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Faculty of Engineering
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ABSTRACT

The polymerization of the vinyl monomers methyl methacrylate
(MMA), benzyl methacrylate, and styrene, has been carried out
using methylated cyclodextrins, for example, heptakis(2,6,0-
dimethyl)- B-cyclodextrin, and heptakis(2,3,6-O-trimethyl)-p-
cyclodextrin. These methylated cyclodextrins were found to ini-
tiate polymerization of the vinyl monomers in combination with
water and a small amount of Cu(II) ion, in analogy with B-cyclo-
dextrin (B-CD). Generally, the initiating ability of the methyl-
ated cyclodextrins/Cu(II) ion system for the polymerization of
MMA was larger than that of the B-CD/Cu(IlI) ion system. More-
over, the introduction of a phosphate group into a methylated
cyclodextrin molecule was found to increase the initiating ability
for the polymerization of MMA.
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INTRODUCTION

There have been many studies on the polymerization of vinyl mono-
mers initiated by polysaccharides/metal ion systems, so-called "un-
catalyzed polymerization" [1]. A plausible initiation mechanism for
the polymerization of MMA in the starch or cellulose/Cu(II) ion sys-
tem, which includes complex formation among polysaccharides, Cu(II)
ion, and MMA, has been proposed by Imoto and co-workers (see
Scheme 1) [1f, 1g].

In a previous paper we found that @-, 8-, and y-cyclodextring, which
possess an ability to include various kinds of organic molecules in
their hydrophobic cavity, can initiate the radical polymerization of
such vinyl monomers as methyl methacrylate (MMA) and benzyl meth-
acrylate (BMA) in combination with water and a small amount of Cu(II)
or Fe(IM) ion [2] in a similar fashion to the cases of polysaccharides
such as cellulose and starch [1]. Moreover, we have also found that 8-
cyclodextrin (8-CD) compounds containing phosphate group, such as S-
CD monophosphate ammonium salt (8-PCD) [3] and $-CD polyphos-
phate ammonium salt (8-PPCD) [4], possess a larger initiating ability
for the polymerization of vinyl monomers than unmodified B-CD. There-
fore the hydrophobic area formed by the cyclodextrins, as well as the
complex formation among vinyl monomers, metal ions, and hydroxyl or
phosphate group of the cyclodextrins, is considered to play an impor-
tant role in these polymerizations.

Recently, Imoto et al. [5] proposed the concept of "hard" and "'soft"
for the hydrophobic area of polysaccharides and vinyl monomers for
uncatalyzed polymerization.

These findings prompted us to investigate the polymerization of
vinyl monomers initiated by methylated 8-CD compounds with various
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levels of methylation, such as heptakis(2,6-O-dimethyl)-2-cyclodex-
trin (DM-8-CD) and heptakis(2,3,6-O-trimethyl)- B-cyclodextrin-£-
CD), and the compound (DM-B-PCD) which was prepared by the phos-
phorylation of DM-B-CD, in order to clarify the mechanigtic feature
of the polymerization of cyclodextrins/metal ion system in more de-
tail. Actually, methylated 8-CDs such as DM-8-CD have been known
to form more stable inclusion complexes with organic compounds in
comparison with unmodified cyclodextrins [6].

In this report we describe the results of the polymerization of
MMA, BMA, and styrene initiated by methylated $-CD compounds or
the DM-B-PCD/Cu(Il) ion/H:0 system (Table 1).

6 6 6
CH,OR CH,OR CH,OR
o o o
or3 or3 or3
OR2 07 R2 |n = R20
\ 7/
)

CD compd. n R2 R3 RS

g-CD 5 H H H
DM-8-CD 5 CH3 H  CH3
T™M-8-CD 5 CH3 CH3 CHj

TABLE 1. Degree of Methylation of Four Kinds of Methylated 8-CD
Compounds

CD compound Degree of methylation (d.m.)
M-B-CD-1 0.54

M-B-CD-II 1.28

DM-B-CD 2.0

TM-B-CD 3.0




19: 55 24 January 2011

Downl oaded At:

424 TAGUCHI ET AL,

EXPERIMENTAL

Materials

B-Cyclodextrin (B-CD): A commercial product from Tokyo Kasei
Co. Ltd. was used after recrystallization from water; [@] D +160.0°
(H20).

Vinyl monomers: Freshly distilled methyl methacrylate (MMA),
benzyl methacrylate (BMA), and styrene (St) were used for the polym-
erization.

Metal salt: Cupric chloride (CuCl;* 2H20) of commercial grade
was used without further purification.

Preparation of Heptakis(2,6-O-dimethyl)-8-
cyclodextrin (DM-B-CD)

This compound was prepared by methylation of 8-CD with dimethyl
sulfate according to the published method [7]. [a] D” +123° (CHCls)

(Ref. Th: [e] *” +122° (CHCL, ).

Preparation of Heptakis(2,3,6-O-trimethyl)-f8-

cyclodextrin (TM-B-CD)

This compound was prepared using a procedure similar to that de-
scribed by Boger et al. [8]. B-CD (8.9 g, 7.8 mmol) was treated with
dry sodium hydride (Aldrich) (19.7 g, 0.82 mol) in 400 cm® of dry di-
methylformamide at 0°C. After being stirred for 30 min at room tem-
perature, 104 cm® of methyl iodide (1.67 mol) was added, and the mix-
ture was stirred at room temperature for 5 h. The concentration of the
organic layer and column chromatography on silica gel (200 mesh),
using benzene /ethanol (volume ratio 4:1) as eluent, followed by recrystal-
lization from chloroform /hexane and hot water (80°C) successively,
yielded an analytically pure product. Yield 6.0 g (54%), mp 156-158°C,
[01]D +161° (c 0.118, CHCls) (Ref. Th: mp 156°C, [az]D +163° (CHCls)).

Preparation of the Partially Methylated B-Cyclodex-
tring, M-B-CD-I and M-B8-CD-1II

These compounds were prepared by the methylation of 8-CD with
dimethyl sulfate in the presence of BaO and Ba(OH); - 8H,0. Elemental
analyses indicated that the resulting M-g-CD-I and M-8-CD-1I possessed
3.97 (the degree of methylation (d.m.): 0.57)* and 8.94 (d.m.: 1.28)
methyl groups in a 8-CD molecule, respectively.

*The degree of methylation (d.m.) = (total number of CHs O groups in
the methylated S-CD) X 3/21; total number of hydroxyl groups in f-CD=21
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) Caled.: C, 46.37; H, 6.60%

Found: C, 46.37; H, 6.78%
Caled.: C, 48.54; H, 7.03%
Found: C, 48.54; H, 7.20%

M-B-CD-1(Cyp g7Han 94035

M-B-CD-TL (Cyy g4Hgn 5g035)

Preparation of Heptakis (2,6-O-dimethyl)-8-cyclo-
dextrin Phosphate Ammonium Salt (DM-B-PCD)

This compound was prepared using a procedure similar to that
described in a previous paper [4].

Polymerization Procedures

The general procedure is as follows. A mixture of methylated B-
CD, a vinyl monomer, CuCl;- 2H:0, and water was placed in a glass
tube. The tube was filled with nitrogen under vacuum and sealed.
Polymerization was carried out by continuous shaking in a thermo-
stat at a preset temperature. After polymerization, the content was
poured into a large amount of methanol or acetone to obtain the preci-
pitated polymer. The resulting polymer was dried and the conversion
was determined gravimetrically.

RESULTS AND DISCUSSION

Effect of the Addition of Cu(II) Ion on the
Polymerization Using Four Kinds of Methylated
B-Cyclodextrin

The effect of the addition of CuCl: - 2HO was examined on the polym-
erization of MMA in the presence of M-B-CD-I (the degree of methyla-
tion (d.m.,): 0.57, M-B-CD-II (d.m.: 1.28), DM-5-CD (d.m.: 2.0), and
TM-B-CD (d.m.: 3.0). The polymerization of MMA was carried out in
the presence of various amounts of CuCl:- 2H,0, keeping the amount of
MMA (3 cm®, 2.80 X 10~ mol), water (10 cm®), and the methylated
B-CD compounds (0.1 g, 8.81 X 107>~ 17.00 X 10~° mol) constant. The
CuCl; * 2H,O content was changed from 10™° to 0.1 g (5.87 X 107% ~ 5.87
X 10™* mol). The results are shown in Figs. 1 and 2 together with the
result using 8-CD (d.m.: 0). As shown in Figs. 1 and 2, the percent
conversions of polymerization in the presence of M-5-CD-I, M-38-CD-1I,
and DM-B-CD increased with an increase of the amount of CuCl, - 2H,0,
and showed maximal values when the amount of CuCl;- 2H,O was esti-
mated to be 0.01 g (5.87 X 10”° mol). In polymerization in the pres-
ence of M-g-CD-I, M-3-CD-TI, or DM-8-CD, a sharp conversion curve
was obtained. A broad conversion curve was observed for polymeriza-
tion in the presence of TM-8-CD. These results indicate that the ini-
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Conversion (%)
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FIG. 1. Effect of the amount of CuCl:- 2H;O on the percent conver-
sion of the polymerization of MMA using M- B—CD I or M-8-CD-II.
MMA, 3 cm® (2.80 X 102 mol); Hzo 10 cm®; methylated B-CD, 0.1 ¢
(8.81'% 107°~17.93 X 10°® mol); 85°C; 3 h; (©) M--CD-I, (o) M-p-
CD-1I, (o) B-CD, (e) thermal polymerlzation

tiating ability of these methylated B-CD compounds for the polymeriza-
tion of MMA is larger than that of unmodified B-CD.

Effect of the Degree of Methylation of 8-CD on the
Polymerization of MMA

Figures 1 and 2 also indicate that the percent conversion for the
polymerization of MMA in the M-g-CD-1, M-8-CD-1I, DM-8-CD, or
TM-B-CD/Cu(1l) ion system is dependent on the degree of methylation
of B-CD hydroxyl groups. The initiating inability of each system in-
creases in the order M-8-CD-II (d.m.: 1.28) > M-B-CD-I (d.m.: 0.57)
> TM-B-CD (d.m.: 3.0) = DM-B-CD (d.m.: 2.0) > 8-CD (d.m,: 0), when
0.01 g (5.87 X 10~° mol) of CuClz- 2H;0 is used (see Fig. 3). This fact
suggests that a methylated 8-CD possessing a suitable sized hydrophobic
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FIG. 2. Effect of the amount of CuCl;‘ 2H,O on the percent conver-
sion of the polymerization of MMA using DM-8-CD or TM-8-CD.
MMA, 3 cm® (2.80 X 10~2 mol); Hz0, 10 cm®; methylated 8-CD, 0.1 g
(8.81x 107°~17.00 X 10”° mol); 85°C; 3 h; (¢) DM-8-CD, (o) TM-§-
CD, (o) B-CD, (e) thermal polymerization.

5

Conversion (%)

0 1 1
0 1.0 2.0 3.0

Degree of methylation of B-CD

FIG. 3. Effect of the degree of methylation of 8-CD for the polym-
erization of MMA. MMA, 3 cm® (2.80 X 107 mol); CuCl,* 2H;0, 0.01
g (5.87 X 10~° mol); H;0, 10 cm®; methylated 8-CD, 0.1 g (8.81 X 10~°
~17.00x 10~° mol); 85°C; 3 h.
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cavity and a certain number of hydroxyl groups is preferable to un-
modified 8-CD for the polymerization of MMA,

On the other hand, TM-8-CD, which does not contain a hydroxyl
group in its cyclodextrin molecule, can also initiate the polymeriza-
tion of MMA in analogy with the other 8-CD compounds containing
some hydroxyl groups. However, the conversion of the polymeriza-
tion obtained is independent of the amount of CuClz* 2H,0 in the TM-
B-CD/Cu(II} ion system, unlike the other systems (see Fig. 2). This
finding may be attributed to the fact that the rate of thermal polym-
erization of MMA is accelerated by including MM A molecules within
the large hydrophobic cavity of TM-B-CD,

Polymerization of Various Vinyl Monomers

The polymerization of various kinds of vinyl monomers (MMA,
BMA, and St) in the DM-B-CD/Cu(II) ion or TM-B-CD/Cu(II) ion
system was carried out. The results are summarized in Table 2
together with those in the B-CD/Cu(Il) ion system. As shown in Table
2, the DM-B-/Cu(Il) ion system can accelerate the polymerization of
MMA, BMA, and especially St more effectively than the 8-CD/Cu(II)
ion system.

TABLE 2. Polymerization of Vinyl Monomers in the Presence of
B-CD, DM-8-CD, and TM-8-CD?

Conversion (%)

CuCl;* 2H:O
B-CD compound (10™® mol) MMA BMA St
None 0 0.88 0 2.27
5.87 0.64 0.16 2.26
B-CD 0 0.99 0 2.37
5.87 2.37 0.29 2.26
DM-S-CD 0 0.51 0.42 2.25
5.87 2.70 5.53 3.14
TM-B-CD 0 2.27 0.82 2.82
5.87 3.09 1.26 2.88

3polymerization condition: B-CD compound, 0.1 g (8.81 X 1075~
7.00 X 10”° mol); monomer, 3 ¢cm®; H,O, 10 cm®; 85 C; 3 h.
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At a rough glance, the TM-B-CD/Cu(1l) ion system seems to accel-
erate the polymerization of MMA and St. However, the percent con-
version of thermal polymerizations for MMA and St in the presence
of TM-B-CD without CuCl:* 2H;O is considerably larger. Therefore,
the initiating ability of the TM-3-CD/Cu(Il) ion system is not as ef-
fective as that of the DM-8-CD/Cu(II) ion system. On the basis of
these findings, the hydroxyl groups in the cyclodextrin compounds,
which are assumed to participate in the complex formation with the
Cu(II) ion, play an important role at the initiation step of polymer-
ization.

The rate of acceleration of the polymerization in the DM~ S-CD/Cu-
(II) ion system also indicates that the introduction of methyl groups
into the $-CD molecule, which may cause expansion of the hydro-
phobic cavity, should be an important factor of this polymerization,
since the incorporation of vinyl monomers into the hydrophobic cavity
of B-CD compounds may increase with the enlargement of their hydro-
phobic cavity.

Next, in order to get a clue as to the dependence of the hydrophobic
character of the methylated 5-CD compounds and the vinyl monomers
on the percent conversion of polymerization, we tried the following:

Conversion (%) in the | [Conversion (%) in the
B-CD/Cu(1l) ion system Cu(I) ion system

(Conversion (%) in the methylated) _ <Conversion (%) in the)
B-CD/Cu(Il) ion system Cu(II) ion system

=1-

This parameter, R, is associated with a characteristic mode of accel-
eration of polymerization in the methylated 8-CD compounds/Cu(II)
ion system, and it is suggested that the polymerization is efficiently
accelerated as the R value approaches one. The R values obtained
from the polymerizations of MMA, BMA, and St in the DM-8-CD/Cu(H)
ion and the TM-B-CD/Cu(Il) ion systems are compiled in Table 3.
Table 3 clearly indicates that the methylated 8-CD compounds, which
possess a large hydrophobic character compared with §-CD, can effec-
tively accelerate the polymerization of hydrophobic vinyl monomers
containing an aryl group such as BMA and St. These results are also
compatible with the concept of ""hard" and "'soft" in the so-called un-
catalyzed polymerization proposed by Imoto et al. [5].

Effect of the Addition of Benzene on the Polymeriza-
tion of MMA in the DM-3-CD/Cu(1II) Ion System

In order to clarify the importance of the inclusion ability of the
methylated 8-CD compounds toward vinyl monomers at the initiation
step of polymerization, the polymerization of MMA in the DM-5-CD/
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TABLE 3. R Values Obtained from the Polymerizations of MMA,
BMA, and St in the DM-B-CD/Cu(II) Ion System and the TM-8-CD/
Cu(11) Ion System

Monomer
Methylated
B-CD compound MMA BMA St
DM-B-CD 0.16 0.98 1.0
TM-8-CD 0.29 0.88 1.0

Cu(TI) ion system was carried out in the presence of various amounts
of benzene, since benzene is known to be a good ''guest' compound of
DM-B-CD than is MMA. The results of the polymerization are shown
in Fig. 4. The percent conversion of the polymerization in the DM- 8-
CD/Cu(TI) ion system decreases with an increase in the amount of
benzene added. That is to say, benzene seems to act as an inhibitor
for this polymerization. This finding suggests that the initial incorpor-
ation of MMA into the hydrophobic cavity of DM-B-CD is essentially
required for the initiation of the present polymerization. This fact is
consistent with the data described above. That is, the DM-B-CD/Cu(II)

3
"
O
g2
a O
)
>
s
S o -
*o
0 1 I I 1 [
0 0.5 1.0 1.5 2.0 2.5

Benzene (102 mol)

FIG. 4. Effect of the addition of benzene for the poldymerization of
MMA in the DM-8-CD/Cu(II) ion system. MMA, 3 cm® (2.80 X 1072
mol); CuCl,- 2H;0, 0.01 g (5.87 X 10-® mol); H,O, 10 cm®; DM-B-CD,
0.1g (7.51x 10~° mol); 85°C; 3 h; (o) DM-8-CD, (e) thermal polym-
erization, (o) corrected conversion.
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ion system can more effectively initiate polymerization of vinyl mono-
mers containing an aryl group such ag BMA and St in comparison with
MMA.

Polymerization of MMA Initiated by the
DM-B-PCD/Cu(Il) Ton System

Polymerization of MMA in the DM-B-PCD/Cu(1l) ion system was
carried out. The result obtained is tabulated in Table 4 together with
the results in the B-CD/Cu(II) ion [2], B-CD monophosphate ammonium
salt (8-PCD/Cu(1I) ion [3], DM-B-CD/Cu(II) ion, and TM-B-CD/Cu(II)
ion systems. The initiating ability for the polymerization of MMA was
found to increase in the order 8-CD/Cu(Il) ion system < DM-B-CD/
Cu(II) ion system < TM-B-CD/Cu(II) ion system < S-PCD/Cu(II) ion
system < DM-B-PCD/Cu(Il) ion system. Thus the introduction of the
phosphate group into the B-CD molecule seems to increase the initiating
ability for the polymerization of MMA in combination with the Cu(II)
ion. Rate enhancement by phosphorylated B-CD compounds is consid-
ered to be due to the high ability of complex formation of the phosphate
group with the Cu(II) ion at the initiation step of the polymerization.

In summary, partially methylated 8-CD compounds which possess
a larger hydrophobic cavity than unmodified g-CD were found to effec-
tively accelerate the water-insoluble vinyl monomers, such as MMA,
BMA, and St, in combination with a small amount of Cu(II) ion. We
previously proposed a plausgible initiation mechanism for polymeriza-
tion using the 8-CD compound/Cu(1I) ion system [3], which includes
the initial incorporation of vinyl monomer, into the hydrophobic cavity
of B-CD, and complex formation among B-CD, Cu(Il) ion, and a viny!

TABLE 4. Comparison of the Results for the Polymerization of MMA
in the Four Kinds of 8~-CD Compounds/Cu(Il) Ion/H,O Systems?2

B-CD compound Conversion (%)
B-CD 2,37
DM-B-CD 2.78
TM-B-CD 3.09
B-PCD 3.54
DM-3-PCD 4,55

aPolyn_lerization condition: B-CD compound, 0.1 ¢ (8.81X 107°~
7.00 X 107° mol); MMA, 3 cm® (2.80 X 10”2 mol); H,0, 10 cm?;
CuClz* 2H20, 0.01 g (5.87 X 10™° mol); 85°C; 3h.
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monomer. Considering this mechanistic implication, the partial
methylation of 8~-CD seems to increase with the initial incorporation
of vinyl monomers. However, permethylated 8-CD, TM-g8-CD, mere-
ly accelerated the thermal polymerization even when Cu(Il) ion was
used.

Therefore, we propose that a certain number of hydroxyl or phos-
phate groups of a methylated B-CD compound, which is capable of
assisting complex formation among a methylated 8-CD compound,
Cu(II) ion, and a vinyl monomer, is necessary for the initiation of
the present polymerization.

REFERENCES

[1] (a)S. Kimura, T. Takitani, and M. Imoto, Bull. Chem. Soc. Jpn.,
35, 2021 (1962); (b) M. Imoto, K. Takemoto, and H. Sutoh,
Makromol. Chem., 110, 31 (1967); {(c) M. Imoto, Y. Iki, Y.
Kawabata, and M. Kinoshita, Makromol. Chem., 140, 281 (1970);
(d) M. Imoto, K. Ree, T. Nakaya, and T. Ouchi, Nippon Kagaku
Kaishi, 1973, 1560; (e) M. Imoto, S. Otsuka, and T. Ouchi, Chem.
Lett., p. 385 (1972); (f) T. Ouchi, S. Otsuka, and M. Imoto,
Kobunshi Kagaku, 30, 46 (1973); (g} M. Imoto, K. Ree, and T.
Ouchi, Makromol. Chem., 167, 353 (1973); (h) M. Imoto, T.
Ouchi, and E. Morita, Nippon Kagaku Kaishi, p. 1540 (1979); (i)
M. Imoto, E. Morita, and T. Ouchi, J. Polym. Sci., Polym. Symp.,
68, 1 (1980).

[2] H. Taguchi, N. Kunieda, and M. Kinoshita, J. Macromol. Sci.—
Chem., A17, 705 (1982).

3] H. Taguchi, N. Kunieda, and M. Kinoshita, Ibid., A18, 271 (1982).

{4] H. Taguchi, N. Kunieda, and M, Kinoshita, Mem. Fac. Eng.,
Osaka City Univ., 22, 151 (1981).

[5] (a)M. Imoto, T. Ouchi, E. Morita, and T. Yamada, Nippon Kagaku
Kaishi, p. 333 (1980); (b) T. Ouchi, M. Inaba, and M. Imoto, Bull._
Chem. Soc. Jpn., 55, 3229 (1982).

[6] B. Casu, M. Reggiani, and G. R. Sanderson, Carbohydr. Res., 76,
59 (1979). -

[71 (a) R. Kuhn and H. Trischmann, Chem. Ber., 96, 284 (1963); (b)
B. Casu, M. Reggiani, G. G. Gallo, and A. Vigevani, Tetrahedron,
24, 803 (1968).

[8] J. Boger, R. J. Corcoran, and J.-M. Lehn, Helv. Chim. Acta, 61,
2190 (1978). o

Accepted by editor March 7, 1983
Received for publication April 4, 1983



