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초    록

염화 철(III)을 이용한 2-에티닐피리딘의 in-situ 4차염화 중합을 통하여 이온성 폴리아세틸렌-염화 철(III) 복합체를 용
이하게 합성하였다. 합성한 폴리아세틸렌-염화 철(III) 복합체의 구조를 여러 가지 분석장비를 통해 확인한 결과 설계
한 염화 철(III)-피리디늄 치환기를 갖는 공액구조 고분자가 생성되었음을 확인할 수 있었다. 본 중합의 메커니즘은 
첫 번째 단계에서 형성된 에티닐피리디늄 염의 중합반응이 개시되고 전파되는 것으로 분석되었다. P2EP-FeCl3 복합체
의 전기 광학 및 전기화학적 특성을 연구하였다. P2EP-FeCl3 복합체의 UV-visible 스펙트럼에서 흡수 최대값은 480 
nm 및 533 nm이었고 PL 최대값은 598 nm로 나타났다. P2EP-FeCl3 복합체의 순환 전압전류 특성 측정결과 산화 피크
와 환원 피크가 비가역적인 전기화학적 거동을 보였으며, 복합체의 산화 환원 과정의 동역학은 스캔 속도 대비 산화 
전류 값의 도표부터 확산 제어 프로세스에 가까운 것으로 확인되었다.

Abstract
An ionic conjugated polymer-iron (III) chloride composite was prepared via in-situ quaternization polymerization of 2-ethy-
nylpyridine (2EP) using iron (III) chloride. Various instrumental methods revealed that the chemical structure of the resulting 
conjugated polymer (P2EP)-iron (III) chloride composite has the conjugated backbone system having the designed pyridinium 
ferric chloride complexes. The polymerization mechanism was assumed to be that the activated triple bond of 2-ethynylpyr-
idinium salt, formed at the first reaction step, is easily susceptible to the step-wise polymerization, followed by the same 
propagation step that contains the propagating macroanion and monomeric 2-ethynylpyridinium salts. The electro-optical and 
electrochemical properties of the P2EP-FeCl3 composite were studied. In the UV-visible spectra of P2EP-FeCl3 composite, 
the absorption maximum values were 480 nm and 533 nm, and the PL maximum value was 598 nm. The cyclic voltammo-
grams of the P2EP-FeCl3 composite exhibited irreversible electrochemical behavior between the oxidation and reduction peaks. 
The kinetics of the redox process of composites were found to be very close to a diffusion-controlled process from the plot 
of the oxidation current density versus the scan rate.
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1. Introduction

Conjugated organic polymers with alternating π-bonds in their 
backbone are worth mentioning because they can exhibit unique prop-
erties like semiconductivity, photoconductivity, paramagnetism, helix 
formation, optical nonlinearity, photo- and electroluminescence, and 
electrochromism[1-10]. The enormous advancement in the knowledge 
of the chemical and physical properties of organic semiconductors in 
the last four decades motivates the development of materials for 
low-cost electro-optical applications such as organic photovoltaic cells 
(OPVCs)[11-13], organic light emitting devices (OLEDs)[9,14], organic 
field-effect transistors (OFETs)[15], radio frequency identification (RF- 
ID) tags[16], nonvolatile memory devices[17], biological and chemical 
sensors[18,19], and photosensing devices[20].

The development of various effective catalysts enabled the synthesis 
of functional polyacetylene derivatives through the linear polymer-
ization of monosubstituted and disubstituted acetylenes[21,22] and non-
conjugated diynes[23,24]. Catalyst systems composed of group 5 and 
group 6 transition metal halides and organometallic cocatalysts were 
successfully applied for the synthesis of various polyacetylenes with 
different functionalities[21,22]. We also prepared monosubstituted pol-
yacetylenes through the polymerization of the corresponding monomers 
using W- and Mo-based transition metal chlorides and organometallic 
cocatalysts[23,25-27]. 

Organic polyelectrolytes are linear or branched biopolymers in which 
a substantial portion of the constituent units are ionic or ionizable 
groups[28]. For centuries, natural polyelectrolytes have attracted atten-
tion as thickeners, gums, hydrogels, hydrocolloids, coagulant or coagu-
lant aid, etc. The building blocks of life, like the nucleic acids and pro-
teins, are polyelectrolytes[29]. Synthetic polyelectrolytes have been al-
so used as thickeners, conditioners, clarifying agents, emulsifiers, and 
even drag reducers[30-32]. They have been and continue to remain an 
important topic in scientific research and commercial applications. 

Conjugated polyelectrolytes are charged conjugated macromolecules 
with a large number of ionic groups[28,33]. Various polyacetylene- 
based polyelectrolytes with ionic substituents have been synthesized via 
the linear polymerization of the corresponding substituted acety-
lene[34,35]. The anionic radical TCNQ salt-like complex of the ethy-
nylpyridine polymer was first reported in 1978. The N-methyl or 
N-ethyl substituted 2- or 3-ethynylpyridinium homopolymers were pre-
pared by the reaction of the corresponding ethynylpyridine with methyl 
iodide or ethyl iodide, followed by mixing of the quaternized polymers 
with LiTCNQ or TCNQ in acetonitrile to yield a new type of con-
jugated polymer[36]. Blumstein et al. reported well-defined poly-
acetylenes with pyridinium salts. They used quaternizing agents such 
as alkyl halides, halogens, methanesulfonic acids, and halogenic acids 
for the polymerization of ethynylpyridines[37,38]. These polyenes con-
tained pyridinium ring substituents associated with halide, methanesul-
fonate, or trifluoromethanesulfonate counterions.

We reported the synthesis of new self-doped conjugated poly-
electrolytes by the uncatalyzed polymerization of 2-EP using cyclic 
compounds such as 2-sulfobenzoic acid cyclic anhydride and 1,4-buta-

nesultone, and propiolactone[39-41]. In addition, we synthesized vari-
ous conjugated polyelectrolytes with functional pyridinium substituents 
and determined their properties[42-45]. 

Polyacetylenes with functional pyridinium substituents have been 
used for preparing intercalated nanocomposite films[46], hybrid poly-
mer gels[47], nanocrystalline CdS polymer sensitizers[48], silver-poly-
mer nanocomposites[49], nonvolatile memory devices[17], and electro-
lytes and cathode interfacial layers for organic solar cells[50,51].

To date, the quaternization reactants for the polymerization of ethy-
nylpyridines have mostly been halogens, haloalkanes, carbonyl chlor-
ides, etc. We have became interested in the quaternization polymer-
ization of ethynylpyridines using inorganic Lewis acid forms. Herein, 
we report the facile in situ synthesis of a conjugated polymer compo-
site through the polymerization of 2-EP using iron (III) chloride 
(Scheme 1). The chemical structure and physical properties of the re-
sulting conjugated polymer-iron (III) chloride composite are measured 
and discussed.

2. Experimental

2.1. Materials and instruments
2-EP was obtained from Sigma-Aldrich and vacuum distilled after 

drying with CaH2 (85 °C/12 mmHg) before use[52]. Iron (III) chloride 
(Aldrich Chemicals., anhydrous powder, 99.99+%) was used as 
received. The other chemicals, unless otherwise stated, were obtained 
from commercial sources and used as received.

1H- and 13C-NMR spectra were obtained using a Varian 500 MHz 
FT-NMR spectrometer (Model: Unity INOVA) in DMSO-d6 (dimethyl 
sulfoxide-d6) solutions at room temperature and the chemical shifts are 
recorded in ppm units with internal tetramethylsilane standard. The in-
frared spectra of samples were recorded in KBr pellets with the half 
of a Bruker EQUINOX 55 Fourier transform infrared 
spectrophotometer. The inherent viscosity measurements of polymers 
were made in anhydrous DMF (dimethylformamide) at 30 °C with a 
concentration of 0.5 g/dL. X-ray diffraction patterns of composites 
were obtained with a PHILLIPS X-ray diffractometer (Model: 
XPert-APD) using Ni-filtered Cuα radiation. The SEM/EDX studies 
were performed with the Hitachi JEOL system (S-4200). The electrical 
conductivity of polymer composite was determined by using a standard 
four-point probe measurement of the sample pellets with a Hewlett- 
Packard 3490 multimeter and a Keithley 616 Digital Electrometer. 
UV-visible absorption spectra were obtained by a HP 8453 UV-visible 
spectrophotometer in DMF. The photoluminescence spectra of poly-

Scheme 1. In-situ synthesis of P2EP-iron(III) chloride composite.
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mers were obtained by a Perkin Elmer luminescence Spectrometer 
LS55 (Xenon flash tube) equipped with a lock-in amplifier system in 
a chopping frequency of 150 Hz. Electrochemical behaviors of polymers 
were studied with a Potentionstat/Galvanostat Model 273A(Princeton 
Applied Research). The solutions of samples were prepared and the 
electrochemical measurements of polymer were performed under 0.1 M 
acetonitrile solution of tetrabutylammonium perchlorate (TBAP).  ITO, 
Ag/AgNO3, and platinum wire were used as a working, reference and 
counter electrode, respectively.

2.2. In-situ preparation of poly(2-ethynylpyridine) [P2EP]-iron(III) 
chloride composite 

Poly(2-ethynylpyridine) [P2EP]-iron (III) chloride composite was 
prepared by the uncatalyzed in-situ quaternization polymerization of 
2-EP using iron (III) chloride. The reaction was carried out in a 100 
mL round-bottom flask with a magnetic stirrer as follows. After the re-
actor was charged with 30 mL of DMF ([M]0 = 0.30), 2-EP (1.0 g, 
9.7 mmol), and iron (III) chloride (1.57 g, 9.7 mmol), the reaction 
mixture was warmed to 80 °C and stirring was continued for 24 h un-
der nitrogen atmosphere. The color of reaction mixture was changed 
from the initial light brown, dark brown, and black, successively, ac-
companied with release of considerable heat. After polymerization 
time, the reaction solution was diluted with additional DMF and pre-
cipitated into an excess amount of ethyl ether, followed by filtration. 
The collected black products were dried overnight under vacuum oven at 
40 °C. Finally, the P2EP-FeCl3 composite was obtained in 93 % yield.

3. Results and discussion

A new family of substituted ionic conjugated polymers has been 
synthesized by the uncatalyzed polymerization of ethynylpyridines us-
ing quaternizing agents such as halogens, alkyl halides, meth-
anesulfonic acids, and halogenic acids[37,38]. The acetylenic functional 
groups of pyridinium compounds such as ethynylpyridinium salts, di-
pyridinium acetylene salts, and dipyridinium diacetylene salts, which 
were formed by quaternization via the Menschutkin reaction or by the 
formation of donor-acceptor complexes with alkyl halides[38], can be 
activated to the nucleophilic attack of the nucleophiles produced fol-
lowing the linear polymerization, yielding the ionic conjugated poly-
mers with the designed functional groups[37,43,44]. Because this poly-
merization reaction does not need any additional initiator or catalyst, 
which is commonly used in other polymerization reactions, this method 
can prevent sample contamination caused by such catalysts or initiators.

In this study, we used the quaternization polymerization method for 
preparing ionic conjugated polymer-iron (III) chloride composite. An 
equimolar mixture of 2-EP and iron (III) chloride in DMF was exposed 
to an 80 °C oil bath. The polymerization proceeded well in a homoge-
neous manner under this reaction condition. As the reaction proceeded, 
the initial light brown color of the reaction mixture successively 
changed into a black color, with the reaction solution becoming more 
viscous. The black P2EP-iron (III) chloride composite was obtained in 
93% yield.

The nature of this polymerization was very similar to that of the pol-
ymerization of 2-EP using propargyl bromide[42] and methyl iodide 
[54]. The quaternization polymerizations of ethynylpyridines initially 
involved the quaternization of 2-ethynylpyridine by alkyl halides 
[37,42,44]. The present in situ quaternization polymerization also in-
volved the formation of 2-ethynyl-N-iron (III) dichloropyridinium 
chloride. The initiation step of polymerization involved a nucleophilic 
attack by the nitrogen atom of 2-ethynylpyridine and/or the chloride 
anion on the activated electrophilic acetylenic functional group of 
2-ethynyl-N-iron (III) dichloropyridinium chloride[43]. The monomeric 
2-ethynyl-N-iron (III) dichloropyridinium chlorides formed after the 
first step were susceptible to the consecutive propagation reaction. 
Finally, the polymerization reaction was terminated by a reaction of the 
propagating macroanionic ends with iron (III) chloride and/or other 
components. The proposed mechanism is shown in Scheme 2. The re-
sulting conjugated polymer complex was completely soluble in water 
and in organic solvents such as DMF, NMP (N-methyl-2-pyrrolidone), 
and DMSO. The inherent viscosity of the P2EP-iron(III) chloride com-
posite was 0.16 dL/g.

The chemical structure of the P2EP-iron (III) chloride composite was 
characterized by FT-IR, 1H- and 13C-NMR, and UV-visible spectro-
scopies. The 1H-NMR spectrum of the P2EP-iron (III) chloride compo-
site showed only broad proton peaks in the range of 6.3~10.1 ppm, 
while the corresponding 13C-NMR spectrum showed aromatic pyridyl 
carbon peaks of the pendant groups and vinyl carbon peaks of the con-
jugated polymer main chain in the range of 130~200 ppm. Figure 1 
shows the FT-IR spectrum of the P2EP-iron (III) chloride composite 
in a KBr pellet. Bands due to acetylenic ≡C-H bond stretching (3293 
cm-1) and C≡C bond stretching (2110 cm-1) of 2-EP did not appear 
in the FT-IR spectrum. The aromatic and vinyl =C-H stretching bands 
were observed at 3083 cm-1. The UV-visible spectrum of the 
P2EP-iron (III) chloride composite showed only a broad absorption 
band in the visible region (up to 800 nm), indicating the formation of 
the conjugated backbone system. The SEM/EDX analysis (Figure 2) of 

Scheme 2. Proposed polymerization mechanism.
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the P2EP-iron (III) chloride composite confirmed the presence of Fe 
and Cl atoms in different environments.

The electrical and electro-optical properties of the P2EP-iron (III) 
chloride composite were measured. The electrical conductivity of the 
composite pellet was 2.1 × 10-3 S/cm. This value was very similar with 
that of iodine-doped poly(2-ethynylpyridine) (5.0 × 10-3 S/cm)[55]. The 
X-ray diffraction pattern of a powdery sample of the P2EP-iron (III) 
chloride composite showed broad peaks, with the ratio of the 
half-height width to diffraction angle (∆2Ɵ/2Ɵ) being greater than 
0.35[21,43]. This suggested that the material was amorphous.

Figure 3 shows the optical absorption and photoluminescence (PL) 
spectra of the P2EP-iron (III) chloride composite solution (0.0038 wt. 
%) in DMF. In our previous study[56], we have shown that P2EP ex-
hibits UV maxima at 463 and 513 nm and a PL maximum at 581 nm. 
However, as shown in Figure 3, when iron (III) chloride was in-
corporated in P2EP, the optical maximum values were shifted to longer 
wavelengths. The UV maxima shifted to 480 and 533 nm, respectively, 
while the PL maximum shifted to 598 nm. This shifted can be attrib-
uted to the fact that the P2EP-iron (III) chloride composite has a more 
extended π-conjugation than P2EP itself. Notably, the UV and PL 
maxima shifted by 17 nm. 

In order to characterize the electrochemical properties of the 
P2EP-iron (III) chloride composite, cyclic voltammograms were re-
corded according to the consecutive scan at various scan rates (30~150 
mV/s). Figure 4 shows the cyclic voltammograms of the P2EP-iron 
(III) chloride composite. Typical cyclic voltammograms obtained at a 
scan rate of 100 mV/s are presented in Figure 4(a). It is evident that 
the shape of the cyclic voltammograms was almost unchanged. Thus, 
we concluded that the P2EP-iron (III) chloride composite was very sta-
ble and did not undergo severe degradation up to 30 consecutive scan 
cycles. Figure 4(a) shows that the oxidation of the P2EP-iron (III) 
chloride composite occurred at 0.44 V (vs. Ag/AgNO3) and the irrever-
sible reduction of this material occurred at -0.066 V. Thus, the electro-
chemical process of this composite was reproducible in the potential 
range from -1.1 to 1.6 V vs. Ag/AgNO3. As shown in Figure 4(b), the 
current value increased with increasing scan rate. Comparison of the 
cyclic voltammogram data of P2EP-iron (III) chloride and P2EP re-
vealed that the reduction peak potential of the composite clearly de-
creased to approximately -0.5 V, while the corresponding value for 
P2EP was more than -1.5 V[54,56]. This suggested that the iron (III) 
chloride facilitated the formation of a pyridinium cation in the polymer 
unit, unlike P2EP, and the former could easily accept electrons during 
the reduction scan.

The relationship between the redox peak current and scan rate can 
be expressed as a power law[57,58]:

ip,a = k vx (1)

Figure 1. FT-IR spectrum of P2EP-iron(III) chloride composite in KBr 
pellet.

Figure 2. EDX spectrum of P2EP-iron(III) chloride composite powder.
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Log ip,a = log k + x log v (2)

Here, ip,a is the oxidation peak current density, v is the scan rate, k is 
a proportionality constant, and x is an exponent of the scan rate. 

Considering that the electrode kinetics satisfy Eq (1), the electro-
chemical redox reaction can be controlled either by the electron trans-
fer process, where x = 1, or by the reactant diffusion process, where 
x = 0.5. 

Figure 5 shows the plot of the oxidation current density (log ip,a) as 
a function of the scan rate (log v) for the P2EP-iron (III) chloride 
composite. This plot was approximately linear in the range of 30~150 
mV/s, and the exponent of the scan rate, x, was found to be 0.68. 
Thus, the kinetics of this redox process were very close to those of 
a diffusion-controlled process. Additionally, the scan rate exponent of 
P2EP was 0.378[56]. Thus, the P2EP-iron (III) chloride composite was 
relatively more active than P2EP.

4. Conclusions

An ionic conjugated polymer (P2EP)-iron (III) chloride composite 
was conveniently prepared by the in-situ quaternization polymerization 
of 2-EP using iron (III) chloride. The activated acetylenic triple bond 
of the monomeric pyridinium salts formed in the initial reaction step 
was susceptible to the consecutive propagation step. The polymer-
ization reaction was terminated by a reaction between the macroanionic 
species and iron (III) chloride and/or other components. This material 
was completely soluble in water and in organic solvents such as DMF, 
NMP, and DMSO. The PL spectra of the P2EP-iron (III) chloride com-
posite showed a PL maximum at 598 nm, which corresponded to a 
photon energy of 2.08 eV. Cyclic voltammograms of this composite in-
dicated irreversible electrochemical behavior based on the oxidation 
and reduction peaks. The P2EP-iron (III) chloride composite was more 
electrochemically active than P2EP.

Acknowledgements

This work was supported by the National Research Foundation of 
Korea (NRF) grant (RS-2023-00243822) of the Ministry of Science and 
ICT. This work was also supported by the research fund of Kyungil 
University. This research was supported by the Basic Science Research 
Program through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Education (2020R1A6A1A03048004).

References

1. C. K. Chiang, C. R. Fincher, Jr., Y. W. Park, A. J. Heeger, H. 
Shirakawa, E. J. Louis, S. C. Gau, and Alan G. MacDiarmid, 
Electrical conductivity in doped polyacetylene, Phys. Rev. Lett., 39, 
1098 (1977).

2. J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, 
K. Mackay, R. H. Friend, P. L. Burns, and A. B. Holmes, 
Light-emitting diodes based on conjugated polymers, Nature, 347, 
539-541 (1990).

3. S. H. Jin, M. Y. Kim, J. Y. Kim, K. Lee, and Y. S. Gal, High-effi-
ciency poly(p-phenylenevinylene)-based copolymers containing an 
oxadiazole pendant group for light-emitting diodes, J. Am. Chem. 
Soc., 126, 2474-2480 (2004).

4. A. R. Murphy and J. M. J. Frechet, Organic semiconducting 
oligomers for use in thin film transistors, Chem. Rev., 107, 1066- 
1096 (2007).

5. S. Inal, J. Rivnay, A. O. Suiu, G. B. Malliaras, and I. McCulloch, 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

 

 

C
ur

re
nt

(m
A)

Potential(V)

 5
 10
 15
 20
 25
 30

(a)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-0.1

0.0

0.1

0.2

 30mV/s
 50mV/s
 100mV/s
 150mV/s

 

C
ur

re
nt

(m
A)

Potential(V)

0.44 V

-0.066

(b)

Figure 4. Cyclic voltammograms of P2EP-iron(III) chloride composite 
in 0.1M TBPA/acetonitrile solution: (a) consecutive scans (5 cycles, 10 
cycles, 15 cycles, 20 cycles, 25 cycles, 30 cycles), (b) various scan 
rates of 30 mV/sec ~150 mV/sec.

1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2
-1.5

-1.4

-1.3

-1.2

-1.1

-1.0

-0.9

   

slope=0.68

Lo
g 

i p,
a (m

A/
cm

2 )

Log ν (mV/sec)

Figure 5. Plot of log ip,a vs. log v for P2EP-iron(III) chloride composite.



301염화 철(III)을 이용한 2-에티닐피리딘의 in-situ 4차염화중합을 통한 이온형 폴리아세틸렌 복합체의 합성과 특성

Appl. Chem. Eng., Vol. 35, No. 4, 2024

Conjugated polymers in bioelectronics, Acc. Chem. Res., 51, 1368- 
1376 (2018).

6. J. Park, S. Shin, Y. Yoon, J. Park, and J. Bae, Preparation of hy-
brid carbon from conducting polymer-coconut shell composites and 
their electrochemical properties, Appl. Chem. Eng., 35, 37-41 (2023).

7. K. Kranthiraja, H. Kim, J. Lee, U. K. Aryal, S. S. Reddy, R. D. 
Gayathri, T. Gokulnath, and S. H. Jin, Side chain functionalization 
of conjugated polymer on the modulation of photovoltaic proper-
ties of fullerene and non-fullerene organic solar cells, Macromol. 
Res., 31, 897-905 (2023).

8. S. H. Oh, J. Yoo, and J. Lee, Comparative study of physical dop-
ing and electrochemical doping in polymer thin-film transistors, 
Macromol. Res., 31, 1189-1197 (2023).

9. N. Nasajpour-Esfahani, D. Dastan, A. Alizadeh, P. Shirvanisamani, 
M. Rozati, E. Ricciardi, B. Lewis, A. Aphale, and D. Toghraie, A 
critical review on intrinsic conducting polymers and their applica-
tions, J. Ind. Eng. Chem., 125, 14-37 (2023).

10. J. Park, L. Chetan, H. Kim, J. S. Jee, Y. S. Gal, and S. H. Jin, 
New pyrazine-based π-conjugated polymer for dopant-free perovskite 
solar cell, Macromol. Res., 32, 505-513 (2024).

11. N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, 
Photoinduced electron transfer from a conducting polymer to 
Buckminsterfullerene, Science, 258, 1474-1476 (1992). 

12. Md. A. Karim, Y. R. Cho, J. S. Park, S. C. Kim, H. J. Kim, J. 
W. Lee, Y. S. Gal, and S. H. Jin, Novel fluorene-based functional 
‘click polymers’ for quasi-solid-state dye-sensitized solar cells, 
Chem. Commun., 2008, 1929-1931 (2008).

13. E. K. Solak and E. Irmak, Advances in organic photovoltaic cells: 
A comprehensive review of materials, technologies, and perform-
ance, RSC Adv., 13, 12244-12269 (2023).

14. B. Jun, C. H. Lee, and S. U. Lee, Strain-induced carrier mobility 
modulation in organic semiconductors, J. Ind. Eng. Chem., 107, 
137-144 (2022).

15. L. Cao, C. Ren, and T. Wu, Recent advances in doped organic 
field-effect transistors: Mechanism, influencing factors, materials, 
and development directions, J. Mater. Chem. C, 11, 3428-3447 
(2023).

16. D. Zhang, C. Li, G. Zhang, J. Tian, and Z. Liu, Phototunable and 
photopatternable polymer semiconductors, Acc. Chem. Res., 57, 
625-635 (2024).

17. Y. G. Ko, W. Kwon, D. M. Kim, K. Kim, Y. S. Gal, and M. Ree, 
Electrically permanent memory characteristics of an ionic con-
jugated polymer, Polym. Chem., 3, 2028-2033 (2012).

18. K. Spychalska, D. Zajac, S. Baluta, K. Halicka, and J. Cabaj, 
Functional polymers structures for (bio)sensing application―A re-
view, Polymers, 12, 1154 (2020).

19. W. He, J. Duan, H. Liu, C. Qian, M. Zhu, W. Zhang, and Y. Liao, 
Conjugated microporous polymers for advanced chemical sensing 
applications, Prog. Polym. Sci., 148, 101770 (2024)

20. M. Fathabadi and S. Zhao, Fully epitaxial semiconductor photo-
electrode for UV–VIS dual-band photodetection, ACS Photonics, 
10, 2825-2831 (2023)

21. T. Masuda, Substituted polyacetylenes: Synthesis, properties, and 
functions, Polym. Rev., 57, 1-14 (2017).

22. X. Wang, J. Z. Sun, and B. Z. Tang, Poly(disubstituted acety-
lene)s: Advances in polymer preparation and materials application, 
Prog. Polym. Sci., 79, 98-120 (2018).

23. S. K. Choi, Y. S. Gal, S. H. Jin, and H. K. Kim, Poly(1,6-hepta-

diyne)-based materials by metathesis polymerization, Chem. Rev., 
2000, 1645-1681 (2000).

24. D. Pasini and D. Takeuchi, Cyclopolymerizations: Synthetic tools 
for the precision synthesis of macromolecular architectures, Chem. 
Rev., 118, 8983-9057 (2018).

25. Y. S. Gal, H. N. Cho, and S. K. Choi, Polymerization of 
1-chloro-2-thienylacetylene by WCl6- and MoCl5-based catalysts, 
Polymer(Korea), 9, 361-367 (1985).

26. Y. H. Kim. Y. S. Gal, E. Y. Kim, and S. K. Choi, 
Cyclopolymerization of dipropargylsilanes by transition metal cata-
lysts, Macromolecules, 21, 1991-1995 (1988). 

27. Y. S. Gal and S. H. Jin, Synthesis and characterization of a poly-
acetylene derivative containing amine functional groups, Mol. Cryst. 
Liq. Cryst., 568, 46-51 (2012).

28. M. S. Freund and B. Deore, Self-Doped Conducting Polymers, 1st 
ed., 6-33, Wiley, NY, USA (2007).

29. S. E. Herrera, M. L. Agazzi, E. Apuzzo, M. L. Cortez, W. A. 
Marmisolle, M. Tagliazucchi, and O. Azzaroni, Polyelectrolyte-mul-
tivalent molecule complexes: Physicochemical properties and appli-
cations, Soft Mater., 19, 2013-2041 (2023).

30. M. T. Record Jr, W. Zhang, and C. F. Anderson, Analysis of ef-
fects of salts and uncharged solutes on protein and nucleic acid 
equilibria and processes: A practical guide to recognizing and in-
terpreting polyelectrolyte effects, Hofmeister effects, and Osmotic 
effects of salts, Adv. Protein Chem., 51, 281-353 (1998).

31. J. M. C. Puguan and H. Kim, Ionene copolymer electrolyte ob-
tained from cyclo-addition of di-alkyne and di-azide monomers for 
solid-state smart glass windows, J. Ind. Eng. Chem., 74, 1-6 (2019).

32. S. G. Laishevkina, O. D. Iakobson, E. M. Ivan’kova, B. M. 
Shabsel’s, and N. N. Shevchenko, Influence of the structure of sul-
fonic polyelectrolyte matrices on the adsorption of Cu2+ ions, 
Colloid J., 86, 86-97 (2024).

33. M. R. Pinto and K. S. Schanze, Conjugated polyelectrolytes: 
Synthesis and applications, Synthesis, 2002, 1293-1309 (2002).

34. Y. S. Gal, A noble conjugated polyelectrolyte: A facile synthetic 
method of poly(propynyl triphenylphosponium bromide) using 
transition metal catalysts, J. Chem. Soc., Chem. Commun., 1994, 
327-328 (1994).

35. D. C. Choi, S. H. Kim, J. H. Lee, H. N. Cho, and S. K. Choi, 
A new class of conjugated ionic polyacetylenes. 3. cyclopolymeri- 
zation of alkyldipropargyl(4-sulfobutyl)ammonium betaines by 
transition metal catalysts, Macromolecules, 30, 176-181 (1997).

36. C. I. Simionescu, S. Dumitrescu, V. Percec, and I. R. Diaconu, 
Polymerization of acetylene derivatives. Anion-radical salts of 
TCNQ with poly(vinyl- and ethynylpyridines, Mater. Plast, 15, 
69-74 (1978).

37. S. Subramanyam and A. Blumstein, Conjugated ionic polyacetylenes. 
3. polymerization of ethynylpyridinium salts, Macromolecules, 24, 
2668-2674 (1991).

38. A. Blumstein and L. Samuelson, Highly conjugated polyacetylenes: 
Thin-film processing and potential applications, Adv. Mater., 10, 
173-176 (1998).

39. Y. S. Gal and S. H. Jin, A self-doped ionic conjugated polymer: 
Poly(2-ethynylpyridinium-N-benzoylsulfonate) by the activated pol-
ymerization of 2-ethynylpyridine with ring-opening of 2-sulfo-
benzoic acid cyclic anhydride, Bull. Korean Chem. Soc., 25, 777- 
778 (2004).

40. Y. S. Gal, S. H. Jin, K. T. Lim, S. H. Kim, and K. Koh, Synthesis 



302 김태형⋅진성호⋅박종욱⋅제갈영순

공업화학, 제 35 권 제 4 호, 2024

and electro-optical properties of self-doped ionic conjugated poly-
mers: Poly(2-ethynyl-N-(4-sulfobutyl)pyridinium betaine), Curr. Appl. 
Phys., 5, 38-42 (2005).

41. Y. S. Gal, S. H. Jin, Y. I. Park, J. W. Park, W. S. Lyoo, and K. 
T. Lim, Synthesis and characterization of an ionic polyacetylene 
by the activated polymerization of 2-ethynylpyridine with the ring- 
opening of propiolactone, Syn. Met., 161, 445-449 (2011)

42. Y. S. Gal, W. C. Lee, and S. K. Choi, A water-soluble pyr-
idine-containing polyacetylene: poly(2-ethynylpyridinum bromide) 
having propargyl side chain, Bull. Korean Chem. Soc., 18, 265 
(1997).

43. Y. S. Gal, S. H. Jin, J. W. Park, and K. T. Lim, Synthesis and 
characterization of an ionic conjugated polymer: Poly[2-ethyn-
yl-N-(2-thiophenecarbonyl)pyridinium chloride], J. Polym. Sci.: 
Part A: Polym. Chem., 47, 6153-6162 (2009).

44. T. Kim, S. H. Jin, J. W. Park, K. T. Lim, S. Y. Kim, and Y. S. 
Gal, Polyacetylene polyelectrolyte via the non-catalyst polymer-
ization of 2-ethynylpyridine using heptafluorobenzyl iodide, J. Ind. 
Eng. Chem., 87, 130-135 (2020).

45. T. Kim, S. Y. Kim, S. H. Jin, J. Park, K. T. Lim, and Y. S. Gal, 
Polyacetylene-based polyelectrolyte by the quaternization polymer-
ization of 2-ethynylpyridine using (6-bromo-1-oxohexyl)ferrocene, 
Mol. Cryst. Liq. Cryst., 761, 104-111 (2023).

46. H. Liu, D. W. Kim, A. Blumstein, J. Kumar, and S. K. Tripathy, 
Nanocomposite derived from intercalative spontaneous polymer-
ization of 2-ethynylpyridine within layered aluminosilicate:  
Montmorillonite, Chem. Mater., 13, 2756 (2001).

47. K. M. Kim, J. H. Lim, N. Y. Jang, and S. R. Kim, Synthesis of 
hybrid polyacetylene gels using octafunctional POSS initiator, 
Macromol. Symp., 249-250, 562-567 (2007).

48. W. Lee, R. S. Mane, S. K. Min, T. H. Yoon, S. H. Han, and S. 
H. Lee, Nanocrystalline CdS-water-soluble conjugated polymers: 
High performance photoelectrochemical cells, Appl. Phys. Lett., 90, 
263503 (2007).

49. Y. Mao, H. Peng, H. Zhao, W. Z. Yuan, A. Qin, Y. Yu, M. Faisal, 
Z. Xiao A, J. Z. Sun, and B. Z. Tang, Composites of quaternized 
poly(pyridylacetylene) and silver nanoparticles: Nanocomposite 
preparation, conductivity and photoinduced patterning, J. Mater. 
Chem., 21, 13627-13633 (2011).

50. S. Nam, J. Seo, M. Song, H. Kim, M. Ree, Y. S. Gal, D. D. C. 
Bradley, and Y. Kim, Polyacetylene-based polyelectrolyte as a uni-
versal interfacial layer for efficient inverted polymer solar cells, 

Org. Electron., 48, 61-67 (2017).
51. U. K. Aryal, N. Chakravarthi, H. Y. Park, H. Bae, S. H. Jin, and 

Y. S. Gal, Highly efficient polyacetylene-based polyelectrolytes as 
cathode interfacial layers for organic solar cell applications, Org. 
Electron., 53, 265-272 (2018).

52. Y. S. Gal, H. N. Cho, S. K. Kwon, and S. K. Choi, Polymerization 
of 2-ethynylpyridine by transition metal chloride and organo-
aluminum compounds, Polymer(Korea), 12, 30-36 (1988).

53. S. Subramanyam, A. Blumstein, and K. P. Li, Conjugated ionic 
polyacetylenes. 4. Polymerization of ethynylpyridines with bro-
mine, Macromolecules, 25, 2065-2069 (1992).

54. T. L. Gui, S. H. Jin, J. W. Park, K. T. Lim, S. Y. Kim, and Y. 
S. Gal, Synthesis and electro-optical properties of conjugated ionic 
polymers, Mat. Sci. Eng. C, 24, 217-220 (2004). 

55. Y. S. Gal and S. K. Choi, Electrical conductivity and spectral 
properties of iodine-doped poly(2-ethynylpyridine), J. Appl. Polym. 
Sci., 50, 601-606 (1993).

56. Y. S. Gal, H. N. Suh, W. C. Lee, S. H. Jin, J. W. Park, W. S. 
Lyoo, S. Y. Shim, and K. T. Lim, Electro-optical and electro-
chemical properties of poly(2-ethynylpyridine), Mol. Cryst. Liq. 
Cryst., 491, 348-355 (2008).

57. A. J. Bard and L. R. Faulkner, Electroactive layers and modified 
electrodes, Electrochemical Methods, 2nd ed., 591, Wiley, NY, 
USA (2001).

58. J. W. Park, J. H. Lee, J. M. Ko, H. N. Cho, and S. K. Choi, 
Synthesis and electrochemical properties of poly(1,6-heptadiyne) 
derivatives containing a carbazole moiety, J. Polym. Sci., Part A: 
Polym. Chem., 32, 2789-2792 (1994).

Authors
Taehyeong Kim; Ph.D., Postdoctral Researcher, Department of 

Chemistry, University of Minnesota, Minneapolis MN 55455, 
U.S.A.; kim02133@umn.edu

Sung-Ho Jin; Ph.D., Professor, Department of Chemistry Education, 
Pusan National University, Busan 46241, Korea; shjin@pusan.ac.kr

Jongwook Park; Ph.D., Professor, Integrated Engineering, Department 
of Chemical Engineering, Kyung Hee University, Gyeonggi 
17104, Korea; jongpark@kiu.ac.kr

Yeong-Soon Gal; Ph.D., Professor, Department of Fire Safety, 
Kyungil University, Gyeongsan 38428, Korea; ysgal@kiu.kr


