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Polymerization of Bis(3-trimethylsilyl-2-propynyl)ether and
Its Copolymerization with Diethyl Dipropargylmalonate
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Abstract: The polymerization of a cyclopolymerizable disubstituted dipropargyl ether, bis(3-trimethylsilyl-2-
propynylether (BTPE), was attempted by various transition metal catalysts. The yield for the polymerization of
BTPE was generally low, which is possibly due to the steric hindrance of bulky substituents. In general, the catalytic
activities of Mo-based catalysts were found to be greater than those of W-based catalysts. The highest yield was
obtained when the MoCls-EtAICl; (1 : 2) catalyst system was used. The copolymerization of BTPE and diethyl
dipropargylmalonate yielded a random copolymer with conjugated polymer backbone. However the polymers were
partially desilylated, depending on the reaction conditions. The thermal and morphological properties of the resulting

polymers were also discussed.
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Introduction

The acetylenic triple bonds have rich z-electrons, which
can be used to polymerize to yield the linear conjugated
polymer systems. The acetylene monomers carrying a number
of functional group such as hydroxy, carboxylic acid, sulfide,
amine, and esters, were prepared and polymerized by various
catalyst systems.'”

Conjugated polymer systems obtained from acetylene
derivatives have been studied as organic semiconductors,*®
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as membranes for gas separation and for liquid-mixture sep-
aration,!! as materials for enantioseparation for racemates by
high performance liquid chromatograpy,'>'* as a side-chain
liquid crystal,'"'” as materials for chemical sensors,"®'® and
as materials for nonlinear optical property and for photolu-
minescence and electroluminescence properties.”>

Ring-forming polymerization is very interesting method for
the synthesis of conjugated polymer system by the simple
polymerization of diacetylenic monomer via an alternating
intramolecular-intermolecular chain propagation.”

Stille and Frey firstly reported the studies on the polymeri-
zation of nonconjugated diynes, especially 1,6-heptadiyne,
with Ziegler-Natta catalysts.” Poly(1,6-heptadiyne)s obtained
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were dark red or black, which indicates a high order of con-
jugation in the polymer. However, the poly(1,6-heptadiyne)
was insoluble in any organic solvent and unstable to air oxi-
dation as like with that of polyacetylene.”® Thus, various
1,6-heptadiyne derivatives were designed and polymerized.
Typical examples of 1,6-heptadiyne derivatives were dipro-
pargylmethanes having various substituents at 4-position, such
as diphenyl dipropargylmethane, diphenyl dipropargylsilane,
diethyl dipropargylmalonate, 9,9-dipropargylfluorene, etc.”?*>

In our previous paper,* we briefly reported the attempted
polymerization of  bis(3-trimethylsilyl-2-propynyl)ether
(BTPE), a disubstituted dipropargyl derivative. This article
describes the full accounts for the homopolymerization of
BTPE by various transition metal catalysts and the copoly-
merization with diethyl dipropargylmalonate, a well-known
dipropargy! monomer, and the characterization of the result-
ing conjugated polymers.

Experimental

Materials. Propargyl bromide (Aldrich, 80 wt% solution
in toluene) was dried with calcium hydride and distilled.
Propargyl alcohol (Aldrich, 99%) was dried with magnesium
sulfate and distilled. Chlorotrimethyl-silane (Aldrich, redis-
tilled, 99+%) and r-butyllithium (Aldrich, 2.5 M solution in
hexanes) were used as received. Diethyl malonate (Aldrich,
99%) was dried over calcium hydride and distilled at reduced
pressure. MoCl; (Aldrich, 99.9+%), MoCl, (Aldrich),
Cp,MoCl, (Aldrich, 98%), WClg (Aldrich, 99.9+%) were
used without further purification. Et;Al, EtAICI, and
EtAICl, [Aldrich, 25 wt% (1.8 M) solution in toluene] and
Me,Sn (Aldrich, 95%) were used as received. Ph,Sn (Aldrich,
97%) was purified by recrystallizing twice from carbon
tetrachloride. The solvents were analytical grade materials.
They were dried with an appropriate drying agent and dis-
tilled.

Synthesis of Dipropargyl Ether. Dipropargy! ether was
prepared by the reaction of propargyl bromide and propargyl
alcohol using NaOH as described in the literature *** Yield:
85%. b.p.: 67°C/85 mmHg; '"H-NMR (CDCL,, 8, ppm): 2.42 (1,
2H), 4.24 (d, 4H); *C-NMR (CDCl, 8, ppm): 56.36 (-CH,-
0-), 75.02 (= C-H), 78.68 (CH,C=); IR (wavenumbers,
cm’!, KBr pellet): 3300, 2963, 2919, 2866, 2125, 1505,
1452, 1351, 1253, 1090, 948, 735.

Synthesis of Diethyl Dipropargylmalonate. Diethyl di-
propargylmalonate (DEDPM) was also prepared by the reac-
tion of propargyl bromide and the sodium ethoxide solution
of diethyl malonate as described in the literature.***’ Yield:
82%. m.p.: 46°C; '"H-NMR (CDClL,, 8, ppm): 1.3 (1, 6H), 2.1
(t, 2H), 3.0 (d, 4H), 4.31 (g, 4H); *C-NMR (CDCl,, 8, ppm):
14.8 (-CH3), 23.5 (CH,C = C), 56.5 (-C-), 63.0 (-CH,-0-),
72.9 (= C-H), 79.6 (CH,C=), 169.4 (C=0); IR (wave-
numbers, cm™, KBr pellet): 3310, 3012, 2988, 2129, 1732,
1467, 1215, 1093, 854, 674.
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Synthesis of Bis(3-trimethylsilyl-2-propynyl)ether (BTPE).”
250 mL two-neck flask was charged with dipropargyl ether
(10.0g, 0.11 mmol) and THF (100 mL). r-Butyllithium
(2.5 M in hexanes, 88 mL, (.22 mmol) was injected over a
few minute to the reaction mixture at the temperature of -60
~-50°C. After an additional 10 min, the chlorotrimethylsilane
(27.16 g, 0.25 mmol) was added over 10 min to the clear
solution with stirring while carefully keeping the temperature
within this range. And then, the cooling bath was occasionally
removed and the temperature was allowed to rise gradually

" over 1 hr to room temperature. The white suspension was

poured into 300 mL of ammonium chloride solution, and
then the water phase was extracted with hexane. The com-
bined organic phase was dried with anhydrous magnesium
sulfate. The product, BTPE, was isolated by distillation at
reduced pressure. Yield: 82%, b.p.: 102°C/10 mmHg; 'H-
NMR (CDCL, 6, ppm): 0.15 (s, 18H), 4.21 (s, 4H); “C-
NMR (CDCl;, &, ppm): -0.23 (-SiMe;,), 56.36 (-CH,-O-),
91.98 (= C-) 100.6 (SiC= ); IR (wavenumbers, cm’', KBr
pellet): 2960, 2899, 2850, 2175, 1346, 1251, 1087, 997,
848, 760.

Polymerization of BTPE by MoCls. In a 20 mL ampule
equipped with rubber septum, 0.70 mL (0.070 mmol, M/C
=30) of 0.1 M MoClI;s solution, chlorobenzene (0.90 mL,
[M], = 1.0 M), and 0.5 g (2.10 mmol) of BTSE were added
in that order given. And the polymerization was carried out
at 80 °C for 24 hrs under nitrogen atmosphere. The polymer-
ization seems to proceed in somewhat mild manner. A small
amount of insoluble product was precipitated into the bot-
tom of the reactor. After a given time of polymerization,
10 mL of chloroform was added to the polymerization solu-
tion. The polymer solution was prepicipitated into an excess
of methanol, filtered from the solution, and then dried under
vacuum at 40°C for 12 hrs. The polymer yield was 10%.

Polymerization of BTPE by MoCls-EtAICl,. In a 20 mL
ampule equipped with rubber septum, chlorobenzene (0.39
mL, [M]p= 1.0 M), 1.40 mL (0.14 mmol, M/C =30) of 0.1 M
MoCl; solution, and 1.40 mL (0.28 mmol) of 0.2 M EtAICI,
solution were added in that order given. After shaking the
catalyst solution at 30°C for 15min, 0.5g of BTPE
(2.10 mmol) was injected. After a given time of polymeriza-
tion, 10 mL of chloroform was added to the polymerization
solution. The polymer solution was poured into an excess of
methanol, filtered from the solution, and then dried under
vacuum at 40 °C for 12 hrs. The polymer yield was 23%.

Copolymerization of BIPE and DEDPM by MoCl;-
EtAICl,. A catalyst solution of MoCls (0.84 mL of 0.1 M
chlorobenzene solution, 0.084 mmol), EtAICl, (0.84 mL 0.2 M
chlorobenzene solution, 0.168 mmol), and 5.71 mL chlo-
robenzene ([M], = 0.5) was prepared and aged for additional
15 min at 30°C. To this solution was added the comonomer
mixture [1.00 g, BTSE/DEDPM (0.5 g/0.5 g), comonomer
feed ratio: 1/1] at room temperature. Then, the polymerization
was carried out at 80 °C for 24 hrs. After the polymerization
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time, 10 mL of chloroform was added to the reactor. The
polymer solution was prepicitated into excess methanol, fil-
tered from the solution, and dried under vacuum at 40°C for
12 hrs. Polymer yield was 65%.

Instruments and Measurement. NMR spectra ('"H- and
13C-) were recorded with the use of a Varian 500-MHz FT-
NMR spectrometer (model: Unity INOVA), and chemical
shifts are reported in ppm units with tetramethylsilane as an
internal standard. Magic angle spinning, cross polarization
C-NMR spectra of insoluble polymer were recorded on a
Bruker AM-200 spectrometer (5-s repetition time, 3.5-ms
cross polarization mixing time, 8-W decoupler power, and
3.8-KHz spinning). IR spectra were obtained with a Bomem
MB-100 spectrometer using a KBr pellet, and frequencies
are given in reciprocal centimeters. Elemental analyses were
performed with FISONS EA1110 Elemental Analyzer. UV-
visible spectra of polymer solution were taken on a Shimadzu
UV-3100S spectrophotometer. X-ray diffractograms were
measured with a PHILIPS X-ray diffractometer (Model:
XPert-APD).

Results and Discussion

The cyclopolymerization of BTPE, a typical cyclopoly-
merizable disubstituted acetylenic monomer, was attempted
with Mo- and W-based transition metal catalysts (Scheme I).

Table I shows the results for the polymerization of BTPE
by Mo- and W-based catalysts. The polymer yields were
generally low. The catalytic activity of Mo-based catalysts
were found to be higher than that of W-based catalysts.

Catalyst A
e
ZER : n
M93Si iMe3

SiMe; SiMe;
Scheme I. Cyclopolymerization of BTPE.

MoCl; itself polymerized BTPE to give poly(BTPE) in 10%
yield, whereas WCl; itself failed to polymerize BTPE. In
our previous works, it had been shown that the catalytic
activities of Mo-based catalysts was higher than those of
W-based catalysts in the cyclopolymetization of 1,6-hep-
tadiynes such as diphenyl dipropargylmethane,® diethyl
dipropargylmalonate,””* and 4,4-bis((tert-butyldimethylsil-
oxy)-methyl))-1,6-heptadiyne.*’

It was known that dipropargyl ether and 1,6-heptadiyne were
explosively polymerized by the same Mo-based catalysts to
produce the polymeric product with a quantitative yield.”
In that case, the oxygen atom and/or the acetylenic functional
group were found to activate the molybdenum chlorides. The
low yields for the polymerization of a disubstituted acetylene,
BTPE, seemed to be originated from the steric hindrance of
bulky trimethylsilyl substituents. Similar results were found
in the polymerization of 1-phenyl-2-trimethylsilylacetylene, a
disubstituted acetylene. The polymerization of phenylacetyl-
ene, mono-substituted acetylene derivative, proceeded well
to give a high yield of polymer, while the polymerization of
1-phenyl-2-trimethylsilylacetylene give only a low yield of
polymer (maximum polymer yield = 33%)."!

Table 1. Polymerization of Bis(3-trimethylsilyl-2-propynyl)ether by Various Transition Metal Catalysts®

Exp. No Catalyst System (mole ratio)® MiC M]¢? Polymer Yield® (%) M,
1 MoCl; 30 1.0 10 -
2 MoCls 50 1.0 0 -
3 MoCls 50 1.5 0 -
4 MoCls-Ph,Sn(l1:1) 30 1.5 15 6,700
5 MoCls-Ph,Sn(1:1) 50 1.5 trace -
6 MoCls-Et;Al(1:2) 30 1.0 trace -
7 MoCl;-EtAlC, (1:2) 30 1.0 23 9,800
8 MoCls-EtAlCl,(1:2) 50 1.0 15 6,000
9 MoCl;-EtAICL(1:4) 50 1.5 13 4,800
10 MoCl,-EtAICI,(1:2) 30 1.0 21 6,200
11 Cp.MoCl-EtAICI,(1:2) 30 1.0 20 4,300
12 WClg 50 1.5 0 -
13 WCl¢-EtAICI,(1:2) 30 1.5 10 -
14 WCl¢-EtAICLy(1:2) 50 1.5 5 -

“Polymerization was carried out at 80°C for 24 hrs in chlorobenzene. “Mixtures of catalyst and cocatalyst were aged at 30°C for 15 min before use.
“Monomer to catalysts mole ratio. “Initial monomer concentration (M). “Methanol-insoluble polymer.
/Values were obtained by GPC analysis with the calibration using polystyrene.
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It has been reported that the addition of a small amount of
reducing agents such as Ph,Sn and n-Bu,Sn increases the
polymer yield and molecular weight in the MoCls-catalyzed
polymerization of 2-ethynylthiophene,* 2-ethynylfuran,®
and 1-butyl-2-trimethylsilylacetylene.* And also the orga-
noaluminum compounds such as EtAICl, and Et,AICI were
very effective cocatalysts in the polymerization of 1-ethynyl-
cyclohexene* and 4-ethynyltoluene by MoCls or WCle.*® In
the polymerization of BTPE by MoCls, the Ph,Sn cocatalyst
increased the polymer yield slightly. The EtAICI, cocatalyst
among the organoaluminum compounds also showed the
cocatalytic activity. The best result (polymer yield = 23%)
was obtained with the MoCls-EtAlCl, (1 : 2) catalyst system.
The MoCl, and Cp,MoCl, catalyst showed similar catalytic
activities with that of MoCls;, when the EtAlCl, cocatalyst
was used. Especially, it was found that the effect of monomer
to catalyst mole ratio (M/C) was somewhat high. In most
cases, we did not obtain the polymeric products when the
M/C is over 100.

‘We have also investigated the effect of catalyst aging time
for the catalyst system of MoCls-EtAlCL,. The best result was
obtained when the aging time was 15 min. After then, the
polymer yields were slightly decreased with an increase of
aging time.

Figure 1 shows the time dependence curve of polymer
yield for the polymerization of BTPE by MoCls-EtAlCl,
catalyst system in chlorobenzene. As shown in this figure, the
polymerization proceeded slowly even at the initial poly-
merization time. The polymer yield was gradually increased
upto 23% after 24 hrs.

In order to increase the polymer yield and the processibility
of the present conjugated polymer carrying bulky substituents,
we attempted the copolymerization of BTPE with DEDPM.
The copolymer structure is proposed in Figure 2. DEDPM
is very interesting dipropargyl monomer, which is easily
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Figure 1. The time dependence curve of the polymer yield for
the polymerization of BTPE by the MoCIis-EtAICl, catalyst
system.
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polymerized by Mo-based catalysts to give a polymer of high
molecular weight in high yields.”

The copolymerization of BTPE with DEDPM (comonomer
feed ratio = 1: 1) was carried out by MoCls-EtAlCI, catalyst
system. The polymerization proceeded well and the viscosity
of reaction solution increased. After 24 hrs, the polymer yield
was 65%. The resulting copolymer was dark brown powder,
and soluble in common organic solvents such as chloroform,
chlorobenzene, and THF, whereas the homopolymer, poly
(BTPE), was mostly insoluble in organic solvents. The
incorporation of DEDPM moieties in the poly(BTPE) in-
creased the polymer yield and the solubility of the resulting
conjugated polymer systems. The analysis of copolymer
composition by NMR and elemental analysis revealed that
the feed ratio of BTPE and DEDPM at copolymer was 37:
63. The number-average molecular weight (M,) and the
polydispersity (M,,/M,) of this copolymer were 47,000 and
2.8, respectively.

The chemical structure of the resulting conjugated poly-
mers was characterized by various instrumental methods. It
was very difficult to identify the exact polymer structure
with solution state because of the insolubility of poly(BTPE)
homopolymer. Thus, we measured the IR and solid-state
"*C-NMR spectra of poly(BTPE) homopolymer.

Figure 3 shows the IR spectra of BTPE and poly(BTPE)
in KBr pellet. In the IR spectrum of poly(BTPE), the acetyl-
enic C=C bond stretching peak at 2175 cm™ was mostly
disappeared. However, a small amount of acetylenic C=C
stretching peak was also observed, which means that the
present polymer contains the pendant acetylenic functionality
in the conjugated polymer main chain. And also, the C=C
double bond stretching frequency peak of conjugated polymer
backbone at 1640 cm™ was newly observed. We measured
the UV-visible spectrum of slightly soluble poly(BTPE) in
THF (Figure 4). As shown in this figure, a characteristic
broad absorption peak at the visible region, which is origi-
nated from the & — 7* conjugation band transition of the
polyene main chain, was observed. The absorption peak of
poly(BTPE) tailed upto 650 nm.

Figure 5 shows the solid-state *C-NMR spectrum of poly
(BTPE). This spectrum exhibited the new vinyl carbon peaks
of conjugated polymer backbone of poly(BTPE) at 118-165
ppm broadly, which had not been observed in the *C-NMR
spectrum of monomer (BTPE). It also showed two broad
peaks due to the methylene carbons adjacent to conjugated

SiMe3 SiM33
Figure 2. The proposed structure of poly(BTPE-co-DEDPM).
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Figure 3. FT-IR spectra of BTPE (A) and poly(BTPE) (B) in
KBr pellet.
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Figure 4. UV-visible spectrum of slightly soluble poly(BTPE) in
tetrahydrofuran.

double bonds and the trimethylsilyl carbons at 32-63 ppm
and -23~15 ppm, respectively.

We also attempted to measure the 'H-NMR spectrum of
slightly soluble poly(BTPE) sample (highly diluted one).
From the "H-NMR peak integration of methylene and trime-
thylsilyl protons, it was found that the poly(BTPE)s are par-
tially desilylated. The same observations on the desilylation
phenomenon of trimethylsilyl group-containing disubstituted
conjugated polymer were also observed in the systems of
poly(1-aryl-2-trimethylsilylacetylene)s.*! In the present time,
it is not clear that the desilylation occurs during the poly-
merization process and/or the work-up process.

It has been reported that the conjugated cyclic polymers
obtained by both a classical metathesis catalyst and a well-
defined alkylidene initiator produce five- and six-membered
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Figure 5. Solid-state '*C-NMR spectrum of insoluble poly(BTPE)
sample.

Figure 6. Sterically more favorable structure of poly(BTPE).

rings of a certain ratio, which depended on the polymeriza-
tion conditions and kinds of catalysts used.”*® The effect of
size and type of substituents on the fine and conformational
structure for this potentially interesting class of cyclic poly-
enes was systematically performed.* It was known that the
ratio of five-membered ring to six-membered ring was in-
creased as the increase of the size and number of substituents
at monomer because of the a-addition of alkylidene complex
to the acetylene monomer. The six-membered structure
(Scheme I) obtained by the f-addition mechanism of alkyl-
idene complex to acetylene functionality is sterically unfa-
vorable structure because of the steric hindrance of bulky
substituents. Thus, the five-membered polymer structure
(Figure 6) was judged to be the most favorable one in the
viewpoint of its stability and probability associated with the
transition state in the cyclopolymerization.”*!

Figure 7 shows the "H-NMR spectrum of the poly(BTPE-
co-DEDPM) in CDCl,. This copolymer was mostly soluble
in such organic solvents as chloroform, benzene, chloroben-
zene, THE, etc, whereas the poly(BTPE) homopolymer was
mostly insoluble in organic solvents. It shows the trimethyl-
silyl protons at -0.25~0.40 ppm. And also, the methyl and
methylene protons of ethyl substituent were observed at
0.95~1.41 ppm and 3.75~4.29 ppm, respectively. The proton
peaks for two ring methylenes of poly(BTPE) and poly
(DEDPM) moieties were also seen at the 2.55-3.65 ppm for
poly(DEDPM) moieties and the 4.29-5.00 ppm for poly
(BTPE) moieties. From the integration of two ring methylene
proton peaks, it was found that the feed ratio of BTPE and

Macromol. Res.. Vol. 11, No. 2. 2003
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Figure 7. 'H-NMR spectrum of poly(BTPE-co-DEDPM) in
CDCl,.
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Figure 8. FT-IR spectrum of poly(BTPE-co-DEDPM) in KBr
pellet.

DEDPM in the copolymers was 37 :63. This spectrum dis-
tinctly shows the vinylic protons in the conjugated polymer
backbone at 5.60-7.00 ppm.

Figure 8 shows the IR spectrum of the poly(BTPE-co-
DEDPM) in KBr pellet. It did not show the acetylenic C=C
stretching frequencies at 2175 cm™ of BTPE and 2129 cm™
of DEDPM and the acetylenic =C-H stretching frequency at
3310 cm™ of DEDPM. Instead, the weak and broad peak at
1600-1680 cm™, resulting from the conjugated double bonds
of the polymer backbone, was observed. The strong peak at
1731 cm™ is due to the C =0 stretching frequencies of ester
functional group.

Figure 9 shows the UV-visible spectrum of the poly
(BTPE-co-DEDPM) in THE. This spectrum was very similar
to that of poly(DEDPM) homopolymer. It showed the char-
acteristic broad band at 525 nm due to the 7— 7* transition
of conjugated polyene backbone.

The morphologies of poly(BTPE) and poly(BTPE-co-
DEDPM) were also investigated by X-ray diffraction analy-
sis. The peaks in the diffraction pattern are broad and the
ratios of the half-height width to diffraction angle (A26/26)
are greater than 0.35,% indicating that the present polymers
are amorphous.

Macromol. Res., Vol. 11, No. 2, 2003
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Figure 9. UV.visible spectrum of poly(BTPE-co-DEDPM) in
tetrahydrofuran.

Conclusions

The ring-forming polymerization of BTPE, a trimethylsilyl
group-containing disubstituted acetylene, was attempted with
various transition metal catalysts. In general, the polymer
yield was low due to the steric hindrance of the monomer.
The catalytic activity of Mo-based catalysts were found to
be greater than that of W-based catalyst systems. The best
result was obtained when the MoCls-EtAICl, catalyst system
was used (polymer yield =23%). However, the resulting
poly(BTPE) had a partially desilylated structure, and was
mostly insoluble in organic solvents. The soluble conjugated
cyclopolymer having trimethylsilyl group was obtained by
the copolymerization with DEDPM. The structural charac-
terization by various instrumental methods confirmed the
conjugated polymer backbone with cyclic recurring units.
The X-ray diffraction data indicated that the present poly-
mers are mostly amorphous.

Acknowledgements. The authors thank Ms S. E. Chae of
Korea Basic Science Institute-Taegu Branch for the mea-
surement of 500-MHz FT-NMR spectra of polymers.

References

(1) L. S. Meriwether, E. C. Clothup, G. W. Kennerly, and R. N.
Reusch, J. Org. Chem., 26, 5155 (1962).

(2) M. G. Chauser, Y. M. Rodionov, V. M. Misin, and M. L.
Cherkashin, Russ. Chem. Rev., 45, 348 (1974).

(3) C. L. Simionescu and V. Percec, Prog. Polym. Sci., 8, 133
(1982).

(4) T. Masuda and T. Higashimura, Acc. Chem. Res., 17, 51
(1984).

(5) J. Y. Kim, Y. Furukawa, A. Sakamoto, and M. Tasumi, Mac-
romol. Res., 10, 286 (2002).

(6) Y.S.Galand S. K. Choi, J. Appl. Polym. Sci., 50, 601 (1993).

(7) S. H. Jin, I. E. Jin, S. B. Moon, H. I. Lee, Y. S. Gal, H. D.

85



Y.-S.Gal et al.

Kim, S. H. Kim, S. H. Kim, and K. N. Koh, J. Polym. Sci.,
Part A: Polym. Chem., 40, 958 (2002).

(8) C. Kim, B. W. Koo, S. B. Lee, and C. K. Song, Macromol.
Res., 10, 178 (2002).

(9) S. Tretiak and S. Mukamel, Chem. Rev., 102, 3171 (2002).

(10) T. Okubo, S. Kohmoto, M. Yamamoto, and K. Yamada, J.
Polym. Sci., Part A: Polym. Chem., 36, 603 (1998).

(11) M. Teraguchi and T. Masuda, Macromolecules, 35, 1149
(2002).

(12) E. Yashimura, T. Matsushima, T. Nimura, and Y. Okamoto,
Korea Polym. J., 4, 139 (1996).

(13) T. Nakano and Y. Okamoto, Chem. Rev., 101, 4013 (2001).

(14) Jeroen J. L. M. Cornelissen, Alan E. Rowan, Roeland J. M.
Nolte, and Nico A. J. M. Sommerdijk, Chem. Rev., 101, 4039
(2001).

(15) S. K. Choi, J. H. Lee, S. J. Kang, and S. H. Jin, Prog. Polym.
Sci., 22, 693 (1997).

(16) J. Y. Chang, K. Seo, H. J. Cho, C. I. Lee, C. J. Lee, Y. K.
Kang, and J. H. Kim, Macromol. Res., 10, 204 (2002).

(17) T. L. Gui, S. H. Jin, J. W. Park, W. S. Ahn, K. N. Koh, S. H.
Kim, and Y. S. Gal, Opt. Mater., 21, 637 (2002).

(18) A. Furlani, G. Iucci, M.-V. Russo, A. Bearzotti, and A. DAm-
ico, Sensors and Actuators B, 7, 447 (1992).

(19) L. S. Hwang, J. M. Ko, H. W. Rhee, and C. Y. Kim, Synth.
Met., 55-57, 3671 (1993).

(20) D. W. Samuel, I. Ledoux, C. Dhenaut, J. Zyss, H. H. Fox, R.
R. Schrock, and R. J. Silbey, Science, 265, 1070 (1994).

(21) H. K. Shim, T. Ahn, H. Y. Lee, and J. L. Lee, Korea Polym. J.,
9, 116 (2001).

(22) S. H. Jin, S. H. Kim, and Y. S. Gal, J. Polym. Sci., Part A:
Polym. Chem., 39, 4025 (2001).

(23) Y. S. Gal, W. C. Lee, S. S. Lee, J. S. Bae, B. S. Kim, S. H.
Jang, S. H. Jin, and J. W. Park, Korea Polym. J., 8, 131
(2000).

(24) Y.S. Gal, W.C. Lee, J. W. Park, B. S. Kim, S. H. Jang, and S.
H. Jin, Mol. Cryst. & Liq. Cryst., 371, 289 (2001).

(25) T. W. Lee, O. O. Park, J. A. Park, and Y. C. Kim, Macromol.
Res., 10, 278 (2002).

(26) G. B. Butler, Acc. Chem. Res., 15,370 (1982).

(27) J. K. Stille and D. A. Frey, J. Am. Chem. Soc., 83, 1697
(1961).

28) Y. S. Gal, W. C. Lee, T. L. Gui, S. H. Jin, K. N. Koh, S. H.
Kim, D. W. Kim, J. M. Ko, and J. H. Chun, Korea Polym. J.,
9,220 (2001).

(29) S. K. Choi, Y. S. Gal, S. H. Jin, and H. K. Kim, Chem. Rev.,

86

100, 1645 (2000).

(30) Y.S.Gal, S.H. Jin, J. W. Park, W, C. Lee, H. S. Lee, and S. Y.
Kim, J. Polym. Sci., Part A: Polym. Chem., 39, 4101 (2001).

(31) S.H. Kim, S. H. Jin, M. S. Jang, S. B. Moon, Y. S. Gal, D. K.
Moon, J. W. Park, and S. K. Choi, Mol. Cryst. & Liq. Cryst.,
371,297 (2001).

(32) Y. S. Gal, S. H. Jin, S. H. Kim, H. J. Lee, K. N. Koh, S. H.
Kim, D. W. Kim, J. M. Ko, J. H. Chun, and S. Y. Kim, J.
Macromol. Sci.-Pure and Appl. Chem., A39, 237 (2002).

(33) Y.S.Gal, H.J. Lee, and S. K. Choi, Macromol. Rep., A33, 57
(1996).

(34) L. Brandsma, Preparative Acetylenic Chemistry, Elsevier,
Amsterdam, 1971, pp 173.

(35) Y. S.Gal and S. K. Choi, Polymer (Korea), 11, 563 (1987).

(36) G. Eglinton and A. R. Galbraith, J. Chem. Soc., 889 (1959).

(37) M. S. Ryoo, W. C. Lee, and S. K. Choi, Macromolecules, 23,
3029 (1990).

(38) M. S. Jang, S. K. Kwon, and S. K. Choi, Macromolecules,
23, 4135 (1990).

(39) S.J. Jeon, S. C. Shim, C. S. Cho, T.J. Kim, and Y. S. Gal, J.
Polym. Sci., Part A: Polym. Chem., 38, 2663 (2000).

(40) Y. H. Kim, S. K. Kwon, and S. K. Choi, Macromolecules, 30,
6677 (1997).

(41) Y. S. Gal and S. K. Choi, J. Polym. Sci., Part A: Polym.
Chem., 25, 2323 (1987).

(42) Y. S. Gal, H. N. Cho, and S. K. Choi, J. Polym. Sci., Part A:
Polym. Chem., 24, 2021 (1986).

(43) Y. S. Gal, H. N. Cho, and S. K. Choi, Polymer (Korea), 10,
688 (1986).

(44) Y. S. Gal and W. C. Lee, J. Macromol. Sci.-Pure and Appl.
Chem., A37, 133 (2000).

(45) Y. S. Gal, B. Jung, J. H. Kim, W. C. Lee, and S. K. Choi, J.
Polym. Sci., Part A: Polym. Chem., 33, 307 (1995).

(46) Y. S. Gal, W. C. Lee, and S. K. Choi, Korea Polym. J., 5, 10
(1997).

(47) H. H. Fox and R. R. Schrock, Organometallics, 11, 2763
(1992).

(48) H. H. Fox, M. O. Wolf, R. ODell, B. L. Lin, R. R. Schrock,
and M. S. Wrighton, J. Am. Chem. Soc., 116, 2827 (1994).

(49) S. H. Kim, Y. H. Kim, H. N. Cho, S. K. Kwon, H. K. Kim,
and S. K. Choi, Macromolecules, 29, 5422 (1996).

(50) G. B. Butler, Cyclopolymerization and Cyclocopolymeriza-
tion, Marcell Dekker, New York, 1992.

(51) G. B. Butler and M. A. Raymond, J. Polym. Sci., Part A:
Polym. Chem., 3, 3413 (1965).

Macromol. Res.. Vol. 11. No. 2. 2003



