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Chapter 1. General Introduction

Crosslinking reaction is extremely important from the commercial standpoint. ~ The term
"curing" is used to denote crosslinking. Crosslinked polymers are increasingly used as
engineering materials because of their excellent stability at elevated temperatures and for
physical stress. Crosslinked polymers are formed when linear or branched polymer chains
are joined together by covalent bonds. The polymers are also formed from polyfunctional
monomers. "Network polymer" is synonymous with "crosslinked polymer”. Because of
crosslinking, the polymer chains lose their ability to flow past one another. As a result the
polymer will not melt or flow and cannot, therefore, be molded. Such polymers are said to
be thermosetting or thermoset. Vulcanization of rubber is an example of crosslinking.
Crosslinkable polymer is very important with various field, such as synthetic rubbers, paint,

coatings, sealant, and adhesives.'”

There are several ways that crosslinking can be brought about, but basically they fall into

two categories:

I. Crosslinking during polymerization by use of polyfunctional instead of difunctional

monomers.

I1. Crosslinking in a separate processing step, after the formation of the linear (or branched)

polymer.

This thesis describes the chemistry of crosslinking by type (II) which is advantageous to

control crosslink points.

Crosslinking of type (II) can be brought about by the methods as follows:
(1) Vulcanization, using peroxides, sulfur, or sulfur-containing compounds.
(2) Free radical reactions caused by ionizing radiation.

(3) Photolysis involving photosensitive functional groups.

(4) Chemical reactions of labile functional groups.

It is difficult to control the number and location of crosslink during radical reaction.
When the polymer having the controlled number and location of functional groups is used, a

well-defined crosslinking polymer can be prepared. Therefore, it is a very challenging

theme to establish the synthesis method of functional polymer to induce chemical crosslink.




Functional polymers are macromolecules that have unique properties and uses.*” The
properties of such materials are often determined by the presence of functional groups
chemically different from the backbone chains. Examples are polar and ionic functional
groups on hydrocarbon backbones and hydrophobic groups on polar polymer chains.  These
polymers often show unusual or improved properties in reactivity, phase separation, and

associations.®

Functional polymers will continue to be in demand because the use of polymeric materials
is spreading steadily. Today most functional polymers are tailored for the desired properties
applications. The requirement, however, is more and more exacting. The synthesis of
functional polymers becomes increasingly difficult because of incompatibility in a mixture of
two different polymers. The solution to the problem is important in bringing the project to a

successful conclusion.

The synthetic procedures of functional polymers mainly consist of three methods as

follows:’

(1) Monomer having functional group is synthesized and then polymerized to form the

functional polymer.

(2) The first process is the polymerization of reactive monomer and the second process is

the introduction of functional group to the precursory polymer.

(3) Functional group is introduced to commodity polymers by the use of polymer reaction.

Structural factors of the polymer as molecular weight, molecular weight distribution,
copolymer composition, microstructure, stereochemistry, chain-end functionality, and
molecular architecture affect its property directly. A new development in the methodology
to control these factors, therefore, is important for the polymer syntheses. This purpose 18

desired also in the preparation of functional polymers.®

Vinyl, ethynyl, epoxy, methylol, isocyanate groups are utilized as the crosslinkable
functional group up to now.” In the crosslinkable polymer, it is profitable that the functional
group reacts at a moderate heat. Moreover, the crosslink reaction must not be accompanied
by volatile component from the point of physical property for the materials. Vinyl and
ethynyl groups are advantageous to the problems under consideration. Vinyl group, however,

has a difficulty in thermal stability during conservation. Because of its high polymerizability,

the vinyl group is relatively difficult to be introduced into the polymer. On the other hand,

e e

DN ML T ik ot § P N 2



the ethynyl group has higher stability in room temperature than the vinyl group.

Until recently, a variety of imidazole and imide oligomers and polymers containing
ethynyl group at chain end have been published.*'® These oligomers and polymers are
characterized as a high-temperature material by crosslinking reaction. The control of
crosslinking points, however, is given no attention.  Polystyrene having pendant ethynyl
groups is not clearly showed its fundamental problem concerning the synthesis and

characterization.

The dual-functional monomers having vinyl and ethynyl groups in a molecule gives
promise of a success to prepare the crosslinkable polymer with the ethynyl group through the
selective polymerization of the vinyl group. Varying content of the ethynyl group controls
the crosslinking points. The polymer containing the ethynyl groups is an interesting
functional polymer to concern not only with thermal crosslinking reaction, also with
transformation of the functional group. The ethynyl group can be converted to a variety of
functional groups by nucleophilic and electrophilic addition reactions.” The syntheses of the
dual-functional monomer and its selective polymerization, however, have many difficulties to

be resolved. "’

In this thesis the author focuses on the ethynyl group as crosslinkable group. The
syntheses of new styrene derivatives containing the ethynyl groups, their polymerization with

various methods, and the characterization of the obtained crosslinkable polymer are reported.

The outline of this thesis is as follows:

Chapter 1 presents an introductory overview in order to clarify the object of the thesis.

Chapter 2 offers two kinds of synthetic methods of monomers. The sixteen styrene
derivatives containing ethynyl groups, such as trimethylsilylethynyl-, 4-trimethylsilyl-3-
butynyl-, 3,3-dimethyl-1-butynyl-, |-hexynyl-, and phenylethynyl- groups, are newly
synthesized.

Chapter 3 deals with the radical homo- and copolymerization of styrene derivatives.
Monomer reactivity ratios and Q-e values are estimated. Furthermore, the thermal properties
of the obtained homo- and copolymers at elevated temperatures are characterized.

Chapter 4 shows the cationic polymerization of the styrene monomers having ethynyl

groups. The content of ethynyl groups in the polymers are different from that in the

polymers from the radical polymerization. The structure and thermal behavior for the




polymers are shown.

Chapter 5 describes the anionic living polymerization of the styrene monomers. The
predicted molecular weights and the narrow molecular weight distributions are found in the
resulting polymers. The novel block copolymers with well-defined chain structures are
synthesized.

Chapter 6 clarifies quantitatively the chain crosslinking formation of ethynyl groups in the
random copolymer of ethynylstyrene and styrene and the viscoelasticity of the crosslinked

copolymer.

The concluding chapter 7 summarizes the results in this study.




References

(1)

(2)
(3)

(4)
(3)

(6)

(7)

(8)

9)

(10)

(11)
(12)

(13)

Odian, G. Principles of —Polymerization- 2nd ed., John Wiley & Sons, Inc.: New

York, 1981.

Furukawa, J. Koubunshi Shinzairyou, Kagaku Dojin: Kyoto, 1987.

Stevens, M. P. Polymer Chemistry, An Introduction 3rd ed., Oxford University Press,
Inc.: New York, 1999.

Bergbeiter, B.E.; Matin, C. R. F unctional Polymers , Plenum Press: New York, 1989.
Arshady, R. Desk Reference of Functional Polymers: Syntheses and Applications,
ACS: Washington DC, 1997.

Patil, A. O.; Schulz, D. N.; Novak, B. M. Functional Polymers: Modern Synthetic
Methods and Novel Structures, ACS: Washington DC, 1997.

Naoki, T.; Takeshi, E.; Takakazu, Y. Kinou Koubunshi Zairyou no Kagaku, Asakura
Shoten: Tokyo, 1998 .

Quirk, R. P. Applications of Anionic Polymerization Research, ACS: Washington DC,
1998.

Ohtsu, T. Kaitei Kobunshi Gousei no Kagaku, Kagaku Dojin: Kyoto, 1985.

Harris, F. W.; Spinelli, H. J.; Reactive Oligomers, ACS: Washington DC, 1985.
Yamamizu, T.; Kato, K. Japan Patent 1987, JP 62/292735 A.

(a) Braun, D.; Keppler, H.-G. Mh. Chem. 1963, 94, 1250.

(b) Braun, D.; Keppler, H.-G. Makromol. Chem. 1964, 78, 100.

D’Alelio, G. F.; Hoffend, T. R. J. Polym. Sci.: Part A-1 1967, 5, 1245.




Chapter 2. Syntheses of Ethynylstyrenes as Monomer

2-1. Introduction

Alkynes are usually prepared from either of the two most important synthetic methods: (1)
elimination reactions of hydrogen halides from dihalides and vinylhalides and (2) coupling
reactions of alkyl halides and carbonyl compounds with organometallic derivatives of
acetylenes.'"” In the former method, the preparation of ethynyl group depends on the
property of halides and isomerization sometimes accompanies elimination, thereby resulting
in the formation of such by-product as allene. In the latter methods, metallo acetylenes, such
as sodium acetylide, lithium acetylide, copper acetylide, and acetylenic Grignard reagent,
react with alkyl halides or with carbonyl compounds to give excellent yields of ethynyl
compounds. A catalytic amount of Pd°® or Pd" compounds assists the reaction under mild

conditions.

2-2. Materials

2-. 3-, and 4-Bromostyrenens were synthesized according to the reported procedure.’
Commercially available (trimethylsilyl)acetylene, tert-butylacetylene, 3-methyl-1-hexyne, 1-
hexyne, phenylacetylene, 1-(trimethylsilyl)-1-propyne, 4-chloromethylstyrene,
triphenylphosphine, bis(triphenylphosphine)palladium(II) dichloride, copper(I) iodide, and n-
butyllithium were used without further purification. Triethylamine and diethynlamine were

distilled over CaH,. Tetrahydrofurane (THF) was distilled over LiAIH, under a nitrogen

atmosphere.




2-3. Syntheses of Ethynylstyrnes by Pd"-Cu' Catalyzed Coupling Reaction

Ethynylstyrenes contain two polymerizable functional groups of vinyl group and acetylene
moiety in a molecule. Both functional groups are expected to be readily polymerizable
under the various reaction conditions. Thus it is limited in method to synthesize the highly
purified ethynylstyrenes in large quantities. Most ethynylstyrenes is prepared according to
the convenient method reported by Sonogashira et al. * 1In this reaction, an acetylenic
hydrogene of mono substituted alkynes is easily substituted by styryl halides in the presence
of copper(I) iodide with bis(triphenylphosphin)palladium(Il) dichloride catalyst in the amine
solution. As shown in Scheme 2-1. The method is facile to synthesize aromatic acetylenes,

which is difficult to be prepared by other methods.

Scheme 2-1.
HQC:CH H2C=CH
Pd(PPhj3),Cly, Cul, PPh
% 3)2C12 3
o % SH=OmC=R e |
N amine, heat, under N X\
= c=C-R

R = -Si(CHy)s (1a-c); -C(CHg)s (3a-c) ; -CH(CH3)CH,CH,CH; (4a-c)
- HQCHQCH2CH3 (sa"C); -Ph (Sa'C)

a) Preparation of 4-(2-Trimethylsilylethynyl)styrene (1a). The procedure employed
improves the method previously reported." Nitrogen was bubbled into a mixture of 4-
bromostyrene (36.0 g, 197 mmol), (trimethylsilyl)acetylene (28.3 g, 288 mmol), copper(l)
iodide (0.39 g, 2.0 mmol), triphenylphosphine (0.83 g, 3.2 mmol), and dry triethylamine (290
mL) at room temperature for 1 h. Bis(triphenylphosphine)palladium(II) dichloride (0.85 g,
1.2 mmol) was added and the mixture was stirred at 70 °C for 12 h under nitrogen. The
reaction mixture was filtered and concentrated under vacuum. The residue was diluted with
hexane (300 mL) and washed with 2N HCl and with water. The organic layer was dried
over anhydrous Na,SO, and concentrated by use of a rotary evaporator. The residue was
purified by column chromatography (silica gel, hexane) and vacuum distillation gave a

colorless liquid of 1a (38.2 g, 191 mmol, 97 %, bp 94 - 95 °C /0.7 mmHg).

'"H NMR (270 MHz, CDCl;)
§0.25 (s, 9 H, SiCH;), 5.26 and 5.73 (2dd, 2 H, J=0.7,10.9, and 17.5 Hz, =CH,),

7




6.66 (dd, 1 H, =CH), 7.29-7.43 (m, 4 H, Ar)
C NMR (67.5 MHz, CDCl,)
§ 0.07 (SiCH,), 94.9 (=CSi), 105.2 (ArC=), 114.9.(=CH,), 122.5 (Ar, C4),
126.1 (Ar, C2), 132.2 (Ar, C3), 136.3 (=CH), 137.7 (Ar, C1)
IR (neat,cm’)
760, 866, 1250 (CSi), 912 (CH=CH,), 2156 (Ce=C)
Elemental Analysis
Anal. Caled for C,,;H,Si : C, 77.93; H, 8.05.  Found: C. 704 H, 8,00,

b) Preparation of 3-(2-Trimethylsilylethynyl)styrene (1b). The procedure was the same
as that described above for 1la, except that 3-bromostyrene (20.0 g, 109 mmol),
(trimethylsilyl)acetylene (14.8 g, 150 mmol), copper(I) iodide (0.21 g, 1.1 mmol),
triphenylphosphine ~ (0.19 g, 1.8 mmol), dry triethylamine (160 mL), and
bis(triphenylphosphine)palladium(l) dichloride (0.69 g, 0.99 mmol) were mixed. The
coupling reaction was continued at 70 °C for 21 h. Distillation in vacuo gave a colorless

liquid of 1b (16.6 g, 83 mmol, 76 %, bp 91 - 92 °C /3.5 mmHg).

'"H NMR (90 MHz, CDCl;)
$0.26 (s, 9 H, SiCH,), 5.27 and 5.75 (2dd, 2 H, /= 1.0, 10.8, and 17.6 Hz, CH,=),

6.67 (dd, 1 H, CH=), 7.30-7.52 (m, 4 H, Ar)
3C NMR (22.5 MHz, CDCl,)
$ 0.10 (SiCH,), 94.3 (=CSi), 105.1 (ArC=), 114.7 (CH,=), 113.5 (Ar, C3),
128.5 (Ar, C6), 129.9 (Ar, C2) 131.3 (Ar, C4), 136.2 (=CH), 137.8 (Ar, C1)
IR (neat, cm™)
759, 842, 1250 (CSi), 920 (CH=CH,), 2150 FEEC)
Elemental Analysis
Anal. Caled for C,;H,(Si: C, 77.93; H, 8.05. Found: C, 76.67 ; H, 8.04.

(The reason why content of carbon is lower than a calculated value may be that Si-C

is formed.)

¢) Preparation of 2-(2-Trimethylsilylethynyl)styrene (1c). The same procedure as
described above for 1a was followed, except of using 2-bromostyrene (38.6 g, 211 mmol),
(trimethylsilyl)acetylene (24.9 g, 253 mmol), copper(I) iodide (0.41 g, 2.2 mmol),
triphenylphosphine ~ (0.89 g, 3.4 mmol), dry triethylamine (310 mL), and
bis(triphenylphosphine)palladium(II) dichloride (0.91 g, 1.28 mmol). The coupling reaction
was continued at 50 °C for 52 h and then at 70 °C for 40 h. Distillation in vacuo gave a




colorless liquid of 1c (36.9 g, 185 mmol, 88 %, bp 94 - 95°C /0.7 mmHg).

'H NMR (400 MHz, CDCl,)
$0.25 (s, 9 H, SiCH,), 5.33 and 5.80 (2dd,2 H,J=12,11.0, and 17.:6 Hz, =CHL),
7.19 (dd, 1H, =CH), 7.13-7.55 (m, 4 H, Ar)

'3C NMR (100 MHz, CDCl,)
$ 0.1 (SiCH,), 99.2 (=CSi), 103.4 (ArC=), 115.6 (CH,=), 121.9 (Ar, C2),
124.6 (Ar, C6), 127.4 (Ar, C4), 128.7 (Ar, C5), 132.9 (Ar, C3), 134.9 (=CH),
139.4 (Ar, C1)

IR (neat,cm’)
843, 868, 1250 (CSi), 914 (CH=CH,), FIGIC=L):

Elemental Analysis
Anal. Calcd for C,;H(Si: C, 77.93; H, 8.05. Found: C,77.40;H, 8.12.

(The reason why content of carbon is lower than a calculated value may be that S1-C

is formed.)

d) Preparation of 4-(3,3-Dimethyl-1-butynyl)styrene (3a). The same procedure as that
described above for la was followed using 4-bromostyrene (18.31 g, 100 mmol), tert-
butylacetylene (11.1 g, 135 mmol), copper(l) iodide (0.19 g, 1.00 mmol), triphenylphosphine
(0.42 g, 1.61 mmol), and dry diethylamine (160 mL), and bis(triphenylphosphine)palladium
(II) dichloride (0.43 g, 0.61 mmol). The coupling reaction was continued at 38 °C for 100 h.
Distillation in vacuo gave a colorless liquid of 3a (13.25 g, 72.0 mmol, 72 %, bp 72 - fr e B

0.3 mmHg).

'H-NMR (270 MHz, CDCl5)
$1.31 (s, 9H, CH,), 5.25 and 5.73 (2d, 2H, J=10.9 and 17.8 Hz, CH,=),

6.67 (dd, 1H, -CH=), 7.27 - 7.37 (m, 4H, Ar)
BC_NMR (67.5 MHz, CDCl,)
$28.1 (CCH,), 31.1 (CH,), 79.1 (Ar-C=), 99.3 (Ar-C=0), 114.2 (CH,=),
123.5 (Ar, C4), 126.0 (Ar, C2), 131.8 (Ar, C3), 136.5 (-CH=), 136.7 (Ar, C1)
IR (neat, cm’)
908 (CH=CH,), 987, 1111, 1205, 1290, 1362, 1404, 1458, 1475, 1508, 1628,
P235(C =0, 2963,
Elemental Analysis
Anal. Calcd for C,,H,¢: C, 91.25; H, 8.75. Found: C, 91.06; H, 8.89.




e) Preparation of 3-(3,3-Dimethyl-1-butynyl)styrene (3b). The same procedure as that
described above for la was followed using 3-bromostyrene (25.20 g, 138 mmol), fert-
butylacetylene (15.1 g, 184 mmol), copper(l) iodide (0.26 g, 1.8 mmol), triphenylphosphine
(0.59 g, 2.2 mmol), dry diethylamine (220 mL), and bis(triphenylphosphine)palladium(II)
chloride (0.58 g, 0.83 mmol). The coupling reaction was continued at 55 °C for 44 h.
Distillation in vacuo gave a colorless liquid of 3b (18.31 g, 99.5 mmol, 72 %, bp 79 - 82 °C/

0.7 mmHg).

'H-NMR (400 MHz, CDCl,)
$ 1.32 (s, 9H, CH,), 5.24 and 5.74 (2dd, 2H,J =0.9, 10.9, and 17.7 Hz, CH,=),
6.65 (dd, 1H, -CH=), 7.26 - 7.43 (m, 4H, Ar)

BC_NMR (100 MHz, CDCl,)
§28.0 (CCH,), 31.1 (CH,), 79.0 (Ar-C=), 98.6 (Ar-C=0), 114.4 (CH,=),
124.4 (Ar, C3), 125.4 (Ar, C6), 128.4 (Ar, C5), 129.5 (Ar, C4), 131.0 (Ar, 23,
136.4 (-CH=), 137.6 (Ar, C1)

IR (neat,cm’)
798, 849, 894, 910 (CH=CH,), 1201, 1294, 1362, 1458, 1473, 1576, 1595, 1631,
2216 (C=C), 2966.

Elemental Analysis
Anal. Caled for C,,H,s: C, 91.25; H, 8.75. Found: C, D125 H 8.61.

f) Preparation of 2-(3,3-Dimethyl-1-butynyl)styrene (3¢c). The same procedure as that
described above for la was followed using 2-bromostyrene (25.38 g, 139 mmol), tert-
butylacetylene (15.28 g, 186 mmol), copper(l) iodide (0.28 g, 1.5 mmol), triphenylphosphine
(0.60 g, 2.3 mmol), dry diethylamine (220 mL), and bis(triphenylphosphine)palladium(II)
chloride (0.58 g, 0.83 mmol). The coupling reaction was continued at 55 °C for 122 h.
Distillation in vacuo gave a colorless liquid of 3¢ (7.71 g, 41.9 mmol, 30 %, bp 71 - 73 g 47

0.6 mmHg).

'H-NMR (400 MHz, CDCl,)
§ 1.36 (s, 9H, CH,), 5.33 and 5.81 (2dd, 2H, J = 1.2, 11.0 and 17.8 Hz, CH,=),
7.20 (dd, 1H, -CH=), 7.14 - 7.57 (m, 4H, Ar)

3C-NMR (100 MHz, CDGC;)
§ 28.3 (CCH,), 31.2 (CH,), 77.4 (Ar-C=C), 103.5 (Ar-C=0), 115.0 (CHy=),
122.8 (Ar, C2), 124.5 (Ar, C6), 127.4 (Ar, C4), 127.7 (Ar, C5), 132.5 (Ar, C3),
135.2 (-CH=), 138.7 (Ar, Cl)




IR (neat, cm’)
912 (CH=CH,), 991, 1205, 1273, 1291, 1362, 1448, 1458, 1473, 1628, 2237 (C=0),
2966.

Elemental Analysis
Anal. Caled for C,,H,¢: C, 91.25; H, 8.75. Found: C, 88.47; H, 8.82.

g) Preparation of 4-(3-Methyl-1-hexynyl)styrene (4a). The same procedure as that
described above for 1a was followed using 4-bromostyrene (28.8 g, 157 mmol), 3-methyl-1-
hexyne (15.5 g, 161 mmol), copper(I) iodide (0.32 g, 1.7 mmol), triphenylphosphine (0.67 g,
2.6 mmol) in dry triethylamine (225 mL), and bis(triphenylphosphine)palladium (1)
dichloride (0.67 g, 0.95 mmol). The coupling reaction was continued at 70 °C for 37 h.
Distillation in vacuo gave a light yellow liquid of 4a ( 18.1g, 91.4 mmol, 58 %, bpl03 -

106 °C /0.7 mmHg).

'"H-NMR (400 MHz, CDCl,)
$0.95 (t, 3H, CH,CH,, J = 7.2 Hz), 1.24 (d, 3H, CHCH,, J = 6.8 Hz), 1.42 - 1.60
(m, 4H, CH,CH,), 2.61 - 2.70 (m,1H, CH), 5.24 and 5.72 (dd, 2H, =CH, ,
J=0.7,10.9, and 17.6 Hz ), 6.67 (dd, 1H, =CH) , 7.29 -7.35 (m,4H, Ar-H)
BC-NMR (100 MHz, CDCl,)
$ 14.0 (CH,CH,), 20.7 (CHCH,), 21.2 (CH,CH,), 26.4 (=C-CH), 39.3 (CHCH,) ,
80.7 (Ar-C=), 95.6 (Ar-C=0), 114.2 (=CH,), 123.6 (ArC4), 126.1 (ArC2),
131.8 (ArC3), 136.5 (-CH=), 136.7 (ArC1)
IR (neat,cm’™)
908 (CH=CH,), 2229 (C=C).
Elemental Analysis
Anal. Caled for C,H¢ : C, 90.91; H, 9.09. Found: C, 90.79 ; H, 8.87.

h) Preparation of 3-(3-Methyl-1-hexynyl)styrene (4b). The same procedure as that
described above for 1a was followed using 3-bromostyrene (31.6 g, 173 mmol), 3-methyl-1-
hexyne (15.7 g, 164 mmol), copper(l) iodide (0.31 g, 1.6 mmol), triphenylphosphine (0.66 g,
2.5 mmol) in dry triethylamine (230 mL), and bis(triphenylphosphine)palladium (II)
dichloride (0.67 g, 0.95 mmol). The coupling reaction was continued at 65 °C for 20.5 h.
Distillation in vacuo gave a light yellow liquid of 4b ( 21.1g, 107 mmol, 65.2 %, bpl01 -

103 °C / 0.8 mmHg).

'"H-NMR (400 MHz, CDCl,)
50.95 (t, 3H, CH,CH,, J = 7.1 Hz), 1.25 (d, 3H, CHCH,, J = 6.8 Hz), 1.41 - 1.60

11




(m, 4H, CH,CH,), 2.61 - 2.69 (m,1H, CH), 5.24 and 5.74 (2dd, 2H, =CH,
7=0.7,10.8, and 17.6 Hz), 6.66 (dd, 1H, =CH), 7.20 - 7.44 (m, 4H, Ar-H)
3C-NMR (100 MHz, CDCl;)
§ 14.0 (CH,CH,), 20.7 (CHCHj,), 21.2 (CH,CH,), 26.4 (=C-CH), 39.3 (CHCH,),
80.6 (Ar-C=), 95.0 (Ar-C=0), 114.4 (=CH,), 124.4 (ArC3), 125.4 (ArCo),
128.4 (ArC5), 129.4 (ArC2), 131.0 (ArC4), 136.4 (-CH=), 137.6 (ArC1)
IR (neat, cm’)
910 (CH=CH,), 2222(C=C).
Elemental Analysis
Anal. Caled for C,H s C, 90.91; H, 9.09. Found: C, 90.90 ; H, 8.96.

i) Preparation of 2-(3-Methyl-1-hexynyl)styrene (4¢c). The same procedure as that
described above for 1a was followed using 2-bromostyrene (31.8 g, 174 mmol), 3-methyl-1-
hexyne (20.4 g, 213 mmol), copper(l) iodide (0.30 g, 1.6 mmol), and triphenylphosphine
(0.68 g, 2.6 mmol) in dry triethylamine (260 mL), and bis(triphenylphosphine)palladium (1)
dichloride (0.68 g, 0.97 mmol). The coupling reaction was continued at 65 °C for 395 h.
Distillation in vacuo gave a light yellow liquid of 4¢ ( 18.2g,91.9 mmol, 53 %, bp 96 - 98 °C

/0.7 mmHg).

'H-NMR (400 MHz, CDCl;)
§ 0.95 (t, CH,CH,, 3H, J = 7.1 Hz), 1.27 (d, 3H, CHCH,, J = 6.8 Hz), 1.44-1.63

(m, 4H, CH,CH,), 2.66 - 2.75 (m,1H, CH), 5.32 and 5.78 (dd, 2H, =CH.;
J=1.1,11.1,and 17.7Hz ), 7.21 (dd, 1H, CH=), 7.14 - 7.55 (m, 4H, Ar-H)
13C-NMR (100 MHz, CDCl;)
& 14.0 (CH,CH,), 20.7 (CHCH,), 21.2 (CH,CH,), 26.6 (=C-CH), 39.3 (CHCH,),
79.0 (Ar-C=), 99.8 (Ar-C=0), 115.0 (=CH,), 122.9 (ArC2), 124.5 (ArC6),
127.4 (ArC4), 127.7 (ArC5), 132.6 (ArC3), 135.3 (-CH=), 138.8 (ArC1)
IR (neat, cm™)
910 (CH=CH,), 2224 (C=C).
Elemental Analysis
Anal. Caled for C,;H,s: C, 90.91; H, 9.09. Found: C, 90.88 ; H, 9.21.

j) Preparation of 4-(1-Hexynyl)styrene (5a). The same procedure as that described above
for 1a was followed using 4-bromostyrene (9.29 g, 50.8 mmol), 1-hexyne (5.00 g, 60.9 mmol),
copper(I) iodide (0.10 g, 0.53 mmol), triphenylphosphine (0.21 g, 0.80 mmol), dry
triethylamine (75 mL), and bis(triphenylphosphine)palladium(ll) dichloride (0.22 g, 0.31
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mmol). The coupling reaction was continued at 70 °C for 8.5 h. Distillation in vacuo gave a

colorless liquid of 5a (6.89 g, 37.4 mmol, 74 %, bp 115 - 120 °C /2 mmHg).

'H NMR (CDCl,, 270 MHz)
50.04 (1, 3H, J = 7.1 Hz, CHy), 141 - 1.64 (m, 4H, CH,CH,CH,), 2.41 (1, 2H,
J=6.9Hz, =CCH,),5.24 and 5.72 (2d, 2H, J = 10.9 and 17.5 Hz, CH,=),
6.67 (dd, 1H, -CH=), 7.27 - 7.38 (m, 4H, Ar)

13C NMR (CDCl,, 67.5 MHz)
5 13.7 (CH.), 19.3 (=CCH,), 22.0 (CH,CH.), 30.9 (=CCH,CH,), 80.6 (Ar-C=),
91.2 (Ar-C=0), 114.3 (CH,=), 123.6 (Ar, C4), 126.1 (Ar, C2), 131.8 (Ar, C3),
136.4 (-CH=), 136.7 (Ar, C1)

IR (neat,cm’’)
908 (CH=CH,), 989, 1111, 1329, 1402, 1458, 1506, 16238, 2220 4C=C), 2956,

Elemental Analysis
Anal. Calcd for C,,H,s: C, 91.25; H, 8.75. Found: C, 91.27; H, 8.77.

k) Preparation of 3-(1-Hexynyl)styrene (Sb). The same procedure as that described above
for 1a was followed using 3-bromostyrene (15.0 g, 82.0 mmol), 1-hexyne (10.0 g, 122 mmol),
copper(l) iodide (0.16 g, 0.88 mmol), triphenylphosphine (0.34 g, 1.39 mmol), dry
triethylamine (121 mL), and bis(triphenylphosphine)palladium(II) dichloride (0.53 g, 0.76
mmol). The coupling reaction was continued at 70 °C for 7 h. Distillation in vacuo gave a

colorless liquid of 5b (11.55 g, 62.8 mmol, 77 %, bp 105 - 106 °C /3 mmHg).

'H NMR (CDCl,, 400 MHz)
5095, 3H, J=7.2 Hz, CH,), 1.45 - 1.62 (m, 4H, CH,CH,CH,), 2.41 (t, Z2H,
J=17.1 Hz, =CCH,), 5.24 and 5.74 (2d, 2H, J = 10.9 and 17.6 Hz, CH,=),
6.65 (dd, 1H, -CH=), 7.20 - 7.44 (m, 4H, Ar)

5C NMR (CDCl,, 100 MHz)
§ 13.7 (CH,), 19.2 (=CCH,), 22.1 (CH,CH,), 30.9 (=CCH,CH,), 80.5 (Ar-C=),
90.5 (Ar-C=C), 114.4 (CH,=), 124.4 (Ar, C3), 125.4 (Ar, C6), 128.4 (Ar, C5),
129.4 (Ar, C2), 130.9 (Ar, C4), 136.3 (-CH=), 137.6 (Ar, C1)

IR (neat, cm’)
894, 910 (CH=CH,), 9388, 1328, 1429, 1466, 1478, 1572, 1596, 2227 (C=C),
2872, 2958.

Elemental Analysis
Anal. Caled for C,,H,q: C, 91.25; H, 8 75. Found: C, 90.95; H, 8.86.




I) Preparation of 2-(1-Hexynyl)styrene (5¢). The same procedure as that described above
for 1a was followed using 2-bromostyrene (15.0 g, 82.0 mmol), 1-hexyne (10.0 g, 122 mmol),
copper(I) iodide (0.16 g, 0.88 mmol), triphenylphosphine (0.34 g, 1.39 mmol), dry
triethylamine (121 mL), and bis(triphenylphosphine)palladium(ll) dichloride (0.53 g, 0.75
mmol). The coupling reaction was continued at 70 °C for 46 h. Distillation in vacuo gave a

colorless liquid of S¢ (7.40 g, 40.2 mmol, 49 %, bp 98 - 99 °C /0.8 mmHg).

'H NMR (CDCl,, 400 MHz)
50.96 (t, 3H, J = 7.2 Hz, CHy), 147 - 1.65 (m, 4H, CH,CH,CH.), 2.46 (1, 2H,
J=7.1 Hz, =CCH,), 5.32 and 5.78 (2dd, 2H,J=1.0,11.0and 17.8 Hz, CH:=),
7.14 - 7.55 (m, 5H, -CH= and Ar)
13C NMR (CDCl,, 22.5 MHz)
$ 13.7 (CH,), 19.4 (=CCH,), 22.1 ({CH.CH,), 31,0 (=CCH,CH,), 78.9 (Ar-C=),
95.3 (Ar-C=C), 115.1 (CHy=), 122.9 (Ar, C2), 124.5 (Ar, C6), 127.4 (Ar, C4),
127.7 (Ar, C5), 132.6 (Ar, C3), 135.3 (-CH=), 138.9 (Ar, C1)
IR (neat, cm™)
912 (CH=CH,), 993, 1100, 1328, 1429, 1448, 1478, 1626, 2225 (C=0), 2931.
Elemental Analysis
Anal. Calcd for C,H,¢ C, 91.25; H, 8.75. Found: C, 91.29; H, 8.87.

m) Preparation of 4-(2-Phenylethynyl)styrene (6a). The same procedure as that described
above for 1a was followed using 4-bromostyrene (25.0 g, 137 mmol), phenylacetylene (16.8 g,
164 mmol), copper(l) iodide (0.256 g, 1.36 mmol), triphenylphosphine (0.578 g, 2.21 mmol),
dry triethylamine (200 mL), and bis(triphenylphosphine)palladium(II) dichloride (0.872 g,
1.24 mmol). The coupling reaction was continued at 70 °C for 21 h. Recrystallizations
from methanol and hexane gave a white solid of 6a (20.0 g, 98.0 mmol, 72 %, mp 81.3 -
82.0 °C (82-83.5 °C)").
'H-NMR (270 MHz, CDCl,)
$ 5.29 and 5.77 (2d, 2H, =CH,, J =10.9 and 17.5 Hz), 6.70 (dd, 1H, =CH),
7.55 - 7.32 (mn, 9H, A1)
3C.NMR (67.9 MHz, CDCl,)
$ 89.5 (ArC4-C=), 90.1 (ArC4-C =(, 114.8 (=CH,); 122:6 (ArC4), 123.4 (ArC1),
126.2 (ArC2), 128.3 (ArC4’), 128.4 (ArC3"), 131.7 (ArC3), 131.9 (ArC2'),
136.3 (CH=), 137.5 (ArC1)
IR (KBr, cm™)
904 (CH=CH,), 2218 (C=C)




Elemental Analysis
Anal. caled. for C,(H,,: C, 94.08; H, 5.92. Found: C, 93.85; H, 5.89.

n) Preparation of 3-(2-Phenylethynyl)styrene (6b). The same procedure as that described
above for 1a was followed using 3-bromostyrene (47.09 g, 257 mmol), phenylacetylene
(31.50 g, 309 mmol), copper(l) iodide (0.490 g, 2.57mmol), triphenylphosphine (1.08 g, 4.13
mmol), dry triethylamine (380 mL), and bis(triphenylphosphine)palladium(ﬂ) dichloride
(1.64 g, 2.34 mmol). The coupling reaction was continued at 70 °C for 22 h.
Recrystallizations from hexane at 230 °C and then distilled at 115 - 124 °C (0.2 mmHg) to
give 30.4 g (58 %) of 6b as white crystals (mp 36.0 - 37.5 °C).

'"H-NMR (400 MHz, CDCl,)
$5.29 and 5.78 (2d, 2H,=CH,,J =11.0 and 17.6 Hz), 6.70 (dd, 1H, =CH),
7.60 - 7.27 (m, 9H, Ar-H)

BC-NMR (100MHz, CDCl;)
$ 89.3 (ArC3-C=), 89.5 (ArC3-C=0), 114.8 (=CH,), 123.3 (ArC3), 123.6 (ArCl1"),
126.2 (ArC6), 128.4 (ArC5), 128.4 (ArC3"), 128.6 (ArC4"), 129.5 (ArC2),
130.9 (ArC4), 131.7 (ArC2"), 136.2 (CH=), 137.8 (ArCl)

IR (KBr,cm')
920 (CH=CH,), 2206 (C=C)

Elemental Analysis
Anal. calcd. for C,(H,,: C, 94.08; H, 592. Found: C,94.11; H, 5.95.

o) Preparation of 2-(2-Phenylethynyl)styrene (6¢). The same procedure as that described
above for 1a was followed using 2-bromostyrene (35.0 g, 191 mmol), phenylacetylene (28.5 g,
279 mmol), copper(l) iodide (0.442 g, 2.32 mmol), and triphenylphosphine (0.570 g, 2.18
mmol) in dry triethylamine (285 mL), and bis(triphenylphosphine)palladium(ll) dichloride
(1.39 g, 1.98 mmol). The coupling reaction was continued at 70 °C for 76 h. Distillation in
vacuo gave a yellow liquid of 6¢ (29.1 g, 143 mmol, 86 %, bp 138 - 141 °C/0.65 mmHg).

'H-NMR (400 MHz, CDCl,)
$5.33 and 5.80 (2dd, 2H, =CH,,J =1.1,11.1 and 17.7 Hz), 7.27 (dd, 1H, -CH=),
7.16 ~7.56 {ny, 9H, Ar-H)

BC-NMR (100MHz, CDCl;)
$ 87.8 (ArC2-C=), 94.1 (ArC2-C=0), 115.7 (=CH,), 122.0 (ArC2), 123.4 (ArCl),
124.7 (ArC6), 127.6 (ArC4), 128.4 (ArC4"), 128.4 (ArC3"), 128.4 (ArCS),
131.6 (ArC2"), 132.6 (ArC3), 135.0 (CH=), 139.0 (ArCl)
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IR (neat, cm™)
014 (CH=CH,), 2213 (C=C)
Elemental Analysis
Anal. caled. for C,H,,: C, 94.08; H, 5.92. Found: C, 94.26; H, 5.87.

2-4. Synthesis of Ethynylstyrnes by Coupling Reaction of Metallated Alkyne with
Halide.

3-Lithiated 1-(trimethylsilyl)propyne is a useful reagent for the preparation of terminal
silylacetylenes. The reaction used the benzyl halide which showed the same behavior as the
primary alkyl halide for nucleophilic reagent, as shown in Scheme 2-2. The coupling

reaction that introduced an ethynyl group into 4-chloromethylstyrene gave a relatively good

yield.
Scheme 2-2.
H C=CH H c=CH
2 .
C THF, -10 °C
e L|+ -CHQ EC_SIM83 s
under N,
C G
CH2 | CH2 HQCEC—SiMe:g

Preparation of 4-(4-Trimethylsilyl-3-butynyl)styrene (2). To a stirred solution of 1-
(trimethylsilyl)-1-propyne (72.1 g, 642 mmol) in dry THF (600 mL), n -BuLi (770 mmol,
1 54 M solution in hexane) was added dropwise at -10 °C under nitrogen.® The reaction
mixture was then heated at 35 °C for 0.5 h to complete the reaction. To the reaction mixture,
4-(chloromethyl)styrene (88.2 g, 578 mmol) was added dropwise at -10 °C and then stirred at
0°C for 3h.” The whole was poured into water (1 L) and extracted with Et,0 (300 mL x 3).
The combined organic phase was washed with water and dried over anhydrous Na,SO,.

After evaporation of the ether, the residue was purified by column chromatography (silica gel,
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hexane) and the vacuum distillation gave a colorless liquid of 2 (60.9 g, 267 mmol, 46%, bp

96 - 101 °C/ 0.4 mmHg).

'H-NMR (400 MHz, CDCl,)
$0.13 (s, 9H, Si(CH,),), 2.37-2.55 (m, 2H, CH,C=), 2.89-2.73 (m, 2H, ArCH,),

5.20 and 5.71 (2d, 2H, J = 0.80, 10.9 and 17.6 Hz, =CH,), 6.70 (dd, 1H, -CH=),
7.11-7.38 (m, 4H, Ar).

3C-NMR (100MHz, CDCl,)
50.2 (Si(CH,),), 22.2 (CH,C=), 34.9 (ArCH,), 85.4 (SiC=), 106.7 (CH,C=),

113.3 (=CH,), 126.3 (Ar, C3), 128.8 (Ar, C2), 135.9 (Ar, C1), 136.7 (-CH=),
140.4 (Ar, C4).

IR (neat, cm™):
759, 841, and 1250 (=CSi), 906 (CH=CH,), 2175 (C=C)

Elemental Analysis
Anal. caled. for C,sH,Si : C, 78.87; H, 8.83. Found: C, 78.70; H, 9.03




References
(1) Nippon Kagaku Kai * Jikken Kagaku Kouza 19, 4th ed., Maruzene Co. Ltd., Tokyo

1992, pp. 298-361.

(2) Morrison, R. T. and Boyd, R. N.“ Organic Chemistry ”, 6th ed., Prentice-Hall, Inc.,
New York 1992, pp.429.

(3) Ishizone, T.; Hirao, A.; Nakahama, S. Macromolecules 1991, 24, 625.

(4) Takahashi, S.; Kuroyama, Y.; Sonogashira, K.; Hagihara, N. Synthesis 1980, 627.

(5) Drefahl, G.; Klaus, D. J. Prakt. Chem. 1965, 28, 242.

(6) Wang, K. K, Nikam, S. S.; Ho, C. D. J. Org. Chem. 1983, 48, 5376.

(7) Bransma, L. *“ Studies in Organic Chemistry 34 : Preparative Acetylenic Chemistry .

2nd ed., Elsevier Science Publishers B. V., New York 1988, pp.72.




Chapter 3. Radical Polymerization of Styrene Derivatives Containing an Ethynyl

Group
3-1. Introduction

Styrene derivatives la-¢, 2, 3a-¢, Sa-c, and 6a-c are suitable monomers for producing
polymers with pendent ethynyl groups and these polymers increase interest in the crosslinking
property. The radical polymerization of styrenes with ethynyl groups, however, gives the

1,23

insoluble polymeric product, because of sensitivity to crosslinking. Not only vinyl group
but also ethynyl group participates in the polymerization to form the crosslinking polymer.

In this chapter, the first interest is whether or not gel-free polystyrenes are produced during
the radical polymerizations of la-c and 2, and the copolymerization with styrene. When the
polymerization is to be carried out selectively at the vinyl group site in a bifunctional
monomer, the ethynyl group must be temporarily blocked. The introduction of the
trimethylsilyl group onto the ethynyl group is useful for this purpose. The polymers with

internal C=C groups, which do not need to be blocked, therefore, are important for practice.

CH>~=CH

C=C-SiMegy
CHQCH2CEC_SiM83
ia : para 2 3a : para
1ib : meta 3b : meta

1c : ortho 3c : ortho




The second interest is the substituent effect of the 2-position of C=C group on their
polymerizability during the radical polymerizations of la-c, 2, 3a-c, Sa-c, and 6a-c. The
copolymerization parameter, such as monomer reactivity ratios and the Q and e values, are
determined from the copolymerizations of 1a-¢, 2, 5a, and 6a-c with styrene.

The third interest is the thermal crosslinking property of the obtained polymers and

copolymers at elevated temperature. These polymers are characterized as a thermally

curable material.

3-2. Results and Discussion
3-2-1. Radical Polymerizations of 1a-c.

Table 3-1 lists the results of the polymerizations of la-¢ and the copolymerizations with
styrene (St). For all the polymerization, the organic solvent-soluble, powdery polymers
were obtained. Furthermore, the size-exclusion chromatography curves of the resulting
polymer and copolymer showed unimodal peaks. These mean that the C=C groups did not
interfere the radical polymerization. The trimethylsilyl groups perfectly protect the terminal
C=C group of 4-ethynylstyrene during the radical polymerization. Figure 3-1 shows the

copolymerization composition curves for the systems of 1a-¢ (M,) and St (M,). Mole fraction

Table 3-1. Radical Copolymerizations of 1a-¢ (M,) with Styrene (M,)"
1 mole fraction of M, Time Yield mole fraction of M, M, (M,/M.,)’

(M,) in monomer feed (F,) h % in copolymer (f,)"
la 1.00 12 47 1.00 54,200 (2.09)
la 0.49 6.0 40 0.54 40,500 (1.85)
1a 0.06 30 70 0.08 18,500 (1.79)
1b 1.00 8.3 78 1.00 50,800 (1.95)
1b 0.49 6.5 44 0.49 55,400 (1.74)
1b 0.05 29 71 0.05 18,500 (1.78)
1c 1.00 22 47 1.00 7,800 (1.77)
1c 0.50 22 74 0.59 7,300 (1.81)
1c 0.05 22 66 0.07 13,100 (1.80)

? Initiator, AIBN; [1] or [1+St] =5.0 mol-L"; [AIBN] = 50 mmol-L'; temp. 60 °C; solvent,
toluene.

b Determined by '"H NMR spectra.

¢ Determined by SEC using polystyrene standard.
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M4 in copolymer

I | I l
0.0 0.2 0.4 0.6 0.8 1.0
M1 in feed

Figure 3-1. Composition curves for the copolymerization of 4-(2-(trimethylsilyl)-
ethynyl)styrene (1a) with styrene (®), 3-(2-(trimethylsilyl)ethynyl)styrene (1b)
with styrene (0 ), and 2-(2-(trimethylsilyl)ethynyl)styrene (1c) with styrene (A& ).

0.0

M, in copolymer (f;), which was determined by the 'H-NMR spectra, was higher than mole
fraction M, in monomer feed (F,) for 1a and 1c. The curve for 1b was very close to an
azeotropic line. The monomer reactivity ratios, which were determined by the Kelen-Tiidos
method* were r, = 1.39 and r, = 0.36 for 1a, r; = 1.05 and r, = 0.83 for 1b, and r, = 1.22 and
r, = 0.54 for 1c. The Q and e, values were 1.43 and 0.04 for 1a, 0.95 and -0.43 for 1b, and
1.11 and -0.15 for le, respectively, indicating that they are conjugative and electron-
withdrawing monomers. As for 1b with meta-trimethylsilylethynyl group a slight resonance
effect was exhibited.

The deprotection of the silyl groups in polymer la-c and copolymers la-¢/St was carried
out using (C,Hy),NF in THF at 0 °C for 2 h. For the conversion of copolymer la/St into
poly(4-ethynylstyrene-co-St), the absorptions at 3293 and 2104 cm’ due to the =C-H and

_C=C- strech vibrations were observed together with the disappearance of the absorption at




7158 cm’ due to the C=C-Si(CH,); group in the IR spectrum. The final spectrum indicated
that the trimethylsilyl groups were completely deprotected. The result was also confirmed

by the NMR spectra.

3.2-2. Radical Polymerization of 2.

Table 3-2 lists the results of the polymerization of 2 and the copolymerizations of 2 with
styrene (St). For all the polymerization, the organic solvent-soluble, powdery, and unimodal
peak polymers were obtained. These mean that carbon-carbon triple bond and trimethylsilyl
protecting group remained intact during the radical polymerization same as la-c. The
number-average molecular weights (Ms) were between 22,400 and 91,400, and increased
with increasing F, in monomer feeds, suggesting that no serious chain transfer reactions at the
active methylene group adjacent to C=C-SiMe, were found during the radical polymerization.
Figure 3-2 shows the copolymerization composition curve. The 4-(4-trimethylsilyl-3-
butynyl)styrene units (f;) in the copolymers, which were determined by their 'H-NMR spectra,
were very close to the azeotropic copolymerization. The monomer reactivity ratios, which
are determined according to the high conversion method reported by Tiidos et al.’ werer, =
1.13 and r, = 0.82 for 2. The Q and e, values were 1.54 and —1.07, indicating that 2 is a
conjugated and electron-donating monomer.

The deprotections of the silyl groups from the polymers were carried out using (C,H,),NF
in THF at 0 °C for 2 h. For the conversion of copolymer 2/St into poly[(4-(3-
butynyl)styrene)-co-St], the respective absorptions at 3298 and 2117 cm’ due to the =C-H
and -C=C- strech vibrations of the C=C-H group were observed together with the
disappearance of the absorption at 7173 em’' due to the C=C-Si(CH,), group in the IR spec-

Table 3-2. Radical Copolymerizations of 2 (M,) with Styrene (M,)*

mole fraction of M, Time  Yield mole fraction of M, M, (MM,

in monomer feed (F,) h %o in copolymer (f,)"
1.00 1 9.4 1.00 91,400 (1.68)
0.50 2 11.4 0.53 41,300 (1.53)
0.10 3 L3 0.12 22,400 (1.56)

2 [nitiator, AIBN; [2] or [2+St] = 2.5 mol-L"'; [AIBN] = 25 mmol-L"'; temp. 60 °C; solvent,
toluene.

b Determined by 'H NMR spectra.

¢ Determined by SEC using polystyrene standard.
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tra. The trimethylsilyl groups were completely deprotected to form poly[(4-(3-
butynyl)styrene)~co—St]. This was also confirmed by the NMR spectra.
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Figure 3-2. Composition curves for the copolymerization of
4-(4-trimethylsilyl-3-butynyl)styrene (2) with styrene (@ ).

3.2.3. Radical Polymerizations of 3a-c, 4a-c, and 5a-c.

Table 3-3 lists the results of the polymerizations of 3a-c, 4a-c, and Sa-c, and the
copolymerizations with styrene (St). For all the polymerization, the organic solvent-soluble,
powdery polymers were obtained. This means that the C=C groups did not interfere with
the radical polymerization. The SEC chromatograms for all the polymer samples showed a
unimodal peak. In spite of their substituted position, the M,s of 3,3-dimethyl-1-butynyl
substituted polystyrenes were higher than those of 3-methyl-1-hexynyl and 1-hexynyl
substituted polystyrenes.  This tendency resembles the order of chain transfer to I-
butylbenzene, isopropylbenzene, and c:thylbf:nzne.6 In both of the polymers and copolymers,

the increasing order of M,s is as follows: ortho- < meta- < para-substituted polystyrenes. A
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lowering of M,s for ortho-ethynyl substituted styrenes could be caused by chain transfer to
monomer during the radical polymerization. Therefoe, the lowest M, of polymer 4c¢ could be
influenced by ortho-substituted 3-methyl-1-hexynyl group.

The characteristic absorptions due to the ethynyl group were observed at 79.3 and 97.7,
80.9 and 93.9, and 80.8 and 89.5 ppm in the *C-NMR spectra of polymers 3a, 4a, and Sa,
respectively, as shown in Figure 3.3. The absorptions due to the C=C group were clearly
observed at 2239, 2230, and 2230 cm’’ in the Raman spectrum, though those at 2237, 2231,
and 2229 cm’ in the IR spectrum were weak. These results indicate that no side reaction of

the carbon-carbon triple bond with propagating radical occurred during the polymerization.

Table 3-3. Radical Copolymerizations of 3a-c, 4a-c, and 5a-c (M,) with Styrene (M,)*

3-5 mole fraction of M, Yield mole fraction of M, M, (M, /M)

(M,) in monomer feed (F,) Yo in copolymer ()
3a 1.00 37 1.00 70,900 (1.60)
3a 0.50 33 0.67 48,200 (1.52)
3b 1.00 55 1.00 64,700 (1.61)
3b 0.51 37 0.54 48,000 (1.57)
3c 1.00 53 1.00 16,900 (1.75)
3c 0.50 39 0.53 25,100 (1.69)
4a 1.00 36 1.00 42,400 (1.77)
4a 0.51 35 0.65 37,200 (1.66)
4b 1.00 o 1.00 35,000 (1.65)
4b 0.51 30 0.53 36,500 (1.63)
4c 1.00 8 1.00 7,820 (1.61)
4c 0.50 24 0.51 15,200 (1.78)
Sa 1.00 22 1.00 35,100 (1.88)
Sa 0.51 24 0.65 37,400 (1.81)
5b 1.00 28 1.00 29,300 (1.78)
5b 0.50 25 0.54 38,000 (1.72)
S¢ 1.00 18 1.00 10,200 (1.67)
Sc¢ 0.50 24 0.58 18,400 (1.66)

2 Tnitiator, AIBN; [M,] or [M,+St] = 5.0 mol-L"; [AIBN] = 50 mmol-L"; temp. 60 °C;
solvent, toluene; time, 6h.

b Determined by '"H NMR spectra.

¢ Determined by SEC using polystyrene standard.
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Figure 3-3. 13c NMR spectra of poly[4~(3,3—dimethy1—l—butynyl)styrene] (3a) (a),
poly[4—(3—methyl—1—hexyny])styrene] (4a) (b), and poly[4—(l—hexynyl)styrene] (5a) (c).
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Figure 3-4. Composition curves for the copolymerization of
4-(1-hexynyl)styrene (5a) with styrene ( @ %

Figure 3-4 shows the copolymerization composition curve for 5a (M,) and St (M,). The
f, in the copolymers, which were determined by their 'H-NMR spectra, were higher than the
F, in monomer feeds. The monomer reactivity ratios, which are determined according to the
high conversion method reported by Tiidos et al.,’ were r, = 2.09 and r, = 0.46. The Q, and

e, values were 1.86 and -0.60 indicating that 5a is a conjugated and electron-withdrawing

monomer.

3-2-4. Radical Polymerizations of 6a-c.

The polymerization and copolymerizations with AIBN were carried out at 60 °C in toluene.
Table 3-4 summarizes the results of the polymerizations and the copolymerizations with
styrene.  All the polymerizations proceeded homogeneously and the obtained polymers were
soluble in common organic solvents such as benzene, THF, and chloroform and insoluble in

methanol. The SEC chromatograms for these polymers showed a unimodal peak. The in-
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Table 3-4. Radical Copolymerization of 6a—c (M,) with Styrene (M,) *

6 mole fraction of M, Time Yield mole fraction of M, M, (M, /M)

(M,) in monomer feed (F,) h % in copolymer (f,)°
| 6a 1.00 3.5 36 1.00 70,200 (1.61)
6a 0.50 13 61 0.78 35,600 (1.98)
6a 0.05 13.5 58 0.11 20,000 (1.67)
6b 1.00 22 40 1.00 13,300 (1.97)
6b 0.49 49.5 34 0.49 11,000 (1.92)
6b 0.10 5% 60 0.10 14,600 (1.72)
6¢ 1.00 48 31 1.00 1,470 (1.13)
6¢ 0.49 48 28 0.57 1,690 (1.20)
6¢ 0.10 48 32 0.10 3,360 (1.33)

% Tnitiator, AIBN; [6] or [6+St] = 5.0 mol-L"; [AIBN] = 50 mmol-L'; temp. 60 °C; solvent,
toluene.

* Determined by '"H NMR spectra.
¢ Determined by SEC using polystyrene standard.
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Figure 3-5. I3c.NMR spectrum of poly[(3-phenylethynyl)styrene] (6b) .




creasing order of the M,s is as follows: polymer 6¢ < polymer 6b < polymer 6a. The Ms
were extremely low for polymer 6¢. The lowest and highest M, was 1,470 for polymer 6c¢
and 70,200 for polymer 6a. The introduction of a styrene unit in polymer 6c caused an
increase in the M._s, though they were still low, whereas the M, s of polymer 6a/St were lower
than that of polymer 6a. A similar tendency for the M_s was observed for the polymers and
copolymers obtained by the radical polymerization of la-¢,’ 3a-c, 4a-c, and 5a-c. These low
M._s of the ortho-ethynyl substituted polymers could be caused by dipole interactions between
the ethynylene group and propagating radical.®’

The characteristic absorptions due to the C=C group were observed at 89.2 and 90.0 ppm
in the *C-NMR spectrum of polymer 6b, as shown in Figure 3-5. The absorption due to the
C=C group was observed at 2216 cm’ in the Raman spectrum, though that at 2214 cm’ in
the IR spectrum was very weak. These results indicate that no polymerization of the carbon-
carbon triple bond with radical species occured.

Figure 3-6 shows the copolymerization composition curves for 6a-c (M,) and styrene (M,).
The copolymer compositions were determined by the ratio of the adsorptions at 1-3 ppm and
6-8 ppm due to the methine and methylene protons and the aromatic protons, respectively, in
the '"H-NMR spectra. Monomer reactivity ratios, which are determined according to the high
conversion method reported by Tiidos et al.’ are r, = 3.17 and r, = 0.24 for 6a, r, = 1.72 and
r, = 0.53 for 6b, and r, = 1.80 and r, = 0.51 for 6c. The reactivity of 6a toward the
polystyryl radical, which can be estimated using the 1/r, value, is higher than those of 6b and
6¢, which is similar to the result for 1la-c. In Table 3-5, the O, and e, values are compared

with those of 1a-c. 6a-¢ were found to be conjugative and electron withdrawing monomers,

Table 3-5. Monomer Reactivity Ratios (r, and r) and Q, and e, values for
(Phenylethynyl)styrenes (M,) and Styrene (M,) °

M, Fy ry (1/ry) Q, €

6a 3.17 0.24 (4.17) 2.74 -0.28
6b 1.72 0.53 (1.89) 1.48 -0.49
6¢ 1.80 0.51 (1.96) 1.56 -0.53
1a 1.39° 0.34 (2.56)° 1.47° 0.07°
1b 1.05° .82 (121, 0.95° -0.42°
1c W 8 0.51(1.96) ° 1:13° SR
Sa 2.09 0.46 (2.17) 1.86 -0.60

2 Calculated according to the high conversion method reported by Tiidos et al..’

b See ref. 7, recalculated by the high conversion method.’
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Figure 3-6. Composition curves for the copolymerization of 4-(phenylethynyl)-
styrene (6a) with styrene (@), 3-(phenylethynyl)styrene (6b) with styrene ( ),
and 2-(phenylethynyl)styrene (6¢) with styrene (M)

0.0

as well as la-c and 5a. The electron withdrawing character of phenylethynyl group is

clarified by the Hammett values, i.e., 0, = 0.14 and G, = 0.16."°

3.2-5. Thermal Properties of Poly(ethynylstyrene) and Poly(ethynylstyrene-co-St)

The thermal reactions of poly(ethynylstyrene) and poly(ethynylstyrene-co-St) were
examined by heating at 350 °C for 1 h under nitrogen. After the thermal treatment, the
absorptions at 2108 and 3300 cm due to the ethynyl group completely disappeared in the IR
spectra of poly[(3-ethynylstyrene)-co-St] (f,=0.12) as shown in Figure 3-7- - This
disappearance of the C=C bond was found also by the Raman spectrum. All the cured
polymers were insoluble in common organic solvents, such as benzene, chloroform, and THF.

The thermal properties of poly(ethynylstyrene) and poly(ethynylstyrene-co-St) were
characterized by the TG and DSC measurements. Figure 3-8 shows the TG and DSC curves
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Figure 3-7. IR spectra of poly(3-ethynylstyrene-co-Styrene) (f1=0. 12)
(a) before and (b) after thermal treatment.
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Figure 3-8. TG and DSC thermograms of poly(4-ethynylstyrene-co-styrene) (f 1=0.54).
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of poly[(4-ethynylstyrene)-co-St] (f, = 0.54). For the TG curve, a 10 % weight loss (7;) was
observed at 391 °C. For the DSC curve, the endothermic peak corresponding to a glass
transition temperature (7,) was observed at 116 °C, and the large exothermic peak appeared at
203 °C and its top peak was 222 °C. The exothermic peak was due to the crosslinking
reaction, because of no observation during the 2nd heating, and the annealed poly[(4-
ethynylstyrene)-co-St] was insoluble in common organic solvents.

Table 3-6 summarizes the 7, and T, and the beginning temperature of the crosslinking
reaction (T,) for poly(ethynylstyrene)s and poly(ethynylstyrene-co-St)s.  The 7 decreased
with decreasing f, for the poly(2—ethynylstyrene)/poly(2—ethynylstyrene—c0—St) and poly(4-
ethynylstyrene)/poly(4-ethynylstyrene-co-St) systems, whereas it increased for the poly(3-
ethynylstyrene)/poly(3-ethynylstyrene-co-St) system. The 7. increased with decreasing f,
from 145 to 218 °C for poly(2-ethynylstyrene)/poly(2—ethynylstyrene~c0—St), from 152 to
228 °C for poly(3—ethynylstyrene)/poly(3-ethynylstyrene—c0-St), and from 140 to 209 °C for
poly(4—ethynylstyrene)/poly(4-ethynylstyrene-co—St). The T,s for poly(ethynylstyrene)s and
poly(ethynylstyrene-co-St)s with similar copolymer compositions increased in the order of
poly(3-ethynylstyrene) > poly(4-ethynylstyrene) > poly(2-ethynylstyrene) and poly(3-
ethynylstyrene-co-St) > poly(4-ethynylstyrene-co-St) > poly(2-ethynylstyrene-co-St),
respectively. Except for poly(2-ethynylstyrene-co-St) (f; = 0.07), the T,s of polystyrenes
having pendant ethynyl groups were higher than a temperature of 362 °C of poly(styrene) (M,
= 19,500 and M, /M, = 1.54) obtained by a radical polymerization.

Table 3-6. Thermal Properties of Poly(ethynylstyrene)s and Poly(ethynylstyrene-co-St)s

polymer mole fraction of M, s F el O R
in copolymer (f,)
poly(4-ethynylstyrene) 1.00 117 140 (218) 428
poly(4-ethynylstyrene-co-St) 0.54 116 162 (222) 391
poly(4-ethynylstyrene-co-St) 0.08 94 209 (266) 393
poly(3-ethynylstyrene) 1.00 80 152 (212) 452
poly(3-ethynylstyrene-co-St) 0.49 82 153 (223) 410
poly(3-ethynylstyrene-co-St) 0.05 87 228 (286) 385
poly(2-ethynylstyrene) 1.00 107 145 (221) 393
poly(2-ethynylstyrene-co-St) 0.59 98 153 (221) 368
poly(2-ethynylstyrene-co-St) 0.07 95 218 (276) 330

* Beginning temperature of crosslinking reaction (top peak temperature of exothermic
peak).
® Temperature of 10 % weight loss.




When heated, poly(2-ethynylstyrene-co-St) (f; = 0.07), poly(3-ethynylstyrene-co-St) (f; =
0.05), and poly(4-ethynylstyrene-co-St) (f; = 0.08) melted, flowed, and then cured. In
addition, their cured sheet samples could be obtained using an injection molding apparatus,
thus indicating that the polystyrene having the pendant ethynyl group is a new thermosetting
material. Further investigations on the curing mechanism and the mechanical properties of

the cured polystyrenes will be discussed in Chapter 6.

3-2-6. Thermal Properties of Poly[4-(3-butynyl)styrene] and Poly[4-(3-butynyl)styrene-
co-St]

The thermal reactions of poly[4-(3-butynyl)styrene] and poly[(4-(3—butynyl)styrene)-co—St]
were examined by heating at 350 °C for 20 min under nitrogen. After the thermal treatment,
the absorptions at 2117 and 3298 e and 2116 cm’ due to the ethynyl group completely
disappeared in the IR and Raman spectrum, respectively. All the cured polymers were
insoluble in common organic solvents, such as benzene, chloroform, and THF.

The thermal properties of poly[4-(3-butynyl)styrene] and poly[(4-(3-butynyl)styrene)-co-
St] were characterized by the TG and DSC measurements. Figure 3-9 shows the TG and
DSC curves of poly[4-(3-butynyl)styrene]. For the TG curve, a 10 % weight loss (7,) was

observed at 445 °C. For the DSC curve, the endothermic peak corresponding to a glass tran-
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Figure 3-9. TG and DSC thermograms of poly[4-(3-butynyl)styrene] (2).
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sition temperature (7,) was observed at 52 °C, and the large exothermic peak appeared at

194 °C and its top peak was 302 °C. The exothermic peak was due to the crosslinking

reaction, because of no observation during the 2nd heating, and the annealed poly[4-(3-

butynyl)styrene] was insoluble in common organic solvents.

Table 3-7 summarizes the T, and Ty and the beginning temperature of the crosslinking

reaction (7,) for poly[4-(3-butynyl)styrene] and poly[4-(3-butynyl)styrene-co-St].  The T,

increased with decreasing f,. As expected, the T, values was decreased by introducing two

methylene units between phenyl ring and ethynyl group. The T, increased with decreasing f,
from 194 to 241 °C. The T,s and T,s of poly[4-(3-butynyl)styrene] and poly[4-(3-
butynyl)styrene-co-St]s were higher than those of poly(4-ethynylstyrene) and poly(4-

ethynylstyrene-co-St) with similar copolymer compositions. The Tys of polystyrenes having

pendant ethynyl groups were higher than a temperature of 362 °C of polystyrene (M, = 19,500
and M, /M = 1.54) obtained by radical polymerization.

When heated, poly[4-(3-butynyl)styrene] and poly[4-(3—butynyl)styrene-co-St] (I; =053
| and 0.12) melted, flowed, and then cured. The decrease in 7, values due to the insertion of
two methylene units might be improved on the thermal workability. In addition, the T;s of
| poly[4-(3-butynyl)styrene] and poly[4-(3-butynyl)styrene-co-St] were approximately the
same temperature as those for the poly(3-ethynylystyrene) and poly(3-ethynylstyrene-co-St).

The polystyrene having the pendant butynyl group becomes a new candidate for

thermosetting.

3.2-7. Thermal Properties of Polymers 3a-c, 4a-c, and Sa-c and their Copolymers with
Styrene
For the DSC thermogram of 5a, the endothermic peak corresponding to a glass transition

temperature (T,) was observed at 72°C, as shown in Figure 3-10. The large exothermic peak

Table 3-7. Thermal Properties of Poly[4-(3-butynyl)styrene] and Poly[4-(3-
butynyl)styrene-co-St].

polymer’ mole fraction of M, T, °C s Sl A
in copolymer (f))

Poly[4-(3-butynyl)styrene] 1.00 52 194 (302) 445
Poly[4-(3-butynyl)styrene-co-St] 033 76 215 (313) 412
Poly[4-(3-butynyl)styrene-co-St] .12 98 241 (353 395
" Beginning temperature of crosslinking reaction (top peak temperature of exothermic
peak).

b Temperature of 10 % weight loss.
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appeared at 225 °C with a top peak temperature of 332 °C which was not observed during the
2nd heating. In addition, after the heating at 350 °C for 2 h under nitrogen, the absorption at
2230 cm” due to the ethynyl group remarkably diminished in the Raman spectrum, as shown
in Figure 3-11, and the annealed polymer Sa was insoluble in benzene, THF, chloroform,
DMF, and DMSO. The exothermic peak between 225 °C and 440 °C was due to the
crosslinking reaction of the ethynylene group.

Table 3-8 summarizes the T, and Ty and the beginning temperature of the crosslinking
reaction (T,) for polymers 3a-c, 4a-c, and Sa-c, and their copolymers. The T, decreased with
decreasing f, for polymers 3a-c¢ and copolymers 3a-c¢/St, whereas the opposite tendency was

found for polymers 4a-b and Sa-c and their copolymers, except for the polymer and

copolymer from 4¢. The increasing order of 7, for the polymers and copolymers is as follows:

Table 3-8. Thermal Properties of Polymers 3a-c, 4a-c, and 5a-c, and their Copolymers with
Styrene.

polymer® mole fraction of M, T, °C AR P S 6
in copolymer (f))
poly(3a) 1.00 175 339 (415) 394
poly(3a-co-St) 0.67 159 342 (424) 395
poly(3b) 1.00 132 340 (420) 406
poly(3b-co-St) 0.54 126 350 (433) 403
poly(3c) 1.00 139 332 (419) 404
poly(3c-co-St) 0.53 129 318 (432) 382
poly(4a) 1.00 86 279 (355) 420
poly(4a-co-St) 0.65 88 286 (364) 396
poly(4b) 1.00 47 309 (371) 414
poly(4b-co-St) 0.53 62 309 (377) 397
poly(4c) 1.00 66 295.0303) 369
poly(4c-co-St) ) g 65 299 (371) 369
poly(5a) 1.00 T2 225 (332) 432
poly(5a-co-St) 0.65 83 226 (340) 414
poly(Sb) 1.00 40 234 (334) 431
poly(5b-co-St) 0.54 60 241 (349) 413
poly(5¢) 1.00 64 242 (368) 376
poly(5c-co-St) 0.58 67 253 (369) 372

* Beginning temperature of crosslinking reaction (top peak temperature of exothermic
peak).
* Temperature of 10 % weight loss.
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5a < 4a << 3a and 5b < 4b << 3b. The T,s for the polymer and copolymer from 3a-c were
strongly influenced by the introduction of a t-butyl group into the -position of the ethynylene
function. The r-butyl group in the alkyl substituents, such as n-butyl, t-butyl, and s-pentyl
group, brought the greatest influence on the T,s. The Ts of polystyrenes having alkyl
substituted ethynylene groups were higher than those of poly(ethynylstyrene)s and their
copolymers and poly[4-(3-butynyl)styrene] and its copolymers. This result should be caused
by the steric hindrance of alkynyl group. In particular, for the polymers and copolymers
from 3a-c, the T,s were lower than their top peak 7;s, and thus, the thermal decomposition of
these polymers occurred prior to the crosslinking reaction. The T,s of polystyrenes having
pendant 1-alkynyl groups were higher than that of polystyrene (M, = 19,500 and M, /M, =
1.54) obtained by radical polymerization, T, = 362 °C.  Figure 3-12 shows the TG curves of
polymers 3a, 4a, and S5a. The thermal decomposition gradually began at about 340 °C in
polymers 4a and 5a, but rapidly proceeded from 370 °C in polymer 3a. This result showed
that the terminal ethynyl group (-C=CH) is more sensitive in thermal crosslinking than the

internal ethynyl group, i.e., the ethynylene group (-C=C-).
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Figure 3-12 TG thermograms of poly[4-(1-hexynyl)styrene] (5a) (a),
poly[4—(3-methyl-1-hexynyl)styrene] (4a) (b),
and poly[4-(3,3—dimethyl—l-butynyl)styrene] (3a) (¢).
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3.2-8. Thermal Properties of Polymers 6a-c and their Copolymers with Styrene

For the DSC thermogram of polymer 6b, the endothermic peak corresponding to a glass
transition temperature (7,) was observed at 118 °C, as shown in Figure 3-13. The large
exothermic peak appeared at 294 °C with a top peak temperature of 366 °C which was not
observed during the 2nd heating. After the heating at 400 °C for 1 h under nitrogen, the
absorption at 2216 cm’ due to the ethynyl group completely disappeared in the Raman
spectrum, as shown in Figure 3-14, and the annealed polymer 6b was insoluble in benzene,
THF, chloroform, DMF, and DMSO. The exothermic peak between 294 °C and 440 °C was
due to the crosslinking reaction of the ethynyl groups.

Table 3-9 summarizes the T, the temperature of 10 % weight loss (T,), and the beginning
temperature of the crosslinking reaction (7)) and its top peak temperature in parenthesis for
the polymers and copolymers from 6a-c. The T, decreased with increasing St units in these
polymers. For the polymer and copolymer from 6¢, the 7T,s were lower than the temperature
of their top peak T.s. The thermal decomposition of polymers occurred before crosslinking,
because of lower molecular weights of the polymer and copolymer from 6c. The T,

increased with increasing St units from 294 to 313 °C for 6b and from 276 to 319 °C for 6a.
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Figure 3-13 DSC thermograms of poly[(3-phenylethynyl)styrene](6b) (1st heating) (a)
and crosslinked (6b) (2nd heating) (b).
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Figure 3-14. Raman spectra of poly[(3-phenylethynyl)styrene](6b) (a)
and the crosslinked polymer (b).

Table 3-9. Thermal Properties of Polymer 6a-c and their Copolymer with Styrene

polymer® mole fraction of M, T, °C e b Al
in copolymer
poly(6a) 1.00 148 276 (363) 476
poly(6a-co-St) 0.78 146 296 (369) 433
poly(6a-co-St) 0.11 104 319 (382) 388
poly(6b) 1.00 118 294 (366) 491
poly(6b-co-St) 0.49 110 298 (380) 421
poly(6b-co-St) 0.10 96 313 (386) 383
poly(6c) 1.00 99 309 (389) 365
poly(6c-co-St) 3.5 95 298 (370) 343
poly(6¢-co-St) 0.10 94 240 (335) 331
" Beginning temperature of crosslinking reaction (top peak temperature of exothermic

peak).
* Temperature of 10 % weight loss.
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In addition, the T,s from 383 to 491 °C for 6b and from 388 to 476 °C for 6a were higher than
a temperature of 362 °C for poly(styrene) (M, = 19,500 and M /M, = 1.54) obtained by
radical polymerization. Figure 3-15 shows the TG curves of polymer 6a-c. Polymers 6a
and 6b exhibited higher heat-resistant property in atmospheres of nitrogen and air than
polymer 6¢ of which the decomposition was observed from 200 °C. Polymer 6b showed no
significant weight loss below 450 °C and its 7, was a higher temperature of 491 °C.
Furthermore, the 7,s of polymers 6a and 6b were a higher temperature of about 40 °C than
that of polystyrenes having pendent ethynyl groups: 428 °C for poly(4-ethynylstyrene) and
452 °C for poly(3-ethynylstyrene). Thus the thermal characteristic of polystyrenes having
pendent C=C groups, that is, the heat-resistance property could be improved by an
introduction of the phenylethynyl group to styrene, compared with that of

poly(ethynylstyrene).
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Figure 3-15 TG thermograms of poly[(4-phenylethynyl)styrene](6a) (a),
poly[(3-phenylethynyl)styrene](6b) (b), and poly[(2—phenylethynyl)styrene](6c) (c).




3-3. Conclusion

The radical polymerizations of 2-(trimethylsilyl)ethynylstyrenes (la-¢) and 4-(4-
trimethylsilyl-3-butynyl)styrene (2) and their copolymers with styrene produced gel-free
polystyrenes with trimethylsilylethynyl groups. The deprotection of the silyl group from
these polymers smoothly proceeded to convert into polystyrenes having pendent terminal
ethynyl and butynyl groups, and subsequently underwent a curing reaction at the elevated
temperature to form crosslinking polystyrenes.

The radical polymerizations of (3,3-dimethyl-1-butynyl)styrenes (3a-c), (3-methyl-1-
hexynyl)styrenes (4a-c) and (1-hexynyl)styrenes (5a-¢) and their use with styrene produced
linear polystyrenes with alkylethynyl groups. The polystyrenes having pendent alkylethynyl
groups form cured crosslinking polystyrenes at the elevated temperature. The crosslinking
reaction of the C=C groups was incomplete due to the steric hindrance in the polymers with
alkyl substituted ethynyl group. However, the thermal stability was improved on that of
polystyrene.

The radical polymerizations of (phenylethynyl)styrenes (6a-c¢) and their copolymers with
styrene produced linear polystyrenes with phenylethynyl groups. The polystyrenes having
pendent phenylethynyl groups also underwent the curing reaction to form crosslinking
polystyrenes. In spite of the steric hindrance of the diphenyl substituted ethynyl group, the
complete disappearance of carbon-carbon triple bond was found in the annealed polymers.
The replacement of the terminal ethynyl group (-C=CH) by the phenylethynyl group (-C=
CPh) improved the thermal stability of polystyrenes.




3-4. Experimental Section

Measurements. IR spectra were measured using a Perkin Elmer Paragon 1000 and a
JEOL JIR RFX-4002F FT-IR spectrophotometer. Raman spectra were recorded using a
Perkin Elmer Spectrum 2000 NIR FT-Raman and a JASCO NR-1800 Raman
spectrophotometer. 'H and ""C-NMR spectra were recorded using a Hitachi R-24B, JEOL
INM-EX270, and JEOL JNM-EX400 instruments. Size exclusion chromatograms (SEC)
were obtained using a Showa Denko System-11 instrument equipped with three polystyrene
gel columns (Shodex K-805L x 3) with a refractive index detection at 40 °C. Chloroform
was used for the carrier solvent at a flow rate of 1.0 mL-min". Differential scanning
calorimetry (DSC) and thermal gravimetry (TG) measurements were carried out under N, gas
using a Seiko DSC220 and a TG/DTA22 instrument, respectively. The heating scan rate was

10 °C-min’" for all experiments.

Materials. Tetrabutylammonium fluoride ((C,H,),NF) solution in THF was purchased
from Aldrich. Styrene and toluene were purified by the usual methods.  2,2'-

Azobisisobutyronitrile (AIBN) was purified by recrystallization from methanol.

Polymerization. Radical polymerization and copolymerization were carried out using
AIBN as the initiator in toluene at 60 °C in sealed tubes under nitrogen. After

polymerization, the solution was poured into a large amount of methanol. The precipitated

polymers were purified by two reprecipitations from a THF/methanol system and freeze-dried

from a benzene solution. The polymers thus obtained were characterized by '‘Hand “C

NMR, IR, and Raman spectroscopies. The following is the full list. ;

a) Polymer 1a :
F'. Raman shift (cm™): 2157 (C=C), 'H and "C NMR and IR spectral data were similar to

those of polymer 1a obtained by anionic polymerization.

b) Polymer 1b :
Raman shift (cm™): 2157 cm” (C=C), 'H and "C NMR and IR spectral data were

similar to those of polymer 1b obtained by anionic polymerization.

c) Polymer 1c¢:
Raman shift (cm™): 2155 cm” (C=C), 'H and "C NMR and IR spectral data were

similar to those of polymer 1c obtained by anionic polymerization.

d) Polymer 2 :
Raman shift (cm™): 2176 cm” (C=C), 'H and "C NMR and IR spectral data were

similar to those of polymer 2 obtained by anionic polymerization.
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e) Polymer 3a :
Raman shift (cm™): 2239 ¢cm (C=C), 'H and "C NMR and IR spectral data were

similar to those of polymer 3a obtained by anionic polymerization.

f) Polymer 3b :
Raman shift (cm™); 2218 (C=C), 'H and "C NMR and IR spectral data were similar to
those of polymer 3b obtained by anionic polymerization.

g) Polymer 3¢ :
Raman shift (cm™): 2236 (C=C), 'H and "C NMR and IR spectral data were similar to

those of polymer 3¢ obtained by anionic polymerization.
h) Polymer 4a :

'"H-NMR (400 MHz, CDCl,)
8 0.6 — 2.7 (br m, 14H, CHCH, and CH,CHCH,CH,CH,), 5.9 - 7.3 (br m, 4H, Ar-H)

C-NMR (100 MHz, CDCl,)
 14.2 (CH,CH,), 20.9 (CHCH,), 21.4 (CH,CH,), 26.5 (=C-CH), 39.4 (CHCH,) ,
40 - 43 (CH,CH), 80.9 (Ar-C=C), 93.9 (Ar-C=C), 121.5 (Ar, C4), 127.5 (Ar, C2),
131.4 (Ar, C3), 144.2 (Ar, C1).

IR (KBr, cm™)
2229 (C=C).

Raman shift (cm™)
2231 cm™ (C=0)

i) Polymer 4b :

'"H-NMR (400 MHz, CDCl,)
8 0.5 —2.7 (br m, 14H, CHCH, and CH,CHCH,CH,CHs;), 5.9 - 7.6 (br m, 4H, Ar-H)

C-NMR (100 MHz, CDCl,)
8 14.2 (CH,CH,), 20.8 (CHCHj,), 21.3 (CH,CH,), 26.4 (=C-CH), 39.4 (CHCH,),
40 - 43 (CH,CH), 81.1 (Ar-C=C), 94.1 (Ar-C=C), 123.7 (Ar, C3), 127.9 (Ar, C6),
129.3 (Ar, C4 and C5), 131.2 (Ar, C2), 145.0 (Ar, C1).

IR (KBr, cm™)
2225 (C=00),

Raman shift (cm™)
2223.(C=0)

j) Polymer 4c :

'"H-NMR (400 MHz, CDCl,)

§ 0.1 — 3.6 (br m, 14H, CHCH, and CH,CHCH,CH,CH,), 6.0 - 7.8 (br s, 4H, Ar-H)




BC-NMR (100 MHz, CDCl,)
 14.3 (CH,CH,), 20.7 (CHCH,), 20.7 (CH,CH,), 26.1 (=C-CH), 39.1 (CHCH,),
35 - 42 (CH,CH), 79.1 (Ar-C=C), 97.6 (Ar-C=C), 124.6 (Ar, C2), 125.4 (Ar, C6),
126.9 (Ar, C4 and C5), 132.2 (Ar, C3), 147.1 (Ar, Cl1).

IR (KBr,cm™)
2229 (C=C).

Raman shift (cm™)
2225 (C=C)

k) Polymer Sa :
Raman shift (cm™): 2230 (C=C), 'H and C NMR and IR spectral data were similar to
those of polymer 5a obtained by anionic polymerization.

1) Polymer Sb :
Raman shift (cm™): 2228 (C=C), 'H and "C NMR and IR spectral data were similar to

those of polymer 5b obtained by anionic polymerization.

m) Polymer Sc :
Raman shift (cm™): 2228 (C=C), 'H and "*C NMR and IR spectral data were similar to

those of polymer 5c obtained by anionic polymerization.

n) Polymer 6a :
Raman shift (cm™): 2223 (C=C), 'H and "*C NMR and IR spectral data were similar to

those of polymer 6a obtained by anionic polymerization.

0) Polymer 6b :

'"H-NMR (400 MHz, CDCl,):
80.7-2.4 (br m, 3H, CH,CH), 6.1 - 7.7 (br s, 9H, Ar-H)

BC-NMR (100 MHz, CDCl,):
5 40.5 (CH,), 43.3 (CH), 89.2 and 90.0 (C=C), 123.0 (ArC3), 123.5 (ArC1"),
128.0 (ArC6), 128.4 (ArC5, C3' and C4"), 129.5 (ArC4), 130.9 (ArC2),
131.7 (ArC2"), 144.9 (ArCl)

IR (KBr, cm™)
2214(C=0)

Raman Shift (cm™)
2216620

p) Polymer 6¢ :
'H-NMR (400 MHz, CDCl,):
6 0.7 - 4.0 (br m, 3H, CH,CH), 5.8 - 8.2 (br s, 9H, Ar-H)
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BC-NMR (100 MHz, CDCl5)
& 37.0 (CHCH,), 88.4 and 92.8 (C=C), 123.5 (ArC2 and 1", 125.5 (ArC4 and 6),
128.1 (ArCS5, 3', and 4'), 131.7 (ArC3 and 2'), 146.6 (ArC1)
IR (KBr, cm™)
2214 em’ (C=C)
Raman Shift (cm™)
2216 (C=C)

Deprotection. The deprotection of the trimethylsilyl groups from the copolymers was

carried out as previously described.'" The analytical results are as follows.

a) poly(4-ethynylstyrene) :
Raman shift (cm™): 2108 (C=C), 'H and ”C NMR and IR spectral data were similar to
those of poly(4-ethynylstyrene) obtained by anionic polymerization.

b) Poly(3-ethynylstyrene) :
Raman shift (cm™): 2109 (C=C), 'H and "C NMR and IR spectral data were similar to
those of poly(3-ethynylstyrene) obtained by anionic polymerization.

c) Poly(2-ethynylstyrene) :
Raman shift (cm™): 2105 (C=C), 'H and *C NMR and IR spectral data were similar to
those of poly(2-ethynylstyrene) obtained by anionic polymerization.

d) poly[4-(3-butynyl)styrene] :
Raman shift (cm™): 2116 (C=C), 'H and C NMR and IR spectral data were similar to

those of poly[4-(3-butynyl)styrene] obtained by anionic polymerization.
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Chapter 4. Cationic Polymerization of Styrene Monomers Containing an Ethynyl

Group
4-1. Introduction

In order to produce matrix resins for advanced composites, a great deal of effort has been
expended to design polymers with reactive functional groups which can be crosslinked by
heating. The evolution of the volatile and low molecular weight compounds must be
avoided during crosslinking and thus the limited functional groups are able to be available for
this purpose. The polymer with ethynyl group is one of the candidates for thermal curing
materials.

In previous chapter, the syntheses of gel-free polymers containing ethynyl groups by the
radical polymerization were performed.” However, D’Alelio et al. has reported that the
cationic polymerization of styrenes having an ethynyl group give crosslinking polymers.
The polymerization was accompanied by the addition of Lewis acid to the ethynyl moiety.
The condition of cationic polymerization, therefore, is examined to synthesize the gel-free
polystyrene having pendent ethynyl groups.

The influence of substituents and their sites on the cationic polymerizability for la-c, 2,
3a-c, 4a-c, 5a-c, and 6a-c are discussed. Furthermore, the thermal crosslinking properties of

the obtained polymers as a thermally curable material are shown.
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4-2. Results and Discussion

4-2-1. Cationic Polymerization of 1a-c and 2.

Ttrimethylsilyl group was effective for the protection of the acetylenic proton of
ethynylstyrenes and 4-(3-butynyl)styrene under the condition of radical polymerizations."”
The effect of C=C-SiMe, group for the condition of cationic polymerizations was evaluated
in this chapter.

The cationic polymerizations of la-c and 2 were carried out in dichloromethane at 0 °C.
These polymerizations proceeded homogeneously. The addition of SnCl, as an initiator
produced a color such as yellow, orange, and purple in the solution. This coloration was
kept throughout the polymerization, but it was independent of cationic polymerizability.
(Ttrimethylsilylethynyl)styrenes (la-¢) produced no polymers through the cationic
polymerization. (4-Trimethylsilyl-3-butynyl)styrene (2) showed high polymerizability and
the polymer yield was 58 % only for 2.5 h. The presence of trimethylsilyl group did not
disturb the cationic polymerization when the C=C-SiMe, group and the aromatic ring were
separated by the CH,CH, chain.

The obtained polymer 2 was soluble in common organic solvents and insoluble in
methanol, and was a white powder. The SEC curve was unimodal and possessed M, value
of 6,080. The structure was identified as poly[4-(4-trimethylsilyl-3-butynyl) styrene] by IR,

Raman, 'H- and '*C-NMR spectra. The signal characteristic was due to methyl proton of the

trimethylsilyl group appeared at 0.15 ppm with reasonable integral ratios to other signals,
indicating no cleavage of the silicon-carbon bond. Also, the carbon-carbon triple bond

remained intact during the cationic polymerization, and thus no occurrence of electrophilic

addition to the C=C bond was found.

4-2-2. Cationic Polymerization of 3a-c, 4a-c, and Sa-c.

The cationic polymerizability of (3,3-dimethyl-1-butynyl)styrenes (3a-c) was compared
with that of 1la-c. The tertiary carbon atom in the former monomers is replaced by the
silicon atom to result in the latter monomers with trimethylsilyl group. The cationic
polymerizability of 4a-¢ was compared with that of 5a-c. Sec-pentyl group binding to
ethynylene (-C=C-) in the former monomers is replaced by n-butyl group in latter
monomers.

The cationic polymerizations of 3a-c, 4a-c, and 5a-c¢ were carried out under the conditions

similar to those for the polymerizations of 1a-c and 2.  The coloration of solutions was inde-
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pendent of the polymerizability also in these monomers. Table 4-1 shows the results of
polymerization. o -Substituted monomers 3¢, 4¢, and Sc produced no polymers in the same
conditions that p-substituted monomers 3a, 4a, and Sa polymerized to form the polymers.
For m-substituted monomers, 3b and 4b produced the poymers, but Sb showed no
polymerizability. The obtained polymers were soluble in common organic solvents and
insoluble in methanol, and produced a light beige color. The increasing order of polymer
yield was as follows: m-substituted monomers < p -substituted monomers; monomers with n -
butyl group (5) = monomers with s-pentyl group (4) < monomers with z-butyl (3). The
results indicate that the polymerizability is dependent on the bulkiness of substituent and the
distance between the propagating carbocation and the substituent.

The SEC curves of polymers 3a, 4a, and 5a showed a shoulder in the higher molecular
weight region and a slightly broad molecular weight distributions (M,/M, = 2.10-2.32),
suggesting some participation in chain transfer to polymer. On the other hand, the SEC
curves were unimodal for polymers 3b and 4b. The increasing order of M,s corresponded to
that of polymer yield. The lowest and highest M, s were 1,800 for 4b and 6,340 for 3a. The
alkyl groups should participate in chain transfer to lower the molecular weight of polymers.

The side reaction of 3a, 4a, and 5a was observed by the 'H- and "C-NMR analyses of the
resulting polymers. In the 'H-NMR spectrum of polymer 4a, the resonances due to the
residual vinyl proton (=CH,) appeared at 5.2 and 5.8 ppm, although that due to CH=
overlapped with aromatic protons, as shown in Figure 4-1. Figure 4-2 shows the BC-NMR

spectrum of polymer 4a. The characteristic absorptions due to the ethynyl carbon and the re-

ppm

Figure 4-1. IH-NMR spectrum of poly[4-(3-methyl-1-hexynyl)styrene] (4a).
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Figure 4-2. 13Cc.NMR spectra of poly[4-(3-methyl-1-hexynyl)styrene] (4a) .

sidual vinyl carbon were observed clearly at 80.8 and 94.0 ppm and weakly at 113.6 and
135.8 ppm, respectively. Some small peaks were found in the regions of the chemical shifts
for aromatic carbon. These small peaks should be derived from the chain transfer to
monomer and polymer. Such side reactions are commonly found in cationic polymerization

(Scheme 1).” The residual vinyl group was also observed by IR spectra at 904 and 989 cm’".

vinyl
polymerization
< ,,
intermolecular |
Spe reaction

Scheme 1
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In addition, the unchanged carbon-carbon triple bond during the cationic polymerization was
found by the IR (weakly peak at 2231 cm™) and Raman (at 2230 cm’') spectra of polymer 4a.

The results similar to those of polymer 4a were obtained for polymers 3b and 4b.

4-2-3. Cationic Polymerization of 6a-c.

The cationic polymerizations of 6a-c¢ were carried out under the conditions similar to those
of the polymerization of the above mentioned monomers and the coloration also was observed.
For the phenylethynyl substituted styrenes, only 6a polymerized to produce polymer, but 6b
and 6c afforded no polymer. p-Substituted styrene (6a) possessed a relatively high
polymerizability and the polymer yield attained to 56 % for 14 h. The lengthened 7-
conjugation system and the bulky substituent had the desired effect on the polymerization of p

-substituted monomer.

The SEC curve of polymer 6a was unimodal, but somewhat broad and the M, was 3,790.
The main structure of the polymer 6a was identified to be poly[4-(phenylethynyl)styrene] by
IR, Raman, 'H- and "C-NMR spectra. Some small peaks were observed by 'H- and "“C-

NMR spectra, which is interpreted as being caused by some participation similar to that

described for polymer 4a. |

4-2-4. Cationic Copolymerizations of 1a-c, 2, 3a-c, 4a-c, 5a-c, and 6a-c with Styrene.

The cationic copolymerizations of la-¢, 2, 3a-¢, 4a-c, Sa-c, and 6a-c (M,) with styrene
(M,) were carried out in under the conditions similar to those for the homopolymerizations i

and the coloration was certainly observed. Table 4-1 shows the results of copolymerization.

The monomers polymerized to form copolymers except for 1a, 1b, 1c, and 6¢.  The yields of

copolymer were higher than those for the homopolymers. The cause of changes of the

monomer reactivity is unknown at the moment. The polymer yield was increased in the
order of o- < m- < p-substituted monomer. The solubility and color of the copolymers were
similar to those of the homopolymers.

The M, s of the copolymers were increased in the order of o- < m- < p-substituted monomer.
This tendency was in agreement with the copolymer yield. The lowest and highest M, s were
1,040 for copolymer 4¢/St and 8,270 for copolymer 3a/St, respectively.

The compositions of the copolymers were determined by the ratio of the adsorptions at 1 -
3.5 ppm and 6 - 8 ppm due to the methine, methylene, and methyl protons and the aromatic
protons, respectively, in their 'H-NMR spectra. The M, contents in the copolymers were

Jess than those in the monomer feeds except for copolymer 2/St.  The larger the PC-chemical
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shifts of vinyl S-carbon, the smaller the relative reactivity for the substituted styrenes became.
The result is the same as those reported by Higashimura’ and Hatada.’

A trifling amount of residual vinyl proton also was detected by the 'H-NMR spectra of the
copolymers. The presence of carbon-carbon triple bond was ascertained by the IR, Raman,
and C-NMR spectra. The structure was the same with the M, units in the copolymers as

with the homopolymers.

4-2-5. Deprotection Reaction of Polymer 2 and Copolymer 2/St.

The deprotections of the silyl group in polymer 2 and copolymer 2/St were carried out
using (C,H,),NF in THF at 0 °C for 2h." During the conversion of polymer 2 into poly[4-(3-
butynyl)styrene], the absorptions at 2117 and 3298 cm’ due to the =C-H and C=C stretch
vibrations of the C=C-H group appeared and the absorption at 2956 cm™ due to the C=C-
SiMe, group disappeared in the IR spectrum. The trimethylsilyl groups were completely
deprotected. The conversion was confirmed also by the NMR and Raman spectra. A
poly[4-(3-butynyl)styrene/St] was successfully obtained by the procedure similar to that for
the formation of poly[4-(3-butynyl)styrene].

4-2-6. Thermal Properties of Homopolymers and Copolymers.

For the DSC thermogram of polymer 5a, the endothermic peak corresponding to a glass
transition temperature (7,) was observed at 90 °C, as shown in Figure 4-3. The large
exothermic peak appeared at 222 °C with two top peaks at 328 and 361 °C which were not
observed during the 2nd heating. The former top peak would be explained by the
crosslinking reactions of ethynyl groups, as mentioned in poly[4-(1-hexynyl)styrene] obtained
by radical polymerization, T,(top peak) = 332 °C.” The latter top peak could be mainly due
to the crosslinking reactions of the residual vinyl groups. After the heating at 350 °C for 2 h
under nitrogen, the absorptions at 1629 cm™ and 2230 cm™' due to the residual vinyl group and
the ethynyl group completely disappeared in the Raman spectrum, as shown in Figure 4-4.
The annealed polymer Sa was a black graphite-like material and insoluble in benzene, THF,
chloroform, DMF, and DMSO. These results in