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Abstract

Block copolymerization of 1-chloro-2-phenylacetylene (CIPA), 2-nonyne, and (p-n-butyl-o,0,m,m-tetrafluorophenyl)acetylene (p-
BuF,PA) as novel comonomers through the sequential addition process was studied by use of MoOCly-based living polymerization catalysts.
The acetylenes that are known to undergo living polymerization and block copolymerization, i.e. 1-chloro-1-octyne (ClOc), [o-(trimethyl-
silyl)phenyl]acetylene (0-MesSiPA), and [o-(trifluoromethyl)phenyl]acetylene (o-CF;PA) were employed as conventional comonomers.
When CIPA was used in combinations with these conventional comonomers, diblock copolymers with narrow molecular weight distribution
were selectively formed in the presence of MoOCly-n-Bu,Sn-EtOH irrespective of the order of monomer addition. On the other hand, 2-
nonyne and p-BuF,PA selectively produced block copolymers with the conventional comonomers only when the comonomers were supplied
in suitable addition orders. Several diblock copolymers with higher molecular weight were obtained by using either MoOCl,-Et; Al-EtOH or
MoOCly-n-BuLi catalyst, which is due to their lower initiation efficiencies. Use of MoOCl,-n-Bu,Sn-EtOH enabled the preparation of ABA-
type triblock copolymers composed of CIPA and ClOc. ABC-type triblock copolymers were produced using MoOCly-n-BuySn-EtOH from
0-MesSiPA, 0-CF;PA, and p-BuF,PA. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the most useful methods to synthesize block
copolymers is multistage polymerization of plural mono-
mers using living polymerization systems. In metathesis
polymerization, syntheses of block copolymers have been
achieved by means of sequential living polymerization of
two cycloolefins [1,2], 2-butyne and norbornene [3],
acetylene and norbornene [4], and 1,6-heptadiyne and a
cycloolefin [5]. Further, block copolymer of substituted
phenylacetylenes was prepared by Rh-catalyzed living
polymerization [6].

We have been studying the living polymerization of substi-
tuted acetylenes with Mo and W catalysts to find that MoOCl,-
and WOCI-based catalysts induce the living polymerization
of a variety of substituted acetylenes; among those monomers,
typical ones include 1-chloro-1-octyne (ClOc), [o-(trimethyl-
silyl)phenyl]acetylene (0-Me;SiPA), and [o-(trifluoro-
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methyl)phenyl]acetylene  (0-CF;PA) [7-10]. In the
preceding paper, we reported the synthesis of several block
copolymers from these monomers by means of their sequential
living polymerization catalyzed by MoOCl,-n-Bu,Sn-EtOH
[11]. Apart from these findings, the living polymerization of
1-chloro-2-phenylacetylene (CIPA), 2-nonyne, and (p-n-
butyl-o,0,m,m-tetrafluorophenyl)acetylene (p-BuF,PA) was
accomplished with MoOCly-n-Bu,Sn-EtOH more recently
[12—14]; the living character of these monomers, however,
is more or less inferior to that of the above-stated monomers.
Thus it seemed very interesting to examine whether these
monomers can be used for the synthesis of various novel
block copolymers.

This paper reports on the synthesis of various diblock
and ABC- and ABA-type triblock copolymers from com-
binations of CIPA, p-BuF,PA, and 2-nonyne with other
substituted acetylenes by MoOCl,-based catalysts. As
shown in Scheme 1, the monomers employed are classified
into two groups; i.e. group A comonomers (novel co-
monomers; CIPA, 2-nonyne, and p-BuF,PA) and group
B comonomers (conventional comonomers; ClOc,
0-Me;SiPA, and 0-CF;PA). The MoOCl,-n-Bu,Sn-EtOH
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(1:1:2), MoOCl4-Et;Al-EtOH (1:1:3), and MoOCly-n-BuLi
(1:1) systems were used as polymerization catalysts. Conse-
quently, selective synthesis of novel diblock and ABC- and
ABA-type triblock copolymers was achieved with MoOCly-
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Fig. 1. Block copolymerization of o-CF;PA with the novel comonomers
catalyzed by MoOCly-n-Bu,Sn-EtOH (1:1:2).

n-Bu,Sn-EtOH. Further, several block copolymers featuring
high molecular weights were obtained by use of the
MoOCl4-Et;Al-EtOH and MoOCly-n-BuLi systems.

2. Experimental
2.1. Materials and measurements

CIPA [15], CIOc [15], p-BuF,PA [16,17], o-Me;SiPA
[18,19], and o-CF;PA [16,17] were prepared according to
the literature methods. 2-Nonyne (Lancaster) was
distilled twice under reduced pressure before use.
MoOCl, (Strem), Et;Al (Kanto Chemical), and n-BuLi
(Kanto Chemical) were commercially obtained and used
without further purification. n-Bu,Sn (Wako Chemical)
was distilled twice and stored as anisole solution
(0.10 M). Anisole as polymerization solvent was washed
with aqueous sodium hydroxide (5%) and water succes-
sively, dried over anhydrous calcium chloride, and
distilled twice from sodium metal. Ethanol (Wako
Chemical) was distilled twice from Mg(OEt), and stored
as anisole solution (0.20 or 0.30 M). All the polymeriza-
tion procedures were carried out under dry nitrogen.

The molecular weight distributions (MWDs) of the
formed polymers were observed by gel-permeation chro-
matography (GPC) [Jasco PU930; eluent chloroform;
Shodex K805, 804, 803 columns (Showa Denko Co.);
RI and UV detectors). The number- and weight-average
molecular weights (M, and M,, respectively) of polymers
were determined by using a polystyrene calibration.
Initiation efficiencies ([P*]/[Cat]) were calculated from
the polymer yields and the degrees of polymerization.
Monomer conversions were measured by GC (Shimadzu
GC-14B equipped with a CBP10-M25-025 capillary
column or Shimadzu GC-8A equipped with a silicone
DC-550 (3 m) column), and polymer yields were deter-
mined by gravimetry.

2.2. Polymerization procedures

Solution of the MoOCl,-n-BuySn-EtOH catalyst, as an
example, was prepared as follows: MoOCl, and n-Bu,Sn
were mixed in anisole, and the solution was aged at room
temperature for 5—15 min. Then an anisole solution of
ethanol was added to the MoOCl,-n-Bu,Sn solution, and
the mixture was aged at room temperature for an additional
15 min. Polymerizations were carried out at 30°C in a pre-
baked Schlenk tube equipped with a three-way stopcock.
The concentrations of both initial and added monomers
([M]p and [M],44eq) Were 0.10 M, and the concentration of
MoOCl, was 10 mM. Polymerizations were quenched with
an anisole/methanol mixture (volume ratio 1:1). The formed
polymers were precipitated in methanol, filtered, and dried
under vacuum.

The first-stage polymerizations were initiated by the addi-
tion of a monomer solution to a catalyst solution. When
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Table 1

Block copolymerization of CIPA with the conventional comonomers cata-
lyzed by MoOCly-n-Bu,Sn-EtOH (1:1:2) (polymerized in anisole at 30°C;
[MoOCl,] = 10 mM; all the monomer conversions were quantitative)

Run 1st monomer® 2nd monomer® M,° M, /M,
1 CIPA ClOc 11 400 1.18
2 CIPA 0-Me;SiPA 10 200 1.23
3 CIPA 0-CF;PA 8 480 1.14
4 ClOc CIPA 14 100 1.21
5 0-Me;SiPA CIPA 9 420 1.21
6 0-CF;PA CIPA 8 600 1.15
* [M]p=0.10 M.

® [Mlaggea = 0.10 M.
¢ Determined by GPC using a polystyrene calibration.

MoOCl,-n-Bu,Sn-EtOH was used, 2-nonyne, CIPA, ClOc,
0-Me;SiPA, 0-CF;PA, and p-BuF,PA were polymerized for
1, 12, 15, 40, 25 min, and 9 h, respectively. In the case of
MoOCl4-Et;AlI-EtOH and MoOCl,-n-BuLi catalysts, the
polymerizations of 2-nonyne, CIPA, ClOc, 0-Me;SiPA, o-
CF;PA, and p-BuF,PA were performed for 1, 3, 5, 25,
15 min, and 15 h, respectively. It was confirmed beforehand
that the monomer conversion reached 100% within these
periods of time.

Block copolymerizations were carried out by the addi-
tion of a second-monomer solution to the solution of
living polymer formed by the first-stage polymerization.
When MoOCl,-n-BuySn-EtOH was used, the polymeriza-
tions of 2-nonyne, CIPA, ClOc, o-Me;SiPA, o0-CF;PA,
and p-BuF,PA were carried out for 10, 15, 15, 60,
40 min, and 15 h, respectively. In the case of MoOCl,-
Et;AI-EtOH and MoOCl,-n-BuLi, the polymerization
time of 2-nonyne, CIPA, ClOc, 0-Me;SiPA, o-CF;PA,
and p-BuF,PA were set to be 10, 15, 5, 40, 30 min,
and 24 h, respectively. For the preparation of triblock
copolymers, a third monomer solution was added to the
solution of the living polymer formed by the second-
stage polymerization. The monomers were completely
consumed in all cases after polymerization.

Table 2

Block copolymerization of 2-nonyne with the conventional comonomers
catalyzed by MoOCl,-n-Bu,Sn-EtOH (1:1:2) (polymerized in anisole at
30°C; [MoOCl,] = 10 mM,; all the monomer conversions were quantitative)

Run  Ist monomer'  2nd monomer®  M,° MM, °

1 2-nonyne ClOc 87700  1.13

2 2-nonyne 0-Me;SiPA 101 000  1.07

3 2-nonyne 0-CF;PA 98 700  1.07

5 ClOc 2-nonyne 20 200 1.68 (trimodal)
6 0-Me;SiPA 2-nonyne 12200 1.30

7 0-CF;PA 2-nonyne 20 200 1.48 (bimodal)

* [M]p=0.10 M.

’ [Mladgea = 0.10 M.
¢ Determined by GPC using a polystyrene calibration.

3. Results and discussion

3.1. Block copolymerization catalyzed by MoOCl;-n-Bu,Sn-
EtOH

The diblock copolymerizations of o-CF;PA with group A
comonomers (CIPA, 2-nonyne, and p-BuF,PA) were exam-
ined with use of MoOCl,-n-BuySn-EtOH; the chromato-
grams of the formed polymers are shown in Fig. 1. When
CIPA was employed as comonomer, block copolymers were
selectively formed irrespective of the order of monomer
addition (Fig. 1(a)). Thus, each of the produced polymers
exhibited a unimodal and narrow MWD, and no peak attri-
butable to the homopolymer from the first monomer was
detected. In the case of 2-nonyne, a diblock copolymer
was selectively obtained when the monomers were supplied
in the order of 2-nonyne and then o-CF;PA (Fig. 1(b)). In
contrast, the formed diblock copolymer showed a broad
MWD in the case of the opposite order of monomer addi-
tion. When p-BuF,PA was added to a solution of living
poly(o-CF;PA), only the corresponding diblock copolymer
was produced (Fig. 1(c)). When the order of addition was
reversed, the GPC profile of the polymer exhibited a
shoulder due to poly(p-BuF,PA).

Table 1 summarizes the results for the block copolymer-
ization of all the combinations of CIPA with the group B
comonomers, (ClOc, 0-Me;SiPA, and 0-CF;PA) catalyzed
by MoOCl,-n-BuySn-EtOH. The produced block copoly-
mers are characterized by narrow MWD (M /M, ~ 1.2)
irrespective of the order of monomer addition, which indi-
cates the selective formation of block copolymers. Living
poly(CIPA) is stable enough to continue to grow perfectly in
the monomer addition experiment, and its reactivity in poly-
merization is close to those of the group B comonomers.
These factors seem to be responsible for the successful
block copolymerization using CIPA.

Next, block copolymerizations of 2-nonyne with the
group B comonomers were examined (Table 2). Living
poly(2-nonyne) quantitatively initiated the polymerization
of the group B comonomers to form the corresponding block
copolymers in all the monomer combinations (Table 2, runs
1-3). When 2-nonyne was used as the second-stage mono-
mer, the GPC profiles of the products showed broader
MWDs due to the formation of a block copolymer and a
dead polymer (Table 2, runs 4—6). Formation of the homo-
polymer from the first monomer is attributable to the incom-
plete cross propagation from the living polymers of the
conventional monomers to 2-nonyne. Thus, 2-nonyne
should be employed as the first monomer in the block
copolymerizations using 2-nonyne.

Table 3 shows the results of block copolymerization
between p-BuF,PA and one of the group B comonomers.
When these conventional monomers were added as second
monomers to living poly(p-BuF,PA), the MWD curves of
the formed polymers were bimodal (Table 3, runs 1-3). In
contrast, block copolymers were selectively produced, when
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Table 3

Block copolymerization of p-BuF,PA with the conventional comonomers
catalyzed by MoOCl,-n-Bu,Sn-EtOH (1:1:2) (polymerized in anisole at
30°C; [MoOCl,] = 10 mM,; all the monomer conversions were quantitative)
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Table 4

Block copolymerization between the novel and conventional comonomers
catalyzed by MoOCl4-Et;Al-EtOH (1:1:3) (polymerized in anisole at 30°C;
[MoOCl4] = 10 mM; all the monomer conversions were quantitative)

Run 1st monomer® 2nd monomer® M,* M, IM,* Run 1st monomer?* 2nd monomer® M,* M, /M,
1 p-BuF,PA ClOc 15 100 1.34 (bimodal) 1 CIPA ClOc 41 800 1.17
2 p-BuF,PA 0-Me;SiPA 13 900 1.23 (bimodal) 2 CIPA 0-MesSiPA 36 900 1.22
3 p-BuF,PA 0-CF;PA 12 600 1.18 (bimodal) 3 CIPA 0-CF;PA 35 100 1.12
4 ClOc p-BuF,PA 14 900 1.07 4 2-nonyne ClOc 112 000 1.16
5 0-Me;SiPA p-BuF,PA 9 400 1.12 5 2-nonyne 0-Me;SiPA 117 000 1.13
6 0-CF;PA p-BuF,PA 8 800 1.06 6 2-nonyne 0-CF;PA 109 000 1.15

) 7 ClOc p-BuF,PA 40 100 1.14

* [M]o=0.10M. 8 0-Me;SiPA p-BuF,PA 25 700 1.06

b _

[Mlaggea = 0.10 M. 9 0-CF;PA p-BuF,PA 18 700 1.07
¢ Determined by GPC using a polystyrene calibration.
* [M]p=0.10 M.

the order of monomer addition was reversed (Table 3, runs
4-6). These results suggest that, whereas the cross propaga-
tion from the living poly(p-BuF,PA) to the conventional
acetylenes is too sluggish, the living polymers from the
conventional acetylenes can initiate the living polymeriza-
tion of p-BuF,PA effectively.

On the basis of experimental results, Scheme 2 illustrates
the suitable orders (arrows) of monomer addition so as to
accomplish selective block copolymerizations by using
MoOCl-n-BuySn-EtOH (1:1:2) system. In summary, the
following grouping of monomers and order of additions lead
to successful block copolymerizations; i.e. first monomer: 2-
nonyne; second monomers: CIPA, ClOc, 0-Me;SiPA, and o-
CF;PA; third monomer: p-BuF,PA. This order is very close to
the following order of propagation rate: 2-nonyne > CIPA =
ClOc = 0-CF;PA = 0-Me;SiPA > p-BuF,PA. A possible
explanation for this is as follows. In the case of monomers
which show large propagation rates, both the monomer and
the propagating end will have large reactivities. When a propa-
gating species with large reactivity is generated from the first
monomer, the cross propagation from the propagating species
to the second monomer will proceed smoothly, which leads to
successful block copolymerization. In the case of the opposite

* [Mlugaea = 0.10 M.
¢ Determined by GPC using a polystyrene calibration.

order of monomer addition, the cross propagation is slow
compared with the self propagation of the second monomer,
which will end up with a broader or bimodal MWD.

3.2. Block copolymerization catalyzed by MoOCI,-Et;Al-
EtOH

So far, it has been revealed that not only n-Bu,Sn but also
Et;Al and n-BuLi are effective as cocatalysts for the
MoOCl,-based living polymerization of substituted acety-
lenes [7-9]. The most distinct difference among these coca-
talysts is seen in the initiation efficiency. Thus we examined
block copolymerizations using MoOCl4-Et; Al-EtOH.

Table 4 summarizes only the successful results for the
block copolymerizations of the group A monomers with
the group B monomers. Fig. 2 depicts the GPC profiles of
the products in the attempted block copolymerizations of
0-CF;PA with the group A monomers. It is obvious from
Fig. 2 that the order of monomer addition drastically influ-
ences the block copolymerizations.

CH;—C=C—n-C¢H,3

(2-nonyne)

<

\

(0-CF3PA)

I

Me;Si
HC=C

(0-Me;SiPA)

11
Cl-C=C—n-C¢H,;
(CIOc)

Ckcch
(€)1 IV

Scheme 2.

.

F F
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Fig. 2. Block copolymerization of o-CF;PA with the novel comonomers catalyzed by MoOCl,-Et;Al-EtOH (1:1:3).

When 0-CF;PA was added to the solution of living
poly(CIPA), the corresponding block copolymer was selec-
tively obtained (Table 4, run 3 and Fig. 2(a)). In contrast,
when the order of monomer addition was reversed, the
product showed a shoulder in the GPC curve due to the
homopolymer of o-CF;PA as a byproduct (Fig. 2(a)).

CH;—C=C—n-C¢H3

c—c=c—{ )

Similarly, living poly(CIPA) undergoes quantitative cross
propagation to o0-Me;SiPA and ClOc, leading to the
selective formation of block copolymers (Table 4, runs 2
and 3). These block copolymers have relatively high
molecular weight as compared to those with the n-Bu,Sn
cocatalyst, which means smaller initiation efficiencies for

Cl—C=C—n-C¢H,;

(2-nonyne) (CIPA) (ClOc)

Me;Si
HC=C

(0-Me;SiPA)

CF,4 F F
HC=C HCEC% :F n-Bu

F’ F
(0-CF3PA) (p-BUF,PA)

Scheme 3.
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Table 5

Block copolymerization of p-BuF,PA with the conventional comonomers
catalyzed by MoOCl-n-BuLi (1:1) (polymerized in anisole at 30°C;
[MoOCl4] = 10 mM; all the monomer conversions were quantitative)

Table 6

Ternary block copolymerization using novel comonomers catalyzed by
MoOCl-n-Bu,Sn-EtOH  (1:1:2) (polymerized in anisole at 30°C;
[MoOCl4] = 10 mM; all the monomer conversions were quantitative)

Run 1st monomer* 2nd monomer® M,* MM, Run 1st monomer® 2nd monomer” 3rd monomer® M,¢ M, IM,*
1 ClOc p-BuF,PA 249 000 1.20 1 ClOc CIPA ClOc 22 000 1.24
2 0-Me;SiPA p-BuF,PA 231 000 1.18 2 CIPA ClOc CIPA 20200 1.22
3 0-CF;PA p-BuF,PA 146 000 1.17 3 0-Me;SiPA 0-CF;PA p-BuF,PA 15900 1.10
4 o-CFPA 0-Me;SiPA  p-BuF,PA 16400 1.11
* M]p=0.10 M.

® [Mlyggea = 0.10 M.
¢ Determined by GPC using a polystyrene calibration.

the MoOCl4-Et;Al-EtOH system. On the other hand, block
copolymers were not selectively formed with the opposite
order of monomer addition.

A similar phenomenon was observed in the block copo-
lymerization of 2-nonyne with the group B comonomers.
When the polymerization of 2-nonyne was followed by
the addition of the group B monomers, the MWDs of the
produced block copolymers were relatively narrow, indicat-
ing the smooth cross propagation reactions (Table 4, runs 4—
6). In contrast, the opposite order of monomer addition led
to the formation of dead homopolymers (e.g. Fig. 2(b)). The
block copolymerizations of p-BuF,PA with the group B
comonomers were also examined. When p-BuF,PA was
supplied to the solution of living polymers from the group
B comonomers, the corresponding block copolymers were
selectively produced (Table 4, runs 7-9 and Fig. 2(c)). The
opposite order of monomer addition again failed to selec-
tively form block copolymers (Fig. 2(c)). This is the same
tendency as in the MoOCly-n-Bu,Sn-EtOH system.

Based on results of the preceding [11] and present studies,
Scheme 3 depicts the suitable order (arrows) of monomer
addition for selective block copolymerization by using the
MoOCl4-Et;Al-EtOH (1:1:3) system. As seen in the scheme,
the order of monomer addition affected block copolymeri-
zation more than the case with the MoOCl,-n-Bu,Sn-EtOH
system. Thus, block copolymers were selectively formed
only when the following order was obeyed: (1) 2-nonyne;
(2) CIPA; (3) CIOc; (4) 0-MesSiPA; (5) 0-CF;PA; and (6) p-
BuF,PA. Another feature of the Et;Al-containing catalyst as
compared to the n-BuySn-involving counterpart is that the
molecular weight of the formed block copolymers is large
owing to the low initiation efficiency (cf. Table 4 vs. Tables
1-3).

3.3. Block copolymerization catalyzed by MoOCl;-n-BuLi

According to previous studies [12,13], CIPA and 2-
nonyne provide polymers with broad MWD in the
presence of MoOCl;-n-BuLi, while p-BuF,PA poly-
merizes in a living fashion. Thus it was examined
whether p-BuF,PA and the group B comonomers can
produce block copolymers with MoOCl,-n-BuLi or not

* [M]o=0.10 M.
® [Mluggea=0.10 M.
¢ Determined by GPC using a polystyrene calibration.

(Table 5). When p-BuF,PA was used as second mono-
mer, cross propagation quantitatively occurred to form
block copolymers. In contrast, the opposite order of
monomer addition led to the failure in the selective
formation of block copolymers. It is noteworthy that
the monomer combinations in Table 5 afford block
copolymers with extremely high molecular weight (M,
150 000-250 000) by use of MoOCl,-n-BuLi, which is
due to the low initiation efficiency of the catalyst.

3.4. Synthesis of ABC- and ABA-type triblock copolymers

It has been clarified that CIPA provides diblock copoly-
mers with ClOc, 0-Me;SiPA, and o-CF;PA irrespective of
the order of monomer addition in the presence of MoOCl,-
n-Bu,Sn-EtOH. Thus there is a possibility that these mono-
mer combinations afford ABA-type triblock copolymers. As
an example, synthesis of ABA- and BAB-type triblock
copolymers was attempted with a combination of CIPA
and ClOc. Table 6 shows that both triblock copolymers
have been successfully obtained (runs 1, 2).

On the other hand, p-BuF,PA is suited as the second
monomer in the binary block copolymerization with o-
Me;SiPA and o0-CF;PA. Thus synthesis of ABC-type
triblock copolymers was attempted from these monomers.
As seen in Table 6, runs 3 and 4, two kinds of ABC-type
triblock copolymers were successfully prepared.
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