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GENERAL INTRODUCTION

"Chemistry of Inclusion Compounds" or "Host-Guest Chemistry" has
recei&ed enormous attention in recent years; which comes from the fact that
host compounds can provide reaction spaces which bring about marvellous
controls for chemical reaction.l' The subject of such reaction spaces
faécinates.polymer chemists to challenge the synthesis of tailor-made
polymers.2 ' B

A cylindrical space in crystalline state, which is called a canal, was
employed by polymer chemists as such a space for polymerization reaction.3

The polymerization in canal is called "

canal polymerization" or "inclusion v
polymerization'". Since monomer molecules in canal may be oriented regularly,
and the attack of the monomers to the growing chain may occur only along
well-defined direction, canal polymerization enables us to obtain highly
stereospecific polymers, particularly optically active polymers. The asym-—~
metric synthesis of polymers represents the logical conclusion of research

on stereospecific polymerization.

Urea and thiourea canal have been employea so far by many inﬁestiga—
tors.5_14 The first example of canal polymerization was reported by Clasen
in 1956.5 The detailed study was followed by Brown and White, who disco-
vered that high-energy radiations are effective polymerization initiators,
and that stereospecific polymers are prepared in good yields.6 Their work
was the starting point for systematic investigations in this field.
Afterwards, an accurate structural analysis of the canal polymerizétion was

s R . 7 .
carried out by Chatani and his co-workers. Furthermore, mechanism of the

polymerization has been investigated from various points of view by several

10-14
2 Poly—nervahon Sqncrahon
.;Z’_ y—rays

groups.
host-monomer host—polymer
canal compound canal compound

polymer

Fig. 1. Schematic representation of canal polymerization.



Alternatively, Farina and his co-workers investigated the inclusion
polymerization of diene monomers in pefhydrotriphenylene canal extensively.
3(2) The most important result is that prochiral monomers could be
polymerized to give optically active polymers in chiral canal formed from
optically active perhydrotriphenylene.16 However, the investigation of
this asymmetric inclusion polymerization gets into trouble because of the
difficulty of the resolution of racemic perhydrotriphenylene.3(2)

In addition to three kinds of canal described above, the author has
found that deoxycholic acid canal can serve as an effective space for poly-
merization reaction, as exemplified_by~the synthesis of optically active '

polymers with high optical rotation.17’18

Inclusion polymerization in DCA
deoxycholic acid canal may be expected to open a further way in the

field of asymmetric polymerization.

H: . _COOH

Fig.2. Deoxycholic acid (DCA) and
the crystal structure of DCA canal

compound with acetic acid.
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ngxycholic acid (30, 120-dihydroxy-5B-cholan~24~0ic.acid; hereafter
referred to -as DCA; Eig.é ) is’a naturaily.occurrihg'steroidal acid.
It has been long known that DCA forms crystalline intermolecular compounds;
called choleic acids, with a variety of organic substances since early

19,20

this century. However, the crystal structure was hardly determined

by Craven and DeTitta in 1972.21

As shown in Fig.2, the compounds are
lattice inclusion compounds of canal type structure, and the canal has

a section of approximate rectangular shape with edges of about 7.5 and 4.0 .
Moreover, it is suggested that DCA canal is different from urea, thiourea,

or perhydrotriphenylene canal with respect to the atmosphere, size, shape,
and flexibility.22 In addition, DCA canal is considered to be a chiral
space since DCA is a chiral compound. Therefore, it is a fascinating

theme how the specificity of DCA canal as mentioned above can be realized
for the inclusion polymerization in DCA canal.

The present thesis is concerned with the inclusion polymerization of
various monomers in DCA canal, in order to make clear the characteristics
of DCA canal as a space for polymerization reaction.

Chapter I deals with the screening for formation and polymerization of
DCA canal compounds with various monomers. It is described that DCA canal
can serve as an effective space for polymerization of diene monomers.

Chapter Il deals with the characteristics of DCA canal for incorpora-
tion of guest compbunds. Replacement technique to obtain DCA canal
compounds, and ﬁext competitive incorporation of guest compounds into
DCA canal are described on the basis of the inclusion polymerization of
a diene monomer in DCA canal.

Chapter III deals with inclusion polymerization of four diene mbﬁbmers
in DCA canal in detail. Space controls for the inclusion polymerization
are discussed on the basis of polymerization characteristics, nature of
DCA canal compounds, and structures of polymers obtained. Finally,

the characteristics of DCA canal are compared with those of urea, thiourea,

or perhydrotriphenylene canal.



Chapter I. GScreening for Formation and Polymerization of
Deoxycholic Acid Canal Compounds with Monomers

I - 1. Introduction

Radiation-induced canal polymerization is a unique method for obtaining
stereospecific polymers. Such polymerizatiqn have recently been studied
by usiﬁg urea, thiourea, and perhydrotriphenylene as host molecules.
‘ In thiourea canal compounds, poly(2,3-dimethyl-1,3-butadiene) and
poly(2,3-dichloro-1,3-butadiene) were found to be highly 1,4-trans tactic6(l);
in urea canal compounds, on the other hand, poly(vinyl chloride) was syndio-

6(2),8 6(2),24,25

tactic , polyacrylonitrile was isotactic and poly(l,3-buta-

6(2) Chatani and co-workers have

diene) appeared highly 1,4-trans tactic.
studied the specific feature of the polymerization of some urea~ or thiourea-
monomer canal compounds from a structural point of view, and indicated that
both the structure of urea or thiourea canal compounds with polymerizable
monomers and the mode of canal polymerization are by no means the same,

but are peculiar to the sort of monomers.

In perhydrotriphenylene canal compounds, different diene monomers were
polymerized to afford 1l,4-trans tactic polymers.15 An interesting feature
of this canal polymerization is that prochiral {rans-1,3-pentadiene could
be polymerized in the presence of optically active perhydrotriphenylene
to give optically active isotactic trans-1,4-polypentadiene.

The author has found that a steroidal acid, deoxycholic acid (DCA) ,
can serve as an effective component for canal polymerization. It has been
long known that DCA forms stable intermolecular compounds, called choleic
acids, with a variety of organic substances.zo Recently the crystal
structures of the intermolecular compounds éf DCA with several guest com-
pounds,21_23 and it was confirmed that DCA intermolecular compounds have
canal type structure.

This chapter concerns with the screening for formation and polymeriza-
tion of a series of DCA canal compounds with vinyl and diene “monomers.

It is described that the steric control in DCA canal polymerization was

superior in the case of disubstituted butadienes, which gave highly 1,4~

trans tactic polymers.



I - 2, Results and Discussion

Formation of DCA Canal Compounds

Reports have recently considered the crystal structures of the DCA
canal compounds with acetic acid and so on.21“23 However, no work seems to
have been done on the DCA canal compounds with polymerizable vinyl and diene
monomers.zo The author has succeeded in obtaining various types of DCA
canal compounds with such monomers, which were obtained by recrystallization
of DCA from liquid vinyl monomers or methanol containing vinyl monomers as
shown in Table I-1. Mole ratios of the host to guest molecules were
determined from thermogravimetry(TG), NMR spectroscopy, and elemental

analysis. It was also found that several sorts of dienes and cyclic

monomers can form canal compounds with DCA.

Stability and Property of DCA Canal Compounds

Fig.I-1 shows examples of differential thermal analysis(DTA) and
thermogravimetry(TG) diagrams on DCA canal compounds. From DTA on
DCA~ethyl acetate canal compound, it was found that ethyl acetate was remo-
ved from DCA host molecules at 158-160°C under atmospheric pressure. This
releasing temperature of guest component is substantially higher than the
boiling point of ethyl acetate itself, which indicates the high stability
of DCA-ethyl acetate canal compound. A notable loss of ethyl acetate from
the DCA canal compound did not occur even under reduced pressure by heating.
The canal compounds of DCA with vinyl and diene monomers such as methyl
acrylate, styrene, vinyl acetate, 2,3-dimethyl~1,3-butadiene, etc., showed
similar behaviors. TG mearsurements carried out simultaneously indicated
that the mole ratios of DCA to monomer molecules in the canal compounds are
identical to those found for the DCA canal compounds with hydrogenated,
saturated forms of the monomers.

On the other hand, notable loss of acetonitrile from DCA-acetonitrile
canal compound occurred at 148-150°C. It was even found that acetonitrile
could come out from the canal compounds gradually at room temperature.

DCA canal compounds of acrylonitrile, methacrylonitrile, 1,3-butadiene, and

isoprene were unstable even at room temperature.



Table I-1. DCA-vinyl monomer canal compounds

method for formation of ' b c)

. , b)
monomey
DCA canal compound? mole ratio - (*0)

acrylic acid S
methacrylic acid R
methyl acrylate R
methyl methacrylate R
vinyl acetate R
styrene

acrylonitrile R
methacrylonitrile R

158

a) R: Recrystallization of DCA from vinyl monomer
S: Recrystallization of DCA from methanol containing
vinyl monomer
b) Deoxycholic acid/guest molecule

c) Releasing temperature of guest molecule

DTIA

(a) .q \

(b) IG ARV . .
Fig.I-1. DTA and TG diagrams.
A (a): DCA without guest molecules
N N/ (b): DCA-ethyl acetate canal compound
(&) T~

(c): DCA-acetonitrile canal compound

140 160 180 200

Temperature(°C)



quymerization of DCA Canal Compounds

Diene Monomers -

The radiation-induced polymerization of DCA-diene monomer canal compounds
was carried out with or without mother liquid under various conditioms.
Several observations indicated that the polymerization proceeded in the solid
state, regardless of the presence or absence of the mother liquid:
Polymerization inhibitors such as hydroquinone were found to have no effect
on the polymerization, The crystals kept their original shapes and
appearance even after polymerization. It was also found that the canal
compounds after polymerization decomposed at different temperatures from
those of compounds before polymerization. After washing the products with
methanol in order to remove DCA, the resulting diene polymer particles had
fine fibrous structures, observable by microscopic examination. These
findings appear to be quite similar to those observed for the polymerization
of these monomers in thiourea canal compounds.7(l)

Diene guest monomers could be gfouped into three different classes from
melting points after polymérization and the structure of polymers obtained,
as shown in Table I-2. Fig.I-2 shows DTA diagrams of DCA-diene monomer
canal compounds before and after polymerization. As can be seen from
Fig.I-2, diene monomers came out from the DCA canal compounds at 158-160°C,
and the melting of the host molecules occurred subsequently at 178°C
before polymerization. However, after the polymerization, new peaks
appeared at a rather high temperature region, which might be attributed to

the melting point of the polymer canal compounds.

Table I-2. vy-Ray-induced inclusion polymerization of diene monomers
in DCA canal.

R mp after polymerization structure of
diene monomers

(°C) : polymers
1,3-butadiene '
1,3-pentadiene, isoprene 195-198 l,4-trans; 1,2
2,3~-dichloro-1,3-butadiene 913-215 1,4-trans

2,3-dimethy1-1,3-butadiene

1l,4-trans

trans—2-methyl-1,3-pentadiene 165-170 chiral




As shown. in Table I-2, in cases of 1,3-butadiene, isoprene and 1,3-
pentadiene; new péaks appeared.at 195-198°C. Poly(1,3-butadiene) obtained
wés rubberlike and unstable when allowed to stand in control with the atmos-
phere. The polymer contained a significant amount of 1,2-unit beside of
trans-1,4~unit. Polyisoprene and poly(l,3-pentadiene) obtained were
viscous and much more unstable than poly(l,3-butadiene). The latter two
polymers could not be characterized because of their instability, although
they showed absorptions corresponding to 1,4-trans tactic structures in IR
spectra on raw products, Therefore, canal polymerization of isoprene and
1,3-pentadiene were not studied in detail.

A remarkable increase in melting points after polymerization was
observed for DCA-2,3~dimethyl- and 2,3-dichloro-1,3-butadiene canal compounds.
In these cases, stable solid polymers were obtained in high yield and
showed highly 1,4-trans tactic structure.

In the case of trans-2-methyl-1,3-pentadiene, the melting point of the
canal compound after polymerization was a little lower than that of DCA
itself. The polymer which resulted was found to show a high optical rota-
tion. Thus, the author obtained a chiral polymer by a radiation-induced
canal polymerization technique, using DCA as the chiral host molecule.

Studies on the polymerization behavior of diene monomers will be des-
cribed in detail in Chapter III. It is noteworthy that the polymerization
of these monomers proceeded predominantly in DCA canal and negligible

outside of it under the conditions studied.

(a~1) __—__—\\/”“\/’f—"___
(a~2) V :
DCA-2,3-dimethyl-1,3-butadiene
 (b-1) —-———\\/r~\/--*——— canal compound

(a-1)before polymerization

(b-2) *w\/—— (a-2)after polymerization

Fig.I-2. DTA diagrams. -

AT B B P DCA-1,3-butadiene canal compound
150 200 (b-1)before polymerization
Temperature(°C) (b-2)after polymerization



yield(mg)

Vinyl Monomers .

The radiation-induced polymerization of DCA-vinyl monomer canal com-
pounds was carried out at either 0°C or -78°C, in a similar manner as in
the case of DCA-diene monomer canal compounds, and the post-polymerization
was done at 50°C. = However, no polymerization was observed and their
melting pointsrwere unchanged.

Polymerization was tried also for DCA-acrylonitrile canal compound
prepared by the method described in the Experimental part, by irradiating
at ~78°C for 18 h with a dose rate of 1.0x105 rad/h: DCA~ethyl acetate
canal compound was heated at first at different temperatures for 2 h under
reduced pressure(lo_3 Torr), and acrylonitrile monomer was then introduced
into the tubes containing DCA-ethyl acetate canal compounds to afford
its monomer canal compounds. Fig.I-3 shows the results of the polymeriza-
tion at -78°C for 18 h, the yield being related with the temperature at
which DCA-ethyl acetate canal compoundé were treated. Polymerization was
found to proceed only in the temperature range 140-180°C, in which ethyl
acetate has been thoroughly removed from the DCA canal compound; thus
ethyl acetate~free DCA could include acrylonitrile monomer effectively.
Above 180°C, the polymerization did not proceed because of melting of the
DCA crystals. The fact that ethyl acetate could not easily be removed
at 120-130°C but rapidly removed at 140-150°C from their DCA canal com-
pounds, which was shown by IR spectroscopy, supports the results mentioned
here. The structure of polyacrylonitrile thus cbtained was the same as
that obtained by usual free-radical polymerizations. In the cases of
polymerization of methacrylonitrile, atactic polymers were obtained by
using a similar polymerization technique. At present, the author has not
succeeded in preparing stereospecific vinyl polymers by DCA inclusion

techniques.

Fig.I-3, In-source polymerization of acry-
Jonitrile in DCA canal; Relationship bet-
ween polymer yield and .the temperature at
which DCA~ethyl acetate canal compounds
e ) . were treated.
0 50 100 150 pCcA-ethyl acetate canal compounds(0.42g)
' Temperature (°C) acrylonitrile(0.20cm3)
irradiation: 1.0x105rad/h for 18 h
at -78°C.in vacuum

20 ot ‘

I
H

H
P |




Cyelic Monomers

Although cyclic monomers such as f-propiolactone, diketene, dioxane,
etc., form stable DCA canal compounds, polymerization did not proceed by

the method here mentioned.

I - 3. Experimental

Materials

Commercially available deoxycholic acid (DCA) was purified by repeated
recrystallizations from methanol or acetone. 2,3-Dimethyl~1,3-butadiene
was prepared by hydrobromic acid—catalyzed dehydration of pinacol followed
by fractionation in a Vigreux column. 20 2,3-Dichloro~1,3-butadiene,
in about 40 % methanol solution, was freed from inhibitors by repeated
distillations. Other diene and vinyl monomers were obtained commercially

and purified in the usual manner.

Formation of DCA Canal Compounds

The DCA-monomer canal compounds were prepared by adding 0.2 cm3 of a

3 of hot methanol solution containing 1.0 g of DCA-acetone

monomer to 2-4 cm
canal compound in a glass tube of 10 mm diameter. In the case of 1,3-
butadiene, the tube was sealed under reduced pressure. The solution was
then allowed to stand at room temperature for some time and cooled to 0°C.
Alternatively, the canal compounds could be prepared by recrystallizing
DCA-acetone canal compound with liquid vinyl monomers. Formation of the
canal compounds was indicated by the appearance of small needle-like crys-—
tals. In the case of acrylonitrile, the canal compound was prepared by a
somewhat modified method: by recrystallizing DCA from ethyl acetate or
acetone, DCA~ethyl acetate or DCA-acetone canal compound was at first pre-
pared, which was then heated at various temperatures under reduced pressure
(10'3 Torr) for 2 h. The degassed and purified acrylonitrile was then
distilled by vacuum line technique, sealed off and stored for some days

at 0°C, and then submitted directly for polymerization.

10



Polymerization Procedure.

Radiation—induced polymerizationshweye carried out in sealed or open
glass vials in a Dewar flask at -196, -78, or 0°C by irradiating with y-
rays from a 60¢o source, with a dose rate and total dosage of 1.0—5.0x105
rad/h and O.5—2.OXlO6 rad, respectively, Post-polymerization of some of
the samples was done at 0 or 50°C. After the polymerization; the contents
were poured into excess methanol to separate DCA from the canal compounds,

and the polymer obtained was dried in vacuo.
Measurements

Differential thermal analysis(DTA) and thermogravimetry(TG) were

carried out on the DCA canal compounds by using the analyzer of Rigakudenki

Co.(Japan). The scans were taken at a speed of 2.5°C/min under a nitro-
gen atmosphere. Infrared(IR) spectroscopy was made on KBr dispersions.
I - 4, Summary

A series of deoxycholic acid(DCA) canal compounds with vinyl and diene
monomers were prepared, and their radiation-induced polymerization was
studied. In the case of 2,3—dichloro—l,3—butadiene'and 2,3-dimethyl-1,3-
butadiene, highly 1l,4-trans tactic polymers were obtained, while in the
case of 1,3-butadiene and acrylonitrile, atactic polymers resulted.
Optically active poly(trans-2-methyl-1,3-pentadiene) was obtained by asym=

metric inclusion polymerization in chiral DCA canal.

11



Chapter II. Characteristics of Deoxycholic Acid Canal for

Incorporation of Guest Molecules

I1 - 1. Introduction

In the preceding chapter, it was described that a naturally occurring
steroidal acid, that is, deoiycholic acid (DCA) can serve as an effective
host molecule for the canal polymerization of several diene monomers.’

In these cases, the conventional method was used for obtaining DCA canal
compounds, which were prepared by the recrystallization of DCA from methanol
containing the guest molecules.

The author has foundthat a variety of guest molecules can be released
from their DCA canal compounds and replaced by new guest molecules which
fit into the DCA canal. Such a new, replacement technique may be eépected
to open a further way for the canal polymeriza;ion using DCA as the host
molecule. This means that DCA canal may serve as an unique space for the
selective incorporation of guest compounds.

This chapter concerns with a study on the polymerization of 2,3-di-~
methyl-1,3-butadiene(DMB) monomer included into DCA canal, using the re-
placement technique. At first the author describes the replacement of
a variety of guest molecules in DCA canal compounds by DMB monomer,
and next discusses the competitive incorporation of non-polymerizable

compounds with DMB monomer into DCA canal.
II - 2. Results and Discussion

II - 2 - 1. Replacement of Guest Molecules in DCA Canal
1. Replacement technique to prepare DCA-DMB canal compound

It has been known that DCA forms lattice inclusion compounds of a canal
' 20
type with a variety of organic substances, and that the canals are formed
between hydrogen-bonded pleated sheets of DCA molecules.21—23 The dynamic

properties of the DCA canal compounds, however, seem not yet to be clarified

12



in detailfuywhich,prompted us to study the dynamic behavior of guest mole-
cules in DCA canal cdmpounds. >The”author finds that small guest molecules
can be replaced by larger molecules, and that several sorts of diene mono-
mers polymerize in DCA_canal. This was. confirmed mainly by differential
thermal analysis (DTA), thermogravimetry (TG) and IR spectral studies, as an

example describes below.

DCA-acetone canal compound

DCA-acetone canal compound was formed by recrystallizing DCA from ace-
tone. The DTA diagram of the DCA-acetone canal compound is shown in.Fig.
II-1(b), which has two peaks at 148 and 178°C. The former peak corresponds
to the temperature at which acetone included is released from DCA canal,
which was confirmed by the decrease of weight in a TG measurement carried
out at the same time in parallel (peak range; 140-155°C). The TG measure-
ments indicated also that the mole ratio of DCA to acetone in the canal
compound amounts nearly unity. Acetone molecules appear to be released’
from the canal compouhd if the DCA-acetone canal compound is allowed to
stand for a long time at room temperature, which was confirmed also by TG
measurements. The'second peak in Fig.II-1(b) corresponds to the melting
point of DCA itself, which can be readily understood by comparing the curve
(b) with that of (a). '

Fig.IT-2 includes the IR spectra of DCA-acetone canal compound and of
DCA after releasing the guest molecules. These spectra differ clearly
each other, and from these facts it can be understood how the guest mole-

cules included affect the IR spectrum of DCA.

DCA-DMB canal compound

DCA-DMB canal compound ha; so far been prepared by the recrystalliza-
tion of DCA from methanol containing-DMB in a sealed tube. The au-
thor now finds that it is prepared by the replacement of acetone by DMB
as follows.

The DCA-acetone canal compound above mentioned was heatedzwith excess
amount of DMBziﬁ a sealedrfﬁbéwféf i_ﬂ“;£w66s¢THWMAftervthe>tféatméﬁt; E

the sample was dried under reduced pressure at room temperature to exclude

13
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Fig.II-1. DTA and TG diagrams.

(a) DCA without guest molecules
(b) DCA-acetone canal compound
(c) DCA-DMB canal compound
: (d) DCA-poly(DMB) canal compound
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Fig.II-2. IR spectra. (a) DCA without guest molecules. (b) DCA-acetone
canal compound. (c) DCA-DMB canal compound. (d) DCA-poly(DMB) canal
compound. )
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components outside of DCA canal. The crystals maintained their original
shapes. Iﬁ Fig.il—l and II-2, the diagrams of DTA and TG as well as the IR
spectrum of the sample thus obtained are included. As can be seen from
Fig.I1-1(c), the peak at 148°C for DCA-acetone canal compound was replaced by
a new peak at 158°C. TG measurement carried out at the same time in para-
llel showed loss of the guest component at a peak range between 150 to 180°C.
The guest component was identified as DMB by gas chromatography and IR spe;
ctroscopy. The mole ratio of DCA to DMB in the canal compound amounted
nearly equal to 3. The spectrum of the DCA—DMB“canal compound was found to
be similar to that of DCA-acetone canal compound, with the exception of add-
itional absorption bands at 890 and 1600 cm~1 due to DMB itself in the former
spectrum. These results suggest that DCA-DMB canal compound here obtained
is similar to that prepared by the recrystallization of DCA from methanol

containing DMB.

DCA-poly (DMB) canal compound

The DCA-DMB canal compound thus obtained was irradiated with a 60Co

source at ~196°C, and post-polymerization was done at 0°C for 5 h.

As can be seen from Fig.II-1, the peak of the DTA diagram at 158°C observed
for DCA-DMB canal compound is no more seen and a new peak appears at 215°C
for the DCA-poly(DMB) canal compound [Fig.II-1(d)]. After the polymeriza-

1 were observed [Fig.

tion, decreases in the absorbances at 890 and 1600cm™
II-2(d)1]. It was found that the polymer isolated maintained the original
crystal shape and showed the similar IR spectrum as that reported previous-
1y, which indicates the formation of highly 1,4-trans tactic polymer.
It was confirmed from these results that methanol did not influence the

polymerization of DMB in DCA canal compounds.

On the process of the canal polymerization

Fig.II-3 shows a schematic representation of the post-polymerization
of DMB included in DCA canal compounds, based upon the results here obtained.
The scheme consists of three steps: (1) replacement of the guest component,

that is, acetone by DMB monomer in DCA canal, (2) post-polymerization of

15



DMB included in DCA canal, and (3) separation of poly(DMB) obtained from
DCA canal.

In the subsequent section, this research is focussed on the first

step, namely, replacement of guest components by DMB.

Q Replacernent |2 Polymerization Separation

O 7 —

DCA-acetone DCA-DMB DCA-poly (DMB)
canal compound canal compound canal compound

poly (DMB)

Fig.II-3. Schematic fepresentation of the process of inclusion polymeri-
zation of DMB in DCA canal, using replacement technique.

The conventional method to form DCA-DMB canal compound is shown
below for comparison; the compound is formed by recrystallization
of DCA from methanol containing DMB monomer. DCA canal structure

is destroyed because methanol dissolves DCA well, while the canal
structure is maintained according to the above replacement technique.

Q| +CH30H g 2’ .
Q EE‘E,%C’)‘/ cool lz/[
Of v4¢ S5

DCA~acetone DCA-DMB

canal compound (homogeneouS) canal compound
solution
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2. Replacement of parious guest molecules by DMB

It is well assumed that both the structure of guest molecule and the
temperature at which they are replaced play an important role in their re-
placement by DMB in DCA canal. , DCA-DMB canal compound can be formed at
different temperatures by replgcing acetone, ethyl acetate, and acetic acid
from their DCA canal compounds. The DCA-DMB canal compound thus obtained
was then post-polymerized after y-ray irradiation. It is to be noted that
the polymerization of DMB proceeds predominantly in the canal and negligible
outside of it under the conditions studied.

Fig.II-4 shows how the replacement of acetone by DMB in DCA canal
depends on the replacement temperature. The polymerization hardly proceed-
ed at 0°C, but the rate increased with rise in the replacement temperature,
and reached saturation in 3 h at 30°C. Under this condition, conversion of
the polymerization should be about 50% in DCA canal, assuming that the mole

ratio of DCA to DMB in the canal compounds is.equal to 3.

o
(=}
-

W
o
T
®
~

Fig.II-4. Post-polymerization of DMB in DCA

Polymer yield in mg/gDCA

20f . canal; Polymer yield in relation to replace-
. ' ment time (DCA-acetone canal compound was
10t used; temperature of replacement,
. o- - (0): 0°c, (®): 15°C, (&): 30°C ).
e WS S ; irradiation: 0.3 Mrad at -196°C
1 2 3 4 5 post-polymerization: 0°C for 5 h

Replacement time in h

Polymer yields were given in mg/g DCA in the case of the canal poly-
merization of DMB; since the amounts of DMB included in DCA canal have
not been determined, the proportion of DMB which polymerized in canal
to that present before polymerization is not able to be calculated.
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Effect of structure of the guest molecules on the polymerization beha-
vior was coméared-with,each,otﬁer'for the‘cases 6f acetoﬁe—; ethyl acetate-,
and acetic acid-included DCA canal compounds.at the same temperature. As
can be seen from Fig.II-5 concerning the relationship between the polymeri-
zation yield and the time réquired for replacement, the rate of replacement
at 30°C was considerably low in cases of ethyl acetate— and acetic acid-
included DCA canal compounds, as compared with that of acetone-included DCA
canal compound. Replacement of ethyl acetate by DMB appears to occuxr
gradually at 30°C, and in fact, saturation of the polymer yield was observed
after 20 h. On the other hand, no replacement of acetic acid by DMB appears
to occur at 30°C. Fig.II-6 shows the results obtained at 60°C, which
indicates much easier replacement of ethyl acetate by DMB than the case

at 30°C.

3
a 4o} -
o ‘/A
E? 30} //// : Fig.II-5, Post-polymerization of DMB in DCA
E & canal; Polymer yield in relation to replace-
% 20} . ment time [(&) :DCA-acetone canal compound,
= (®) :DCA-ethyl acetate canal compound, :
E 10 (O) :DCA-acetic acid canal compound ] f
-A - !

g? o,/”f. replacement: 30°C

irradiation: 0.3 Mrad at -196°C

1t 2 3 4 5 post-polymerization: 0°C for 5 h

Replacement timein h
% L N e
gl ——
i 30 Fig.II1~6. Post~polymerization of DMB in DCA
= _ canal; Polymer yield in relation to replace-
T 20p, ment time [(A):DCA-acetone canal compound,
> . .
[ (®) :DCA-ethyl acetate canal compound,

2 10 ol,/’° (O) :DCA~acetic acid canal compound ]
g? N replacement: 60°C ,

& 12 1B 24 irradiation: 0.3 Mrad at -196°C

- 1 1 - o
Replac t time in h post-polymerization: 0°C for 5 h
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The results on the replacement of different guest molecules in DCA canal
by DMB ére-shown in Table>IIvl; As can be séen frém thé ﬁable, the canal
polymerization proceeds in general fairly smoothly, except for the cases of
phenanthrene and 2,3-dimethylbutane as the guest components. The results
indicate also that DCA-DMB canal compound can be formed, by treating DCA
including no guest component with DMB.

From these results it is assumed at least to be sure that the replace-
ment of guest molecules in DCA canal depends on their molecular structure.

It may be assumed that linear molecules such as palmitic acid can be
replaced easily by DMB in DCA canal, while somewhat bulky, branched mole-

cules such as phenanthrene and 2,3-dimethylbutane can hardly be replaced.

Table IT-1. Post-polymerization of DMB in DCA canal in relation
)

to the sort of guest molecules to be replaceda

Guest molecule Polymer yield in mg
None 39.5
Acetonitrile 38.9
Acetone 39.3
Methyl ethyl ketone 32.2
Ethyl acetate 32.1
Acetic acid 33.4
Palmitic acid 32.1
Phenanthrene 2.7
2,3-Dimethylbutane 1.7

a) DCA: canal compound 1.0 g; DMB: 0.40 cm3;
replacement: 90°C for 30 min
irradiation: 0.3 Mrad at -196°C
post-polymerization: 0°C for 5 h
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I - 2 - 2.. Competitive Incorporation of Guest Molecules
into DCA Canal o

The polymerization of DMB included in DCA canal can be schematically

shown as follows:

DCA-acetone DMB N DCA-DMB

canal compound Replacement7 canal compound
Y-rays o DCA-poly (DMB) methanol
Polymerization7' canal compound Separation poly (DMB)

In this procedure, DCA-DMB canal compound is formed at first by replacing
volatile guest compounds such as acetone by DMB in DCA canal at definite
temperatures. It can be well assumed that multicomponents are able to be
incorporated into DCA canal competitively through the replacement process,
which is shown in Fig.II-7. This leads to the following consideration

that non-polymerizable compounds might be simultaneously incorporated into
DCA canal together with DMB monomer, which causes separation of the included
monomer molecules each other, rendering to depress the polymerization within
DCA canal. Therefore, the polymer yield is assumed to depend on the amount
of additives incorporated into DCA canal. The author carried out the
following experiments particularly using DCA-acetone canal compound, since
the canal compound can release acetone readily to be replaced by other

organic compounds including the monomer.

Y V2 \ -
>lo J\f ‘Competitive O ’”7,« é/
4 JAN O incorporation A b ) L.
- excess’ Fig.II-7. Scheme of competitive
(additive) (DMB) (&dmw)i%’(gmiwd incorporation in the replacement
~ : , process for the inclusion poly-
DCA-acetone DCA merization in DCA canal.
canal compound canal compound "
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1. Effect of saturated hydrocarbons as additives

The polymerization of DMB monomer included in DCA canal was at first
carried out in the presence of a series of n-alkanes, The results are
shown in Fig.II-8, in which the polymer yield was plotted against n—-alkane
to DMB mole ratios. The lower curve in the figure was obtained in the
presence of n-hexane, while the upper curve was obtained in the presence of
n-decane. As can be seen from the figure, addition of n-alkanes led to
decrease in polymer yield more or less in all cases, and this tendency was
found to be emphasized with increasing amounts of the additives. It is
to be noted that the depression of polymer yield was found to depend on the
chain length of n-alkanes. 7

In order to see this finding more clearly, Fig.II-9 was shown for the
relationship between polymer yield and chain length of w—alkanes, in which
DMB and n-alkane were present in semimolar or equimolar ratio in the reac-
tion systems. The upper broken line indicates the case in which no
additives were present. It can be seen from the figure that addition of
n~hexane led to the most significant decrease in the polymer yield as com~
pared with the cases of n-heptane, n-octane and »-nonane, and only a slight
decrease was observed in the cases of n—decane, m-pentadecane and »n-pentane,
These results suggest that DCA canal in question can incorporate n-alkanes
having appropriate chain lengths more favorably than those having shorter

or longer ones.

< . PR N .
8 “%;: , Fig.I1-8. Competitive incorporation of
3 \Qﬁ\\:‘ v v n—-alkanes with DMB into DCA canal: Rela-
ﬁ 30 5 \\\‘ﬁ—~—_~_____g E tionship between polymer yield and the ~
- \\ o ; amount of additives. :
L 20 °’\\\ B ; (8): n—pentane, (0) : n-hexane,
5 °\&\\\15‘°__E (®): n-heptane, (@) : n-octane,
£ 1o : (w): m-nonane, () : n-decane,
[}
a (v): n-pentadecane.
0 I 4 1 e (] 2 't L : 1
0z 04 06 08 10 replacement: 60°C for 1 h
Mole ratio of additive to DMB irradiation: 0.3 Mrad at -196°C

post-polymerization: 0°C for 5 h
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s S S
% AR Fig.II-9. Competitive incorporation of
g 30 A n—alkanes with DMB into DCA canal: Rela-
£ A // tionship between polymer yield and chain
3 201 P length of wm-alkanes.
> \\z,/r’~‘ mole ratio of n-alkane to DMB;
§‘1o— e ‘ (0): 0.5, (a): 1.0
& N P replacement: 60°C for 1 h

5 6 7 8 9 10 15 irradiation: 0.3 Mrad at -196°C

n-Alkane ‘ post-polymerization: 0°C for 5 h

The canal polymerization of DMB in DCA canal was next carried out
in the presence of other sort of hexane isomers. As can be seen from
Fig.II-10, depression of the polymerization was observed in the following
order: 2,3-dimethylbutane > 2-methylpentane == 3-methylpentane > n-hexane
2,2-dimethylbutane. The result would be ascribed to difference in the
steric requirements of the hexane isomers. It can be assumed at least
that DCA canals incorporate somewhat bulky, branched molecules more
favorably than linear ones, with the exception of 2,2-dimethylbutane.

Among five hexane isomers in question, 2,3-dimethylbutane can be regar-
ded as the most suitable saturated model compound for #w<hexane, which also
reflects a sharp decrease in the polymerization when this compound was
added in the reaction system. A similar effect of adding 2,3-dimethylbutane
will be discussed in Chapter III-2-3 for the polymerization in which methanol
was used as the solvent. Comparing the present results with the earlier
ones, it is ob;ious that methanol seems not to affect the polymerization
behavior, to which the subsequent séction will be refered.

In contrast to the case of adding 2,3-dimethylbutane or methylpentanes,
decrease in the polymerization by adding 2,2-dimethylbutane was considerably
low. This suggests that both size and shape of 2,3-dimethylbutane fit
more suitably in DCA canal than those of 2,2-dimethylbutane. It can be thus
well assumed that DCA canals have an ability to select molecules to be
included.
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Fig.II-10. Competitive incorporation of

< 4ok ’ hexane isomers with DMB into DCA canal:
% Relationship between polymer yield and
g the amount of additives.
£
» (O) :n-hexane, (&):2-methylpentane,
3 (4) :3-methylpentane,
310—\\\: Th— (X) :2,3~dimethylbutane,
g ‘\\:\\‘ﬂ--__‘_4_ (®):2,2-dimethylbutane.

0 . = . L replacement: 60°C for 1 h

0.2 04 06 08 1.0

. irradiation: 0.3 Mrad at -196°C
Mole ratio of additive to DMB

post-polymerization: 0°C for 5 h

Canal polymerization of DMB in DCA canal was further carried out in the
presence of cycloalkanes as additives. Results are shown in Fig.II-11.
The result obtained in the presence of cyclopentane (curve A) was in the
same order as that in the presence of n-hexane. Cyclohexane as well as
cyclooctane were found to inhibit the polymerizétion of DMB effectively
similarly to the order as 2,3~dimethylbutane does. These results show that
addition of cycloalkanes led to the decrease in the polymer yield more
efficiently than that of the cases of adding n-alkanes, which seems to
indicate that cycloalkanes fit more favorably in DCA canal than n-alkanes.

Fig.II-11 includes also the run carried out in the presence of B~pi-

nene, a cyclic monoterpencid compound, which exhibited very little effect.

< 40 Fig.1I-11. Competitive incorporation of
8 RTTe--l — 8 cycloalkanes with DMB into DCA canal:
2ol 0000 T o Relationship between polymer yield and
P ‘\ the amount of additives.
E‘zq °., (0) :n~hexane, (X):cyclopentane,
5 el A . Eog:gyclohexane, (@) :cyclooctane,
£\, “ 4) :B-pinene.
& \b\-\n.:__r'" o

R U S S replacement:60°C for 1 h

0 03 o6 09 1.2 irradiation: 0.3 Mrad at -196°C
Mote ratio of additive to DMB post-polymerization: 0°C for 5 h
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2. Effect of polar molecules as additipes

It is well assumed that, not only size and shape of the molecules, but
also other factors such as polarity or functionality of the molecules as
additives play an important role in their competitive incorporation with
DMB monomer into DCA canal. The polymerization was carried out finally
in the presence of several polar organic compounds.

Table II-2 shows results of the canal polymerization of DMB in DCA canal,
in which excess amounts of polar compounds were present. It is noteworthy |
that almost all additives examined did not affect the polymerization behavior,
except the latter two or three cases in the table. Since the appearanée
of DCA crystals seems to be left unchanged during the polymerization in all
cases because of low solubility of DCA, decrease in polymer yield observed
in the cases in which dimethylformamide, dimethyl sulfoxide and acetic acid
were present appears to indicate that these compounds were incorporated

simultaneously with DMB into DCA canal.

Table II-2. Post-polymerization of DMB in DCA canal
a)

in the presence of polar molecules.

Additive Polymer yield in mg

None 38.3
Propionitrile 35.9
Acetone 39.8
Ethanol 35.7
Methyl formate = 39.5
1,2-Dichloroethane 38.5
Dimethylformamide © 28.9
Dimethyl sulfoxide 8.7
Acetic acid 0.8
a) DCA-acetone canal compound:1.0 g; DMB: 0.40 cm3; additive® 1.0 cm3;

replacement: 60°C for 1 h; dirradiation:0.3 Mrad at -196°C;
post-polymerization: 0°C for 5 h.
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Fig.lI~l2 shows IR spectra of DCA canal compounds obtained by competi-
tiyve incorpbiatioh under'tﬁe samé conditions aé désg:ibéd in Table II-2,
The IR spectra of DCA canal compounds formed in the presence of methanol,
ethanol, acetone and propionitrile were found to be similar to. that of DCA-
IMB canal compound formed in the absence of additives[Fig.II—l2(a) and (b)].
However, the spectrum of that formed in the presence of acetic acid was
quite different and rather similar to that of DCA-acetic acid canal compound
obtained by recrystallization of DCA from acetic acid {Fig.1I1-12(c)].
This fact appears to indicate that an inclusion of acetic acid into DCA
canal might occur predominantly, so that the polymerization of DMB could

not proceed in the DCA canal in this case,

Fig.II-12. Infrared spectra of DCA
canal compounds formed in the presence
of additives.

o~
(]
~—

(a): none

(b) : methanol, ethanol, acetone or
propionitrile

{C): acetic acid

Transmittance —»

Nl i 3 | O | 3 1

[} 1
1700 1500 1300 1100 300
Wave number in cm™!

[ S L
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Fig.I1I<13 shows results of polymerization done under the condition in

which amount of these additives was varied, It can be seen from the figure

that addition of acetic acid caused a sharp decrease in polymer yield

as compared with the case of adding n-hexane, while methanol and acetone
affected it only scarcely. This fact shows that methanol can be effectively
used as a solvent for inclusion polymerization of DMB in DCA canal, since
such small molecules are assumed not to be closely included into DCA canal

so that they seem to have no influence on forming DCA-DMB canal compounds.

< 4oF . Fig.II-13. Competitive incorporation of
Q ‘”\‘.’\Q"\“ﬁ\o— polar molecules with DMB into DCA canal:
%30 ‘\ .. Relationship betwc.aer-x polymer yield and
c a the amount of additives.
- x
3 20t (0) : methanol, (®): acetone,
> \ (A): ethyl acetate,
EIO- \ . \ . {X): acetic acid.
K \
& N replacement: 60°C for 1 h

0 5 10 i5 irradiation: 0.3 Mrad at -196°C

Mole ratio of additive to DMB ) post~polymerization: 0°C for 5 h
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I1 = 3. Experimental

Materials

Commercially available Qeokycholic acid (DCA) was purified by repeated
crystallization from acetone.

2,3-Dimethyl-1,3-butadiene (DMB) was prepared by hydrobromic acid-
catalyzed dehydration of anhydrous pinacol followed by fractional distilla-
26

tion. The fraction was analyzed by gas chromatography and found to be
more than 997% pure.
Various guest components used were of analytical grade and used

without further purification,

Formation of DCA Canal Compounds

The DCA canal compounds of acetone, ethyl acetate, acetic acid, aceto-
nitrile and methyl ethyl ketone were prepared by recrystallization of DCA
from the solvents. DCA canal compounds of palmitic acid and phenanthrene
were prepared by recrystallization of DCA from methanol containing the
guest molecules.?-Q'22

All the volatile guest molecules, with the exception of palmitic acid
and phenanthrene, could be effectively removed by heating the canal com-
pounds: for example, DCA-acetone canal compound at 145-150°C under reduced

pressure (10—3 Torr) for 15 min.

Polymerization Procedure

1.0 g of various DCA canal compounds ( 2.5 mmol ) above mentioned and
0.40 cm3 ( 3.5 mmol ) of DMB ( with additives in the case of runs of II-2-2. )
were placed in a glass tube of 10 mm diameter, which was then sealed under
vacuum (10"3 Torr) after three freeze-thaw cycles. The sealed tube was
heated for replacement of the included components by DMB at definite tem-
peratures. Irradiation was provided by y-rays from a 60co source at
-196°C with a dose of 0.3 Mrad. Post-polymerization was done
on the samples at 0°C for 5 h. The tube was then cooled again to -196°C

and then opened, and the contents were immediately poured into excess

27



methanol (50 to 100 cm3)  to separate DCA from the canal compounds.
Polymeis thus obtainedwwererwaéhed thoroughlj with hot methandl and dried
under reduced pressure. |

It is noteworthy that the polymerization of DMB was found to proceed
predominantly in the DCA canal and negligible outside of it under the

27

conditions studied.

Measurements

Differential thermal analysis (DTA), thermogravimetry (TG) and
infrared (IR) spectral measurements were carried out in the same way as

described in Chapter I.

11 - 4, Summary

DCA-DMB canal compounds were found to be prepared readily by repla-
cing various sorts of guest molecules in DCA canal by DMB monomer. Post-
irradiative polymerization of the monomer included in DCA canal was studied
after irradiating with y-rays from a 60Co source. Both the replacement
and the polymerization processes were observed by differential thermal
analysis(DTA), thermogravimetry(TG) and IR spectroscopy. The optimum con-
ditions for the replacement of acetone, ethyl acetate, and acetic acid by
DMB were established.

Canal polymerization of DMB in DCA canl was studied in the presence of
several sorts of non-polymerizable organic compounds including alkanes
and polar molecules. These compounds were found to be incorporated
competitively with DMB monomer into DCA canal{ causing thereby more or less
decrease in therrate of polymerization depending on the structure of addi-
tives. DCA canal was found to incorporate more:favorably branched or

cyclic alkanes than linear ones.
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cmaptgrlll, Space Control for Inclusion Polymerization

in Deoxycholic Acid Canal

ITT - 1. Introduction

It is considered that deoxycholic acid (DCA) canal may play two impor—'
tant roles when it is employed as a reaction space for polymerizationm. »
The one is that DCA canal has an ability to select molecules to be included,
which was treated in the preceding Chapter IIbinAterms of competitive
incorporation of guest components into DCA canal.~ 7

The other is that DCA canal can control a polymerization reaction of
monomer molecules included in the canal to yield a stereospecific polymer.
This might be attributed to the constrained movement of the monomer mole-
cules inside of the canal. In other words, monomer molecules which fit
the canal have one dimensional movement, maintaining a definite orienta-
tion under the influence of host molecules.

This chapter concerns with the inclusion polymerization of four diene
monomers in DCA canal in detail; the& are 1,3-butadiene(BD), 2,3-dichloro-
1,3-butadiene(DC B), Z,B—dimethyl—l,3—butadiene(DMB), trans-2-methyl-1, 3-
pentadiene, which have different molecular sizes and shapes. It can be
suggésted from the results of Chapter II that DMB and DCZB fit DCA canal
preferentially, and BD fits DCA canal less effectively. ‘ '

Since trans-2-methyl-1,3-pentadiene is a prochiral monomer, it is suitable
for a study on asymmetric inclusion polymerization in chiral DCA canal.

At first, it is described that these monomers are subject to different
space control for inclusion polymerization in DCA canal, in connection with
the nature of DCA canal compounds. Finally, peculiarity of DCA canal is
described on the basis of comparison of host molecules so far employed for:

inclusion polymerization in canal.
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I11 - 2. Results and Discussion
IIT - 2 - 1. 1,3-Butadiene  (BD)

1. Process. for polymerization of BD in DCA canal

The polymerization of BD included in DCA canal was carried out gene-
rally in a similar way as that of 2,3-dimethyl-1,3-butadiene (DMB)

described in the preceding Chapter II according to the following Scheme:

DCA-acetone BD DCA-BD

canal compound Replacement * canal compound
_Y-rays R DCA-poly (BD) methanol _
Polymerization” canal compound Separation” poly (BD)

DCA-BD canal compound

DCA-BD canal compound ﬁas at first prepared by treating DCA-acetone
canal compound with excess amount of BD in a sealed tube for 2 h at 60°C.
The sample was then allowed to stand under ordinary pressure at room tempe-
rature to exclude BD present outside of the canal compound. It is note-
worthy that DCA was scarcely soluble in BD, and that the crystals of the
canal compounds kept their original shape and appearance even after the
treatment. Fig.III-1 shows DTA diagrams of the samples. The peak at
148°C for DCA-acetone canal compound [Fig.III-1 (a)] was replaced by a
new peak at 158°C [Fig.III-1 (b)]. The tendency of the DTA diagram
change was similar to that of DCA-DMB canal compound, though the boiling
points of these monomers were far different. TG measurement done at the
same time in parallel showed a gradual release of the guest component from
the canal in a temperature range between 100 to 150°C, and then a marked
release to 165°C. It can be recalled, on the other hand, that such a

gradual release of monomers from the canal in the temperature range of
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about 100 to 150°C could not be observed in cases of DCA-DMB and

DCA—DCZB caﬁal cémpoﬁnd (séé 11152«2 aﬁd III~2—3 );i‘ From these results,
DCA-BD canal compouﬁdAshouié.be concluded as being more unstable than those
DCA canal compounds of 2,3-disubstituted butadienes. Furthermoré, BD was
found to be released from DCA canal when the DCA-BD canal compound was
allowed to stand for a long time at room temperature. The mole ratio of

DCA to BD in the canal compound amounted nearly 2.

DCA-poly (BD) canal compound

The DCA-BD canal compound thus prepared was irradiated from a 60Co

source at -196°C with a dose of 0.3 Mrad, and the post-polymerization was
successively done at 0°C for 5 h. It is noteworthy that the polymerization
in question proceeds predominantly in the DCA canal and negligible outside
of it. As can be seen from Fig.III-1 (c), peaks at 158 and 178°C

observed for DCA-BD canal compound were no more seen for DCA-poly(BD) canal
compound, and in the latter case, a new peak appeared at 203°C, which is

15°C lower than that of DCA-poly(DMB) canal compound (see Fig.I-2). This

Fig.III-1. DTA diagrams.

c
__-———_f\dﬁ\\\/f (a): DCA-acetone canal compound
(b): DCA-BD canal compound
‘ (c): DCA-poly(BD) canal compound
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suggests that DCA forms more stable canal compound with branched molecules
such as 2,3<disubstituted.pélybutadienes thanrwith.linear poly(BD) itself.
The IR specﬁrum of the DCA-poly(BD) canal compound showed a very weak
absorption band at 970cm‘l, which. is characteristic for trans—l;h structure

of the polymer.

Poly (8D)

After the polymerization, DCA canal compounds were poured into excess
methanol to separate DCA and the polymers resulted. The polymers were a
rubbery solid which is soluble in carbon disulfide, toluene, e¢te., and
insoluble in hydrocarbons and alcohols. Its molecular weight amounted to
5 x 104, The microstructure of the polymer conéists of trans-1,4 and
1,2-types in a ratio of 73:27, and cis-1,4-structure was not detectable.
This fact is in contrast to the highly trans-1,4-structure of poly(DMB).

It might be recalled that the highly trans-1,4 tactic polymers can be

obtained by the canal polymetization of BD using ureaB(l)’6(2)

and perhydro-
triphenylene15 as the host molecules. These results suggest the importance
of a characteristic space, control for addition polymerization in DCA

canal

2. On the replacement of acetone by BD in DCA canal

The conditions for replacing acetone by BD in DCA canal were further
studied. Figs.I1I-2 and III-3 show how the replacemeﬁt of acetone by BD
in DCA canal depends on the temperature and the time required for the
replacement ( shown in broken lines ). The polymerization was found to
proceed very slightly at 0°C for 1 h, however, the polymer yield enhances
with rise in both the temperature and the time for replacement. The
polymerization yield tends to saturate after 2 h at 60°C.

The runs were further carried out in the presence of ethyl acetate as
the additive, the result being shown with full lines. Like the result
obtained in the absence of any additive, the polymer yield réached to
saturation after 2 h at 60°C. In addition, the presence of ethyl acetate

was found to cause a decrease in the polymer yield.
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Fig.I1I-2, Post-polymerization of BD in DCA
canal; Polymer yield in relation to replace-
ment temperature.

DCA-acetone canal compound: 1.0g:; BD: 1.0cm3
replacement: 1 h

irradiation: 0.3 Mrad at -196°C
post-polymerization: 0°C for 5 h

(0): without additive
(®): in the presence of 1.0cm3 of ethyl acetate

Fig.III-3. Post-~polymerization of BD in DCA
canal; Polymer yield in relation to replace-
ment time.

DCA-acetone canal compound: 1.0g; BD: 1.0cm3

replacement: 60°C
irradiation: 0.3 Mrad at -196°C
post-polymerization: 0°C for 5 h

(Q): without additive
(e): in the presence of 1.0cm3 of ethyl acetate
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3. Effect of additives

The inclusion polymerization of BD in DCA canal waé then studied in the

presence of various sorts of additives.

Effect of additives on the polymerization

The post-polymerization was studied in the presence of 9 sorts of
additives. The result is shown in Table III-1. It can be seen
that addition of various component affected the polymer yield and the
microstructure of the polymers obtained : addition of methanol caused an
increase in polymer yield, while it had no effect on the microstructure of

the polymér. In contrast to this, addition of acetonitrile, acetone,

Table III-1. Effect of additives on the post-polymerization of BD

in DCA canal. a)

- , Polymer yield Microstructure of polymer
Additive in mg trans-1,4 : 1,2 (%)
None 34 73 : 27
Methanol 42 73 : 27
Ethanol 29 76 : 24
Acetonitrile 18 95 : 5
Acetone 20 98 : 2
Methyl formate 17 98 : 2
Ethyl acetate - 20 99 : 1
7n—-Hexane 14 ) 97 : 3
2,3-Dimethylbutane 10 93 : 7
Benzene 35 72 : 28

a) DCA-acetone canal compound: 1.0 g; BD: 1.0 cm3; additives: 1.0 cm3;
replacement: 60°C for 2 h; irradiation: 0.3 Mrad at -196°C;
post-polymerization: 0°C for 5 h.

N
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methyl formate, and ethyl acetate afforded the polymers composed over 907
of tranSvl,4—ﬁnit. .-Thﬁ tabie éiso iﬁdiéates.thé deé;eaSé iﬁ éolymgr yield
in the case of adding n-hexane and 2,3-dimethylbutane, respectivély, N
which can be regarded as saturated linear and branched butadiene models.
Addition of benzene'did not cause any structural change of the polymer.
Acetic acid was found to inhibit the polymerization of BD effectively.
Fig.III-4 shows IR spectra of poly(BD)s obtained by the canal poly-
merization in the presence of additives; The spectrum of poly(BD) obtained

in the presence of ethyl acetate | Fig.III-4 - (b) ] was almost identical

Fig.IITI-4 . Infrared spectra of
poly(BD) obtained by inclusion poly-
merization in DCA canal in the
presence of additives.

(a): methanol
(b): ethyl acetate

t [ 1 1 ]
1500 1300 100
Wavenumber

1 1 1 | 1 (]
900 ¢m-t

1
. 1700
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to that of the polymer obtained by urea canal polymerization,3(l)which

afforded a highly tranSvl,éu tactic polymer. . The crystalline-sensitive

bands were observed at 1350, 1250, 1060 and 780cm™l.  On the othetr hand,

the spectrum obtained in the presence of methanol indicated a peak at

910<:m"1 characteristic to 1,2-addition, and no crystalline-sensitive

bands seem to appear [ Fig.III-4 (a) ].

Dependence of the amount of additives on the polymerization

The inclusion polymerization of BD in DCA canal was next carried out,

varying the amount of methanol, ethyl acetate and acetic acid as the addi-

tives.

As shown in Fig,III-5 ,vaddition of small amount of methanol and

ethyl acetate caused an increase in polymer yield as compared with that

Polymer vyield

40

20+

mg/gDCA
6 g/gl

o,

8\,
A\

| \‘\ \

,
A—p- 1 L 1

1 2 3 4
Additive (em3)

Fig.III-5. Effect of additives on the post-
polymerization of BD in DCA canal:

Polymer yield in relation to the amount of
additives.

DCA-acetone canal compound: 1.0g; BD: 1.0cm3
replacement: 60°C for 2 h

irradiation: 0.3 Mrad at -196°C
post—polymerization: 0°C for 5 h

(O) : methanol, (®): ethyl acetate,
(®) : acetic acid
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in the absence of any additive, and the polymer yield decreased with rise
in an incréasé éf additiyeé.r- In thé casé of addiﬁg acétié aéid;.no
increase in pélymer yield was observed.

Table III-2 shows the microstructure of the polymers. . obtained. The
microstructure of the polymers obtained in the presence of methanol seems to
be identical, ' however, a polymer with high content of trams-1,4 unit
( up to 99% ) were obtained in the case of adding ethyl acetate.

These results suggest that the polymerization of BD in DCA canal can

be controlled by the additives competitively.

Table III-2. Effect of additives on the post-polymerization of BD

in DCA canal ; Relationship between the microstructure

a)

of polymers and the amount of additives.

Additive (cm3) Microstructure of polymers(trans-1l,4:1,2) (%)

methanol ethyl acetate
0.12 69 : 31 72 : 28
0.25 71 ¢ 29 85 : 15
0.50 71 : 29 98 : 2
1.00 73 : 27 99 : 1
2.00 71 : 29 99 : 1

a) DCA-acetone canal compound: 1.0 g; BD: 1.0 cmS;
replacement: 60°C for 2 hj irradiation: 0.3 Mrad at -196°C;
post—polymerization: 0°C for 5 h.:
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III - 2 -~ 1. 2,3-Dichloro-1,3-butadiene (DCILB)
1. Polymerization Characteristics

On the stability of DCA-DCZB canal compound

It is known that the DCIB monomer polymerizes readily in methanol solu-
tion by y-ray irradiation. In order to e#clude the polymerization outside
of the canals, the polymerization was performed only for the crystals of
the DCA-DCZB canal compounds, which were prepared in methanol solution and
filtered off therefrom. | The crystal canal compounds thus isolated were
stable enough even after allowing to stand for two weeks at room temperature
under ordinary pressure; that is, no significant removal of the monomer from
the canal compounds was observed, which was ascertained by IR spectral and
TG measurements. It is to be recalled for comparison that thiourea-DCIB
canal compound is rather unstable at room temperature.7(l)(2)

Fig.I1I-6 shows the relative amount of decrease in the DCZB monomer
from the canal compounds on standing at different temperatures under
ordinary pressure, whiéh was estimated from the decrease in absorption at
890cm_l‘in IR spectra. It can be seen that the monomer was removed rapid-
ly at 150°C, but very slowly at room temperature. As shown in Fig.III-7,
for both cases of polymerization in air and in vacuum, the conversion after

3 h was constant, independently of the time of standing at room temperature

under reduced pressure.

Influence of air on polymerization

. 2 *

As can be seen from Fig.III-7 and III-8, conversion was considerably

lower in air than in vacuum. The result suggests that oxygen atoms may
interact the canal compounds and inhibit the polymerization within DCA

canal.

* Polymer yields were given in % conversion in the polymerization of
DCIB in DCA canal; since only isolated crystalline canal compounds
were used, all the monomer existed in DCA canal.
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Fig.I1I-6. Decrease in the amount of DCIB from its DCA canal compounds
when standing under 1 Torr pressure at different temperatures.
(®): 15°C, (0): 100°C, (&): 150°C.
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Fig.III-7. In-source polymerization of DCLB in DCA canal; Relationship
of conversion with time of pretreatment of the compounds under
1 Torr pressure at 15°C [ dose rate,. 1.7x10° rad/h; irradiation
time, 3 h at 0°C; (A):in vacuum, (@):in air ].
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Fig.III-8. Effect of irradiation on conversion for the in-source polyme-
rization of DCIB in DCA canal at 0°C ; (A) in_vacuum, and §B) in air
[ dose rate (rad/h): (El):3.0x105, (A):l.7x105, (®):1.1x10
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Fig.III-9. Effect of dose rate on conversion for the in-source polymeri-
zation of DCIB in DCA canal at 0°C ; Time-conversion relationships.
[ dose rate (rad/h): (B):3. 0x10%, (8):1.7x10°, (®):1.1x105,
(8):7.4x10%, (@):5.3x10% 1.
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Effect of dose rate on polymerization

Fig.I1I11~8 and IILI-9 show relationships of conversion with irradiation
dose and irradiation time, respectively. Conversions were found to be
proportional to the reaction time and to the total irradiation doses up to
about 607%, and then the polymerization proceeded quantitatively. As
can be seen also from Fig.iII-lO,the initial rate of polymerization was
proportional to the 0.9th order of the dose rate, in the dose rate range
examined. The fact that the rate of polymerization;showanearly the first-
order relationship to the dose raté suggests that‘contribution of the
bimolecular termination is fairly small, and at least, unimolecular or
otherwise, no termination reaction predominates in the canal polymerization
in question. In other words, the propagating free radicals in DCA canal
should be coﬁsidered to have longer life times. This can be also supported
by the occurrence of post-polymerization as well as the result on the

trapped free radicals by ESR measurements.

_olo/h /
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T

Initial rate of polymerization
o
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10* 10° 10% r/h
- Dose rate

Fig.III-10. Dependence of the dose rate on the initial rate of
in-source polymerization of DCIB in DCA canal at 0°C.
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Effect of temperature on polymerization

The temperature”dependence of the conversion was examined in the range
between -78 and 50°C. The result is shown in Fig.JIII1-11. Arrhenius plots
of the initial rate of polymerigatidn showed a folded line, which gave an
apparent activation energy of ‘3.4 keal/mol(14.3 kJ/mol) for the canal poly-
merization in the temperature range between -23 and 50°C, and 0.9 kcal/mol
(3.8 kKJ/mol) for that below -23°C (Fig.III—lZ); These values are much lower
than that obtained by‘Kiss and Polgar,12¢ whq reported an apparent acti—
vation energy of 22 kcal/mol (92.4 kJ/mol) for the thermal and photo-
initiated polymerization of DCIB monomer in thiourea canal compounds.

From the resul%s on the polymerization behavor here obtained,
together with those of ESR as well as post-polymerization studies,
it can be concluded that the ﬁolymerization of DCIB in DCA canal proceeds
by a free radical mechanism, in which the propagating free radicals have
long lifetimes. ' They are quite analogous to those reported for the
radiation-induced polymerizations of acrylonitrile in urea canal compounds

10’12’14, as well as of 1,3-pentadiene in perhydrotriphenylene canal

compounds.15(6)(7)
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Fig.III-11l. Temperature dependence
of the in-source polymerization of
DCZB in DCA canal ; dose rate,
1.7x103 rad/h, for 3 h.
(A):50°C, (w):30°C, (w):18°C,
(¢):10°C, (@): 0°c, (e):-23°C,
(a):-45°C, (0):-78°C.
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2. Nature of the DCA-DCLIB Canal Compounds

DTA and TG of the canal Compounds

Fig.1I1I-13 shows DTA diagrams of DCA-DCIB canal compounds before and
after irradiation. The diagram before. irradiation has two peaks, at about
158°C and 178°C, respectively. The former peak corresponds to the tem-
perature at which the monomer included is released from DCA canal, which
was confirmed by TG measurements carried out at the same time in parallel.
The TG measurements indicated also that the mole ratio of DCA to bCZB
monomer in the canal compounds amounts nearly 3. This value is identical
to those obtained for the cases of DCA-2,3-dimethylbutane and DCA-2,2-

20,28

dimethylbutane canal compounds, the guest molecules of which being
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assumed to be the saturated model compounds of the correspondlng disubsti-
tuted butadlenes. The latter peak corresponds to the melting point of
DCA itself. .

After the irradiation, DTA diagrams of the canal compounds show a new
peak at 215°C, yhich was ascribed to the melting of the polymer canal com-
pounds produced. The absorption at 215°C tended to increase with increa-
sing conversion, accompanying the decrease in the absorption at 158 and
178°cC. This feature appears to'egplain well a gradual change of DCIB

monomer into its polymer within canal compounds.

'

A
B
< Fig.I1I-13,DTA diagrams of DCA-
~ DCIB canal compounds before and
' - after dirradiation.
» A: before irradiation
D B: after irradiation(conv.1l4%)
- C: after irradiation(conv.90%)
““\\\//’ - D: DCA without guest molecules
1 I 1 i [} I 1 1 1

1
150 180 210 °c
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IR spectra of the canal compounds

Fig.III-14(A) shows the IR spectrum of DCA-DCZB canal compound. The
monomer in the canal compound shows absorption bands at 710, 890 and
lSSOchl, which are quite similar to those observed for the monomer in a
liquid form, that is, in the absence of host DCA molecules. After the canal
compound was allowed to stand at 150°C under reduced’pressure, the spectrum
changed its form to Fig.III-l4(B), indicating some change‘in the crystal
structure of DCA molecules. The spectrum seems, however, not to have
changed if the canal compound has been treated at 100°C even for 50 h,
except for decreases in absorbances at 710, 890 and 1580cm™ L. Since it is
assumed that the crystal structure of DCA itself did not change after 50 h
treatment‘at 100°C, the decrease in their absorbénces may be caused by the

release of the monomer from DCA canal during heat treatment.
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Fig.II1I-14, Infrared spectra of DCA-DCIB canal compound (A) and of
the canal compound after standing at 150°C for 1 h under reduced
pressure (B). ' :
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Fig.II1I~15 shows IR spectra of DCA-DCIB canal compounds before and
aftexr radiation—in&uced pol&merizétion.k ‘As can be éeeﬁ from the figure, 7
the absorptioﬁs‘ét.YlO ana 890cm"1; decreased with increasing the conversion,
and a small peak appeared at 830cm‘1, without changing in the spectrum of
DCA itself. The new peak at 830c:m'—1 appears to belong to the polymer
canal compounds. From these facts it is suggested that the polymerization
of DCIB monomer in DCA canal compounds proceeds without damaging the

canal structure.

(1)

Y]

(2)

Transmittance

A ] : i . ] . ) . L
1200 1100 1000 900 800 700 em™
Wavelength ~

Fig.I1II-15. Infrared spectra of DCA-DCIB canal compounds before and after
irradiation. (1) before irradiation, (2) after irradiation(conv.14%),
(3) after irradiation(conv.45%), and (4) after irradiation(conv.90%).
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3. Properties of polymers

The polymers obtained and freed from the host molecules were insoluble
in usual organic solvents such as chlorobenzene, dichlorobenzene; diméthyl—
formamide, dimethyl sulfoiide, and only slightly soluble in hot tetralin.
It was difficult to find a better solvent for the polymer to enable the
measurement of the intrinsic viscosities. The poly(DCIB) did not melt.
below 300°C. In the X-ray diffraction pattern, strong makima were
observed at the d-values of 4.8, 3.7 and 2.9 2. ‘

Poly(DCZB) thus obtained were highly 1,4-trans tactic, as can be seen
from the IR spectra (Fig.III-16), which showed no 910 and 1650<:m—1 bands

that are characteristic of 1,2-addition. The structure of this polymer was

found to be identical to that of thiourea canal polymerization as described

. . 7(1) (2)

in previous papers. )
The IR spectra of poly(DCIB) obtained are almost the same, independently

of the conversion, which suggests that the polymerization in question is

controlled effectively in DCA canal over all conversion ranges.
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Fig.II11-16. Infrared spectrum of poly(DCIB) obtained by
inclusion polymerization in DCA canal.
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111 - 2 - 3, 2,3-Dimethyl-1,3-butadiene (DMB)
1. Polymerization Characteristics

General features of the polymerization

It has been reported that in the case of the bulk polymerization of
DMB, conversion did not exceed}lBZ if the monomer was irradiated with a dose
of 65 Mrad.27 On the other hand, radiation-induced polymerization of DMB
in thiourea canal compounds was found to proceedkreadily to about 80% con-

27,6(1)  gich 2 marked increase in

version even with a dose of 1 Mrad.
reactivity of DMB in the canal compounds might be attributed to the preferen-
tial orientation of the monomer molecules inside of the thiourea canal.
Our present work shows also that the polymerization proceeds predominantly in
the canals and negligible outside of them, under the conditions studied.
Table III-3 shows the influence of the atmosphere onAthe'post—polymeri—
zation of DMB included in DCA canal. The polymerization was found
to be extremely slow in the absence of DCA (run 1). Run 2 in an open tube
gave also substantially low yield, which was ascribed to insufficient
formation of the canal compounds. Sealing in air at ordinary pressure
raised the yield considerably (run 3). The highest yield was attained
when the canal compound formed in a degassed, sealed tube (rum 4).
Fig.III-17 shows the relationship between the post-polymerization time
and conversion for cases carried outyin open and sealed tubes.
As can be seen, the polymer yield was considerably lower in the case of
open tubes than in case of sealed tubes. These experiments show clearly
that oxygen has some effect on the post~polymerization of DMB included
in DCA canal. A similar influence of the atmosphere has been pointed out
for the radiation-induced in-source polymerization.of 2,3~dichloro-1,3-
butadiene (DCIB) in DCA canal compounds. Based on these results,

the successive experiments were done in degassed sealed tubes.
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Table III-3. Influence of atmosphere on the post-polymerization

of DMB in DCA canal in the presence of methanol®)

Run iZ;:itiggpzinshe Irradiation iilgzer yield
1 Without DCA Air or vacuum 1>

2 Open to air ' Open to air 5.1

3 Sealed in air Sealed in air 21.1

4 Sealed in vacuo Sealed in vacuo 45.7

a) DCA: 1.0 g; DMB: 0.3 cm3; methanol: 4.0 cm>
irradiation: 1.6 Mrad at -78°C
post-polymerization: 0°C for 20 h

Fig.III-17. Influence of air on the post-
polymerization of DMB in DCA canal in the
presence of methanol.

o— E 0): in air (®): in vacuum

20 / /0*“*"_ ; ( ]

DCA: 1.0 g; DMB: 0.3 cm3; methanol: 4.0cm3
irradiation: 1.6 Mrad at -78°C
post-polymerization: 0°C

polymer yield

—=O!

2 4 6 20
Polymerization time (h)
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Dependence of the amount of monomer, methanol and other additives

The polymerization of DMB monomer included in DCA canal was carried out
at first with constant amounts of DCA and methanol, with varying amounts of
DMB monomer. As shown in Fig.III-18, an increase in the amount of DMB
resulted in an increase in polymer yield, and then the polymer yield attained

a constant value for the case in which 0.2 cm3

of DMB was used. Assuming
that fhe:mole ratio of DCA to DMB in the canal compound is nearly 3 (from
the results of thermogravimetry(TG) as will be mentioned later), 1.0 g of
DCA-acetone canal compound (2.5 mmol) present in a sealed tube should

3

include 0.10 cm™ of DMB (0.8 mmol). The present result shows that

an excess of DMB was necessary to obtain the maximal polymer yiéld under
these polymerization conditioms.

Fig.IITI-19 shows the results of the polymerization in which the amounts
of DCA and DMB were kept constant and that of methanol varied. As can be
seen, the polymer yield was independent of the amount df‘methanol present,
which may indicate sufficient formation of the canal compound under these

experimental conditions.

g 4LOF . » .
@
o -
£
=)
z 20 - ~
e Fig.I1I-18. Post-polymerization of DMB in DCA
; canal in the presence of methanol; Polymer
g 7 ! yield in relation to the amount of DMB.
0 : 1 ‘ . DCA: 1.0 g; DMB: varied; methanol: 4.0 cm3
01 02 03 04 . - irradiation: 1.0 Mrad at -196°C

23-dmethybuadiene () post-polymerization: 0°C for 20 h
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Fig,III-19. Post~polymerization of DMB in DCA
canal in the presence of methanol; Polymer
yield in relation to the amount of methanol.

DCA: 1.0 g; DMB: 0.3 cm3; methanol: 4.0cm3
irradiation: 1.0 Mrad at -196°C
post—-polymerization: 0°C for 20 h

Fig.II11-20. Influence of additives on the
post-polymerization of DMB in DCA canal;
(0): hydroquinone, (#):2,3-dimethylbutane

"DCA: 1.0 g; DMB: 0.3cm3; methanol: 4.0cm3
irradiation: 1.0 Mrad at -196°C
post-polymerization: 0°C for 20 h
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In order to obtaln more 1nformat10n about the canal polymerlzatlon
the reactlon was . next carrled out in the presence of 2 3—d1methylbutane,
whlch was regarded as a saturated model compound of DMB monomer. As can
be seen from Fig.III-20, addition of 2,3—d1methylbutane led to a sharp
decrease in polymer yield. This fact may be e#plained'by;the eompet}tive
inclusion of both DMB monomer and 2,3-dimethylbutane at the same time,
causing incomplete orientation of DMB diluted with the additives in the canal.

In contrast to this case,'the decrease in the polymer yield afforded
by adding hydrogquinone to the polymerization system'was slight. This fact
suggests that the extent of inclusion of hydroquinone into DCA canal is
much less than that with DMB, while the polymerization outside of the canal

can be effectively inhibited by hydroquinone.

Dependence on temperature

The post-polymerization of DMB included in DCA canal was further studied
at different temperatures after irradiation to a definite dose. Fig.III-21

shows the resulting time-conversion relationships. The rate of polymerization

was found to be negligible at -45°C. However, the rate increased with
increasing temperature. Polymer yield could readily be controlled at 0°C,
causing saturation after 20 h. Such a saturation of the polymer yield was

observed even within 30 min at 30°C.

The prolonged post-polymerization at low temperature increased the
polymer yield remerkably: while post-polymerization at -23°C for 6 h,
for example, yielded only 2.5 mg polymer, the yield increased to 9.6 mg for
20 h and 15.4 mg for 44 h, starting from 1.0 g DCA-DMB canal compounds
irradiated with a dose of 1.0 Mrad at -196°C. The post-polymerization at
higher temperature seems not to be influénced even after long periods of time:
for example, the post-polymerization performed at 0°C for 24 h, after stand-
ing for 20 h at -45°C, afforded 39.5 mg polymer, which was nearly the same
result as the case in which the post-polymerization was done immediately
after irradiation. These results suggest long lifetimes of the free

radicals generated in DCA canal, and the occurrence of a living-like
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Fig.I1I-21. Temperature dependence of the
post—-polymerization of DMB in DCA canal.
in the presence of methanol.

DCA: 1.0g; DMB: 0.3cm3; methanol: 4.0cm3

irradiation: 1.0 Mrad at -196°C

post-polymerization: (mw):-23°C, (¥):-14°C,
() :0°C, (O): 10°C, (O): 20°C, (®): 30°C

Fig.TI1-22. Arrhenius plot of the initial
rate of post-polymerization of DMB in DCA
canal in the presence of methanol.
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polymerization of the free-radical type.

which gave an apparent activation energy

for the.canal polymerization in question

Eig;li1v22wshbws Arrhenius plots of

-14 to 30°C.

the initial rate of polymerizationm,
of 13.7 kcal/mol (57.5_kJ/mol)

in the temperature range of

Effect of irradiation dose

Polymer yield (mglg DCA)

40

30+

20}

10

Polymerization time (h)

The DMB monomer included in DCA canal was then irradiated with a varie-
ty of doses.

Fig.III-23.

Results of the post-polymerization at 0°C are shown in

The rate of polymerization was found to increase with
increasing irradiation dose.

Fig.III-23, Effect of dirradiation dose on the
post-polymerization of DMB in DCA canal in
the presence of methanol.

DCA: 1.0g; DMB: O.3cm3; methanol: 4.0cm3

irradiation: (@): 0.2 Mrad, (A): 0.5 Mrad
(@): 1.0 Mrad at -196°C

post-polymerization: 0°C
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2. Nature of the DCA<DMB canal compounds

DTA and TG of the canal compounds

In a previous section, the author described the stability of the DCA-

2 3 dichloro-1, 3-butad1ene (DCIB) canal compound on the basis of IR spectra
and TG measurements. The stability of DCA-DMB canal compounds was found
to be in the same order: no significant removal of DMB monomer from the
canal compound was observed even after being allowed to stand for 2 weeks
at room temperature at ordinary pressure: however, DMB was removed rapidly
from the canal compounds at 150°C. ' |

Fig.I1I-24 shows DTA diagrams of DCA-DMB canal compounds before and
after irradiation. The diagram before irradiation has two peaks at sbout
158 and 178°C. The former peak corresponds to the temperature at which
DMB monomer included is released from the DCA canal, as confiirmed by simul-
taneous TG measurements. The TG measurement indicated also that the mole
ratio of DCA to DMB monomer in the canal compounds was nearly 3. The peak
at 178°C corresponds to the melting point of DCA itself.

After the irradiation, DTA diagrams of the canal compounds show, in
addition, a peak at 215°C, which was ascribed to the melting point of the
polymer canal compounds produced. The absorption at 215°C tended to

increase with an increase in polymer yield and was accompanied by a decrease

oy
B—h__\\/wﬁ\/f—_“_—\f— Fig.III-24. DTA diagrams of DCA-DMB canal

compounds before and after irradiation.

¢ TN \\/_ A: before irradiation
, B: after irradiation(polymer yleld 5.1 mg)
D C: after irradiation(polymer yield, 36.9 mg)
\[ D: after irradiation(polymer yield, 45.7 mg)
U I R
150 200
Temperature (°C)
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in the absorptions at 158 and 178°C.. These observations .seem to explain
well a gradual change of DMB monomer into its polymer within.the cénal

compounds.

IR spectra of the canal compounds

Fig.II1-25 shows the IR spectrum of the DCA-DMB canal compound obtained
by recrystallization of DCA from methanol containing DMB. " DMB included in
DCA canal shows absorptions at 890 .and 1600cm™1+ These absorptions decrea-
sed wiﬁh a rise in polymer yield without changes in other spectral regions;
however, they did not disappear completely even in the case of the canal
compounds after polymerizing to the highest yield. This fact suggests that
the polymerization of DMB monomer in DCA canal proceeds without damaging
the canal structure, which leads to the polymer canal compounds containing

unpolymerized monomer.

1
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Fig.I11-25, Infrared spectrum of DCA-DMB canal compound.
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3. . Properties of polymers. .

. The poly(DMB) thus obtained melted at 240 - 250°C in a sealed capillary,
and were insoluble in boiling benzene and chlorobenzene and slightly soluble
in hot dichlorobenzene and tetralin. In the X-ray diffraction pattern,
strong maiima were observed at the d-values of 5.2 and 4.3 Z.

-The intrinsic viscosities of the polymers prepared by the post-poly-
merization at 0°C were measured at 30°C with AnAUbbelohde viscometer.

The results are shown in Fig.ITI-26. The values of nsp/c increased with
an increase in post-polymerization time. This suggests that the lifetime
of the active free-radical species produced in the canal is long enough

to propagate the polymer chain length as the polymerization proceeds.

0.0+ /

NspiC

. . Fig.III-26. Effect of post-polymerization
' time on nsp/c of polymers.

DCA: 1.0g; DMB: O.3cm3; methanol: &.0cm3
irradiation: 1.0 Mrad at -~196°C
post-polymerization: 0°C

0.05+

0 5 I N A . —

0 2 4 6

Polymerization time(h)

Fig.III-27 shows IR spectrum of poly(DMB) obtained. This spectrum

was found to be almost identical to that of the same polymer obtained by
7(2)

29

thiourea canal polymerization as well as by the usual polymerization

with a Ziegler~type catalyst,”” which afford highly 1,4-trans tactic

polymers.
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Fig.III-27. Infrared spectrum of poly(DMB) obtained by
inclusion polymerization in DCA canal.

The 100-MHz NMR spectrum of the poly(DMB) is shown in Fig.III-28.
Methyl and methylene resonances appear at 1.78 and 2.18 ppm, respectively.
However, no signal for 1,2-structure was obtained. Though the lQO—MHz
NMR is insufficient to distinguish methyl and methylene protons, whether
in 1,4~trans or 1,4-cis type,29 the production of all 1,4~trans tactic
polymers is suggested on considering both IR and NMR spectral results.

It was further found that the IR and NMR spectra of a series of the
polymers are almost identical, independently of the conversion, which
suggests that the post-polymerization in question is effectively controlled

in the DCA canal over a wide conversion range.

™S

Fig.I1I-28, 100-MHz NMR spectrum *J

of poly(DMB) obtained by inclu- rﬂj
sion polymerization in DCA %
canal. 3
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III - 2 ~ 4. trans-2-Methyl-1l,3-pentadiene

Canal polymerization is one of the unique polymerization techniques
used in the solid state to prepare stereoregular polymers}‘particularly
optically active diene polymers. In 1967, Farina, et qZ.,16 reported
on the first asymmetric canal polymerization of trans-1,3-pentadiene
using chiral perhydrotriphenylene as the host molecule. Very recently,
Audisio, et aZ.,lB studied the asymmetric inclusion polymerization of
1,3-pentadiene in deoxycholic acid(DCA) canal.

In this section, the éuthor wish to describe the first synthesis of
the optically active polymer, poly(?rans—Z—methyl—l,3—pentadiene), from its
prochiral monomer, trans—2-methyl-1,3-pentadiene, by asymmetric canal
polymerization using DCA as the host molecule. It is worth noting that
the polymer thus prepared showed a substantially higher optical rotation
than the rotations of other usual synthetic vinyl and diene polymers
hitherto known.

The polymer which resulted melted at 159-164°C and was soluble in
o~dichlorobenzene and tetralin. Its viscosity number ( nsp/c ) in o~
dichlorobenzene and tetralin at 70°C was 0.26 dl/g ( ¢=0.20 g/dl ).

IR and H1-NMR spectra were found to be almost identical with those of
poly (trans-2-methyl-1,3-pentadiene) obtained by canal polymerization using
racemic perhydrotriphenylene as the host molecule.ls(a)

The polymer was found to show a high optical rotation of the same sign

as that of DCA itself ( [u]D= +55° in ethanol ) : [alp= +250° ; [OL]577 =

+290° [“]546 = +350° ; [oc]435 = +560° ; [aljzgs = +940° ( measured at

26°C in 0.11 x 1073 g/cm’

worthy that these spécific rotation values are much higher than those of

in o-dichlorobenzene solution ). It is note-

polypentadienes obtained either by inclusion or by coordination polymeri-

zation. That is, cis~1,4-polypentadiene obtained by inclusion polymeri-

18

zation in DCA canal™ showed a specific rotation of -21° ( [a]D in toluene)

and trans-1,4-polypentadiene obtained by the inclusion polymerization in

chiral perhydrbtriphenylene canal showed one of +7.5° ( [a]D‘). 16,3(2)
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It should also be recalled that the. coordlnatlon polymerlzatlon of these
monomers gayve . polymers hav1ng spec1f1c rotation values of +10° to. ~10°30
and ~7. 95°. 31

In the above experiments, the tonventional method was used for obtain-
ing DCA canal compounds, which were prepared by the recrystallization of DCA
from methanol or”ethanol containing the monomer molecules. Next the repla-
cement technique, which was described in Chapter II-2-1 in terms of replace-
ment of guest molecules in DCA canal, was applied to the inclusion poly-
merization of trans-2-methyl-1l,3-pentadiene in DCA canal. N

DCA-monomer canal compounds were prepared as follows; 1.0 g of DCA-
acetone canal compound and 0.4 cm3 of trans-2-methyl-1,3-pentadiene were
placed in a glass tube and then sealed under reduced pressure. The tube
was heated at 90°C to replace acetone by the monomer, and irradiated at
-196°C with a total dose of 1.0 Mrad. Post-polymerization was done at
different temperatures as shown in Table III-4,

It can be seen that temperature dependence of canal polymerization of
the monomer, trans-2-methyl-1,3-pentadiene, was quite different from those
of monomefs, BD, DCIB, DMB. The latter monomers polymerized at 0°C, while
the former monomer at above 50°C for long hours to give a saturation of
the polymer yield. This result suggests that the mobility of these

monomers in DCA canal may be different from each other.

Table III-4. Temperature dependence of the post-polymerization of trans-,
2-methyl-1,3-pentadiene in DCA canal; Relationship of polymer
yield with the time and temperature of the post~polymerizationm.

o time( h ) \
temperature (°C) 5 10 20
40 4 11
80 41 >0

DCA-acetone canal compound: 1.0g; trans-2-methyl-1,3-pentadiene: 0.4cm3;

replacement: 90°C for 1 h; irradiation: 1.0 Mrad at -196°C;
polymer yield: mg in g DCA.
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1II - 2 =5, Comparison of Space Control for Inclusion

Polymerization in Canal

The comparison of space control for inclusion polymerization in DCA
canal with those in other canals so far studied may be considered to provide
a good way to make.clear the characteristics of DCA canal employed as a

space for polymerization reaction. This is summarized in Table III-5.
Scope of monomers included in canal

Scope of monomers included in canal may depend on the shape, size and
versatility of canal. Perhydrotriphenylene canal can accommodate various
diene monomers because of the versatility of the canal, while urea or thio-
urea canal can not. Since DCA canal e%ists between pleated sheets which
posses a translational degree of freedom, it is e%pected that DCA canal
can include various kinds of monomer. Actually this work indicates that

DCA provides versatile canal to include various kinds of monomer.
Space control for inclusion polymerization of vinyl monomers

It was reported that syndiotactic poly(vinyl chloride) or isotactic
polyacrylonitrile was obtained by inclusion polymerization in urea canal,
and that the canal structure of urea-vinyl chloride or urea-acrylonitrile
canal compound was destroyed during polymerization.

In the case of DCA canal, acrylonitrile and methacrylonitrile polyme-
rized to give no stereospecific polymers, and other monomers did not poly-
merize. We requires further examination from various points of view to

prepare stereospecific vinyl polymers by inclusion techniques,

Space control for inclusion polymerization of diene monomers

In contrast to the limited adaptability of urea or thiourea canal,
both DCA and perhydrotriphenylene canal can include many monomers, such as
1,3-butadiene, mono or disubstituted butadienes. Stereospecific 1,4-trans

tactic polymers were prepared in these canals except for the polymerization
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of 1,3~butadiene in DCA canal. In this case, poly(l,3-butadiene) obtained
contained 1,2-unit in addition to trans l,4§uﬁit, énd7m6re6verVmicrostructures
of the polymeié were influenced by additives. . Thus, DCA canal can provide a

good space control for inclusion polymerization of diene monomers.

Asymmetric inclusion polymerization

The first asymmetric inclusion polymerization was reported by Farina and
his co-workers in 1967, using chiral perhydrotriphenylene obtained by the
resolution of racemic one. This work demonstrated the effectiveness of
inclusion polymerization in canal. But the investigation of the asymmetric
inclusion polymerization gets into trouble because of the difficulty of the
resolution of racemic pefhydrotriphenylene.

In contrast to the above case, DCA is a naturally occurring chiral com-
pound and commercially available. Thus, DCA is a favorable cbmpound for
the research on asymmetric inclusion polymerization.

Actually, DCA canal is found to serve as a space for asymmetric inclusion
polymerization. Optically activé polymers of cis or trams-1,3-pentadiene
were at first prepared by Audisio and Silvani. The author succeeded in
preparing optically active poly(frans-2-methyl-1,3-pentadiene) with high
optical rotation, although such polymer can not be prepared by other usual
polymerization method. This work suggests that DCA canal provides an

extremely efficient space control for the polymerization reaction.
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Table III-5,

Comparison of space control for inclusion polymerization in canal.

host compound

shape and size

polymerizable monomer(polymer structure)

of canal vinyl diene prochiral
urea hexagon acrylonitrile 1,3-~butadiene *
5A (isotactic) 1,3~pentadiene
vinyl chloride
(syndiotactic)
thiourea hexagon * 2,3-dimethyl—l,3—butadieﬁe *
7A 2,3~dichloro-1,3~butadiene
perhydrotri~ | hexagon * 1,3~butadiene trans-1,3-pentadiene
phenylene 5-7 1,3-pentadiene ( [a]D=+7.5° )
versatile 2,3~dimethyl-1,3-butadiene
2-methyl~1,3-pentadiene 0
2,4-hexadiene
deoxycholic rectangle acrylonitrile 1,3~butadiene cis~1,3-pentadiene
acid 4A x 7 (random) 1,3-pentadiene ( [a]D=—21° )
versatile 2,3~dimethyl~1,3~butadiene

2,3-dichloro-1,3-butadiene
2-methyl~1,3-pentadiene
2,4~hexadiene

trans-2-methyl-1,3~pentadiene
( [alp=+250° )

* 5 unreported
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11T - 3. Experimental

Materials

Deoxycholic acid (DCA) was purified by recrystallization from methanol
or acetone. 2,3-Dichloro-1,3-butadiene (DCIB), in about 40% methanol solu-
tion, was freed from inhibitors by distillation before use. 2 ,3-Dimethyl-
1,3-butadiene (DMB) was prepared by hydrobromic acid-catalyzed dehydration
of anhydrous pinacol followed by fractional distillation.2® 1,3-Butadiene
(BD) , trans-2-methyl-1,3-pentadiene and various guest components were

of pure grade, and used without further purification.
Formation of DCA Canal Compounds and Polymerization Procedure
DCA-BD canal compound

?he replacement technique described in Chapter II-2-1 was employed to
prepare DCA-BD canal compound ; 1.0 g of DCA-acetone canal compound (with
additives when necessary) were placed in a glass tube of 10 mm diameter,
and then the tube was evacuated. Liquefied butadiene monomer was purified
by the freeze-thaw technique and distilled into the tube in vacuo. The
tube was then sealed under vacuum (10—3 Tory) after three freeze-thaw
cycles, and heated for replacement of the included components by BD at
60°C for 2 h. Irradiation was provided by y-rays from a 60co source at
-196°C with a dose of 0.3 Mrad. Post-polymerization was done on the samples
at 0°C for 5 h. Then the contents were treated with methanol in a similar

manner as above.

DCA-DCIB canal compound

DCA-DCIB canal compounds were prepared as follows: 14 em3 of about
40% methanol solution of the monomer was added to 90 cm® of hot methanol
solution containing 40 g of DCA. The solution resulted was then allowed
to stand at room temperature for 1 h and cooled to 0°C in dark. Formation
of canal .compounds was indicated by the appearance of small needle-like

crystals, which were separated by filtration and then dried in vacuo for 3 h.
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0.5 g of DCA-DCIB canal compound was placed in a glass tube of 10 mm
diameter, which was then sealed under vacuum (10"3 Torr). Ifradiation was
provided by y-rays from a 60¢o source; the temperature of the samples was
kept usually at 0°C, in some cases, however, the irradiation was made at
-78 to 50°C. After irradiation, the tubes were cooled again to -196°C
and opened. The samples were poured into excess methanol (50 to 100 cm3)
to separate DCA from the canal compounds. Polymers obtained were washed
with hot methanol thoroughly and then dried under reduced pressure.
Conversions were estimated, assuming that the mole ratio of DCA to the mono-
mer in the canal compound is equal to 3, which means that the DCA-DCZB

canal compound contains about 47 mg of DCIB monomers per 0.5 g of the canal

compound.

DCA-DMB canal compound

DCA, DMB, and methanol were placed in glass tubes of 12 or 18 mm diametef,
which were then sealed under vacuum (10f3 Torr) after three freeze-thaw
cycles; Some of the samples were»sealed‘in air at atmospheric pressure.
The sealed tubes were warmed to 70-80°C to give homogeneous solutions.
The tubes were then allowed to stand for several hours at room temperature
and cooled to 0°C. Tormation of the canal compounds was indicated by the
appearance of small needle-like crystals.

The tubes were exposed to y-irradiation from a 60co source at -196 or
-78°C. Post—polymeiization was done on the samples at different
temperatures. Then the contents were treated with methanol as mentioned

in the case of DCA-DCZB canal compound.

DCA-trans-2-methyl-1l,3-pentadiene canal compound

1.0 g of DCA, 0.4 em3 of trans-2-methyl-1,3-pentadiene, and 2.5 cm> of
ethanol were placed in a glass tube of 10 mm diameter, which was then sealed
under vacuum (10"3 Torr) after three freeze-thaw cycles. The sealed tubes
was warmed to 70-80°C to give a homogeneous solution and then cooled gradu-
ally. Formation of the canal compounds was indicated by the appearance

of small needle-like crystals. The tube was exposed to y-irradiation
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from a éOCo source: at -196°C for 2 h with a. dose rate of 3. OXlO5 rad/h.
After the 1rrad1at10n the tube ‘was Warmed overnlght at 50°C.in order to
allow the content to polymerlze, and then cooled to —196 c and cut off.
The content of the tube was immediately poured into excess methanol to
separate DCA from the polymer formed. The polymers thus obtained were
washed with hot methanol thoroughly and dried under reduced pressure

(18 mg yield).
Measurements

Differential thermal analysis(DTA), thermogravimetry(TG) and infrared

(IR) spectral measurements were carried out in the same way as described in
Chapter I. Content of the microstructural units of poly(BD) was determined
by IR spectral measurements carried out in a KRS solution cell of 1.0 mm
thickness used for poiy(BD).32 NMR spectra were measured at 150°C with
o-dichlorobenzene as solvent and tetramethylsilane as internal standard.
Viscosity numbers, nsp/c, of poly(DMB) were measured on 0.5 g/dl supercooled
solution in o-dichlorobenzene at 30°C. The specific rotation of poly(irans-
2-methyl-1,3-pentadiene) was measured at room temperature in o-dichloro-

benzene.

111 - 4. Summary

Inclusion polymerization of_four diene monomers (BD, DCLB, DMB, trans-
2-methyl-~1,3-pentadiene) in DCA canal was studied in detail. Different
space control for polymerization was found to occur uhder the influence of
DCA canal. In the case of DCLB and DMB, highly 1,4-trans tactic polymers
were obtained over all conversion ranges of inclusion polymerization in DCA
canal, while in the case of BD, polymer obtained was found to contain a
significant amount of 1,2-unit in addition to trans-1,4-unit. Furthermore,
various additives had a marked effect on the microstructure of the poly(BD),
which suggests that the inclusion polymerization of BD in DCA canal can be

controlled by additives included in the canal competitively.
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Optically active poly(Zrans-2-methyl-1,3-pentadiene) was prepared by
inclusién polyﬁerizéiioﬁ in;chirél DCA caﬂél, éfartiné from a'préchiial
monomer; ' This indicafes that the polymerization reaction is controlled
effectively in DCA canal. )

In addition to the effective space control in DCA canal, the
existence of living-like free radicals having long lifetimes, the gradual
chaﬁge of the monomer into the polymer within the canal were discussed on
the basis of the post-polymerization behavior, the nature of the DCA canal

compounds.
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CONCLUSION

The results obtained from the present study may be Summarized

as follows;

[1] Deoxycholic acid (DCA)»canal has been found to serve as an effective

space for polymerization reaction of four diene monomers:; 1,3-butadiene

(BD), 2,3—dichlb;o—l,3—butadi§ne (pCciB), 2,3—dimethy1—l,3—butadiene(DMB),

trans-2-methyl-1,3-pentadiene.

[2] DCA canal has been found to the following characteristics for incorpo-

ration of guest molecules into the canal;

i)

ii)

Guest molecules in DCA canal can be replaced easily by other guest
molecules which fit into DCA canal more favorably by heat treatment.
DCA canal incorporates more favorably branched or cyclic molecules

than linear ones.’

[3],DCA canal has been found to provide the following efficient space con-

trols for inclusion polymerization of diene monomers in the canal;

i)

ii)

iii)

2,3-Dichloro-1,3-butadiene(DC7B) and 2,3-dimethyl-1,3-butadiene(DMB)
polymerize in DCA canal under the effective control to yield highly
l,4-trans tactic polymers over all‘conversion ranges.
1,3-Butadiene(BD) receives insufficient space control from DCA canal
to yield polymers containing significant amounts of 1,2-unit in addi-
tion to trans-1,4-unit. However, various additives have a marked
effect on the microstructure of the polymers to yield highly 1,4-trans
tactic polymers, which suggests that the inclusion polymerization

of BD in DCA canal can be controlled by additives included in the
canal competitively.

Obtically active poly(trans—meethyl—l,3—pentadiene) with high optical
rotation was prepared by inclusion polymerization in DCA canal
starting from a prochiral monomer, although such poljmer~ can nof be
prepared by other usual polymerization method. The preparation of
polymers with high optical rotation suggests that DCA cénal provides

an extremely efficient space control for the polymerization reaction.
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