を有する新
規ラダーポリマーの構築を目的とした。まずモノマー分子として電子アクセプター性を有するΠ平面性分子であ
るナフタレンジイミドに連結部位を導入した分子を合成した。次にラダー型二量体を合成し二量体が芳香族分子
を包摂することを見出した。さらに、ラダーポリマーの前駆体である直線型ポリマーを合成しラダーポリマーの
合成検討を行った。

研究成果の概要（英文）：Ladder polymers are an attractive class of polymer where monomers are linked
 by more than two bonds and generally have a rigid ordered structure. If these ladder polymers have 
stimuli-responsiveness, it is expected that reversible structural transformation between polymers 
with different ordered structures will be possible. In this study, we aimed to construct new ladder 
polymers with flexibility that can be transformed in response to the chemical stimuli. First, a 
naphthalenediimide with linkage moieties was synthesized as a monomer molecule. Next, ladder-shaped 
dimers were synthesized, and it was found that the dimers encapsulated aromatic molecules. 
Furthermore, we synthesized linear polymers, which are the precursors of ladder polymers, and 
investigated the synthesis of ladder polymers.

研究分野：錯体化学、超分子化学

キーワード： ラダーポリマー　Π平面性分子

  １版

令和

研究成果の学術的意義や社会的意義
刺激応答性を有するラダーポリマーはこれまでにほとんど報告されていない。本研究で開拓したモノマー間での
非共有結合を利用したラダーポリマーの新規合成法を用いることで、外部環境や化学刺激に応答して秩序構造を
自在に可逆変換可能な新規材料を構築できると考えられる。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

Ladder polymers are an attractive class of polymer where monomer units are connected by more 

than two bonds. Unlike the common single-stranded linear polymer, they are known to have highly-

ordered structure with limited room for conformational change, which are expected to be utilized for 

gas-separation, organic electronics, and so on. There are, so far, only a few reports of a ladder polymer 

having a partially flexible structure. If the ladder polymer can have stimuli-responsiveness to change 

the relative position of adjacent monomers, the transformation among different ladder structures would 

become possible. 

 

２．研究の目的 

The objective of this research is the construction of a stimuli-responsive ladder polymer with a 

transformable structure. Unlike the other ladder polymer with rigid structure and limited 

conformational change, the ladder polymer of this work can change the interaction between each 

monomer depending on the chemical environment, which results in the switching between highly-

ordered rigid structure and flexible structure. Moreover, by the addition of guest molecules which can 

be accommodated in between each monomer, the relative distance and angle between the adjacent 

monomer and the guest molecule can be controlled to lead to the conversion among ladder polymers 

with different ordered structures. 

 

３．研究の方法 

The synthesis of the ladder polymer is more complex compared to the single-stranded polymer. 

Because two polymer backbones have to be formed, simultaneous polymerization leads to the 

formation of a random structure instead of the well-defined ladder structure. Therefore, in this work, 

stepwise polymerization utilizing supramolecular interaction between monomers is used to form the 

ladder polymer. Firstly, a naphthalene diimide (NDI) monomer with two olefins and two alcohols is 

synthesized, followed by their polycondensation to get a linear polymer. The linear polymer will be 

preorganized into the folded structure by the addition of templating molecules, where noncovalent 

interactions, such as donor-acceptor and π -π  stacking interactions, between monomers and 

templates are utilized. Finally, adjacent olefin moieties are connected by a ring-closing metathesis 

reaction to get a ladder structure, which is followed by washing out the templating molecule 

 

４．研究成果 

The NDI monomer 1 with two different sites for polymerization was successfully synthesized in 

3 steps. The polycondensation of monomer 1 with dicarboxylic acid chloride was performed to 

successfully get linear polymer. The formation of ladder structure was firstly tested by using dimeric 

NDI molecule with olefin moieties 2. Olefin metathesis of 2 using Hoveyda-Grubbs 2nd generation 

catalyst resulted in the reaction yield of 93% even without a templating donor molecule. However, the 

preorganization of 2 for continuous ladder formation was found to be inefficient. To increase the 

folding efficiency, the multipoint interaction can be utilized. Two different methods, utilizing 

hydrogen bondings and ionic interactions respectively, were investigated. As a result, the method 



utilizing ionic interactions was found to be efficient to form folded structure. This finding is expected 

to be able to be used to synthesize ladder polymer. 

To investigate the host-guest property of partial ladder structure, the ladder-shaped dimer 3 was 

synthesized in 3 steps. 3 was found to incorporate the series of polycyclic aromatic hydrocarbons. The 

1:1 mixture of 3 and pyrene showed a charge transfer band between NDI and pyrene at 503.5 nm. 

Job’s plot analysis suggests the 1:1 encapsulated complex between 3 and pyrene. Moreover, 3 was 

utilized as the receptor of membrane-type surface stress sensor (MSS), where the structural change of 

the receptor via molecular adsorption can be directly converted to the electrical signal. As a result, 

dimer 3 was found to cause structural change through the interaction with a series of aromatic 

molecules. 
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