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Signal-responsive chemical bonds are those that 

decompose/bond or change their physical properties upon 

recognizing environmental changes. The development of signal-

responsive materials using chemical bonds that respond to chemical 

signals such as pH, reducing substances, and ionic strength, and 

physical signals such as light, temperature, and ultrasonic waves 

suggests potential applications onto various fields including sensors 

and molecular machines. These so-called 'smart' materials have 

attracted a lot of interest in the past decades. 

Unlike carbon-carbon single bonds, carbon-carbon double 

bonds have a unique planar structure in which adjacent functional 

groups are located in one plane, with a perpendicular π-bond. In 

addition, due to the overlap between p-orbitals in the π-bond, the 

rotation of the carbon-carbon double bond is restricted. This 
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structural rigidity results in cis-/trans- isomerism depending on 

the substituent orientation, and the activation energy required for 

reversible change between isomers can be adjusted by varying the 

substituents of the double bond. Thus, the structural conformation 

of these materials can be changed by external signals, showing 

potential as a signal-responsive chemical bond that can control the 

properties of a substance. 

This doctoral dissertation involves 1) Amine-selective 

affinity resins based on pH-sensitive, reversible formation of 

covalent bonds by using maleic acid derivatives’ structural 

properties of a fixed cis-double bond and 2) Helicity control of 

polymeric backbones with alternating cis-trans double bonds in 

cyclopolymerized dipropargyl amides. 

In Chapter 1, I developed an affinity chromatography resin 

based on reversible covalent bond from a functional nanostructure 

capable of selective reaction with amines. Based on previous 

research accounts on the specific reactivity of maleic anhydride 

derivatives with amines and their degradation kinetics, 1-Methyl-

2-(2'-carboxyethyl) maleic anhydride (CDM) was used as a 

functional and signal-responsive chemical bond. The CDM was 

linked by an amide bond with 3-aminopropyl triethoxysilane, for 

surface modification onto wrinkled silica nanoparticles (WSNs) 

through a subsequent condensation reaction. The synthesized 

functional nanostructures selectively formed maleic acid amides 

under basic conditions with amine groups, when exposed to a 

mixture of small model compounds including alcohols, carboxylic 

acids, amines, tertiary amines, and quaternary ammonium salts. 

After several washing steps, amines could be selectively separated 
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under acidic conditions. Based on these conceptual studies, I 

demonstrated that the separation of macromolecules such as 

polyethylene glycol could also be performed by recognition of a 

small end group difference between alcohol, carboxylic acid and 

amine via MALDI-TOF analysis. 

Chapter 2 denotes a study on the development of oriented 

polyacetylene polymers using metathesis cyclopolymerization 

(MCP) and their solvent responsiveness. In the conventional 

synthesis of oriented or helical poly(acetylene), only cisoidal-cis 

and transoidal-cis poly(acetylene)s are known to form a helical 

structure. I hypothesized that a trans-rich polymer could form a 

helical structure via precise regulation of the cis/trans ratio. In this 

research, metathesis cyclization polymerization between two 

adjacent alkynes of dipropagyl amine with a ruthenium-based 

catalyst forms a ring structure (cis-), and a trans-structure is 

propagated between rings due to steric hindrance. Thus, compared 

to conventional helical poly(acetylene)s, the synthesized 

cyclopolymers have precisely controlled, alternating cis- and 

trans- conformations. In order to modulate the direction of the 

helical polymer, Fmoc-protected α-amino acid was incorporated 

through amide bond with dipropargyl amine. The synthesized 

polymer showed the cotton effect in the poly(acetylene) 

absorbance region, which was confirmed by circular dichroism 

spectrometry. Like previous studies, the L- or D- enantiomers of 

α-amino acid showed opposite cotton effects. It indicated that the 

orientation of the polymer was controlled by the chirality of 

monomers. Also, the side chain π-π interaction of Fmoc-groups 

proved to be critical for generating the helical structure of polymers, 
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shown by comparison with Boc-protected α-amino acids. 

Interestingly, the synthesized helical polymer showed helical 

inversion with solvent interactions. This was attributed to the syn- 

and anti- rotamers of side chain carbamate groups, which was 

confirmed by NMR and DFT calculations. The helical structure of 

the polymer was confirmed by AFM images, and finally, a model 

polymer structure was suggested by the experimental evidence and 

calculation results. 

In this study, a potential application of maleic acid 

derivatives to affinity chromatography for selective amine 

separation is suggested. In addition, developing a new polymer 

containing carbon-carbon double bonds and understanding the 

structural mechanism of controlling its optical and physical 

properties is expected to be a contribution to the development of 

future smart materials. 

 

Keyword : Amine selectivity, Maleic anhydride nanostructure, 

affinity chromatography resin, Helical poly(acetylene), Metathesis 

cyclopolymerization, Signal response. 
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PART 1. Amine-selective affinity resins based on pH-

sensitive reversible formation of covalent bonds 

 

1. Abstract. 

 

A new class of affinity resins using reversible covalent 

bonds is introduced for the separation of amine-containing 

molecules. pH-sensitive reversible formation of amic acid bonds 

between amines and carboxylate dimethyl maleic anhydride-

decorated wrinkled silica nanoparticle resins was used to 

selectively retain and release amine-containing molecules, by 

controlling the pH. 
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2. Introduction 

Separation of substances from mixtures continues to be one 

of the most important issues in chemistry. Selective resin-based 

methods are the most popular in modern separation. Selective 

resins for partition, gel permeation, and ion exchange 

chromatography rely on differences in polarity, molecular size, and 

charge, respectively.1,2 However, mixtures containing molecules 

with similar polarity, sizes, and charges are difficult to separate 

using existing resins.3,4 The difficulty of separating high-molar-

mass molecules can be greater, because the part that interacts with 

the resin may only be a small fraction of their molecular 

structure.4,5 Therefore, it is necessary to develop specific resins for 

mixtures that are difficult to separate; particularly for polymer or 

biological mixtures, where high-molar-mass molecules are 

present.6 I anticipate that highly selective affinity resins can be 

effectively used for such separations.7 

 Ligands can be attached to the surface of affinity resins that 

bind to specific molecular structures or moieties.8,9 Antibody-

antigen interactions and coordination bonds have been used for 

one-step separation of molecules from complex mixtures.9,10 

However, the use of covalent bonds in separation techniques has 
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been very limited, due to the limited specificity and reversibility of 

covalent bond formation. Examples of covalent bond-based 

separation methods include an amine/thiol separation which relies 

on irreversible covalent bond formation with maleimide-based 

resins11, and a sugar separation by reversible covalent bond 

formation between glycols and phenylboronate.6,12, 13 Selectivity and 

reversibility are essential factors to consider in the development of 

successful and practical covalent bond-based affinity resins. 14  

 As the first step in the development of novel affinity resins, 

I attempted to design an amine-selective resin based on reversible 

covalent bonds. Amine groups are stronger nucleophiles than either 

hydroxyl or carboxyl groups, so they form covalent bonds with 

electrophilic groups more readily. In addition, primary, secondary, 

tertiary, and quaternary amines/ammoniums have similar polarities 

and charge densities at neutral pH, but their reactivities with 

electrophilic groups are significantly different.15 Among various 

covalent bonds which can be formed through the reactions of 

amines, the maleic acid amide bond is a very attractive candidate 

for use in amine-selective resins. It is formed by a rapid 

nucleophilic reaction between maleic anhydride and a primary or 

secondary amine at basic pH, and can be reversibly cleaved into the 
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original anhydride and amine at acidic pH, by  intramolecular attack 

of the cis-amic acid moiety (Figure 1a).16,17 Moreover, the pH 

sensitivity can be tuned by changing the substituents on the cis-

double bond in maleic acid amide derivatives.16,18 When two alkyl 

groups are introduced as substituents on the cis-double bond of a 

maleic acid amide, the resulting doubly substituted species will be 

rapidly degraded under mildly acidic conditions (pH 5–6).16,18  

Therefore, if maleic anhydride derivatives with tuned pH-

sensitivities can be introduced on to the surface of resins, the 

resins will selectively react with amines to form the corresponding 

maleic acid amide derivatives at a mildly basic pH. After the 

removal of other molecules by washing, the amine-containing 

molecules can be released by the degradation of the maleic acid 

amide derivatives at a mildly acidic pH (Figure 1b). 
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3. Experimental Section 

 

3.1 Materials 

Triethyl-2-phosphonopropionate, tetraethyl orthosilicate 

(TEOS) and dimethyl-2-oxoglutarte were purchased form TCI 

(Japan), sodium hydride (NaH, 60% in mineral oil), dichloromethane 

(DCM, anhydrous), Tetrahydrofuran (THF, anhydrous), Oxalyl 

chloride (2M in DCM), 3-aminopropyl triethoxysilane (APTES), 

triethylamine (TEA), trifluoroacetic acid (TFA) 

cetyltrimethylammonium bromide (CTAB), benzyl amine and phenyl 

acetic acid were purchased form Aldrich (USA). NH4Cl, KOH, HCl, 

ethanol (EtOH), benzyl alcohol, poly(ethylene glycol)(Mw =2000) 

and magnesium sulfate (MgSO4) were purchased form Daejung 

(South Korea). Urea, cyclohexane n-butanol, toluene and 

acetonitrile (ACN) were purchased form Samchun Chemical (South 

Korea). Amino functionalized poly(ethylene glycol) (mPEG-amine, 

Mw =2000) and succinic acid functionalized poly(ethylene glycol) 

(mPEG-COOH, Mw =2000) were purchased from SunBio (south 

korea) 
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3.2 Synthesis of carboxy dimethyl maleic anhydride (CDM) 

(2) 

CDM was synthesized by the method in a previous report18,21. 

Briefly, triethyl-2-phosphonopropionate (1.64 g, 6.89 mmol) was 

added into anhydrous THF (200 mL) under a nitrogen atmosphere 

at 0°C. NaH (0.37 g, 9.2 mmol) was added slowly into the solution. 

The evolution of hydrogen gas stopped after 30-min stirring. 

Dimethyl-2-oxoglutarte (1.00 g, 5.74 mmol) was added to the 

solution. After the reaction completion was checked by TLC, excess 

NaH was quenched by a saturated aqueous solution of NH4Cl. 

Following the removal of the THF content in the mixture by 

evaporation, the remaining aqueous phase was extracted with ethyl 

acetate (EA) several times. The combined organic phase was 

washed with deionized water and brine, and dried over MgSO4. 

After removal of most of organic solvents, the remaining residue 

was purified by the silica gel chromatography with an eluent of 

EA/hexane. After evaporation, 4-ethyl 1,3-dimethyl (Z)-pent-3-

ene-1,3,4-tricarboxylate (1) was obtained as a colorless oil 

(Yield: 94%). 1H-NMR spectrum of 1 is shown in Figure 2.  

 Compound 1 (1.4 g, 5.4 mmol) was dissolved in a 2 M KOH 

solution in ethanol (14 mL), and allowed to reflux at 80°C for 2 h. 
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The hot reaction mixture was cooled to ambient temperature. After 

removal of ethanol by evaporation, the mixture was acidified to pH 

2 using concentrated HCl. The aqueous phase was then extracted 

with EA several times. The combined organic phase was dried over 

MgSO4 and concentrated under reduced pressure to produce CDM 

(2) as a white solid (Yield: 65%). 1H-NMR spectrum of 2 is shown 

in Figure 3. 

 

3.3 Synthesis of APTES-CDM (3) 

Oxalyl chloride (2 M in DCM, 1.8 mmol), was added 

dropwise to a solution of CDM (300 mg, 1.6 mmol) in DCM (9 mL) 

in a glove box. The resulting solution was stirred at ambient 

temperature for 6 hr and remaining oxalyl chloride was removed 

under reduced pressure. The resulting oil was suspended in DCM 

(9 mL), and APTES (420 μL, 1.8 mmol) and TEA (250 μL, 1.8 

mmol) were added to the suspension. After 4 hr-stirring, the 

mixture was concentrated under reduced pressure. The remaining 

mixture was dissolved in EA and washed with 0.1 M HCl solution 

(× 2) and brine. The organic phase was dried over MgSO4 and 

concentrated under reduced pressure. The residue was purified by 

silica gel chromatography with an eluent of EA/hexane. APTES-
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CDM (3) was obtained as a colorless oil (Yield: 22%). 1H-NMR 

spectrum of 3 is shown in Figure 4. 

 

3.4 Synthesis of Wrinkled Silica Nanoparticles  

Wrinkled silica nanoparticles (WSN) were synthesized by a 

previously reported method19,20. First, CTAB (28 g, 78 mmol) and 

urea (18 g, 0.3 mol) were dissolved in deionized water (900 mL). 

Subsequently, cyclohexane (900 mL) and n-butanol (33 mL, 0.36 

mol) were added to the solution. With vigorous stirring, TEOS (80 

mL, 0.36 mol) was added to the mixture. After stirring for 30 min at 

ambient temperature, the reaction mixture was heated to 70°C and 

further stirred for 16 h. The reaction mixture was centrifuged and 

washed with acetone and ethanol. An aqueous HCl (10 M, 300 mL) 

was added to the mixture for the removal of CTAB from WSN, and 

the mixture was further stirred for 24 h. The WSN dispersion was 

centrifuged for 15 min at 8000 rpm, and the precipitate was re-

dispersed in EtOH. This centrifugation-re-dispersion procedure 

was repeated three times. After vacuum drying, WSNs were 

calcinated in the furnace at 600°C for 6 h. The white product 

(WSNs) was then obtained (Yield: 84% ). 
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3.5 Preparation of WSN-CDM 

Synthesized WSNs (400 mg) were dispersed in toluene (40 

mL) with sonication for 30 min. APTES-CDM (106 mg) in EtOH (3 

mL) was added to the dispersion. The reaction mixture was heated 

to 80°C, and stirred vigorously for 15 h. The mixture was 

concentrated under reduced pressure and the remaining solid was 

washed with ethanol (× 4) and collected by centrifugation. Finally, 

the precipitate was washed by an aqueous HCl (0.01 M). White 

product (WSN-CDM) was then obtained by lyophilization (Yield: 

79%). 

 

3.6 Scanning Electron Microscopy (SEM) 

The surface morphology of WSN and WSN-CDM was 

analyzed by a FT-SEM instrument (Hitachi S-4300, Japan) 

operated at 15.0 kV. Each sample was coated with Pt by vacuum 

sputtering for 60 s using an ion sputter (Hitachi E-1030, Japan). 

(Figure 5) 
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3.7 Fourier Transform Infrared (FT-IR) spectroscopy 

Functional groups of WSN and WSN-CDM were analyzed by 

the FT-IR spectroscopy. The FT-IR spectrum was recorded using 

a spectrometer (Thermo Scientific Model iS10, USA). For the 

measurement, WSN and WSN-CDM were pressed into KBr pellets. 

(Figure 6) 

 

3.8 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis of WSN and WSN-CDM 

was conducted in an N2 gas stream (TA instruments Model TGA 

Q50, USA). Each sample was heated from 30°C to 800°C at a 

heating rate of 10°C/min. 

 

3.9 High performance liquid chromatography (HPLC) 

Model molecules were quantified by using an Agilent HPLC 

system (Model 1100 series) which is assembled with a binary pump 

(G1312A), a column oven (G1316A), and a UV detector (G1365B). 

A XDB-C18 reverse phase column (5 μm, Agilent) was used for 

the analysis. A gradient-based ACN/water mixture containing 0.1% 

TFA was used as the mobile phase for the quantification of benzyl 

amine, benzyl alcohol and phenyl acetic acid. An 8% MeOH/water 
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mixture containing 0.1% TFA was used as the mobile phase for the 

quantification of benzyl amine, N,N-dimethyl amino benzene and 

benzyl trimethyl ammonium chloride. 

 

3.10 MALDI-TOF MS 

MALDI-TOF mass spectrometry was carried out for the 

analysis of polymer purification. A Bruker DE/micro flex LT mass 

spectrometer equipped with a nitrogen UV laser (337 nm) was used 

for the analysis. Generally, dithranol was used as the matrix. 

 

3.11 General method for the separation of amine-containing 

molecules 

The BBP and BDT mixture sample were prepared as an ACN 

solution. An approximate concentration of each component in the 

mixture was 0.4 mM. TEA was added to the solution at the final 

concentration of 50 mM for alkaline circumstances. WSN-CDM (20 

mg) was dispersed in the mixture solution (1 mL) and stirred for 2 

hr at ambient temperature. After the formation of covalent bonds 

between amines and WSN-CDM, WSN-CDM with amine-

containing molecules was separated from the mixture by 

centrifugation, and washed with a TEA solution in ACN (50 mM)   
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(× 2) and with NH4Cl (× 2) for removal of non-specifically 

adsorbed molecules. WSN-CDM with amine-containing molecules 

was dried by vacuum. For releasing amine-containing molecules 

from WSN-CDM, the dried WSN-CDM was dispersed in 0.1% TFA 

solution in ACN for 2hr at ambient temperature. After centrifugation, 

the supernatant was analyzed by HPLC.  

  The PEG-mixture sample was prepared by mixing of three 

PEG in ACN (0.33 mM each, containing 50 mM TEA). For the PEG 

binding, 0.0165 μmol of each PEG was loaded to 1 mg of the WSN-

CDM resin. The polymeric mixture was analysed by MALDI-TOF 

MS during the purification. 
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4. Results and Discussion 

 

4.1 Characterization of WSN-CDM 

In order to measure the reversible amine binding ability of 

the WSN-CDM resin, I selected benzyl amine as a model amine 

sample. The adsorption and release of benzyl amine on the WSN-

CDM resin under various pH conditions was quantified by HPLC. 

The maximum adsorption of benzyl amine was 2.6×10-3 μmol per 

mg of WSN-CDM resin, after 1 h under basic (50 mM triethylamine 

(TEA)) conditions (Figure 7a). The measured adsorption includes 

both covalent and non-covalent adsorption. After washing to 

remove non-covalently bound benzyl amine, the WSN-CDM resin 

was incubated under acidic (0.1% trifluoracetic acid (TFA)) 

conditions. The release of benzyl amine from the WSN-CDM was 

completed within 30 min (Figure 7b). The amount of benzyl amine 

released was 1.9×10-3 μmol/mg. The recovery efficiency (the ratio 

of released amine to adsorbed amine) was 73%. The recovery 

efficiency was clearly dependent upon the loading amount. At a 

lower loading amount (0.012 μmol/mg), the recovery efficiency 

was 92% (Table 1). At a higher loading condition, larger portion of 

amine molecules could bind on the resin via non-covalent 
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adsorption, or could rarely form irreversible covalent bonds with 

CDM, which were not degraded at acidic pH. I suggest that the 

relatively low recovery yield was due to non-covalentlybound 

amine, which was removed by the washing step, and rarely formed 

irreversible covalent bonds between CDM and benzyl amine, which 

were not degraded at acidic pH. 

 

4.2 Separation of primary amine molecules in the small size 

mixture. 

 

4.2.1 Specific interaction with primary amine in present of alcohol and 

carboxylic acid 

Subsequently, I investigated whether the WSN-CDM resin 

could selectively retain amine-containing molecules from mixtures 

which include molecules with similar structures but hydroxyl or 

carboxyl (rather than amine) functionalities. Benzyl amine (B. 

amine), benzyl alcohol (B. alcohol) and phenyl acetic acid (PA) 

were combined in ACN solvent to prepare a BBP mixture. The 

amount of each compound in the mixture was quantified using HPLC 

(Figure 8 and 9), and summarized in Table 2. Under basic conditions 

(50 mM TEA), 75% of the benzyl amine was covalently or non-
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covalently bound to the resin. Conversely, only 10% of the benzyl 

alcohol was bound to the resin. Interestingly, PA, which contains a 

carboxyl group, was adsorbed on the resin with a binding efficiency 

of 73%. After washing the resin with ACN and saturated NH4Cl 

solution, most of the non-covalently bound molecules were 

removed. I suggest that the high-ionic-strength of the NH4Cl 

eluent weakens the ionic interactions between the resin and non-

covalently bound molecules. Therefore, at the final acidified 

condition, no benzyl alcohol or PA were detected in the eluent. Only 

benzyl amine, which possesses an amine functionality and can thus 

form reversible amic acid bonds with the CDM moiety, was 

selectively released from the resin. The recovery efficiency was 

46%. These results demonstrate that amine-containing molecules 

can be selectively separated from the BBP mixture. 

 

4.2.2 Specific interaction with primary amine in present of tertiary 

amine and quaternary ammonium  

Selective separation of nucleophilic amines from other 

amine/ammonium residues was confirmed using a BDT mixture 

containing benzyl amine, N,N-dimethyl benzyl amine (DMBA), and 

benzyl trimethyl ammonium chloride (BTAC) 
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(Figure 8 and 10). Under basic conditions, 84% of the benzyl amine 

was bound to the resin. The bindingefficiency of DMBA, a tertiary 

amine, was 51%. The quaternary ammonium BTAC species showed 

almost quantitative adsorption on the resin. Weakly bound 

molecules were removed by washing with ACN and NH4Cl. A limited 

amount of BTAC was released during the washing steps, suggesting 

that the interaction between the quaternary ammonium BTAC 

species and the resin was significantly stronger than the non-

covalent interactions between amines and the resin. However, 

under acidic conditions, only benzyl amine was released from the 

WSN-CDM resin, with a recovery efficiency of 58%. This 

demonstrates the selective separation of benzyl amine from the 

BDT mixture. BTAC was strongly bound to the resin and was not 

released under acidic conditions. 

 

4.3 Separation of primary amine functionalized poly ethylene 

glycol. 

Lastly, I investigated whether the WSN-CDM resin could 

separate amine-containing polymeric molecules. I selected PEG as 

a model polymer. PEG is widely used in biological applications, and 

various functional groups have been conjugated to it. In this study, I 
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determined the separation efficiency of WSN-CDM resin for a 

mixture containing equimolar PEG (Mw = 2,000) polymers with 

amine (PEG-NH2), hydroxyl (PEG-OH), and carboxyl 

functionalities (PEG-COOH). The separation procedure was the 

same as that described above. During the separation, MALDI 

spectra were obtained to examine the efficiency of the purification 

(Figure 11). The initial mixture showed a trimodal distribution of 

the three polymers; PEG-OH (blue), PEG-NH2 (red) and PEG-

COOH (green) (Figure 11a). Each spectrum exhibited clear peak-

peak gaps, with a 44 Da difference between the ethylene oxide 

monomers. The intensity differences were due to the different 

degrees of ionization of the three polymers. After loading, the 

relative amounts of PEG-NH2 and PEG-COOH were significantly 

reduced in comparison to the amount of PEG-OH in the supernatant, 

due to their covalent and non-covalent interactions with WSN-

CDM (Figure 11b). Non-covalently bound PEG-OH, PEG-NH2, and 

PEG-COOH were detected in the washed-out sample (Figure 11c). 

Treating the resin with acid selectively released PEG-NH2 (Figure 

11d). The WSN-CDM resin enabled the selective separation of 

amine-containing molecules from a mixture of polymers with only 

limited structural differences.
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5. Conclusion 

In summary, I prepared a novel amine-affinity resin based 

on the formation of reversible covalent bonds between amine 

functionalities and CDM-decorated silica nanoparticles. Due to the 

rapid formation and degradation of the amic acid bonds, the WSN-

CDM resin selectively retained and released amine-containing 

molecules, including polymers, from mixtures containing molecules 

with similar structures and different functionalities. The binding and 

release of the amines was controlled by changing the pH of the 

eluent. The pH-sensitive formation and degradation of maleic acid 

amide derivatives can be tuned by changing the substituents of the 

malic acid amide. Compared with other separation methods for 

amines by reverse phase chromatography22 or cation-exchange 

chromatography23, the WSN-CDM resin has a limitation in the 

quantitative analysis due to relatively low recovery efficiency. 

However, the WSN-CDM resin would be suitable for the separation 

of amine-containing molecules from complex mixtures, and I 

suggest that more efficient and selective resins with high recovery 

efficiency can be achieved by structural optimization. 

 Furthermore, I propose that polymeric resins with a high 

degree of coverage by CDM moieties would have increased loading 



 

 １９ 

capacities and decreased non-covalent adsorption of charged 

molecules relative to silica-based resins such as WSN-CDM. 
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Scheme 1. Synthetic scheme of WSN-CDM  
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Figure 1. (a) pH-sensitive formation and degradation of the amic 

acid bond on the surface of WSN-CDM.  (b) Proposed amine-

selective separation process using WSN-CDM resins.  
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Figure 2. 1H-NMR spectra of 4-ethyl 1,3-dimethyl (Z)-pent-3-

ene-1,3,4-tricarboxylate. (1) 

δH (500 MHz; CDCl3; Me4Si) 4.2 (2 H, q, CH3CH2OC), 3.75 (3 H, s, 

CH3OCOC), 3.68 (3 H, s, CH2COOCH3), 2.6 (2 H, t, CCH2CH2COO), 

2.5 (2 H, t, CCH2CH2COO), 2.0 (3 H, s, CCH3) and 1.3 (3 H, t, 

CH3CH2OC)  
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Figure 3. 1H-NMR spectra of CDM (2) 

δH (300 MHz; CDCl3; Me4Si) 2.77 (4 H, s, CCH2CH2CO2H), and 

2.12 (3 H, s, COCCH3C)  
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Figure 4. 1H-NMR spectra of APTES-CDM (3) 

δH (300 MHz; CDCl3; Me4Si) 5.8 (1 H, s, CH2NHCO), 3.8 (6 H, q, 

SiOCH2CH3), 3.2 (2 H, q, CH2CH2NHCO), 2.7 (2 H, t, 

NHCOCH2CH2C), 2.5 (2 H, t, NHCOCH2CH2C), 2.1 (3 H, s, 

COCCH3C), 1.6 (2 H, m, SiCH2CH2CH2), 1.2 (9 H, t, SiOCH2CH3), 

0.6 (2 H, t, SiCH2CH2)  
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Figure 5. Scanning electron microscope (SEM) images of bare WSN 

(a), calcined WSN (b) and WSN-CDM (c).  
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Figure 6. Characterization WSN-CDM. FT-IR spectra (a) and TGA 

analyses (b) under an N2 atmosphere of bare WSN (black) and 

WSN-CDM (red).  
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Figure 7. Time dependence of binding (a), and releasing (b) 

chromatography of Benzyl amine.  
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Figure 8. Separation of small amine-containing molecules from 

mixtures by the WSN-CDM resin. Chromatograms of (a) benzyl 

amine, benzyl alcohol and phenyl acetic acid (PA), and (b) benzyl 

amine, N,N-dimethyl benzyl amine (DMBA) and benzyl trimethyl 

ammonium chloride (BTAC), during the separation procedure.  
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Figure 9. Chromatography of benzyl amine, benzyl alcohol and 

phenyl acetic acid (BBP mix). 

 

Figure 10. Chromatography of benzyl amine, N,N-dimethyl benzyl 

amine, benzyl trimethyl ammonium (BDT mix)  
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Figure 11. Separation of amine-containing polymers by the WSN-

CDM resin. (a) MALDI-TOF spectra of the (a) PEG mixture before 

separation, (b) non-bound mixture, (c) washed sample, (d) 

released sample with TFA treatment 
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Table 1. Binding and recovery efficiency of benzyl amine according to the loading amount. 

 

aThe binding amount was calculated from the non-bound amount in the supernatant, and includes non-covalently bound 

molecules. bThe binding efficiency is the ratio between the binding amount and the loading amount. cThe amount 

obtained after removal of non-covalently bound molecules by washing and treatment with TFA. dThe release efficiency 

is the ratio between the released amount and the bound amount. 

Molecules Loading (μmol/mg) 

Bound Released 

Amount  

(μmol/mg)a 

Binding Efficiency 

(%)b 

Amount  

(μmol/mg)c 

Recovery 

Efficiency (%)d 

B. amine 
0.034 0.026 76  0.019 73 

0.012 0.010 83 0.009 92 



 

 

３
６

 

 

Table 2.  Separation performance of the WSN-CDM resin. Amounts are represented as the amount of each molecule 

(μmol) relative to the mass of the WSN-CDM resin (mg). Each value is the average (± S.D.) of three 

measurements. N.D. = not detected. 

aThe binding amount was calculated from the non-bound amount in the supernatant, and includes non-covalently bound 

molecules. bThe binding efficiency is the ratio between the binding amount and the loading amount. cThe amount obtained after 

removal of non-covalently bound molecules by washing and treatment with TFA. dThe release efficiency is the ratio between the 

released amount and the bound amount  

Mixture Molecules 
Loading 

(μmol/mg) 

Bound Released 

Amount (μmol/mg)a Binding Efficiency (%)b Amount (μmol/mg)c Recovery Efficiency (%)d 

BBP mix. 

B. amine 0.045 0.034 (± 0.008) 75 (± 11) 0.016 (± 0.007) 46 (± 9) 

B. alcohol 0.033 0.004 (± 0.003) 10 (± 8) N.D.  

PA 0.031 0.021 (± 0.004) 73 (± 14) N.D. - 

BDT mix. 

B. amine 0.020 0.016 (± 0.002) 84 (± 5) 0.010 (± 0.002) 58 (± 3) 

DMBA 0.020 0.010 (± 0.002) 51 (± 7) N.D. - 

BTAC 0.022 0.022 (± 0.000) 100 (± 0) N.D. - 
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PART 2. Helicity Control of Polymeric Backbones 

with Alternating Cis–Trans Double Bonds in 

Cyclopolymerized Dipropargyl Amides 

 

1. Abstract. 

I report the synthesis of new helical polymeric structures 

having alternating cis and trans double bonds and chiral amino acid 

side chains by metathesis cyclopolymerization. The polymer helicity, 

which is generated by the interaction between 

fluorenylmethyloxycarbonyl (Fmoc) groups in the side chains, is 

dramatically affected by solvents. A thorough experimental and 

theoretical analysis including nuclear magnetic resonance, atomic 

force microscopy, and density functional theory and molecular 

mechanics calculations suggests that the helicity of both backbone 

and side chains are determined by anti–syn rotation of the 

carbamate groups and by the different interactions of the Fmoc 

groups with solvents. 
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2. Introduction. 

The synthesis and structural control of helix polymers are 

challenging topics in polymer chemistry. To obtain helical 

structures, polymeric backbones with a high content of π-bonds, 

well-ordered hydrogen bonding, metal coordination, and π –π 

interactions are often used to limit the free rotation of the backbone 

structure.1-3 Poly(acetylene), which possesses alternating σ- and 

π -bonds in the backbone, has been intensively studied as a 

possible helical polymer for decades.4-8 Especially, cis-rich 

poly(phenyl acetylene) shows strong helicity due to the interaction 

between the phenyl side chains.9-10 Besides the cis–trans 

arrangement of the double bonds, the poly(acetylene) backbone can 

interconvert between cisoidal and transoidal conformations through 

the rotation of the σ-bonds located between two double bonds 

(Figure 1). Since only cisoidal-cis and transoidal-cis 

poly(acetylene)s are known to form helical structures, research 

efforts have mainly focused on the synthesis of cis-rich 

poly(acetylene)s for the enhancement of helicity.11-13  

However, I hypothesized that a trans-rich polymer could 

form a helical structure if a cis arrangement could be regularly 
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incorporated in the backbone, since the regular spatial interaction 

between closely packed side chains in the cis arrangement is a 

critical factor for the generation of helicity. Recently, a metathesis 

cyclopolymerization (MCP) method based on ruthenium catalysts 

has been developed for the preparation of poly(acetylene).11-12 

Accordingly, metathesis of two adjacent alkynes affords a ring 

containing a double bond and elongates the poly(acetylene) 

backbone. The presence of a cis double bond in the rings and a 

trans double bond between adjacent rings due to steric hindrance 

ensures the formation of a poly(acetylene) backbone possessing 

alternating cis and trans double bonds with precise 1:1 cis/trans 

ratio.13-14 

Herein, I describe the synthesis of cyclopolymers with 

alternating cis and trans double bonds from dipropargyl amide 

monomers containing α-amino acid side chains (Figure 2a). 

Nitrogen-linked monomers are expected to have higher tendency 

to undergo cyclopolymerization than their carbon-linked 

counterparts,15 and the resulting amide groups can limit the degree 

of rotation of the polymer, thereby enhancing its optically active 

helical property. The monomers were simply prepared by amide 

coupling between dipropargyl amine and 
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fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids (Figure 

2b and Scheme 1), and were then polymerized into a MCP polymer 

by using the 3rd generation Grubbs catalyst.12,14 Polymers (P1–P4) 

with degrees of polymerization (DPs) of approximately 10–30 were 

obtained by varying the monomer-to-catalyst ratio. The molecular 

weight distribution, thermogravimetric analysis, and differential 

scanning calorimetry results are summarized in detail in Supporting 

Information (Figure 3-4 and Table 1). 
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3. Experimental Section 

 

3.1 Materials 

Dichloromethane (DCM, anhydrous), N,N-

dimethylformamide (DMF, anhydrous), dipropargylamine, N,N-

diethylformamide (DEF) and the 2nd gneration Grubbs catalyst 

were purchased form Sigma-Aldrich (USA). The 3rd gneration 

Grubbs catalyst was synthesized from the 2nd gneration Grubbs 

catalyst through the procedure in a previous report.[1] 

Diisopropylethyleneamine (DIPEA) and N,N-diisopropylformamide 

(DIPF) were purchased form TCI (Japen), NaHCO3¬, HCl and 

magnesium sulfate (MgSO4) were purchased from Deajung (South 

Korea). Chloroform (CHCl3), tetrahydrofuran (THF) (stabilized by 

0.01% BHT), ethylacetate (EA) and n-hexane were purchased 

from Samchun Cehmical (South Korea). Benzotriazole-1-yl-oxy-

tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOB), 

Fmoc-L-Ala-OH, Fmoc-D-Ala-OH, Fmoc-L-Phe-OH and 

Fmoc-D-Phe-OH were purchased form Novabiochem (San Diego, 

CA, USA). 
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3.2 General procedure for the synthesis of monomers 

Each N-protected amino acid (1.00 mmol) was dissolved in 

anhydrous DMF (5 mL). PyBOP (624 mg, 1.20 mmol) and DIPEA 

(215 µL, 1.20 mmol) were added into the solution. After the 

compounds are completely dissolved in DMF, dipropargylamine 

(103 µL, 1.00 mmol) was added and stirred for 3 h at room 

temperature. After the reaction completion was checked by thin 

layer chromatography (TLC), the reaction mixture was 

concentrated by evaporation. The residual mixture was dissolved in 

dichloromethane (DCM) and washed with a 0.1 M HCl solution (×2), 

a saturated NaHCO3 solution and brine, sequentially. The organic 

phase was dried over MgSO4 and concentrated under reduced 

pressure. The residue was purified by silica gel chromatography 

with an eluent of EA/n-hexane. Fmoc-L-Ala-CP monomer was 

obtained as a white powder (isolated yield: ~73%).  

 

3.3 General polymerization procedure 

The CP monomer (0.104 mmol) was dissolved in anhydrous 

DMF (500 µL) in a glove box. And the solution of the 3rd 

generation Grubbs catalyst was rapidly added to the monomer 

solution under vigorous stirring. After the complete conversion was 
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confirmed by TLC, the reaction was quenched by the addtion of 

excess ethyl vinyl ether. The polymer was obtained by repeated 

precipitation in diethyl ether followed by drying in high vacuum. 

 

3.4 1H-NMR study for the analysis of polymerization 

The monomers were polymerized into a MCP polymer by 

using the 3rd generation Grubbs catalyst.12,14 The alkyne peak at 2.2 

ppm was disappeared and the vinyl proton peaks in the polymer 

back bone around 6.5 ppm appeared in the 1H-NMR spectra of 

Fmoc-L-Ala-CP (P1) (Figure 5-6). The polymerization was 

almost completed within 30 min (Figure 7). I analyzed the 

geometric arrangement of the polymer backbone. The vinyl protons 

in the olefin between two five-membered rings exhibited the 

charactieritic chemical shift of trans-olefin at 6.5 ppm (Figure 6).13 

The further Nuclear Overhauser Effect SpectroscopY (NOESY) and 

Heteronuclear Single Quantum Coherence spectroscopy (HSQC) 

were performed for the structral analysis and the peak assign 

(Figure 8-9). More importantly, selective NOE from the vinyl 

protons showed no significant correlation with other protons 

between 5-6 ppm (Figure 10). These results indicated that the 

geometric arrangement of the double bonds between the rings was 
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almost exclusively trans-arrangement. The MCP polymers have 

strictly alternating cis-trans arrangement as expected. 

 

3.5 Summary of 1H-NMR data of monomers and polymers 

 

(M1) L-Fmoc-Ala-CP monomer 

1H-NMR (300 MHz, CDCl3) δ 7.77 (d, J = 7.4 Hz, 2H; Ar H), 7.60 

(d, J = 7.3 Hz, 2H; Ar H), 7.42 (d, J = 7.3 Hz, 2H; Ar H), 7.32 (t, J 

= 7.3 Hz, 2H; Ar H), 5.70 (d, J = 7.7 Hz, 1H; -NHCOO), 4.87 – 

4.66 (m, 1H; NCHC), 4.56 –4.07 (m, 7H), 2.30 (d, J = 21.7 Hz, 2H; 

C≡CH), 1.42 (d, J = 6.8 Hz, 3H; -CHCH3). 

 

(P1) L-Fmoc-Ala-CP  

[α]D=+23.5401 (30°C, c = 0.5mg/mL, CHCl3)  

1H-NMR (500 MHz, CDCl3) δ 7.96-7.01 (8H; Ar H), 6.85-6.08 

(2H; HC=CH), 5.98-5.34 (1H, -NHCOO), 5.09-3.72 (8H), 1.54-

1.24 (3H –CHCH3). 

 

(P2) D-Fmoc-Ala-CP  

[α]D=-18.7129 (30°C, c = 0.5mg/mL, CHCl3)  
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(M3) L-Boc-Ala-CP monomer 

1H-NMR (300 MHz, CDCl3) δ 5.37 (d, J = 7.6 Hz, 1H; -NHCOO), 

4.76 – 4.58 (m, 1H; NCHC), 4.33 (dd, J = 18.8, 16.3 Hz, 4H; -

CCH2N-), 2.29 (d, J = 25.9 Hz, 2H; C≡CH), 1.44 (s, 9H; -

OC(CH3)3), 1.36 (d, J = 6.8 Hz, 3H, -CHCH3). 

 

(P3) L-Boc-Ala-CP  

[α]D=-4.3104 (30°C, c = 0.5mg/mL, CHCl3)  

1H-NMR (300 MHz, CDCl3) δ 6.83-5.88 (2H; HC=CH), 5.30 (s, 

10H), 5.73-5.10(1H; -NHCOO), 1.77-1.11 (12H; -OC(CH3)3 and 

-CHCH3 ). 

 

(M4) L-Fmoc-Phe-CP monomer 

1H-NMR (300 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H; Ar H), 7.56 

(dd, J = 7.2, 3.7 Hz, 2H; Ar H), 7.40 (t, J = 7.4 Hz, 2H; Ar H), 7.32 

(d, J = 7.4 Hz, 2H; Ar H), 7.21 (t, J = 7.1 Hz, 2H; Ar H), 5.61 (d, J 

= 8.4 Hz, 1H; -NHCOO), 4.92 (dd, J = 14.8, 6.9 Hz, 1H; NCHC), 

4.50-3.85 (m, 7H), 3.07 (qd, J = 13.5, 6.7 Hz, 2H; -CCH2C-), 

2.27 (d, J = 9.74 Hz, 2H; C≡CH), 

 

(P4) L-Fmoc-Phe-CP  
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[α]D=+24.6415 (30°C, c = 0.5mg/mL, CHCl3)  

1H-NMR (300 MHz, CDCl3) δ 7.96-7.01 (13H; Ar H), 7.01-6.11 

(2H; HC=CH), 5.19-3.99 (6H),4.00-3.50 (5H), 3.48-3.00 (2H; 

CCH2C-). 

 

(P5) D-Fmoc-Phe-CP (polymer) 

[α]D=-27.1125 (30°C, c=0.5mg/mL, CHCl3) 

  

(M6) L-Boc-Phe-CPm (monomer) 

1H-NMR (300 MHz, CDCl3) δ 7.21 (d, J = 7.7 Hz, 5H; Ar H), 5.27 

(d, J = 8.3 Hz, 1H; -NHCOO), 4.83 (d, J = 7.5 Hz, 1H; NCHC), 

4.42 – 4.20 (ddd, 4H; -CCH2N-), 3.02 (ddd, J = 19.7, 13.4, 6.9 Hz, 

2H; -CCH2C-), 2.26 (d, J = 11.2 Hz, 2H; C≡CH), 1.39 (s, 9H; -

CHCH3). 

 

(P6) L-Boc-Phe-CP (polymer) 

[α]D=-3.0133 (30°C, c = 0.5mg/mL, CHCl3)  

1H-NMR (500 MHz, CDCl3) δ 7.61 – 6.83 (5H, Ar H), 6.267-

5.79 (2H; HC=CH), 5.63-5.08(1H; -NHCOO), 4.97-2.85 (7H), 

1.57-0.8 (3H;-CHCH3), 
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3.6 Gel permeation chromatography(GPC) analysis of 

polymers 

The synthesized polymers were characterized by GPC with 

Shodex GPC columns (GF-510HQ, KF-803 and KD-803, Japan). 

Fmoc-Ala-CP polymers were analyzed through a GF-510HQ 

column with a mixture of chloroform and methanol at a ratio of 

90:10 (v:v) as an eluent and at a flow rate of 0.3 mL/min and at 

20°C (Figure 3a). Other polymers were analyzed through a KF-

803 THF column with a THF eluent at a flow rate of 0.7 mL/min and 

at 50°C. For the analysis of aggregation in DMF, Fmoc-Ala-CP 

polymers were analyzed through a KD-803 DMF column as a DMF 

eleuent at a flow rate of 0.7 mL/min and at 50°C (Figure 3b). 

Polystyrene (PS) standards (Agilent Technologies, USA) were 

used for calculating the molecular weights of the polymers. Each 

sample was detected with a refractive index (RI) detector (YL9170; 

Young Lin Instrument Co., Korea). Molecular weight distributions of 

all MCP polymers are summarized in Table 1.  
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3.7 Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) 

The TGA and DSC of P1 (DP = 20) were conducted in an N2 

gas stream (TA instruments Model TGA Q50, USA). For TGA, the 

polymer was heated from 30°C to 600°C at a heating rate of 

10 °C/min. Thermal decompositions were observed at 150, 215 

and 288°C, which may correspond to the decomposition of 

carbamates, poly(acetylene) backbone and amides, respectively.16-

17 For DSC, the polymer was heated from 25°C to 135°C at a 

heating rate of 10 °C/min. The glass transition temperature (Tg) 

of the polymer was measured at 89.6°C. 

 

3.8 Circular dichroism (CD) 

CD spectra were recorded on a J-815 spectrometer 

(JASCO, Japan) by using a quartz cell of a 1 mm-path length at 

30°C. Each polymer sample was prepared at 0.5 mg/mL. The 

solvent-induced helical inversion of P1 (DP = 20) is shown in 

Figure 11a. The helicity inversion was also observed in the 

solutions of P2 (Figure 12). The helical inversion was reversible by 

changing the solvent composition of CHCl3/DMF (Figure 13). When 
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the composition of DMF in the solvent mixture was enriched above 

40%, the P1 started to show the negative Cotton effect and vice 

versa. The helical structure of P1 was gradually formed and 

inverted in CHCl3 or DMF (Figure 14). The optical activity of P1 

was increased after the dissolving in CHCl3 but saturated within 24 

h. On the other hand, the optical activity in DMF was increased 

much slowly and more than 3 days were required for the saturation. 

The effect of other donor solvents, THF and DMSO on the optical 

activity is shown in Figure 15. P1 has negligible optical activity both 

in THF and DMSO. However, the helicity could be reversibly 

obtained by adding DMF into THF (Figure 16). The optical activity 

was also examined in DEF and DIPF. In DEF, the optical activity of 

P1 was increased according to the incubation time and the intensity 

was almost similar to that in DMF after 3 days. But in DIPF, there 

was no significant difference in the optical intensity of P1. (Figure 

17) 

 

3.9 Atomic force microscopy (AFM) 

The AFM experiments were performed by the Multimode 8 

and Nanoscope V controller (Bruker, USA). All images were 

obtained on a soft-tapping mode using non-contact mode tips from 
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Nanoworld (NCHR POINTPROBE®  and Super Sharp Silicon (SSS), 

Force constant:42 N/m). AFM image processing (flattening, extract 

profiles) was done by Gwyddion (ver. 2.50). 

A thin film of a polymer solution was prepared by spin 

coating of a drop of the solution of P1 (DP = 20) (0.001 wt%, 

spinning rate = 3000 rpm for 30 sec) on a highly oriented pyrolytic 

graphite (HOPG) substrate for the preparation of the sample at a 

lower density (Figure 18 and 19). A high-density sample of P1 in 

DMF was obatined by the same method but a different concetration 

(0.1 wt%). The high-density sample was further annealed with 

DMF for the generation of cystalline (Figure 20).    

Additionally, a high-density sample of P1 in CHCl3 was 

obtained by the Langumuir-Schaefer deposition (LS) medthod.18-21 

A solution (250 µL) of P1 (DP = 20) in CHCl3 at a concentration of 

0.1 mg/mL was spreaded on a water surface at room temperature. 

After wating the evaporation of CHCl3 for 15 min, the polymer 

surfce was graually compressed by a barrier at a speed of 1 

mm/min. When the compression was higher than 40 mN/m, the 

surface pressure (π) was suddenly droped and the slope was 

changed by the collision between the polymer layers. At a target 

surface pressure of 39.5 mN/m, the polymer monolyer was 
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transferred from the air/water interface to the HOPG surface (1 

cm2). The sample was annealed with sovlent vapor (DMF) for 24 h. 

The change of morphology by annealing is shown in Figure 21. 

 

3.10 Rotating frame nuclear Overhauser Effect SpectroscopY 

(ROESY) study 

ROESY experiments were performed for the determination 

of monomer conformations in different solvents. The relative 

distances among the carbamate proton (N-H, e), the methyl 

protons (-CH3, d) and the chiral center proton (-CH-, c) of the 

monomer of P1 (M1) were calculated from the ROESY data by 

using the Equation 122 (Figure 22-27). The correlation peak 

between c and d was used as the internal standard. The distance 

between c and d is set as 2.509 Å . 

 

Equation 1. The relative distance (rij) between protons coud be 

calculated from the known distance (rref) with the reference 

integration value (aref) and the cross-peak intergation value (aij). 
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3.11 Computer simulation for the polymer model 

Firstly, the dihedral angles (ω1 and ω2) were suggested 

from the 1H-NMR and ROESY spectra in each solvent. The dihedral 

angle ω1 was suggested from the anti- (ω1 ~ 180°) and syn-

rotamer conformations (ω1 ~ 0°) determined by the 1H-NMR 

study (Figure 28 and 29). The dihedral angle ω2 was suggested 

from the internuclear distances determined by the ROSEY study 

(Figure 22-27). I assumed that the two dihedral angles (ω1 and 

ω2) are almost maintained between the monomer and the polymer 

P1 since they are mainly affected by the interaction with solvents. 

Starting from the conformation with the dihedral angles, I optimized 

the structure of the repeating unit of P1 in each solvent by DFT 

calculation (B3LYP 6-31G+(d,p)) using the Gaussian 09w program. 

The optimzed structures, which possess slightly different ω1 and 

ω2 values from the starting points, are shown in Figure 30. 

Then, the polymer modeling was performed with the BIOVIA 

Material Studio 2017 software (version 17; Dassault Systems) 

(Scheme 2). 21, 27 To build the polymer model, the torsion angle 

between two double bonds in the polymer backbone (C=C-C=C, 

α) was varied systematically in steps of 2.5° with the optimized 

repeating unit while maintaining the constrained angles of the 
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repeating unit. The polymer model with 18 repeating units were 

built up using the polymer builder in the Material Studio and further 

structure optimization was performed by the Molecular Mechanics 

Force Field (MMFF) calculation with Spartan’14. (version 1.1.4, 

Wavefunction Inc.). The constraints in the repeating units were not 

maintained during the MMFF calculation in order to obtain the 

optimized polymer structure reflecting the interactions between the 

repeating units. A model with the geometric characteristics from the 

CD (helicity) and AFM (helicity and helical angle) data as well as 

without defect during the optimization process was proposed as the 

final polymer model. The final polymer model was visualized by 

Chem 3D (version 16, PerkinElmer Informatics Inc.). (Figure 31-

34) 

 

3.12 Saturation Transfer Difference(STD)-NMR study 

Saturation transfer difference (STD) experiments were 

performed to study for relative interaction of solvent-polymer. 1.5 

mg of P1 polymer (3.884x10-3mmol of repeating unit) was in 

500µL d-solvent. As mentioned main text, THF and DMF 

composition of the d-solvent following the CD-signal. The d-

solvent composition with 1.23mmol (~20% v/v) of THFd8 or DMFd7 
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in CDCl3. 0.03% trimethylsilane(TMS) in CDCl3 were selected for 

calculating to undeuterated ratio. (THF in THFd8 or DMF in 

DMFd7%) (Figure 35, 36 and Equation 2a) and normalized signal 

value was figure out by integration value of STD on spectra. 

(Equation 2b) From normalized signal value, DMF was shown 2.5 

(THF 1.42ppm (OCH2CH2)) - 8.6 (THF 3.70ppm (OCH2CH2))-fold 

strong interaction with polymer than THF.  

 

a)  

 

b)  

Equation 2. undeuterated rate in solvent (THF or DMF) (a) and 

normalized signal value of interacting with solvent-polymer (b). 
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4. Results and Discussion 

 

4.1 Optically active helix of the MCP polymers with Fmoc-

amino acids  

An Fmoc-L-alanine-based cyclic polymer (L-Fmoc-Ala-

CP, P1) was subjected to circular dichroism (CD) analysis in CHCl3. 

P1 exhibited strong positive Cotton effect in the visible region of 

400–600 nm (Figure 2c), which indicates the right-handed helix 

structure (P-helix) of the poly(acetylene) backbone.9,19-20 

Remarkably, this helical structure is formed even for a very short 

polymer (DP = 10) with 50% of trans double bonds. The negative 

Cotton effect (M-helicity) of D-Fmoc-Ala-CP (P2) obtained from 

the Fmoc-D-alanine-based monomer suggested that the direction 

of the helicity was determined by the chirality of the amino acids in 

the side chains. Interestingly, although the absorption of an L-Boc-

Ala-CP polymer (P3) prepared from a tert-butyloxycarbonyl 

(Boc)-protected L-alanine-based monomer was similar to that of 

Fmoc-protected polymers, the optical activity of P3 was negligible 

in the 400–600 nm region. These results clearly demonstrate that 

the interaction between Fmoc groups is critical to generate helical 

MCP polymers. 
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4.2 Solvent-dependent helicity inversion of Fmoc-Ala-CP 

  The helical orientation of P1 was dramatically changed 

according to the solvent. The positive Cotton effect of P1 in CHCl3 

was almost inverted into a negative one in DMF (Figure 11a). This 

solvent-induced helical inversion, which was also observed in the 

solutions of P2 (Figure 12), was reversible depending on the 

CHCl3/DMF solvent composition (Figure 13). When the solvent 

mixture contained more than 40% DMF, P1 started to show negative 

Cotton effect and vice versa. A clear bathochromic red shift from 

553 to 584 nm was observed when changing the solvent from CHCl3 

to DMF. This result suggests that the π-conjugated backbone of 

Fmoc-Ala-CP was more compressed in CHCl3 and rather stretched 

in DMF. 13, 21, 24  

The helicity of poly(phenylacetylene) having chiral amide 

side chains is known to change through conformational 

interconversion between cis and trans amides according to the 

solvent donor ability to form hydrogen bonding with amide 

hydrogens.22 Although there is no amide hydrogen in P1, the side 

chain possesses a carbamate bond with an N–H proton. Generally, 

the anti-rotamer of carbamate (H–N–C=O, ω1 ~ 180°), with a 

lower free enthalpy of 1–1.5 kcal·mol−1, is preferred over the 
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syn-rotamer (ω1 ~ 0°) (Figure 11a). However, due to the small 

energy difference between rotamers, the syn-carbamate can be 

favored by strong hydrogen bonding with donor solvents such as 

DMF.25-27 I estimated the carbamate conformations of P1 in CHCl3 

and DMF from the chemical shift of the N–H proton (Figure 28-

29).28-29 It was clearly observed that the anti-carbamate was 

preferred in CHCl3, whereas the syn-carbamate was preferred in 

DMF. Therefore, I envisioned that the syn–anti carbamate rotation 

might induce the rearrangement of the Fmoc group, thereby 

inverting the backbone helicity. An L-Fmoc-Phe-CP (P4) polymer 

containing phenylalanine (Phe) instead of Ala in the side chain was 

also prepared. The phenyl residue of P4 inevitably becomes closer 

to the Fmoc group in the syn conformation, affecting the 

interactions between Fmoc groups (Figure 11b). In CHCl3, in which 

the anti-conformation is preferred, P4 generated a strong optical 

activity, similar to that of P1. On the other hand, the CD intensity of 

P4 was minimized in DMF, a solvent that favors the syn-

conformation. These results clearly support that the syn–anti 

rotation and the Fmoc interactions are critical to determine the 

helical structure of the MCP polymer. 
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4.3 Secondary structure of Fmoc-L-Ala-CP 

I observed the morphology of separate strands of P1 in 

CHCl3 by atomic force microscopy (AFM) after spin-coating on a 

highly ordered pyrolytic graphite surface (Figure 18). Each single 

strand of P1 formed a left-handed helical structure (M-helix) with 

a helical angle of − 51 ° . Prediction of the detailed spatial 

arrangement of each polymer component is very difficult only by 

NMR analysis due to the presence of broad peaks and complicated 

nuclear interactions between neighboring repeating units. Instead, 

the relative distances between α-proton, methyl protons, and 

carbamate proton in the monomer can be measured by rotating 

frame Overhauser effect spectroscopy (ROESY) (Figure 22–27), 

and the dihedral angle H–N–C–H (ω2) can be determined. I assumed 

that the two dihedral angles (ω1 and ω2) are almost the same in 

monomer and P1 because they are mainly affected by the 

interaction with solvents. Starting from the conformation of the 

dihedral angles, I optimized the structure of a repeating unit of P1 in 

CHCl3 by DFT calculation (B3LYP 6-31G+(d,p)) (Figure 30). The 

optimized repeating unit showed a rather extended conformation, 

with ω1 = 176.4°  and ω2 = 147.6°(Figure 31a). A polymer 

model was generated from the optimized repeating unit using the 
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Material Studio software and the polymer structure was further 

optimized by changing the torsion angle (C=C–C=C, α) through 

molecular mechanics (MM) calculation by the Spartan’14 software 

(Scheme 2). The optimized polymer model was obtained with no 

defect at α = 102.5° (Figure 31b, 31c). The two double bonds 

were almost perpendicular to each other, exhibiting conformations 

between cisoidal (α = 0°) and transoidal (α = 180°). In the 

polymer model, the inner poly(acetylene) backbone formed a P-

helix, whereas the outer Fmoc pendant groups showed an M-helix 

structure. The direction of inner and outer helices and the helical 

angle (−51°) in the model were well matched with the CD and 

AFM results, which represent the orientation of inner backbone and 

outer pendants, respectively.  

On the other hand, I observed by AFM a thinner strand of P1 

with M-helicity and a helical angle of -28° in DMF (Figure 19 and 

32). Well-ordered crystalline structures of the P1 strands were 

also clearly observed after a longer annealing in DMF (Figure 20). 

A polymer model for P1 in DMF was predicted as described above. 

The structure of the repeating unit was optimized to a conformation 

with ω1 = 17.7° and ω2 = 146.9°. The syn conformation of the 

carbamate (ω1 = 17.7°) forces the Fmoc group closer to the five-
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membered ring, affording a rather puckered structure (Figure 32a). 

According to this structure, an α angle of 167.5° was predicted 

for the polymer model, which is much closer to the transoidal 

conformation (Figure 32b and 32c). In another model having α = 

102.5°, similar to the torsion angle in CHCl3, the steric repulsion of 

Fmoc groups prevented stabilization of the polymer conformation 

(Figure 34). To release the steric repulsion, the polymeric 

backbone should be extended by rotation of the σ-bonds between 

two double bonds in DMF. Resultantly, the conjugation length of the 

π-system increases, producing a bathochromic red shift (Figure 

11a). In the optimized polymer model in DMF, both inner backbone 

and outer pendant groups showed M-helicity. The helicity and the 

helical angle are well matched with the CD and AFM data.  

 

4.4 Effect of other solvents on the secondary structure of 

Fmoc-Ala-CP 

Having determined that the conformational inversion 

between anti- and syn-conformations of carbamate bonds in the 

MCP polymer can be induced by the interaction with solvents, and is 

critical to the helical inversion, I then examined the helicity of P1 in 

tetrahydrofuran (THF) to check whether the solvent donor ability is 
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the sole determining factor for the direction of helicity. 

Interestingly, P1 showed negligible optical activity in THF (Figure 

4a), although the syn-conformation of the carbamate was strongly 

preferred (Figure 28–29). Through ROESY analysis and DFT 

calculation, ω1 = 21.7° and ω2 = 170° were determined for the 

optimized repeating unit in THF (Figure 33a). Since the Fmoc group 

is even closer to the polymeric backbone in THF than in DMF, a 

stronger steric repulsion is expected. Therefore, the optimized 

polymer model had an almost fully transoidal conformation with α 

= 178° (Figure 33b and 33c). The rather flat structure showed 

almost no helicity in the model, in accordance with the CD spectra. 

This lack of helicity of P1 in THF stems most likely from the 

difference in the dihedral angle ω2 (146.9° in DMF and 170° in 

THF).  

I also examined the helicity of P1 in other donor solvents: 

dimethylsulfoxide (DMSO), N,N-dimethylacetamide (DMAc), N-

methyl-2-pyrrolidone (NMP), N,N-diethylformamide (DEF), and 

N,N-diisopropylformamide (DIPF). P1 showed negligible helicity in 

DMSO, DMAc, NMP, and DIPF, although they are nonprotic polar 

solvents with strong donor ability like DMF (Figure 15 and 17). 

Remarkably, P1 showed considerable optical activity in DEF. The 
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CD spectrum was similar to that in DMF, exhibiting reduced 

intensity; however, the intensity gradually increased to the level of 

the DMF spectrum upon longer incubation. This structure–optical 

activity relationship suggests that the extended M-helix of the 

poly(acetylene) backbone could be stabilized only in donor solvents 

consisting of formamide and small-sized alkyl groups. Although the 

syn-carbamate conformation is preferred in most donor solvents, 

those having bulkier amide or side groups may destabilize the 

backbone to form fully transoidal structures such as the model in 

THF.  
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5. Conclusion 

In summary, a helical structure can be effectively generated 

in an MCP polymeric backbone having alternating cis–trans double 

bonds and chiral amino acids. The helix undergoes a dramatic 

inversion according to solvent properties, which determine the 

conformations of the carbamate bond and the aromatic side chain. 

Polymer structural models are generated from experimental and 

theoretical results. This study constitutes the first report on the 

secondary structures of MCP polymers exhibiting unique helical 

structures with alternating cis–trans double bonds, and will pave the 

way for future applications of MCP polymers 
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Scheme 1. General synthetic scheme of MCP monomers and 

polymers. 

Figure 1. Possible configurations of mono-substituted 

poly(acetylene)s 
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Figure 2. (a) Synthetic scheme of an MCP polymer with alternating 

cis and trans double bonds. (b) Structures of alanine-based MCP 

polymers. (c) CD spectra of P1, P2, and P3 in CHCl3 
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Figure 3. (a) GPC chromatograms of P1 polymers at different 

monomer (M) to initiator (I) ratios. (b) Aggregation of P1 (DP = 

20) in DMF.  
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Figure 4. The TGA (upper) and DSC (lower) data of P1 (DP = 

20). No other endo- or exothermal peak was observed 

except for Tg at 89.6oC 
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Figure 5. The 1H NMR spectrum of the monomer of P1 (300 MHz, 

CDCl3). 

 

Figure 6. The 1H NMR spectrum of P1 (DP = 20) (500 MHz, CDCl3). 
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Figure 7. The 1H NMR spectrum of P1 (DP = 20) at a time point of 

5 min in DMF-d7 (upper). The conversion kinetics of P1 (DP = 20) 

in DMF-d7 (lower). As an internal standard peak, the methyl 

proton peak from the alanine residue (3H, 1.0 - 1.84 ppm, DMF-

d7) was selected. The polymer conversion (%) was calculated from 

the integration ratio between the alkyne peak (3.17 - 3.27 ppm, 

DMF-d7) and the internal standard peak. 
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Figure 8. HSQC spectra of P1 (DP = 20) in CDCl3 (850 MHz) 
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Figure 9. 2D-NOESY spectra of P1 (DP = 20) in CDCl3 (850 MHz). 
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Figure 10. Selective NOE spectra of P1 (DP = 20) (850MHz, in 

CDCl3). The upper spectrum indicates corrleation with the methyl 

protons of alanine at 1.42 ppm, whereas the lower spectrum 

indicates corrleation with the vinyl protons (-CH=CH-) of the 

polymer backbone at 6.53 ppm.  



 

 ７７ 

 

Figure 11. CD spectra and anti and syn conformations of P1 (a) and 

P4 (b) in CHCl3 (black) and DMF (red). ω1 represents the dihedral 

angle H–N–C=O in the carbamate bond. 
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Figure 12. CD spectra of P2 in CHCl3 and DMF. 

 

Figure 13. CD Spectra of P1 (DP = 20) in a mixture of CHCl3 and 

DMF by changing the solvent composition.  
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Figure 14. CD spectra of P1 (DP = 20) after 2 h (a), 1 day (b) and 

3 days (c) following dissolving in in CHCl3 (black) or DMF (red), 

respectively. 

 

Figure 15. CD spectra of P1 (DP = 20) in THF (black) and DMSO 

(Red).
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Figure 16. CD spectra of P1 (DP = 20) in a mixture of THF and 

DMF by changing the solvent composition. 

Figure 17. CD spectra of P1 (DP = 20) after 1 day (left) and 3 days 

(right) following dissolving in DMF (black), DEF (red) or DIPF 

(blue), respectivly. The CD spectra show that the increase of the 

CD intensity over time only in DMF and DEF. 
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Figure 18. The AFM image (left) and profile (right) of P1 in CHCl3. 

The helical angle was measured as -51° from the image and the 

helical pitch was measured as approximately 5 nm from the profile.  

 

Figure 19. The AFM height image (left) and phase image (center) 

of P1 in DMF. The helical angle was measured as -28° from the 

phase image and the helical pitch was measured as approximately 7 

nm from the profle (right).
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Figure 20. The AFM height images of P1 in DMF at a high density. 

The 2D crystal images were obtained by spin-coating onto HOPG 

surface followed by annealing with DMF for 3 days.  

 

Figure 21. Change of the morphology of the P1 deposition formed in 

CHCl3 at a high density through the annealing with the DMF vapor. 

The phase image of P1 in CHCl3 was obtained from the sample 

prepared by the Langmuir-Schaefer deposition (left). The 

morphology and the thickness of the polymer deposition were 

changed by the annealing with the DMF vapor for 1 day (right). 
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Figure 22. ROESY spectrum of M1 in CHCl3. 
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Figure 23. The internuclear distances of M1 calculated from the 

ROESY spectrum in CHCl3 (upper). The relationship between the 

dihedral angle ω2 (H-N-C-H) and the internuclear distance 

between c and e and between d and e protons in CHCl3 (lower). In 

order to have the internuclear distance (c, e) of 2.747 Å , ω2 should 

be -110° or +110° (red). In order to have the internuclear 

distance (d, e) of 3.205 Å , ω2 should be -55° or +175° (black). 

I used the average values of ω2, -80° or +142.5° for the 

geometric optimization by the DFT calculation.  
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Figure 24. ROESY spectrum of M1 in DMF. 
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Figure 25. The internuclear distances of M1 calculated from the 

ROESY spectrum in DMF (upper). The relationship between the 

dihedral angle ω2 (H-N-C-H) and the internuclear distance 

between c and e and between d and e protons in DMF (lower). In 

order to have the internuclear distance (c, e) of 2.887 Å , ω2 should 

be -150° or +146.9° (red). In order to have the internuclear 

distance (d, e) of 3.481 Å , ω2 should be -20° or +146.9° 

(black). I used the common value of ω2 = + 146.9° for the 

geometric optimization by the DFT calculation.  
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Figure 26. ROESY spectrum of M1 in THF. 
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Figure 27. The internuclear distances of M1 calculated from the 

ROESY spectrum in THF (upper). The relationship between the 

dihedral angle ω2 (H-N-C-H) and the internuclear distance 

between c and e and between d and e protons in THF (lower). In 

order to have the internuclear distance (c, e) of 2.899 Å , ω2 should 

be -160° or +170° (red). In order to have the internuclear 

distance (d, e) of 3.299 Å , ω2 should be -40° or +170° (black). 

I used the common value of ω2 = + 170° for the geometric 

optimization by the DFT calculation. 
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1H-NMR study for the analysis of anti/syn conformations of M1 

 

Figure 28. 1H-NMR spectra of M1 in CHCl3 (top), THF (mid) and 

DMF (bottom), respectively. The peak of the carbamate N-H 

proton in M1 were indicated as the black letters and the anti- or 

syn-conformations were confirmed by comparison with the 

chemical shift of the carbamate N-H proton of 2-oxazolidinone, a 

reference syn-carbamate. The 1H-NMR spectra of 2-

oxazolidinone in each solvent are shown as green.   
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Figure 29. 1H-NMR spectra of M1 in CHCl3 with (lower) or without 

(upper) addition of acetic acid (AcOH). The downfield shift of the 

carbamate peak was clearly observed after addition of AcOH 

(10µL), which forms hydrogen bonding with the carbamate to 

induce the syn-conformation.28-29
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Figure 30. The optimized structures of the repeating unit of P1 after 

the DFT calculation in CHCl3 (top), DMF (middle) and THF 

(bottom). The Newman projection shows the relative position of 

each group through the Ncarbamate-Cα bond from the direction 

indicated as the black arrow.  
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Scheme 2. The schematic flow chart for the generation of the 

polymer model. 
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Figure 31. Structures of the repeating unit of P1 predicted by 

ROESY and DFT calculation in CHCl3. (a) A proposed polymer 

model of P1 by MM calculation in CHCl3 (b, c). ω1, ω2, and α 

represent the dihedral angle H–N–C=O, the dihedral angle H–N–C–H, 

and the torsional angle C=C–C=C in P1, respectively. 
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Figure 32. Structures of the repeating unit of P1 predicted by 

ROESY and DFT calculation in DMF. (a) A proposed polymer model 

of P1 by MM calculation in DMF (b, c). ω1, ω2, and α represent 

the dihedral angle H–N–C=O, the dihedral angle H–N–C–H, and the 

torsional angle C=C–C=C in P1, respectively. 
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Figure 33. Structures of the repeating unit of P1 predicted by 

ROESY data and DFT calculation in THF (a). A proposed polymer 

model of P1 by MM calculation in THF. (b, c) ω1, ω2, and α 

represent the dihedral angle H–N–C=O, the dihedral angle H–N–C–H, 

and the torsional angle C=C–C=C in P1, respectively. 
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Figure 34. Polymer models with a torsion angle of 102.5° in DMF 

(a) and THF (b). Significant collision between the Fmoc and other 

groups destabilizes the polymer models.  
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Figure 35. STD-NMR study for THF-P1 interaction in Chloroform. 

STD on and off spectra with different saturated peak (1.4 ppm 

(methyl group in polymer, upper) and 4.6 ppm (5-membered ring 

proton in polymer backbone, lower)) was displayed respectively.   
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Figure 36. STD-NMR study for DMF-P1 interaction in Chloroform. 

STD on and off spectra with different saturated peak (1.4 ppm 

(methyl group in polymer, upper) and 4.6 ppm (5-membered ring 

proton in polymer backbone, lower)) was displayed respectively.   
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Table 1. Molecular distribution of MCPs. 

 Mn Mw Ð DP 
Target 

DP 

(P1) L-Fmoc-Ala-CP  

(DP = 10)a) 
3.52x103 4.18x103 1.18 9.13 10 

(P1) L-Fmoc-Ala-CP  

(DP = 20)a) 
7.33x103 8.80x103 1.20 19.0 20 

(P1) L-Fmoc-Ala-CP  

(DP = 30)a) 
1.15x104 1.41x104 1.22 29.8 30 

(P2) D-Fmoc-Ala-CPa) 7.85x103 10.1x103 1.28 20.3 20 

(P3) L-Boc-Ala-CPb) 4.69x103 8.16x103 1.74 17.8 20 

(P4) L-Fmoc-Phe-CPb) 7.84x103 13.5x103 1.72 17.0 20 

(P5) D-Fmoc-Phe-CPb) 6.84x103 12.9x103 1.88 14.8 20 

(P6) L-Boc-Phe-CPb) 6.21x103 9.72x103 1.56 18.3 20 

a) GF-510HQ column with CHCl3 : MeOH (9:1; v/v), b) KF-803 column with THF. 

All molecular weights are caculated with the poly(stylene) standards. 
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Abstract in Korean (국문 초록) 

신호 응답성 화학 결합은 외부 환경의 변화를 인지하여 분해/결합 

혹은 그 물리적 성질이 변화하는 결합을 말하며, 이러한 pH, 환원 물질, 

이온 농도 등 화학적 신호와 빛, 온도, 초음파 등의 물리적 신호에 

반응하는 화학 결합을 이용한 신호 응답성 물질의 개발은 센서 및 분자 

기계 등 다양한 응용 분야에 적용가능성을 열어두고 있어, 소위 

‘스마트(smart)’ 물질의 개발에 많은 관심이 있었음. 

탄소-탄소 이중결합은 탄소-탄소 단일결합과 다르게 p-

orbital 사이의 평행한 결합과(π-bond) 인접한 작용기가 한 평면에 

위치되는 독특한 평면구조를 갖고 있음. 뿐만 아니라 p-orbital 사이의 

overlap 에 의해서 탄소-탄소 이중결합의 회전은 자유로운 회전이 제한 

받게 됨. 이러한 구조적인 단단함으로써 치환기에 따라 시스-(cis-) 

또는 트랜스-(trans-)의 기하 이성질체를 가질 수 있으며 이들 사이의 

가역적인 변화에 필요한 활성화 에너지는 이중결합의 다양한 치환기의 

종류에 따라서 조절 될 수 있음. 이는 곧, 외부 신호에 따라서 물질의 

구조적인 형태가 바뀔 수 있고, 나아가 물질의 특성을 조절 할 수 있는 

신호 응답성 화학 결합으로 가능성을 지니고 있다고 할 수 있음. 

 본 박사학위 논문은 1) 말레산 유도체를 기반으로 한 고정된 시스- 

이중 결합의 구조적인 특성을 이용하여 아민(amine)과의 독특한 

공유결합의 형성과 분해를 pH 에 따라 조절함으로써 아민의 선택적인 

분리에 응용한 사례의 보고와 2) 탄소-탄소 이중결합을 가진 고분자의 

이중결합 사이의 단일결합의 회전을 외부 환경과 치환기 사이의 

상호작용으로 조절함으로써 고분자의 배향성과 쌓임 특성의 조절에 대한 

연구를 포함하고 있음. 

제 1 장에서는 아민과 선택적 반응을 할 수 있는 기능성 나노 

구조체로부터 공유결합을 기반으로 한 친화 크로마토그래피의 개발을 
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진행함. 말레산 유도체의 아민과의 특이적인 반응성과 말레산 아마이드 

유도체의 시스-이중결합의 치환기에 따른 분해 동역학 선행연구를 

기반으로 1-메틸-2-(2’-카복시에틸) 말레산 무수물 (CDM)을 

기능성, 신호 응답성 화학 결합으로 이용하였음. 이 기능성 말레산 

무수물은 카복실기와 3-아미노프로필 트리에톡시실란과 아미드 결합을 

통해 지지 물질인 주름진 실리카 나노 구조체 표면에 축합 반응을 

이용하여 개질 하였음. 합성된 기능성 나노구조체는 작은 분자량을 가진 

모델 알코올, 카복실산, 아민, 삼차아민, 암모늄 사이에서 아민과 염기성 

조건에서 말레산 아마이드을 형성하고, 몇 번의 세척 조건을 거친 후 

산성 조건에서 아민을 선택적으로 분리하는 것을 확인 할 수 있었음. 

이러한 개념적인 연구를 기반으로, 폴리에틸렌 글리콜과 같은 

거대분자의 한쪽 말단기의 알코올과 카복실산 그리고 아민 사이의 작은 

작용기의 변화 또한 말레산 유도체와 아민과의 높은 선택성으로 분리할 

수 있음을 말디토프 질량 분석기로 보였음. 

제 2 장에서는 복분해 고리화 중합을 이용한 배향성 폴리 아세틸렌 

고분자의 개발과 용매 응답성에 대한 연구를 보여줌. 기존의 배향성 

폴리 아세틸렌 고분자의 중합에서는 트랜스- 결합의 정밀한 조절이 

불가능 했기에 시스-이중결합을 기반으로 한 나선형 구조만이 보고되어 

왔음. 본 연구에서는 다이 프로파질 아민의 인접한 두 알카인사이에서 

루테늄 기반의 촉매로부터 일어나는 복분해 고리화 중합은 고리 

구조(시스-)를 형성하며 고리와 고리 사이는 입체 장애로 인한 

트랜스- 구조가 만들어 짐. 즉, 기존의 배향성 폴리 아세틸렌 고분자에 

대하여 시스-와 트랜스-가 1:1 로 정밀하게 조절된 고분자 주쇄를 갖게 

됨. 배향성 고분자의 방향성을 조절하기 위해 아미노산이 다이프로파질 

아민과 아미드 결합을 통해 단량체를 합성하였으며, 곁사슬끼리의 

상호작용을 위해 Fmoc 보호기가 달려있는 아미노산을 사용하였음. 

합성된 고분자는 원평광 이색성 분광기를 통해 폴리아세틸렌의 흡광 

영역에서 코통 효과를 확인할 수 있었음. 이것은 기존 연구에서 알려진 
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바와 같이 아미노산의 L- 또는 D-의 거울상 이성질체에 의해서 서로 

상반된 코통 효과를 확인 할 수 있었으며, Boc 보호기와 비교하여 

곁사슬의 파이-파이 상호작용이 구조를 형성하는데 주요한 역할을 함을 

보여줌. 합성된 배향성 고분자는 용매에 의하여 서로 반대되는 코통 

효과를 보이는데 이는 곁사슬의 카바메이트의 syn-과 anti- 

구조이성질체로부터 기인함을 NMR 과 DFT calculation 으로 

확인하였음. AFM 을 이용한 고분자의 나선형 구조를 확인할 수 

있었으며, 마지막으로, 앞선 계산 결과와 실험 증거를 토대로 고분자 

모델을 제시할 수 있었음.  

본 연구에서는 말레산 유도체를 기반으로 한 나노 구조체의 아민의 

선택적인 분리라는 새로운 응용 가능성을 제시할 수 있었음. 또한 

탄소-탄소 이중결합을 지닌 새로운 구조의 고분자를 개발하고 그 

광학적, 물리적 성질을 조절할 수 있는 구조적 메커니즘을 이해하는 

것은 새로운 성질을 지니는 신소재 개발에 있어서 큰 기여가 되길 

기대함. 

 

주요어: 아민 선택성, 말레산 무수물 나노구조체, 친화 크로마토그래피, 

배향성 폴리 아세틸렌, 복분해 고리화 중합, 신호 응답성 
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