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Abstract

Inclusion compound of deoxycholic acid (DCA) host molecule and vinyl chloride
monomer (VCM) guest molecule is prepared from solvent free DCA crystal via guest
insertion technique. Solvent free DCA inclusion compound is achieved from a series
of DCA-solvent guest, i.e, ethylacetate, dioxane, o- and p-xylene. X-ray diffraction,
FT-IR and thermal analysis results indicate that vinyl chloride monomer is entrapped
and stabilized in DCA crystal in solvent free DCA. Guest releasing peak of DCA-
VCM is confirmed at ca. 40-60.°C. Inclusion polymerization is accomplished from
the y-radiation for total dose 20 KGy, followed by post polymerization at —=15 °C for
two days. The obtained product is confirmed to be polyvinyl chloride by structural
analysis. Glass transition temperature of the obtained product is 8-10 °C higher than
the commercial oné, while characteristic peaks at 1500-1100 cmstudied by FT-IR
show the sharp peaks of which imply that the obtained PVC contains stereoregularity

portion in the polymer chain.
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CHAPTER 1

Introduction

1. The Concept of Host-Guest, or Inclusion Compound

Inclusion compound is known as the molecular assembly of which can be formed
either by the macrocyclic of host molecules, e.g. calixarenes, crown ether, or
cyclodextrin or the gathering of groups of molecules, e.g. urea, steroid. As a result,
host molecules supply the concave framework for guest molecules. Host and guest
molecules, thus, incorperate to each other by sccondary valence forces or physical
entrapment owing to.the specific structure of the framework fitting to the guest

molecules'.

2 \NOOO

Host Molecule Guest Molecule Host-Guest Compound

Figure 1. Concept of inclusion compound and host-guest formation.

Inclusion compound has received much attention to open up a wide range of
applications, such-as—stabilization, for, unstable ~speeies;, separation for chemical

isomers or metal ions, co-catalyst for phase-transfer systems.

One of the most interesting applications in the viewpoint of polymer synthesis is the
inclusion polymerization. Here, the host molecule forms as a molecular assembly and
includes monomer molecule as a guest. Through supramolecular structure of the host,
the entrapped guest monomer is forced to align in an order and the monomer guest
molecules lost their degree of freedom in rotation or movement contrary to the case of
monomer in conventional solution. Miyata et al.” proposed that the space provided to
the monomer for the inclusion polymerization is 10® order smaller than the normal

polymerization in solution as shown in schematic draw (Figure 2).



A Moleculs in & flask A molecule in a molecular-level flask

—— R TV
Host x 10% em
B e
10 cm 1000 pm

Figure 2. Relationship between container (host) and content (guest).

Thus, inclusion polymerization ¢an be claimed as a space-dependent reaction, which

can contribute the stereoregularity polymer corresponding to the low-dimensionality

spaces provided fromthe hiost molecular assembly’ (Figure 3).

[

l Formation
=)

OENNAY

l Polymerization

W)

(b)

Figure 3. (a) Formation of host-monomer inclusion compound, and (b)

polymerization of monomer in low dimensional space controlled by host

structure,



2. Historical and Development

Inclusion phenomenon was firstly reported by W. Schlenk in 1940. The concept of
inclusion polymerization was then proven when Clasen® (1956) applied urea and
thiourea as a host molecule for butadiene monomer and proceeded the polymerization
in room temperature for the nine months of a long period time. Brown and White®
adopted y-rays for the polymerization to find the stereoregularity polymer in a good
yield in 1960. Meanwhile, C.J. Pedersen reported the alkaline and alkaline earth
metal interaction with crown ether of which can be proven by the analytical
techniques. Hydrotriphenylene was also recognized as a host compound for diene

polymerization by Farina etal® in 1964,

However, the inclusion phenomenon was not as much recognized until in the year
1987, when D.J. Cram, M. Lehn and CJ Pedersen were awarded the Nobel Prize
for their carriers and seientific fundamental researches to establish inclusion
chemistry. With the dﬁvelppmgm of the analytical instruments, understanding of
inclusion chemistry is grown up rapidly and has received very much attention to
concern as a molecular assembly or supramolecular chemistry to be an extended area
in polymer science. In 1990, Miyata et al. reported the fitst case of guest responsive
system as found incholic acid host molecular assembly and solvent guests by single

crystal X-ray analysis’.

Inclusion polymerization' i§ “ knewn 4s( a Cstrategy toward low-dimensionality
architectures by controlling the space for monomer in the polymerization. Urea and
thiourea are ‘one of the interesting compound- to-form' host-guest, compound and
provide the inclusion polymerization as seen in the case of a-::r},r]c:-nitriiaa. 1,3-
butadiene’, aclolein'®. Steroids (Figure 4), such as cholic acid, deoxycholic acid, and

other derivatives are also known as hosts for inclusion polymerization.

Tsutsumi et al. showed that 1-chlorobutadiene which has bulky group of chlorine
atom can be polymerized successfully to obtain the high regularity polymer by using
the canal of deoxycholic acid (DCA) Y. In 1993 methyl cholate is reported 1o be

one-dimensional inclusion polymerization for diene and vinyl monomers'.



. R;=H, R; =COOH: deoxycholic acid
R; R, = OH, R, = COOH; cholic acid
R, = OH, R; = COOCHj; methyl cholate

I""R[
Figure 4. Cholic acid steroid compounds and its derivatives.

At the moment, though inclusion polymerization process has been established, the
composition of monomer and host in the canal or channel, the relationship between
the monomer radicals and pelymerization, including the mobility change of monomer
and the development to control the molecular weight, are still not clarified. Miyata et
al. focused on the molecular structure of host-guest compound in the series of cholic
derivatives and proposed that the understanding of molecular structure help the

molecular design for inclusion polymerization.

3. General Processes of Inclusion Polymerization

Inclusion polymerization consists of three steps (Figure 5), which are;
3.1 Inclusion compound formation between host and monomer molecules
3.2 Polymerization and post polymerization of inclusion compound

3.3 Reprecipitation or seperation of the polymer

The formation of-the inclusion eompound: from,the monemer and the host can be
proceeded by recrystallization the host and the guest molecules. In some cases, it is
also possible to form host-guest molecules by the absorption technique, ie.,
immersing host molecules in the guest solution. However, it is important that the
technique require the guest molecules as a liquid. Structural analysis of the inclusion

compound can be done by Fourier transform infrared spectroscopy (FI'IR) or nuclear

magnetic resonance {IH—NMRJ. Depending on the type of the hosts and guest



molecules, inclusion compound forms in various ratios of host to guest, such as; 1:1,

2:1, 3:1, or 1:2, 1:3 etc., which can be quantitative by thermogravimetry analysis.

Host molecule

(a) Formation m o0 £) @

R
Inclusion compound

O chﬁ ©
(b) Polymerization

Monomer

o pa g R

Host-polymer adduct

Resulting polymer

Figure 5. Steps for inclusion polymerization, (a) formation, (b)

polymerization, and (c) separation,

The polymerization process can be achieved by various mechanisms, such as thermal
polymerization, radiation polymerization, etc. In either case, radical polymerization is
expected to generate among the monomers inside the host cavity with or without the
initiator. The most efficient way to proceed the reaction is the irradiation by y-ray.
The generation of radical species to form stereoregularity polymer can be observed by
electron spin resonance(ESR)-in which each of the radical.can be evaluated for the
result of polymerization. -Practically, after bradiation, radical polymerization is
allowed proceeding in low temperature for a long period time, e.g. 2-—5 days. In this

step, radical species'willattack other monomers in thechost channel gradually.

The final process is the separation of the resulting polymer from the host. In this step,
the product from the polymerization step can be obtained by reprecipitation in organic
solvent to exclude the host. The main purpose of the inclusion polymerization is to

obtain a stereoregularity polymer, thus, various approaches are applied in order to

study the structure of polymer such as, I3C.NMR, 'H-NMR, FTIR, differential

scanning calorimeter (DSC).

Hemywnan moniuInouingg
Ynaanisiuninedn




4. Advanced Polymer and Inclusion Polymerization

Polymeric material can be concerned as a product from petrochemical raw material.
Up to now, polymeric material has reached its goal for various applications as can be
seen in the case of plastic, fiber, coating reagent, rubber, etc. Concerning with
specific application of which required significant properties of material, such as;
selectivity for separation purposes, photoresponsive and conductivity for liquid crystal
appication, controlled release for drug delivery systems, biocompatibility for medical
use, biodegradability for environmental friendly products, etc., conventional

polymeric material shows the limit to apply as an advanced material .

There are many approaches proposed in order to develop conventional polymer to be
an advanced polymerie material with the required properties suitable for each
application. Addition of & specific functional group onto polymer chain is one of the
approaches to achieve the advanced polymer as a functional polymer which can
induce the unique properties for vlariaus applications. Utilization of biopolymer or
natural abundant polymer is also concemed as a useful way to obtain
biocompatibility, biodegradability polymer material. Combining the chemistry of
functional polymer to a biosystem of natural polymer leads to a new area of research,

so called a biomimetic polymer material.

Recently, with the development of instrumentation, the understanding of polymeric
material has been revised to the fundamental theory of polymer chain and the
movement of the molecules. Thus/ it can'be expected that with a control on the unit
of polymer structure in molecular ‘level, even conventiohal polymer will exhibit
unique property. induced by the structure. At present, there be, many interesting
approaches to prepare controlled structure polymer as seen in the case of enzyme

catalyst polymer synthesis'

polymerization'?,

, biomimetic polymer synthesis’® and inclusion

The present work, thus, focuses on the synthesis of controlled structure polymeric

material via inclusion polymerization process. Here, it should be expected that



conventional polymer will show some unique properties owing to the high

stereoregularity of polymer chain.

5. Deoxvcholic Acid as a Host Compound

Naturally occurring steroid compounds (Figure 4), such as deoxycholic acid (DCA),
cholic acid, and methyl cholate, are reported to form specific channel-type inclusion
compounds with a variety of organic substances' for nearly three decades. Specific
properties of cholic acid and its derivatives including deoxycholic acid can be
mentioned as its high crystallinity by assembly each molecule and provide a channel

for other molecules (as shown in the schematic representation, Figure 3).

DCA can be recrystallized 1o obtain-as a crystal by most of organic solvents,
especially polar solvent. However; only some particular organic solvent that DCA
will form good crystal structure. Up to mow, it is reported that DCA can form

inclusion compound will obtain good erystal with xylene, dioxane, etc.

Though it is known that DCA can form in¢lusion compound, only few studies are
performed on DCA and its erystal structure.  Application of DCA for inclusion
polymerization was constructed in the year of 19757, From crystal structure analysis,
Miyata et al. demonstrated that the steroid host eompounds have a flexible inclusion
ability for conjugated diene monomers and show high yield stereoregular polymers
from a great deal of diene with bulky.and/ or polar substituents that hardly seen in the

# . T
case of urea derivative hosts' 7,

6. Vinyl Chloride Monomer and- Polyvinyl chloride via  Inclusion

Polvmerization

Vinyl chloride monomer (VCM) is a product made by addition of hydrogen chloride
to acetylene in petrochemical process. In ambient, VCM is gaseous (bp-13 °C) and

shows no color and no odor. Toxicity of VCM causes angiosarcoma, liver cancer.



The major use of VCM is for the production of polyvinylchloride, polyvinylidine
chloride and other copolymer, including chloride solvents, ie., vinylidene chloride,

trichloroethylene, and tetrachloroethylene.

Polyvinyl chloride is a polymer obtained from a typical vinyl chloride monomer,
which receives much attention for tremendous applications for more than a half
century. Conventional polymerization of vinyl chloride monomer, i.e. , radical
polymerization, brings amorphous polyvinyl chloride with low tacticity which makes
the processing of polyviny! chleride require some specific conditions comparing to
other ordinary polymeras pelyethylene or polypropylene. Though polyvinyl chloride
has been utilized in a large amount, less study is focused on the controlled structure to
propose as a new type.of material as seen in the case of isotactic polypropylene and
HDPE, LLDPE.

In 1975, Yoshii et al.* propesed inclusion polymerization of vinyl chloride monomer,
The approach is operated by using urea in low temperature (under liquid nitrogen) in
order to allow the host-guest formation step proceeding. However, the ratio of host-
guest and the thermal stability was not clear. It was alsé concluded that the overall
properties, such as solubility in organic solvent, crystallinity, x-ray diffraction theta
angle were shown differently from the commercial polyvinyl chloride, however,
stereoregularity was not precisely reported owing to the limited technique of
broadline NMR-at that period:

7. The Unigue of the Present-Work

In the case of "urea and thiourea,” host-guest compound can be formed by
recrystallization. However, vinyl chloride monomer, which has the boiling point

13°C, is difficult to recrystallization with urea and thiourea, which have the melting
point of 132-140°C. Yoshii et al. reported the preparation of the host-guest
compound, thiourea/vinyl chloride monomer, by soaking the powder of thiourea with
vinyl chloride monomer under liquid nitrogen, and as a result, the formation of host-

guest structure as a crystal of inclusion compound was not clear®.



For inclusion polymerization, the most important step can be mentioned as a step for
preparation a crystal of host and guest. Thus, the formation process of vinyl chloride

monomer and host molecule can be mentioned as the main key.

Here, the unique of the project is to apply the stable crystal structure of steroid
compound to form inclusion compound with vinyl chloride monomer via absorption
technique. Deoxycholic acid is suitable for the absorption technique because the
crystal of this type of compound is easy to obtain and stable even the guest molecule

is excluded .

The present work propesed a possibility to apply deoxycholic acid as a host molecule
providing a channel for vinyl chloride monomer. Instead of using the direct
recrystalllization technique with vinyl chloride monomer which is not practical in the

case, the ahsorptici;hnique i used (Figure 6).

@@ (a): mcrvstallizagian ../ﬂ. SR
?& (b ); evacuation ﬂﬂﬂ

Host molecule Host-Guest compound

(d): replacement (c): insertion or (b): evacuation
absorption

I AR L S TENATN AR

81 QI (b): evacuatio 4 4 A
% ‘ﬁ-‘. gvacuation
SR TN — SRUL/TR TN
Sl 7NLL N (c): insertion or LN SN
absorption
Host-Guest Compound Guest free of inclusion compound

Figure 6. Preparation of inclusion compound by guest absorption into solvent
free host molecules, (a) recrystallization, (b) evacuation, (c¢) insertion or

absorption, and (d) replacement.
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In the first step, DCA is dissolved with good solvents to obtain complete crystal of
DCA. This crystal will contain the solvent molecule as a guest inside the molecular
assembly of DCA, which can be confirmed by analytical techniques, such as IR,
thermal analysis, XRD or single crystal X-ray crystallography.

Secondly, the evacuation will be operated in order to exclude guests from the host
channel and the guest free inclusion compound can be prepared. In this step, thermal
analysis and IR can be applied to study the eommpletion of the guest exclusion. When .
crystal of DCA turns out to be gu-.:".i:t free DCA or solvent free DCA, the IR
will give the characteristicpeak of only host compound, while the thermal analysis
will show only melting peak of host compound.

Thirdly, the absorpfion of ¥inyl chioride monomer to host molecules under liquid
nitrogen will be proceeded and the inc]ﬁfgion compound of deoxycholic acid and vinyl
chloride will be obtainéd.  In this step, when guest insertion oceurs, the erystal of
DCA will give guest-relﬁsingpék ubserwd. by thermal analysis. The combination
peak of IR spectrum also infm the emmnce of guest inside the obtained DCA
crystal. i

It should be noted that in the case of urea and thioured, the crystal obtained from the
recrystallization will be deformed as soon as the guest is taken out from the host
framework which makes the absorption technigtie'not practical. However, DCA and
cholic acid (CA) are known as a umique type of host, thatis, solvent guest can be
penetrate inside the crystal owing o the stabilityof the moleculdar assembly of DCA
and CA. Thus, it,is possible to form host-guest compound by insertion or absorption
technique into the guest free host molecules. As a result, guest insertion technique
makes it possible to form host-guest compound and practical in the case of which the

guest shows the low boiling point and to avoid recrystallization step.



8. The Goal of the Present Project

The present work is originally focused on the inclusion polymerization of VCM via

an approach of steroid host compound. The goal of the present part can be concluded

as,

8.1 To establish the method for the preparation of DCA and VCM as an inclusion
compound.

In order to obtain inclusion compound-©f DCA and vinyl chloride monomer
by absorption technique, siable crysial of guest free DCA host molecule has to be
prepared. Here, recrystallization of DCA with good solvents (guest molecules) is
an effective way to produce DCA-guest compound. Following by the evacuation
procedure, the crystal of guest free DCA host compound will be obtained. DCA-
VCM inclusion compound is obtained by immersing DCA into liquid VCM at low
temperature (-196 °C).

In the present work, the inclusion compound of DCA with various organic
solvents will be studied. In order to ebtain high stability of DCA-VCM, the
obtained DCA-solvent compeunds will be compared for the host-guest ratio and
the guest absorption ability. - The present work will also cover the consideration
of DCA-VCM evidence by analytical approaches.

8.2 To study on the possibility for inclusion polymerization of vinyl chloride
monomer via inclusion polymerization

Up to new, there 1s no report about DCA-VCM inclusion polymerization.

Thus, it is an important issue to show that the inclusion polymerization of VCM in

DCA' host ‘compound ‘can-be accomplished. | “The présent work applies y-ray

irradiation technique to induce radical polymerization inside the host channel. It

is also important to study the effect of the amount of y-ray energy including the

post polymerization condition.

8.3 To develop the specific structure of polyvinyl chloride
The utilization of inclusion compound can be defined as an approach for

topochemical polymerization. Through the polymerization in the channel of the
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host, which the space for monomer movement is limited, the polymerization can
be expected for the stereospecific polymer products. The main idea of the present
project is to apply the inclusion polymerization for VCM to obtain syndiotactic
or/and isotactic polyvinyl chloride which has never been reported in any catalytic
system. It should also be noted that the achievement of inclusion polymerization
of vinyl chloride monomer is mainly related to the successful preparation of

DCA/vinyl chloride monomer inclusion eampound.
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CHAPTER 2

Experimental

1. Materials

DCA (AR grade) was purchased from Nacalai Chemical, Japan and used without
further purification. Dioxane, ethylacetate, o-xylene, p-xylene and trichloroethylene
(HPLC grade) were purchased from Ajax chemical and used without purification.
Methyl alcohol anhydrous (AR grade) was purchased from Mallinckrodt. Vinyl
chloride monomer and comumercial grade PVC were supplied from Thai Plastics and
Chemicals Public Co., Ltds

2. Preparation of Inclusion Compounds with Various Solvents

Dioxane, ethylacetate, o-xylene and p-xylene were applied as solvents for DCA
recrystallization. DCA was dissolved in each solvent at its boiling point until clear
solution and saturation obtained. The solution was cooled down slowly to room
temperature to obtain colorless needle like crystal. The obtained crystal was
qualitative by FT-IR to study host-guest formation. The host-guest stability was
qualitatively and quantitatively siudied by TGA:

3. Preparation of Solvent Free Inclusion Compound

The solvent free (or guest free) ' DCA was obtamed by heating the DCA-solvent
adducts at 1409C for 12 hours-under reduced pressure around 1020 mbar in order to
remove the solvent, i.e., dioxane, THF, ethylacetaté or xylene. The Obtained crystals
were studied by FI-IR and TGA 10 cenfirm that all the solvent' molecules were

removed and the crystals were guest free inclusion compound.

4. Preparation of Host-Monomer Inclusion Compound

The obtained guest free inclusion compound crystals (1.0 g) were collected in a glass
tube and cooled by liquid nitrogen. Vinyl chloride monomer 2 ml. was gradually

collected under liquid nitrogen . The tube was evacuated under reduced pressure and
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sealed. The sealed tube was allowed standing at -15 °C for 2 days to prepare DCA-
VCM inclusion compound.

5. Polymerization of Host-Monomer Inclusion Compound

The prepared host-monomer inclusion compound was y —ray irradiated (dose rate 2
Mrad/h (20 kGy/h), 1h, at =78 °C) to initiation the polymerization. After irradiation,
the tube was left under -15 °C to let the postpolymerization occur for 4 days. The y—

ray irradiation was operated by courtesy of Office of Atomic Energy for Peace.

6. Separation of Polymer after Postpolymerization

After postpolymerization, the DCA-polymer adduct was poured into the excess
methanol (100 ml). The separated polymer was filtered off and washed with absolute
methanol repeatedly, and dried under vacuum at room temperature for a day to avoid

the degradation and oxidation.

7. Measurements

7.1 Structural Analysis

Infrared spectra of DCA and various solvents as guest molecules, monomer-host
adduct, polymer-host adduet; and polymer were measured by a Bruker Equinox55/8
FT-IR spectrometer using KBr pellet technique. Microscope FT-IR was applied to
study the inclusion compound of DCA-VCM crystal. Both the commercial PVC and
obtained PVC from inclusion polymerization were directly irradiated with y-ray at 1
Mrad in ESR vacuum tubes in liquid nitrogen to initiate free radicals on the polymer
chain. The ESR measurements were performed at 187 K and 273 K.

7.2 Microstructure Analysis

Single crystallographic of DCA-solvent data and molecular packing were determined
by Rigaku AFC-TR diffractometer with graphite-monochromated Mo-Ka radiation in
combination with TEXAN crystallographic software package of Molecular Structure
Corporation. Powder X-ray analysis was performed by Rigaku D/MAX 2000, at

room temperature, to study the microstructure of the obtained crystals and the
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obtained polymer by using small angle (at angle range (268) 2°-10°) and wide angle

measurement (at angle range (26) 3°-25°).

7.3 Thermal Stability Analysis

Thermogravimetry Analysis (TGA) and Differential Thermal Analysis (DTA) were
made with a Rigaku Thermoplus Thermogravimetric and Differential Thermal
Analyzer under nitrogen atmosphere at a rate of 20 ml/min. DCA with various
solvent guests were analyzed at a heating rate of 10 K/min from 30 °C to 300 °C.
Monomer-host adduct was observed from 10 °C to 200 °C with a heating rate of |
K/min between 10-50°C and 10K/min between 50-200 °C. Guest releasing point was
determined by Differential Scanning Calorimeter Nertzsch DSC 200. The scan was

taken at 10°C/min under nitrogen atmosphere.
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DCA (powder) + Solvent

(dioxane, ethylacetate, o-xylene, p-xylene)

]
I—V Recrystallization (see 2.2)

DCA /salvent s FTIR (structural analysis)
inclusion compound crystal - TGA (host-guest stability studv)

I_' Evacuate under pressure for Iday (see 2.3)
DCA guest free host molecule [~ FTIR (structural analysis)

TGA (host-guest stability study)
~—* Soaking in Trichloroethylene, MMA preliminary

test _and vinyl chloride monomer

{gna’er liguid nitrogen) (see 2.4)

DCA/ vinyl chloride monomer g FTIR (structural analysis)
Inclusion compound crystal TGA (host-guest stability study)

DSC (host-guest stability study)
Y-ray irradiation (see 2.5)

DC Advinylchlaride polymer

Inclusion compound ¢rystal

Reprecipitation_ in MeOH (see 2.6)

DCA in methanol Measurements (see 2.7)

+ —= (structural analysis for polyvinyl

Polyvinyl chloride precipitate chloride)

Chart 1. Overall procedures of the experiments.
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1. Properties of DCA and Various Solvents Inclusion Compounds

DCA was recrystallized with good solvents, i.e., dioxane, ethyl acetate, p-xylene and

o-xylene to prepare inclusion compound crystal. The obtained needle crystals are not

melt or deformed at room temperature. The obtained crystals were analyzed by FTIR

and TGA techniques in order to confirm the formation of inclusion compounds.

Figure 7 shows the FI-IR. of DCA which free hydroxyl group can be observed at

3552 cm”', while carbonyl of carboxylic acid shows strong peak at 1714 cm’' and

1699 cm™, owing to the free carbonyl and internal hydrogen bonding.
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Figure 7. FTIR of DCA starting material.
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Figure 8¢ FIIR of a) DCA-oxylene inclusion eompound, and b) DCA-ethyl

acetate.

However, as shown'in Figures 8, and 9 when DCA was recrystalized with o-xylene,
ethyl acetate, and dioxane, free hydroxyl group could not be observed and
intermolecular hydrogen bonding of DCA shows significantly at 3200 cm’, whereas
carbonyl group shows a single peak at 1693 cm™. In the case of xylene (Figure 8a),

aromatic hydrocarbon peak can be observed at 941 cm'’

. DCA-ethyl acetate shows
the significant peak of carbonyl of ester at 1742 cm’' (Figure 8 b). Similarly, DCA-
dioxane shows the peak of C-O-C stretching at 1121 and 1196 cm’, respectively

(Figure 9).
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Figure 9, FTIR of DCA-dioxane inclusion compound.

2. Host-Guest ratio

Normally, guest will be stabilized in host channel and the crystal structure is
maintained by the packingof host-and) guesti © By<adding the_energy, e.g. thermal
energy, guest will response 10 the circumstance and will release from the structure.
Thermal-gravimetry-analysis-will-be-a useful - way-to-find the host-guest ratio by the
weight loss owing to-the guest-releasing peak.

Guest entrapped in DCA channel was quantitatively studied by TGA. As shown in
Figure 10, in the case of DCA-ethyl acetate, the release of guest can be observed at
ca. 150 °C, which is around 80°C higher than the boiling point of ethyl acetate (from
Merck index; 77.1°C). Another peak is found at 170°C referring to the melting
temperature of DCA crystal. Tsutsumi et al. reported'' that when DCA formed

inclusion complex with a guest of 1-chlorobutadiene, TGA shows the weight loss of
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the guest at 159 °C, which is higher than the boiling point of 1-chlorobutadiene for 90
°C ( bp. of l1-chlorobutadiene : 65-65.8°C). Thus, it can be concluded that ethyl
acetate is included and stabilized by DCA. The thermal stability of entrapped guest in
DCA channel can be observed by differential thermogravimetry analysis (DTG). As
shown in the Figures 11-12, each guest molecule is removed at 140-150°C at which is

higher than the boiling point of o-xylene and dioxane for ca. 70-90 °C.

From weight loss peak, the molar ratio of host and guest can be calculated, i.e., 6.1%
for ethyl acetate and 93.9% of DCA which is equal to the ratio of 6.1/88 : 93.9/391
that is 3.46:1, approximately 3: 1. Figure 10 implies that ethyl acetate for | molecule
entrapped by 3 host melecules.

Here, it should be noted that when the inclusion compound of DCA-ethyl acetate is
left for a long period time (i.e., more than 1 month), guest release pattern is different.
As shown in Figure 13, host guest ratio of DCA-ethylacetate is calculated to be nearly
6 host molecules to entrap one guest molecule. This may be due to the different

packing and different stability of guest molecules in the host structure.

At the equilibrium time, the unstable guest in the channel is released while the stable
one is still remained in the channel. This can be confirmed by single crystal X-ray
crystallography as discussed, in the next section, Single crystal analysis of DCA with

particular solvenis.

For DCA-o-xylene; guest releasing péak imply that host guest ratio)is) (88.38/391):
(11.62/106) approximately 2 hosts for 1 guest (Figure I1). Similarly, Figure 12

implies that host guest ratio is 2.5 hosts to one guest.
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Figure 10. Thermal stability of DCA-ethyl acetate after a week. From the

weight loss peak, host:guest ratio can be calculated to be 3:1.
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Figure 11. Thermal stability of DCA-o-xylene inclusion compound.
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Figure 12. Thermal stability of DCA-dioxane inclusion compound.

TG/DTA diagrams show the peaks in two separate regions related to the guest
releasing peak besides melting peak of DCAat 170°C. In the case of DCA-dioxane
and DCA-ethylacetate TG/DTA shows two peaks-to guest releasing, which is around
140°~160°. This'may be dué to“the evaporationt of the' guest molecules from the
different region inside the.channel of DCA. It can be mentioned that the inner region
of the DCA channel stabilized guest molecules much more than the outer region of
the DCA channel. The weight loss of the guest releasing peaks can be calculated as a

molar ratio of host and guest.
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Figure 13. Thermal stability of DCA-ethyl acetate after more than two months,
from the weight loss peak, host:guest ratio can be calculated to be 6:1.

3. Single Crystal A
DCA (Figure 14), Cholic acid (CA) and its derivatives such as methyl cholate'?, 3-

lysis of DCA with Particular Solvents.

epiursodeoxychelic acid®' have beéen reported in terms of crystallographic view to
demonstrate the molecular assemblies when inclusion compound was formed. Cerini
et al reported that DCA fornis-inclusion compound with o-xylené.or p-xylene as a
monoclinic type (P2;). Usually, DCA forms inclusion compounds in layer crystal
form in orthorhombic, monoclinic, tetragonal system, while it forms in helical form in

hexagonal system®™.
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< b =25.698 A
4 ¢ =7.2402 °A

Figure 15.- Single crystal analysis of DCA’ with ‘ethyl acetate, while ethyl

acetate molecule is represented by guest packing model.

It should be noted that, when the crystal of DCA-ethyl acetate is left for a long period
time, DCA-ethyl acetate shows unique property different from other DCA-solvents
system. It is found that the DCA-ethyl acetate after long period time shows ethyl
acetate in bilayer form of orthorhombic system, while the host guest ratio is not 3:1

but rather bigger ratio (Figure 15). Single crystal analysis is much more difficult to
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determine for each repeating structure unit including the position of guest when the

unit cell becomes larger owing to the large number of guests to one host.

When the host guest ratio is complicated , the data base for analysis is tremendous
amount. Owing to the limitation of single crystal analysis data base the position of
guest can be estimated only for overall structure but can not be exactly determined for
the guest structure, the position and the ratio 1o host molecules. Especially, in this
case, the electron density of ethyl acetate guest molecules is not strong enough to
detect the correct position'in DCA channels, which may be due to the disordering of
ethyl acetate guest molecules. However, for the overall structure, it is found that ethyl
acetate is arranged in DCA channel as a one-dimensional chain along the c-axis as

shown in Figure 16.

Figure 16. One-dimensional chain of guest molecules along c-axis by using

chain model for ethyl acetate guest.

DCA-dioxane is another interesting compound. After long period, host:guest ratio is
changed from 2.7 to 2.3. Here, the study on single crystal X-ray crystallography
implied that the system is unique and quite different from those of the reported DCA-
xylene by Cerrini et al”, and DCA-ethyl acetate by Nassimbeni et al®. DCA-
dioxane crystal shows host guest ratio be not simple as an integral number to one host

molecule. In this case, The host guest ratio can be explained as approximately 24
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guests to 10 host at equilibrium time. Thus, the determination of host and guest
molecules in crystal structure is difficult owing to the limitation of the X-ray analysis

program.

By using Texan software combining with the electron density data in the unit cell, it
can be approximately evaluated that molecular structure of DCA-dioxane can either
be monoclinic or orthorhombic as concluded in Table 1. In the case of orthorhombic

system, the molecular assembly is shown in Figure 17.

Figure 17. Single crystal of DCA-dioxane host guest compound, while
dioxane guest is shown as a group of atoms due to the limitation of guest

determination by X-ray crystallography.
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Table 1. Summary data of DCA-dioxane crystal when it is monoclinic or

orthorhombic system

Preliminary test Monoclinic Orthorhombic
Space group - P2, P2,242,
a 13.459 13.491] 13.490
b 26.558 7.6272 1.6270
c 7.275 26.580 26.549
o (°A) 90.0603 90.000 90.000
B(°A) 90.2170 89.973 90.000
Y (°A) £9.9589 90.000 90.000

Figure 18 shows the schematic drawing of DCA-dioxane adduct to simplify the
system, which is not integral ratio of host and guest. In the case of it can be expected
that guest alignment is overlapping in the host channel. Nasimbeni et al reported that
guest molecules in host channel can be disordcmd'in both dynamic and static type. In
DCA-dioxane, it may be due to the guest disordering which rather be a static disorder
owing to the high stability of the crystal in the ambient pressure and temperature.

l Channel of ‘

DCA

Overlap region hf |

dioxane molecule

Figure 18. Schematic representation of dioxane guest overlapping in DCA

channel.
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4. Thermal Stability and the Effect to Host-Guest Ratio

As mentioned in the previous section, in the case of DCA-ethyl acetate, the obtained
crystal shows host guest ratio in the range of 3:1, however, after the crystal is left for
a long period, host guest ratio is.changed to 6:1. This may be due to the stability of
guest in the channel. After long period, the dynamic guest can be excluded from the
channel while the static guest is still maintained. As a result, the host guest ratio is
changed to stabilize at 6:1 ratio. The molar ratio between host and guest and guest

releasing point are summarized.in Table 2.

Table 2. Thermal stability and molar ratio of DCA inclusion compound in various

solvents as guest

Guest Guest re-lcasin.g Percentage of  Molar ratio of Molar ratio of
point (°C) weightloss  DCA/guest after DCA/guest after

one week 2 months
dioxane 143.2 8.61 2.74 2.38
Ethyl acetate 150.4 3.74 2.96 3.7T7
o-xylene 152.1 11.62 2:55 2.05
p-xylene 153.9 11.64 2.16 2.05

5. Solvent Free (Guest Free) DCA and Its Properties

The unique feature of DCA in the inclusion compound application is the stability of
guest free DCA crystal. Hence, host guest compound can be prepared by guest
absorption method; which is very useful for the guest that can not be directly

recrystallized with DCA. The structural analysis of guest. free DCA is done by FTIR.

As shown in Figure 19, DCA-o-xylene crystal can be completely removed guest to

form guest free DCA crystal as confirmed by FT-IR.
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Figure 19, FT-IR of a) DCA-o-xylene inclusion compound, and b) after

evacuation under pressure for'a day at 140 °C.
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Figure 20. Thermal stability of DCA-o-xylene (top), and after exclusion o-xylene to
be a guest free DCA (bottom).
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When DCA-o-xylene crystal was vacuum dried, TGA shows the same peak as same
as DCA, suggesting that the crystal is guest free DCA inclusion compound (Figures
19 and 20).

Similarly, in the case of other solvents; dioxane, and ethyl acetate, the solvent free
DCA inclusion compounds were achieved and can be confirmed by TGA (Figure 21-
22). FT-IR appears to be as DCA starting material, which also supports that guest

removal is successful.

XRD study is another alternative way to confirm guest free DCA. Here, the results
also support that the remowval of guest o-xylene from DCA-o-xylene is successful as
shown in Figure 23. It should be noted that the XRD pattern of DCA starting material
and the solvent free DCA is similar, Guest movement and intercalation system is
found in most cases of cholie acid and its derivative host compounds. Miyata et al.
n:pnrtcﬂ that the inclusion crystal of cholic acid with a former guest would allow the
latter guest intercalated by a movement of guest. XRD study shows that cholic acid
will allow the crystal layer slide without losing their crystalinity or changing to

amorphous®,

However, the solvent free DCA is maintained in crystal form while the starting
material, which is the powder. In the present case, DCA with guest is found to be a
transparent crystal and the crystal structure is maintained even after evacuation guest
to obtain the blank-solvent-free (or guest free) DCA., In-this step;-the crystal appears
to be a white needle crystal. XRD pattern shows that the white needle crystals lose

their crystallinity-and changes to the-original amorphous structure (Figure 23).

After the guest free DCA is immersed with another guest, XRD pattern shows that the
crystal pattern is appeared again related to the type of the guest (see DCA inclusion
compound adduct by absorption technique; DCA-trichloroethylene, Figure 28). This
implies that the amorphous structure of DCA host can change to the crystal structure
by guest absorption. The XRD pattern informs that after guest absorption DCA host
will arrange the packing to be a high crystallinity again.
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a guest free DCA (bottom).
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Figure 22. Thermal stability of DCA-ethylacetate (top), and after exclusion ethyl

acetate to be a guest free DCA (bottom).
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Figure 23. XRD pattern of a) DCA, b) solvent free DCA after exclusion o-

xylene, and ¢c) DCA-o-xylene.

6. DCA Inclusion Compound by Absorption Technique; DCA-
trichloroethylene System as a Model for DCA-VCM

Owing to the property of vinyl chloride monomer for its volatility and the low boiling
point (-13.4°C), the preparation of inclusion compound via recrystallization of DCA/
vinyl chloride monomer can not be achieved by the ordinary recrystallization
procedure. Yoshiiet al.?” reported the preparation of urea/vinyl chloride monomer by
mixing urea and vinyl chloride-monomer in low temperature for a period of 50 hours
and claimed ascan. inclusion complex. However, the stability of the host-guest

compound and the ratio between host and guest were not'mentioned.

It should be noted here that DCA host compound is an inclusion compound that can
form stable host crystal and prepared as a guest free host crystal via vacuum drying of
the crystal of DCA-guest compound. Tsutsumi et al.'' proposed the preparation of

monomer-DCA adduct by the chemisorption of the monomer into guest free inclusion
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compound of DCA, so called insertion technique. It was reported that when the
monomer of 1-chlorobutadiene was left with DCA at room temperature for a day, the
inclusion compound of DCA-1-chlorobutadiene could be achieved. In this case, the

ratio of host and monomer can be confirmed by TGA.

In the present work, in order to prepare the vinyl chloride monomer included in DCA
host molecule, the insertion technique is then applied. However, since the insertion of
vinyl chloride to DCA guest free host crystal has to'be operated in the liquid state of
vinyl chloride monomer, the crystals have to be kept in low temperature. Thus, it is
very difficult to study for the structural analysis and thermal properties of DCA-VCM
by FI-IR and TGA technigues.

In preliminary studies, trichloroethylene that has the structure similar to vinyl chloride
monomer is applied as the guest molecule, Here, methyl methacrylate is (MMA) also

used for reference study since it is easy to handle.

Firstly, DCA guest free crystal wa§ prepared via vacuum drying DCAJ/ethyl acetate
crystal. The obtained crystal was then left in MMA or ethyl acetate for the insertion

process. The guest absorption behavior was observed by FT-IR, TGA and XRD.

In the case of DCA-MMA system, as shown in Figure 24, the hydrogen bond of DCA
and the fingerprints are changed indicating that the insertion of MMA is successful.
Figure 25 shows the stability,aof MMA in DCAO Herej the MMA weight loss peak for
8% is appeared at 170 °C relating to the period of soaking temperature.
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Figure 24. FT-IR of a) solvent free DCA obtained from DCA-o-xylene, and b)
DCA-MMA after MMA absorption for over 3 days.

TG/ %

100 f——= =

e o e T T g

80 -8.7%
60 |

40

0 L L
100 200 300 400 500 600

Temperature °C
Figure 25. Thermal stability of a) guest free DCA crystal (obtained from

DCA-o-xylene), and b) DCA-MMA after MMA absorption for over 3 days




Absorbance

37

The absorption behavior of trichloroethylene was also studied. FT-IR confirms the
hydrogen bonding of DCA and guest peaks referring to trichloroethylene (Figure 26).

Thermal analysis (Figure 27) indicates that in either case the trichloroethylene guest is

included in the DCA host cavity with the weight percent of (6-8%) and is stable at the

temperature of 170-190 °C.
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Figure 26. FT-IR of a) solvent free DCA prepared from DCA-o-xylene, and b)

after immersion in trichloroethylene for 3 days.
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Figure 27. Thermal stability of a) guest free DCA crystal (obtained from
DCA-o-xylene), and b) after soaking in trichloroethylene at room temperature

for over 3 days.

XRD pattern indicates that DCA entraps trichloroethylene with a certain crystal
structure (Figure 28). It is confirmed that DCA starting material shows the same
XRD pattern with guest free DCA. This implies that though opaque needle crystal is
obtained after exclusiom guest out completely, the microstructure of the solvent free
crystal is amorphous. Immersion with _ trichloroethylene will allow the
trichloroethylene guest molecules penetrating into the layer of DCA ‘which makes
XRD pattern of DCA turn out to be a crystal structure again.
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Figure 28, XRD pattern of salvent free DCA, (top) and DCA-

trichloroethylene (bottom).

7. DCA-VCM Host-Guest Compound, Properties and Structural Analysis

Owing to the instability of VCM, it-is difficult to_study DCA-VCM host guest
compound obtained from intercalation method by normal analytical approaches such
as FTIR, TG/DTA. An attempt to study the absorption of vinyl chloride monomer
into the DCA 'guest frée host is done. As mentioned in previous section, the crystal
has to be kept in low temperature owing to the volatility of vinyl chloride monomer,
thus, microscope FT-IR technique is applied to observe DCA-VCM directly without
grinding DCA-VCM to prepare as a KBr pellet to avoid the guest evaporation.

Vinyl chloride monomer was cooled in a glass tube within liquid nitrogen. The guest
free DCA crystal obtained from recrystallization by o-xylene were left with liquid

nitrogen o progress insertion process for two days in vacuum atmosphere.
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Microscope FT-IR (Figure 29) shows that DCA forms the inclusion compound with
VCM which can be concluded by considering the characteristic referring to changing
of DCA characteric peaks, i.e., OH peak at peaks at 3600 and singlet peak at 1700

em’ (see in Figure 7).
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Figure 29. Microscope FI-IR of DCA crystal after immersion. in liquidified
VCM for over 3 days.

Low temperature DSC was also applied to observed the DCA-VCM formation. As
shown in Figure 31, the DSC analysis of the DCA-VCM adduct was carried out from
-20 to 200 °C to define the VCM releasing point of the DCA-VCM. It is found that
VCM releasing point of the DCA-VCM adduct is broad in the range of 40-60°C.
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Figure 30. DSC thermogram of DCA after immersion in liquidified VCM for

over 3 days.

8. Effect of y-ray on the Inclusion Polymerization of DCA-VCM

Table 3. Amount of ¥ -ray and the induced polymer properties.

y-ray Mn Mw | MWD  |%yield PVC/CA
! ‘ (g/mol)
' 10 2808 7322 2.61 4.54
| 20 2809 AT U 255 7.7
30 4926 14304, . . 2.9 59.53
40 - : ] 86.84

It is known that inclusion polymerization be effected by the host channel and the
energy level of y-ray to accelerate the inclusion polymerization, here, the effect of y-

ray on the inclusion polymerization was studied by varying the amount of y-ray.
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Figure 31. Effect of y-ray on inclusion polymerization of DCA-VCM,

As the amount of y-ray increased, the high molecular weight polymer was
obtained with the high yield, however, the distribution of polymer species is
also increased significantly (Table 3 and Figure 31). These results can be
referred to the effect of y-ray that it is not only on the production of the radical
species to enhance the polymerization but also the degradation of polymer
chains. It is found that the yield of PVC was as high as 80% yield when the
amount of y-ray was 40 Mrad.

9. DCA-VCM Inclusion Polymerization _and Study on the Resulting

Polymer

After irradiation, DCA-VCM crystals are expected to change to DCA-PVC crystals.
Thermal stability study on the DCA-VCM after irradiation indicates that the releasing
point of the obtained product from the host is at 145 °C (Figure 31). It is found that
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guest releasing temperature is rather high than PVC. This may be related to the
consumed energy to exclude the guest from the packing layer of DCA host. FI-IR of
the iradiated crystal (Figure 32) implies that DCA entrapes a gues. However, the
guest peaks can not be clarified as a PVC until purification on the irradiated host-

VCM adduct were done.

In order to confirm the successful of inclusion polymerization for the DCA-VCM
host-guest compound to obtain PVC. The obtained crystals were analyzed after the
washing thoroughly with methanol to exclude DCA host. It is found that white
precipitate was appeared when DCA-VCM crystal were washed with methanol. The
amount of the obtained PVC is found to be 10 mg for each 1.0 g of DCA inclusion
crystal as confirmed by the weight measurement before and after irradiation process.

The white precipitate wascollected to analyze the structure.
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Figure 32. TG/DTA of DCA-VCM resulting crystal after irradiation.
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Figure 33. FT-IR of DCA-VCM resulting crystal after irradiation.

Comparing the FT-IR spectrum (Figure 33) of the PVC abtained by the inclusion
polymerization to the commercial poly(vinyl chloride), the resulting polymer can be
concluded as poly(vinyl chloride). It should be noted that there are some differences
of these spectrd, especially in thé band Aréund 1250 ¢, which is assigned to the
vibration mode of methine (CH). The PVC from the inclusion polymerization shows
sharp peak while the .commercial PVC shows theymethine (CH) broad peak at 1250
em’, Moreover, other observed peaks are relatively sharp peak comparing to the
peaks of he commercial one. These sharp peaks indicates that the resulting polymer

may have specific structure owing to the higher regularity than the commercial PVC.
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Figure 34. FT-IR of a) the obtained product after washing the irradiated DCA-
VCM prepared from DCA-dioxane, b) the obtained product after washing the
irradiated DCA-VCM prepared from DCA-ethy!l acetate, and ¢) commercial

PVC.

It should-be moled that\two types of solvent free. DCA-(Figure 33-a.and b) give the
similar result of the product PVC." This means that the channels provided from both

solvents contribute no different for VCM alignment in the channel.

Thermal stability study by DSC shows that the glass transition temperature (Tg) of the
obtained PVC is at 101° (Figure 35) which is slightly higher than that of commercial

PVC (at 87°)Figure 34).
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Figure 35. DSC thermogram of the commercial PVC.
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Figure 36, DSC thermogram of the obtained product from irradiated
DCA-VCM.

However, in the casé of the obtained PVC, the range of Tg is broader than the
commercial one, which may be due to the broad distribution of the regularity in the
product. The obtained PVC does not show the melting temperature, which indicates

that it may not be the complete crystalline polymer.

Solubility is another approach to evaluate the différences in structure between the
obtained PVC and the commercial PVC. - Certain solvents are used for the study on
solubility, i.e. tetrehydrofuran, cyclohexanone, and benzene-acetone mixture. The

solubility testing results are summarized in Table 3.
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Table 4. Solubility of the obtained PVC and the commercial PVC in various solvents

Solubility at room Solubility at
Solvent temperature boiling point temperature
Commercial | Inclusion | Commercial | Inclusion
PVC PVC PVC PVC
Tetrahydrofuran v X v b3
Cyclohexanone X x V
Benzene-acetone mixture X x Y pd

v = Soluble and X = insoluble

The solubility testing indicates that the obtained PVC is more difficult to dissolve in
good solvents for PVC, except for cyclohexanone at elevated temperature. Yoshii ef
al reported that syndiotactic PVC prepared by inclusion polymerization using urea as

3% This can be concluded that

a host molecule is insoluble in all of solvents in Table
the obtained PVC may have some level of stereoregularity different from either the

commercial PVC or the obtained PVC from urea host.

Here, ESR measurement was conducted. The ESR spectra of the obtained PVC and

the commercial PVC at 187 K and 273 K are shown in Figure 36 and 37, respectively.

There are some different parts in ESR spectra between commercial PVC and the
inclusion polymerized PVC. _Here, if free radicals created on the polymer chain by
irradiation have different environment of polymer chain, the obtained ESR pattern
will be different. As shown in Figure 6, the spectra obtained at 183K are similar to
each other. However, when the tefnperature 18 increased to 273K, a shnuld;ar peak on
2350 G appears (Figure 37). This can be explained as follows, at 183 K, the free
radicals movement is rather restricted, which makes the position that the appeared
free radicals created be the same. However, at 273 K, the movement of the radicals is
more freely than at 183 K and the shoulder peak is appeared. This can be concluded

that the microstructure of the obtained PVC shows some differences in the regularity.
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Figure 37. ESR spectra at 183 K of irradiated PVC, a) the obtained product
from irradiated DCA-VCM, and b) the commercial PVC.

f”_'/ b)

3274.88 G 3465.07 G
Figure 38. ESR spectra at 273 K of irradiated PVC, a) the obtained product
from irradiated DCA-VCM, and b) the commercial PVC.
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Figure 40 XRD pattern of the obtaining PVC.
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Structural analysis was also done by XRD. As shown in Figure 38 and 39, the
obtained polymer shows one major peak at 30° and a slight peak at 70°, while the
commercial PVC shows the peak at 20° 30° and sub peaks at 40° and 80°. This
implies that the structure of the obtained product be more regularity. However, the
broadening of the peaks in all ranges informs that the regularity of the obtained

polymer is still based on the amorphous phase.

With specific software, the XRD analysis can be evaluated for the amorphous phase
and crystalline phase to determine the degree of the crystallinity in the overall
polymer chain. However, when there is no concerned with the broadening of the
peaks, for the obtained pelymer, by using Braggs' Law, the spacings of groups of

atoms can be calculated to'get the average distances of 0.4~0.5 nm.

In order to clarify the crystallinity and the regularity, another approach can be
proposed. Generally, regularity of the polymer effects the solubility of the polymer in
good solvents at a certain temperature, 1., the higher regularity with high molecular
weight, the solubility will be decreased and tends to precipitate out from the system.
Thus, it can be expected that the obtained polymer can be extensively studied in the
stereoregularity and the degree of crystallinity.
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CHAPTER 4

Conclusions

Although polyvinyl chloride has been known for over 3 decades, the development of
polyvinyl chloride did not received much attention. This due to the preparation
process, which is a radical polymerization of vinyl chloride monomer, limits the
polyvinyl chloride about its property and the stereospecific structure to be only
random polymer and as an amorphous structure.  However, inclusion polymerization
is an alternative way to propose as a space dependent radical polymerization to obtain

a controlled structure of polyvinyl chloride.

DCA is found to be auseful host compound owing to two main reasons. Firstly,
DCA can be prepared as a solvent free DCA host structure, which is very stable in the
form of opaque needles-like erystal. ~ Secondly, DCA solvent free host will allow
another guest molecule to penetrate inside and, thus, DCA-VCM can be prepared
successfully by guest absorption technique.

Radical polymerization by Y-radiation is proven to gencrate PVC from the DCA-
VCM. Structural analysis of the resulting polymer based on stereospecific structure
concluded that the obtained PVC is found to be a mixture of stereoregularity products.
It is to our interest in the future work to focus on the purification of the product by
using critical solubility technique in order to separate each fraction of the polymer out

from the mixtures.

The present work will be extended for structural amalysis by XRD and NMR
technique, especially 13C-NMR solid state in order to clarify the structure of the
obtained product. In this step, it is important to separate each molecular weight

fraction by precipitation in the solvent technique.
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CHAPTER 5
~ Future Aspects

DCA can be prepared as an inclusion compound with many types of solvents. It is an
interesting issue to focus the type of inclusion crystal in order to clarify guest channel
in the cavity of DCA. In the present work, we found that DCA can entrap some guest
in a stable manner, however, there are some particular guests, such as dioxane or ethyl
acetate that guest will be decreased after long period of time. The obtained product
was characterized from various approaches to study the specific property of the
polymer. Here, we concluded that there are some properties differed from the
commercial PVC. FI-IR, thermal analysis and ESR study implied that the obtained
product shows some different property from the commercial PVC. However, the
results also implied that the obtained PVC is the mixture of the stereoregularity
polymer. In order to characterize the specific structure, NMR technique is another
useful approach for the study. Here, the obtained product should be reprecipitate and
fractional separated to collect each level of the molecular weight related to the
structure. Thus, in the future work, it is our interest to study the structure in details by
using XRD and NMR including molecular weight study by using GPC technique.

Concerning with the channel of the host, the present work.is also attractive to us to
clarify the size and speécific struéture for the VCM guest molecules. We propose that
the inclusion polymerization of VCM should be studied by using another steroid
derivatives, such as; cholic acid host system.  The merit-of cholic-acid is also on the
point that the inclusion compound with' VCM can be prepared by absorption
technique. Here, we expect that cholic acid will give different structure of the channel
which leads to the understanding of host channel and guest stability by comparing to
DCA system. The inclusion polymerization in Cholic acid is also interesting issues

for the stereoregularity polymer.
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metiestion al i,:]-dim:lhylllul.ldiznr and 2.3 dichlorelwits-
diene by yoray irradiatmn in the thiourea canals _llﬂ'ﬂltu-i
was supporied by structural evidences hased apnn cevmeal.
siructure analyses of the monomer-Lhioutes adducws, paly-
mer=thiourca adducts, and resulting polymers al hoth
diencs. The farmation of & urea adducl with 1,1 butadiens
was reported by Clasen? and the r:di-l;pl‘:-;nﬁﬂmi urea
canal palymerization of 1 J-butadiene was found by White*
tn produce an extremely regular trane-ld polpoer. Hew
ever, 5 was peinted out previously,” struetuces of adducts
of urea or thicurea with polymerizable munnmers and
hence the delaily of the mode of canal polymernzalinn are
by na means the same bul are peculiar to each monomer
The present paper i3 caoncerned from struclural vigwpsine
with the charactaristics of the wrea canal palymerizition
and the resulting polymer of 1L.3-butadiene.

FExperimental Seetion
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ampaiile was roaled slowly (07715 min) tn =40" and =ad stafed,
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which sre suitable Tor Xoray sludy were thus pliained. Aller re-
maval al Lhe mather liguid, the ampoule was sealed apain, Poly-
eryitalline manamer—ures sddusl was alsa prejpared by the meih-
il af White' Sinee the adduel dissasisted immediately above
abaul =30°, it was handled in a Dey lee han

Melymer-Urea Adduel The monamer-ures adduct wues ies
distesd al =78 by yvorays from a coball 560 ssures of ihe Hadiawen
Labnratnry of Osaks University. The irradiation doee raie and
tatal dewape were T X 10% nr 5 X 10" radr snd 1.2 % 00 e L5 X

T rnel, respeeiively. Singte coyrlals of the munsmer-urea srddues
were ranafnrmed inwn Lke pelymer-urea adduct preseceine the
wriginal ceysial shape. The polymer-urca adduct decmnpu=ed 2

2%

Malymer Samplos. The polymer-ures adducs was =arhed with
water al I3 or 100" tn order La remove wies, Finm single crysiab of
the palymer-urea adduct, wnsazially arienbed Gbrmes gwilymer
samples were direcily shisined. They were deied tn wcun M
asither Lreavmenis, such s u:rrlull'iubrm. [ractionalinn, amd an-
nealing, were made far the palymer samples. When the ireadisted
addiuet was warmed slnwly o room emperatare, misre bighe Tic
lisnys. samples were nlilained; prabaliy e geeimdymenzaiion
progressed during the warming. As reflerence polymer samples, 40
wng Hﬁ.lr@q}_l.hpﬁyhuulﬁtnl prepared by the use of V1, .
AlLELls catalyse =ere used.

X-Hay Dilfraciion, Threughout the present study, nickel.fil.
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wne phawagraph. Relectinn intensities estimated by comparisen
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irainn facenrs, A fiber phatagraph af the cansl-palvmerized pedy.
wngr wal Laken with & eylindrieal camers. Figures la=c show the
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ducrs snd the fiher phawagraph, respectively,

Small.angle X.ray diffraciinn phawagraphs of the palvmeranrea
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Frared dichealims were measured with o Hitachi EMI2 micromenpee
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Results and Discussion

Manomer-Ures Adduct. The X-ray diffraction pai-
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due to a definite angular dispasition of butadiene (guest)
molecules about Lhe canal axis as in the caze af 3,3.dimeth.
ylbutadiene=thiourea adductl.? The defarmed thinures ca:
nals with the maonoclinic symmetry FlJo is ihe
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male raten ol .71 by measurement nf the dissisciat pres.
sure of the adduct), The monomer packing in the urea
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shown in the side view in Figure 3 ar Figure 10, when the
malecular dimensinng of butadient determined hy Almen.
ninger, #f al 7 and the normal van der Waaly radii were
wied, Inm ithe cave afl 2 -dimethylbuadiene-thiaures nd-

duct, the mnle ratio of hnsi to guest is rationally 3:0, and
the guedt molocules take delinite dispasilinns tn the host

Talde 1
CeysiallppEraphic 1kaw far the Monomer-Liren and
Palymer=Licea Adducis of Li-UButadiene

Manmner=urey Polymer=urya

Afdue] EF T |
Crystal aysiem e b kel Hexaganal
Bypace grovp i vt 16,22
Coll dimensions, o = E.:.!IJ 002 ez ks 822000
A e A =
1420 « 0.00
e om 1000 0,00 ¢ ow 100 5 002
fal = 1207}
Mumber of host-  [2-3.02 G-2.28"
puest molecules [3.97) {2.63)°

per cell imole
ralin}

* [dgal sdelucl. i =whigh camals arg Niled =ih gndless peslvmer
chaing

malecule® On the ather hand, in the hutadiene-urea ad.
duct, the mole ratin s ireational and hence Lhe arcay of
pussl molecules in cach canal seems Lo Lake an uncertan
level ta the framewnrk of the haet, IF that is 20, guest mele:
cules pive wndependent streak.like laver lines, !, in the
rntatinn photagraph, except the equatarial layer ling. in
which host and guest mnlezules are enherent in X.ray scat-
terings Inorder (o canfitm this packing of puen malecules,
a caleulation nf eylindrically averaped dilfraciinn intensi-
tics about the canal azia which should be compared with
the ratation photozraph, =as done using eq | for the array
ol butadiene malecules lacated a2 in Figure Jor Figure 10

Hatfel) =

ZEJ",L.J.[‘I;H!JJJ I".L|II2}'I:_|.1‘ - JI.I.'l_l a
Iy &
A

fo= 12 min 00807 = {1 0e 0|05 8, Beage apzle; &, wave
lenpth; ., arderaf tayer ling of the innnamen: © -, monn
et ket val alnnp the cannl agis; £, sLamic SCabLefing fai-
b of jth atom, Jy, Hessel funetinn of gepath acder: o, and
£ vadial and asial companents of interatamie distance
between § and j°Lh atoms sn the monnmer molecule, Fijpure
2 {tap) shows the calculated intensilies. The resull pave the
strang extes layer line of 727 A (fimst layer hinz) and the
scarcely detectable second layer line aa observed expesn.
mentally.

The structure af urea cansl was determined b?’ the least-
squares relinement with dawa of Fihk1] = Flhes). Suhse.

+ 20 N Ardd2akr 0 cosl2sl_s

="

Jel)l o

[
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Frgure T. Caleutated cybindrieally aversged obey dilifvactinn ine
temuities of gubra layer lines foe Ghe moonmer—uics sdduct (g
and the ey -ures adduct [hatiomi, :

quently, the angular position of guest molecule about ihe
canal axis was determined by the least-squares refinsment
with FlhkD), where ry coordinates and thermal pan-m{.ﬂ'l
of urea molecules were Nived as obtained from the consider.
ation of Fihkill = FlhkS), The final atomic coordinates
and therinal parameters are shown in Table IL Takde 10l

lists the obzerved and ﬂttuimliimuma: fagtors [(see

paragraph at end ol paper reparding supplementary male-
risl), The diserepaney Nactor & (=fF| = |Fl/Z|Fol) was
0.094 for all abiserved reflections. The crystal structure is
shanen in Figure 3. The averaged hand lengihs and bond
angles far three nanequivalent ured molecules are as fol.
lows C=0, 130 A; =M, 1.35 A; 0O-C-N, 1237 N-C-M,
11E5". Though Lthe canals are slightly deformed from regu-
lar hesagonal prisms, the scheme of M=H .- 0 hydrogen
bondings bet=een urea malcsuled % the saimie a3 (hat indha
hexaganal sdduet. 1 e, the feamewark aleanal is composed
af three interpenetraung helicesal Ures molecules with the
same sense [eicher nght-banded nor lefl-handed helices)
There are 12 independent N-H - - O hydrogen bond dis-
tances, Uheydrgrdnged frm 282 o J084 and dre aver-
aped Lo he 29504 i

The guest inolecules are included with a definileangular
disprsition ahalt the canal sxis and have cross-gectional
dimengions of 3.8 % 5.4 A% abaut the canal asis. Therelore,
the deformavion of the ures eanals seems 1o be quite rea-
sannhle, Hawever, as shown in the ead view in Figure 3, the
cavily of the eanal has a slight allawanee ler cacillabion of
guesl molecules abmul the canal auis. Alsn, since the canal
aris i3 in accordance with A twnlold screw sxis in the
Pochds erystal, the guest molecules might be srranged sta-
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Muarramalessieg

F e
f"l:ul,éjf;rnul strgctisre of Lthe maanmer-ured saddoes In ihe

ket Mil-ﬂn sicde wew (Lap), e MaH .. O hydrogen handing
BohEme lﬁbud by lhuakea lings, 3nd in the rght pars ihe in.
mgd medpcules sie thawn, The selsnive heighis ol ma.
mm& nﬁlﬁgl“ b res maleculen sie srliblesey 53 thawn in the
Lgal -

bigtically tuening 1BO® abodt the canal axis in canal by
canal,

Fil:rm:t-l.lm Addury Tht procedure ol siricture
analysis of l.h palymer-uiea adduct was similar tn that ar
the monomer-ures adduct. The polymer-urea adducs
belengs 1o the heragonal system 6,22 The cell dimen:
siany are shown in Tahle 1 Table IV lizs the atomic coor-
dinales and thermal parameiers, Tahle ¥V i3 the lisy ol ab.
served and caleulated struclure Tactors (zee paragraph ay
end of paper regarding supplementary matenall. The final
R Tacpor was 0010 The crgstal Sirvelure & shown in Fipure
4. ThE strugtube of urea canal & sulistantially the same as
that efthe meparaffin-ures addueMC-0, | 77 A 0o, 138
Ay Q-CoM, 119,77 MN=C-M, 120.6%, and twn kinds of M-
H o+« 0 hydrogen hond distances are 296 amd 100 A. The
eanal is a regular Kezaponal prism, The oetharhamhbic sym.
melry i'n Lthe manomer-ures ld‘ll:! dl'!'..'lp pears hy teanslar.
mation from Lhe mannmer-ures sdducl intn Lhe galymer-
urea adduct, However, since the deformation due to the
transformation i small, crystals of the polymer-ures ad-
duct can retain the single-crysal habic

One problem sabout the polymer chaing in the canaly
should be noted, The moleculsr chains of rrais- | 4.paly.
hutadiene in the low.lemperature crysialline farm wake the
T-5 teans-5 (T, trans; 5, shew) canformauom with an len
tity pericd of 4.83 A% In the rotation ghetograph of the
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Fahlg 1l
Abasaniae: {aardiazites and Thesoaud 1rramglyes
Tove thie Moaoaier = ees daliluie

Alfuini ' ¥ ’ i, At
1 0, 009 00937 ¢ 1559 N E
cir G el 00462 O IGIG 1.0%
SIARE] 01994 Q.o Ll { T .9)
mi{i2l 0.2215 00438 Q. 0458% i 08
o 0055 0 6967 0 02 117
o | =0, 0754 0.0428 0 ELZI 4.08
pizih ol 11T 0,060 0 pahiz a2
TErd} -0 1307 0.0036 97154 L)
ol 0094 0.072% 0 Lans 4
CIIN 0.a1Ea 0. 1642 o +0aT 3136
rilnl 0,039 02104 0 0319 5 ih
132} -0.0282 02054 0 3941 4 5
HIbg 0.286 =0,038 0.24) 1 B4
a2y [ ET 0.013 LRI (NS
i 0.337 0,016 0, G4 213
FLISER] o187 [+ 4 1FE] 0284 p ]
izl -0 267 0.008 0054 2
12 -0.12% 0.061 0 020 3 uk
Hea -0.222 0.04% L iy
[[{FES] ~LOTH o.oal OGS4 454
HIATL) 0.4 0. I8 4 861G 4. 2]
izl 0,079 018 0530 14
[[EEL] -0.0%3 0.274 0473 4.4
ey -0.044 0,171 @00 1.9
o [1] 0,524 0,207 o0.000" &G0
cici) 0.510 0.21% o die B G3
HIG 1 0,501 0,242 - 0,004 B.E0
wiG2r 0,569 0139 0.90%° .60
et 0.557 0151 020" L]

© o Arbiteary vabees relative 0 the host nefeculos s shasn i Lie
teni, " I*aramcicrs ol hydragen atoms wn the zuerl moleule =cre
wamined, Equivalent positions arc (oo eh, [ = o F.% = @l0IT %
=v. ¥l and % - r.% + v 71

polymer-urea adduy L {Figure [h), we ohserved a very weak
layer line with a period of 242 A4 corresnnding Lo the sec.
aned layer line for the above madecular cham. Lo the pure
hexagonal canal, the polymer chaing must arient statistical:
Iy alsput the canal axis, since the poelymer ehain aniz i in
accordance with 2 sixlald serew axis in the F6,22 ceyanal,
Twno assumplinns af free rolating polymer chains [Lime av.
eraped or space averaged) ahout lh-g chamn aus and af ran-
domly dispased chains in giz equivalent sies were exam-
ined for the T-5-trans-5 palymer chain. For the free-rotats
ing madel, the structure factar of the cquates s exprossed
aseql

Firkd = r...r.<|"';"nr i F.,........l’r-t‘ﬁl [
Fratvme B = 3 p g 20
1

i tadial coordinate of juh stom fram the chain asis; i
weight deduted from the mole ratio of hast Lo guesy (frimng-
meric unitlin = 22811001 AN B4A) whenthe summabion
i3 made lar all atoms in nne monomenic unit. Doth models
gave essentially the same reasonable Fihk 0) ~alues. The
cylindrically sveragped intensities of extra layer lines. [,
were alsn ealeulated in a good approximatinn by using the
free-rotating madel.

MR fe) = |3 f302mfn) explend a e 17 (1)
)

;. axial coordinate of juh atam: &g idenuily perind af paly.
mer chain, 4.84 A, The resull shown in Figure 2 ibotinm]
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Avganie Dearilinnies aod Thermal Paramclers
far the Mglynigr«Jrca Adiuer

Alaan ¥V W i ' .i;'
[¥] 0. 0 GROG 04167 G35
C 0. 4086 0.5%04 04T 618
i 0.4377 05261 0 5227 675
iy 0104 0 544 0. 508 67
Mizh 0.506 0.458 D.aly [
cly 0.0 L] 005 1.3
({ [ 0.0R5 0, 0xa 017G 1.3
nigni® = LS . 100 0 052 1.1
lﬂfl_(,f a 146 - 041 0171 7.3
IH'C.'II;)" 0.2946 o181 r.112 1.3

= Ramee ihe pelymed cham e sanadminiy leyeeed alrwd Lhe raeal
suis. paramciessoan bhe Lalile sg tenisbiwely gisgn fae the T-5
prame 5 gelymer s desgelad o tbe teat. Domrdapstes af the s
mainiag Atama in LRe Aaanmens uain are nlaamed by 2 inverinn
Ay RELTy A rELana al (0.0 0)

indicates that the second layer line 15 observahle while che
first layer line is not detectable as nhserved espenimentally

The infraced spectrum af the polymer-urea adduct =
quile similar bo Lhose of the a-parafllin-urea adducta ™"
The abzarption lands of the polymer (guest compnnent) in
uhe adduet are véry weak: unly the 966 em=" [+(CmC) -

SICHI], 2850 em " [rdCH) and 2924 e [~ulCHa|

hands were abserved. These hands are in accordance with
thase ol the polymer samples, Therefore, no Tuether infie.
q'!;ihmn absul the polymer canformatinn in the canak could
bz obained,

The polymer-urea adducl was found Lo, decompoee at
142* fraen the NEC measurement as shoen i Fipure Sa.
Anather endotherinic peak at 129% in Figure 5a s ascriba-
Ile L the Tugion ol ol ueea erystals (Letraganal PAZ2,m, a
s b =866l ande = 4717 ALY o practice, coexiszence of
um‘gr_ﬂi;ls in the palymer-urea adduct sample was elear-
iy demaonsirated hy the X.ray dillraction (Figure 1h). The
separated wrea crystals orient in twn preferalile wavs
lhdhﬁ! there 1z a small amuunt of palycrystailine urea o,
the |O01] and [100] axes al tirea arient aleng the canal azis
As s well-knowen, transs Laspniybutadiens bas a first-orcer
trangition fromhe dew-lgmperature form o the high-tem-
perature form st sbaun 55-76°, depending upan the condi-
viony of preparation of the sample.'? There i3 no peak in
this reginn for the polymer—ures adduce. That is, all padv.
mer chawns are included in Lthe urea canals, while.free urea
coysials exist. [Uis a characteristic in the canal palymesnz
tion of butadiene that the monomer-urea adduct is trans-
farmed inta the polymer-ures adduct with accompanying
urea crystals asa by-product. The problem concerning this
il be discussed in the fnllowing sectivne

I"olymer, The canal.palymerieed polybutadiene is esu
maled o be almostl 1007% Lrans. |4 polymer from s o
lrared spectrumsbnth the 810-cm™! hand arising fron |2
addition Jr'l.{i the 740 cm =" hand froen cis-1,4 addition can
not be seen, while a weak but cleae band at- 910 cm™" 1=
fawnd Tar the 98% trans-l 4 palyiner. The inflrared spece
trwm of the griented canal-palymerined pnlymer gave the
same dichroism a3 3 streeched D% trans-1.4 polymer: The
Xoray Miber pattern [Figure 1<) is also essentially the same
83 the usual one. Hawever, a3 shown in Figure & which pre-
sents X.ray diffraction eurves for three different polymer
sampies taken at 25°, the features af the canal-polymerized
polymers ar¢ tcarcely detectable amnmephnus sealteninps
and ralther hroad crystalline diflractions. These. (ealures
imply that the eanal-poalymerized polymers have high crys-
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Figure & Cryscal struclure of ihe polymer-urea sedure The N-

H . O hydragen banding seke me o essentinily the e st that of
the manamer-urea adduel

wallinitics, but the crrsu!lqbu are rather small andfor
saomewhat paracrystalline,

Talile ¥l shows calorimetric data for the canal-polymer-
ited polymers with the data of Bermudet and Fatou lor a
predominantly trans-14 polymer.'? Inthe taldehe crys-
tallimitics of the lowstgmperaturecrystalline farmofform 1}
A and of the high-temperature form (form 1) X were
estimated by using the relationship of Lhe abserved hest of
transition &M ws. X and of the observed heat of [usion
Al gy e X gy, proposed by Bermudez and Fatou (Figure &
in ref 13k The crystaliinitics ol the canal. polymesized paly-
mers are comparable with thiee of dingle ceystaly grown
feam n.heplane selutions." The & s of the sampleobiained
by removal of uren at 25% i3 exceptionally amall, but the in-
crement of X gy of this sample may be due 10 prometion of
crystallization during the DSC measurement.

The small-s ngle X.ray dillrnction of an ornented 30%
trans-l 4 palymer gave a discrele reflechion with a long
spacing of 200 A caltubated according to Tragg's law, slong
the fiber anis, while the canal-polymerized polymer s well
as the polymer.urea sdduct did not shoaw such s spot [Fig-
uee 7). Mg, Stellman, and Woodward " reported that solu-

eanal pobvipctined plymer [iemowal ol weea ail 10075
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Figuee 5 D5C theimograme; (8] (hg polymed <ures anduct, o) ike

ik ihe
ennal-prbyimeronerd gl yosge Dremaval of wrea sl 5%,

tian-grown single crystals have lamellar thicknesses of
abnul 94-110 A. ILis conceivable thal the canal-polymer-
azed polymers do anl contain any pericdie heterogenesus

‘structisre i a dimension of 100-200 A along the Gber sais

From the mechanizm of the canal polymerization and of
the polymer :ry:ul!iul.bu-n it is likely thay the extended
polymer chains in the camaly aggregate preferably with
each nther and crystallize in 8 mode of intermolecular crya
tallization rather than of intramolecular crystallization
Flll.llﬂ' B shows a Lransmission eleclron mlrrn;raph ol the
caral. fbﬂrymmlzml polymer, The pholograph shows a gross
lamellar structure o about 2000 A thickness. The inLerpre
Latinn of this structure it still uncertain, but in the case of
the canal pelymarization of 2.]-dichlorobutadiene. the ob-
wined palymer was composed of fine needleli%e Dibrils and
had no such lamcllae siructure.? The canal polymerizauon
af 2 3-dichlarobutadiens was peeformed withoul breaking-
up of the thinurea camals even if large vacancies were pro.
duced in the canals due to the polymerization. Therelore,
the gross lamellar structure in the canal-polymenized paly:
butadiene might he interpreted as follows, That is. in the
eate of ureascanal-polymerization of butadienes, owing 1o
the signifiennt shorwening of monamer inverval upsn poly-
merizatinn and 3 less stability of urea-canal framewark
withnul puest molecules, the urea canals are biroken up at
feginng where Some vacancies of neighbonng canals are
concantrated, say withan iolervalof ohaerved 2000 A
Canal Polymerization. From e prment swuciaral
studies. the urea-canal polymernzation and Lhe polymer
crystallitatian of butadiene can be schematically represent.
ed ag shown in Figure 5, Ohmorl, et al.,"* reporied an esr
study af preirradiated polycrystalline butadieng-ures ad-
duct. They piapased thal the mechanism of canal polymer
iration 15 of & radical Lype, starting (rom the ally) type radi-
cal CHaCH=CHy produced by praton tranafer finm o urea
malegule ta 8 hutadiene anion radical, which may be pea.
duced hy caplure nl an ejecied electron, Thaugh the deisils
of the structure of such an imperfectinn site cannol be ac
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Figure & X-Ray diffeaction cutves of (hoge peodyiee sampales | sl
Lhe 3E% Lrara- 14 palymer: (1h the canalgaly med il g (68
mrenl of wres sl 25°), (] the canal-prdymerized gualvings [remamal
of wrea ot 1097),

Xeray.dillragtion photogiephe: lal the S
Lrana- 04 polymer; (b)) U polymer-ures adduct lel Ahe ganal jm
lymenized palymer (removsl of wree ot 100° 1 The imleasse Chas
saia i vertical in each pholegraph,

Figuee 1. Small-angle

quired, Lthe polymerization musl start by an additinn rencs
tien of the nearest neighbonng monome: malecule to the
radical in a.canal. The slignment of monomer molecules in
the canal seems o be favorable to trans-1 4 addition, Haw.
ever, the polymerization requires consderable shoriening
of monamer interval: Tram 7.77 1o 4 B4 Ji. permanamer mal.
ecule. From the geometrical viewpmint alnne, 1L appears
that the monomer molecules can trasel in the canal wikhaut
any large hindrance. As an appiosimatmn, the =an der
Waals patential energy for one manginer mudecule az a
function of translational coordinate (2] alang the canal axis
and rotation angle (@] abour the canal azis was estimaled

Ve gl = 2 B0, = b 5 i

LA |

u-:.irl[ en 4, The summatinn was made fnr autam pairs be-
Lween ane monnmer molecule and surrownding urea mule:
cules =ith interatomic distances £ less than 7 A The con
stans A and A were Waken Grom Ga and Scheraga '™ Fig-
wre 10 shnws the palenusl saciey map, where the srgin
(0.0) iz chosen as the molecular plane uf the pucst motceule

Figwre 4. Tranemoassn elecloen micrograph ol the camal gedyier
wred pedpivigt dremeval of urea ab 10071

Figure % Scliemaie iipmanu.r.im ol Lhe urea -camal jsiymor e
vam and the pedymer coysiallzation for 13buadiene

anel i paraliel tn the ae plane (At this stage, the CIG1)
atom dennted in Talbe s at & = 0561, 3 = 0250, and ¢ =
M the Mractional conrdinates), and @ s Laken counter-
clockwise, Since the cansl axis is in accurdance =ith 4 Lwne
fovd gcrew anis

Wir o= M ¢/2.0 + [ED7 (5
130 and 00",

which_are consistent with ihe result af erysial stmegture

The potential energy minima are al e =

analyses, ani Lhe r]:‘rl.!l‘llial barrier aga.ilu_.t Lhe peansbntonm aif
a zucel molecule along the cannlazis at the Cwo angealar po-
sitind, s wnly 0% kaalfmel, Yeshii, ef al, ' studied the
tenperature dependence of the canal polymeration ol lie-
widicne, According o their study, the postpalymeriation
af preireadisted hutadiene-ures adduct av = [90* @ sup-
Llrr-\srr_l al =" in 'pral:l.il:l: but proceeds ;:;mﬁc;nily Al
=78* and iz promoted gradually with elevating tempera-
ture, Sukce the potential Bareier Tor Dhie tranal gl of moees
namer malegule alang Lthe canal axis i3 aat o ugh, the wem.
perature dependence afl the caral polymereation may Ine
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Figure #8, I

aeigiskar e g al Graseloimsnal prekiimes 3 ool Lhg Amonshegy
mlecile

eathgr eelaned oeeurrenee of same laral destructimm ol the
wtea camaly I|.'|r which a free space suitahle far enehnineent
ol inunanier maleciles s larimed. The lucal qu ur
the canal wmay ocewr by Lhe fnematiin ol a VACAOEY 11
polymenzation, The heat af the <anal couatuan,
which iz still unknown, may alte be i;!ﬁtﬁepl::,::ai Mgl
structure change Hewewer, the detaila ﬂ[p”ilth & acal

:han‘g are sull an npen questian ln’;ly‘:%w:nh .l':r[m the
facs nl the appreciahle :hnru:mn; mOnmmes &tmll

upan pl1i}'mlllb‘llﬂ1l1 amif ol Lthe groveth ol ﬁ:.‘i cr;-il.ﬁ(ls.,.ﬂ:

is likely that seme regnnstfuction ol crx.l.i'li f'.\wc;t Lkes
place in the wicinity of prowing polye

nally the palymegraires adduct can relain ih'!m!ﬁ: cystal
featuees nf the nriginal monunicr-urea :lldjh

The calculated mde ralin nf hnsl l-m"u:!.l. in I.HE' by

ner=ures adduct (0228 shown in Ta hl-!ﬁ ihmdd hﬂnlr:tﬁ
foor an ideal polymer-uren addact in which iﬂ:: canils argl
filled =ath codbese Lrans-14 palymer chl'nﬁ mrm{ Lhn
ilentity period of 4840 A4 l'hli ideal situatinn cannnt Azl

B d

i peaciize, hecasuse the anginal monomee-ur l-drlum
e male eatin ol 421 Aecardingly, even il | mpur‘rﬂqﬂ

o pnlymer is achieved, the extent ol vacancies (Lowal [E_u!ﬁA
il vacancies) m the canals due ta the shortening of mann-
mer interval (from 7,27 1o .84 &) is caleulated 1o e 0%
The elerngntal analysia af Tull posypalymerined :-u!il'q Eeyae

wils, which were compnsed al the pﬂbvmer-uul adduct and
the wrea crystals as the by prndu;;,.!iln‘wﬁd “th Vl.hr o
wersinm L pelyrmer was almast 10000 e the mnle ratn
af wrea to monemeric unit did andalter from that in the
ariginal monamer-ured adducL On the other hand, feam
whe calnnimernie dawa (measurement af the hent of fusisn af
uren cryatals in Figure Sa) nf Ihf:. samypile, we estimated the
woight fractions of wrea exmimg as the polymer-urea ad

duct and as the urea cryslals, assuming thatthe polymor-
wred adduct did nay decompote priar wo the fugian af aies
crysials fef. in the ease oF pﬁlrcthy!em-ureq gl dicy™
which was ang nﬂnm.nmﬂl hjr res crytml; .11 :nuquhﬂ

mic peak fne the Tusion al wica cesials was ahaerved prioe
to the decrmipnsitinn of 1he adduct at 148*). From vhese
data and the mole ratin i the deal pulymer-urea adduc,
we cstimated the weghi lractions ol ures evumlingn thn
lollgwing thregatates wrea which constructs the ideal pily-

chaig end, Lt i -
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srvan capieg wilibaagh, BB sares whirls Fomaskfoit= camals sk
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_J:I:mr.'nsmna] ones Iin iSolropic maerosr:ﬂplc
'Icw:i spaces. This generalizatuon is based on
ﬂur lollowing finding; in the lormer casc. the
Zrelative size belween a manomer molecule

;4nd a channel plays a decisive role in the
% ‘polymerization behavior, whlir: such a rtT.ilwt
T:kf‘._mt effect can be neglected in-khe latier case '
We so lar studied the effect by usc of a pair
2ol host. deoxycholic acid (DCA) and apochaolic
Aa:::d (ACA) (Channel size: ACA>DCA). in
sorder to discuss the effectain fuciher dejuil
W: need another hosis\which farm chinncls
: ‘shghily different lrom those of NCA dnd ACA
Boin size. Recently. we found that chobe acd
" (CA) and its derivadives [arm channekiype
- inclusion compounds with a wanety of organic
substances.?™ Y We now find that methyl
- cholate (MC) amaong these hosts can serve as
the third host suiable for the onc-dimensional
inclusion polymenzalion
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Relative Size Effect on the Polymerization with
Methyl Chaolate Inclusion Compounds

Wyjayanihi GooNewarina, Miki MivaTa,”
and Kpch TAinorg

Depariment af Appled Buee Gl Pugelipotf Engincering,
oy Cuka 364, Sapan

IReceved Max M 1991)

Hust Guest | Methvl Cholawe |

CR'=OH. R'=H
H:th}-l eholate (MC); R' =0H, R’ aCH,

Deorvelishicacid (DCAY, R'=l_ RY=1{
Meihyl deaxycholate: R« H, R? =CH,

Apachohe acid (ACA)

Ths commumicalion.deals.with the relative
size. effect on the polymerization with MO
inclusion campounds, as compared with those
in DCA and ACA oncs. The cHett can be
understond” through /a (sirdctural |\ viewpoint
it C channels are larger in size than DCA
and ACA ancs,

EXPERIMEMTAL

tethyl cholate was prepared lrom commer-

1403
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cially available cholic wcid (Sigma Ca) by
esterificaton with methanol contarning hydro-
gen chlonde.® The erude product was purified
by recrystallization from methanol. The sol
vent-free methyl cholaie was obunncd by
heating at 110°C for 20 hours under vacuum.
The inclusion compound ol a monomer with
methyl cholate was prepared as lollows; | (g
al methyl cholale and an equimalar amount
of a monomer were placed in a glass tube
of 10mm diameter, which was scaled under
vacuum (1072 Tarr) aflter three frecze thaw
cvcles, The tube was allowed 1o stand al 25°C
over 20 hours 10 form inclusion compounds,
and then cxposed to y-irradiation from 2 **Co
source al 0°C for one hour with 3 lolal dose
ol 1.0 Mrad. After the irradiationthe tube was
allowed 1o stand al a defimile lemperalare n
order Lo postpolymenze and then coaled agan
to —78°C. The contemis were immediaicly
poured into an excess amounl @f methanol 1o
separate the polymer [rom methy! cholate.
The methanol-insoluble lraction was Nllered,
dried under vacuum, and weighed,

The microstruciures of 1he polymers were

determined on the basis of IR, 'H, and ''C
MNMR speciroscopy. ESR measurcments were
carricd out as described earlier.'!

RESULTS AND DISCUSSION

We carried oul the inclusion pEIyMENZaTIonN
of various dienc and vinyl menomers by use
of MC and its derivatives. The procedure was
similar to that employed lor DCA and ACA
MC gave a significant amount of the polymers,
while CA and methyl deoxycholate did not Tn
the absence of the hosrmolecules, we ablained
anly a trace amount oFthe polvmers-under the
same conditons.

We siudied, the Sinclusion polymenzaugn
using MC in\detail, And, we 'compared the
polymerizatiom, behaviar with ones in cases
of DCA and ACA.'* with respect o the
polymernzability of the included monomers.
the stability of the included propagating

1405

05

and K. Takimnm

Figure 10 _ESR_specirs of the propagaling radcaly

deiived Tiam mzthyl 2,4 peniadicnoate in methy] cholaie
melution compounds, They were observed a1 28°C (a),
$0°C (b), ¥C (), and 100°C (d),

radwcals, and tne microstruclure of the result-
ing palymers, as described below.

First. comjugated diene monomers, such as
2 J-dimethyl-1 J-butadiene and |-chloro-| 3.
buladiene, polymerized 1o pive rubber-like
polymers, while solid polymers in cases of
DCA and ACA, The diene monomers with no
or ane melhyl substituent gave the polymers
in poar yields, while in significant vields in
DCA and ACA channels. In addition, con-
ventional vinyl monomers, such as methyl
methacrylate and so on, polymerized 1o yield
atacic polymers, although such vinyl mono-
mers hardly polymerized in channels of DCA
and ACA.7
*Secondly, the propagaung radicals were not
s0 stable as those incasc of DCA and ACA.
We olien observed ESR spectra derived rom
both the propagating radicals and the host
radicals at room temperature. Figure | shows
the ESR spectra® of the radicals derived from
the iaclusion campound ol MC with methyl
2 aipentadenoate. The signals disappeared by
ncreusing lempecature up 10 100°C) whereas
they idid norineases of DCA and A QA

Thardly, the stereorcgularity of the resuliing
diene polymers was much lower than those 1in
cases of DCA and ACA. The contem of
| 4-trans struclure was 70 to 90%, while 1
was almost quanutative in the lalter case. For

Palym. J., Vol 23, Mo 11, 1991
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Fev Bipsannnn Prdvmeineanom sl Meihyl ® hlaie

: Figure L Schematie dravangs of eftieteddnins ol ihe
metnvl cholage inelusivn campiunds il Wl ak
theekness by meany ol space- mhng muuleh sl A hae
rizomial wicw, 1wn gerows correIpane 1o ihe Eruts-section

shown ke lower higure (b)) (B A werueal view, 1ea
3rmbws show the posiion of the sectom of the uppar ligure
mdicate methyl chalate, 1ty twl

) 1", T, and "G
part, and methannl, respeciivels ﬁulllﬂ lies Shava the
appraumate cdpes of ihe channel wipeiher wib snde,
pockels

example. in case of paly(2,3-dimetiyt-1,3-
butadiene) vbtwined by theanclusion polym-
enzatwn m MC chanoels, the’ £y NMR
spectzum showed two tdrge peaks ai IR and
218 ppm due to | 4% rans structure a5 weil
as ﬁclghhuring small peaks due 1o | 3-r
structure. The content @1 |.8-trans structure
is higher than that of the polymer abtaincd
i soluton, but lower than Those Gumed
guanitaively rDCA bnd ACA Channels®
We observed reliive size effects Trome three
vigwpomnts as mentioned ahove A the resulls
are comsisiSn wirth, afruded Wi ohe poly -
zation “réachon spages of MC chanpelssare
Larger than those of DOCA and ACA oncy This
5 supported by a maolecular eraphics siudy®
ol ihe ervstal streciure ol the
(.'m'i'lrmumj. of MO with methanol ? Figure 2
shows horizanwal and vertical views aof ihe
assembly, The MO molecules baswally Torm
biluyer assembly 1o leave channels with saude

e lusion

Palyin | Vol 33 3 11 1990

pockers, ke the eases of DA, ACA . sl
ALY The estenc pans of the sierodal Lals
and the methanol molecules are located i the
channels and the side pockels. respeciively
In the ghsence of methanol,
may cxpedi the monomer molecules
could be included o the channels and 1he
side pockets instead of the ks any
methanol molecules. Moreover, we clareficd
ivatechuhic acil inclusion compounds show
guest-responsive structural changes through
laib parts of the host molecules."® Nonpuolar
chariacier ol the esternic purt ol the MO
may lead tovan increase of the Mexibility of
the sascrbly. Therelare, it seems reasonahie
W assume thal MC channels can serve s

howewe s, wy

thiit

the

Cpelynicn ziation reaction spaces a hitle larver

than DCA and ACA anes

In conclusion. the present study demon-
siratas that MC can provide a ncw channel
suitable for the siudy on the relative size

. effect on the inclusion polymenzaton. Furghe:

,f;;.::mmc research for the design of channel.
y:p: organic inclusion compounds would
gg,usrful lor finding various molecular-level
;paxcs lar polvmenzation reactions
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Inclusion Polymerization of
1-Chlorobutadiene in a Deoxycholic
Acid Canal*

HIROMOR! TSUTSUMIL," KEN OKANISHI, MIKIJI MIYATA,
and KIICH! TAKEMOTO, Department of Applied Fine Chemistry,
Faculty of Enpineenng, Osaka University, Suita, Osaka 565 Japan

Symopsis

I veluston pod s rmeere zaiim ol i rhlnrnlmi.-::[zgng wan gludlld I.Iﬂl'l-: o !!I*dih}dl’ba\ M enclan
24wt pord faconschiohe acid, DCA) a8 hoﬂ maleculkas It was lound that the palvii-cnice
buudlmgj had simost 005 of pead totail trans.1 4-strecture on the basis aof BoONMIL and T
spectroscames. Trix was the fest example ol prepaning the hughly regulaved polvil cniees
butadiene) by wing toe nclusion p?’{&'menﬂtﬂﬁ 1H}I|'Ilqul The polymnecs sbtained were aitazalls
acuive and the masemum value qlfpocl.ﬁt raul.in;s wan [‘h]b = 41.8°%, Borh the rate constanis ane
the value of artvanon enefgy ol fthe wlementary reactions of anclusion pelymenzavion
1-chlorobutadiens were determined hy graphnc.tl évaluation. The activauon energy of propagation
and termination was 1.3 and_ jﬂ 1 k{;ﬂfl‘;ﬁl respeclively.

INTRODUCTION

A convenient method for ‘mrﬂ.mkling migrastructures of polymers 1 the
inclusion polymenzation using various hosts, such as urea, thiourea, and
perhydmmphemlene {F'H‘T‘F'). However polymenzable monomers lar thus
purpose are himited in size of mongmear wmch:;ainﬁqmcluded in their canais
and for instabihity of monomer-host adducts. In&usmn polymenzation using
these hosts so far was carmed out with moromers. q‘f hJ]]lLEd SOTLS,

We have besr. studwing inclusion polwnenzar.mn using both-deoxvehniic
acid (DCA) and u[:a:tmhcg id {apoCA) as the host rnclegule;.’ AL i weil
known that vanous organic compounds are included by DCA and apoC2 °
The guest molecules are sandwiched between the sheets whuch are buii: up
with DCA molecules by hydrogen bonding.

In the case of using DCA or apoCA as the hosts, the monomers which have
suitable size. shape, polarity, and chirality including vinyl monomer,* acvehc’
or cyclic® conlugated diene, and diacetylene,’:® were found to be includes znc
polvmenzed n e canals even at high postpolymerizalion Lemperaturs e
csuse of hien tvermial” suability of monomer-host adducts. The moncmers
applicable for melusion pelvmernization were thus extended by using DC A 2nd
apoCA‘as Host moleciiles.

Earliér we reported \the inclusion polymerization of 1-chlorobuladiene znd
characterization of the poly(l-chlorobutadiene).? The direct evidence for the

*Funcuensl Mononiers and Polvmers CLX. Part CLIN of the senes: M ) Moshaddam
5. Hotumi. Y. lnaki, and k. Takemoto, J. Pl:!.l';ll'll_ S, Polven. Chem. Ed . 26, 3295 (1952

"Present aderess! Department of Industnal Chemistrs, Faculis of Engineenng, Y anismueha
Univermity, Ube 153, Japan.

Journnl of Polveer Scicnce are A Polvmer Chemnztey, Vol 28, 1327 1A (14900
L1480 John Wilex & Suns, bne COC VST N DG | 25
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vecurrence of the polymerization of substituted butadiene monomers’in a
DA canal were ascertained hy x-ray diffraction of polvmer- DCA adducts,
We confirmed (urther asymmetne induction in the resulting polymers.'?

In this paper we report on the behavior of inclusion pulvmenzation of
l-chlorobutadiene in detail.

EXPERIMENTAL

Monomer

1.Chlorobutadiene was prepared according b the lierature' as lollows:
trans-| 4-dichloro-2-butene was heated with powdered KOH au 80-90°C.
Crude 1-chlorobutadiene was distilled from the reaction mixture, and punfied
bv distillation. [ts purily was checked hy gas chromatography before use.

Hest

Commercially available deoxycholic agid (DCA) was recrystallized from
acetone and the resulting crystals were heated under vacuum at 100°C for
1 day to remove agelone.

Polymerization

Two hundred and thirly milligrams @l 1-chlorcbutadiene (2.3 mmol) and
1.0 g of DCA (2.5 mmol) were added in @ glass tube and the tube was sealed
under high vacuum. The whe was allowed to stand at 30°C for | day to
prepare monomer-host adducts: The tube was y-rav irradiated (dose rate
1 Mradsh. 1 h, at -78°C) for initiation of polymerization. Postpolvmeriza-
ton was carmied out under a definite temperature. After the poastpolymeriza-
tion, the polvmer-host adduct was poured into excess methanol (about 100
mL). The polvmerseparated-from host molecolewas flvered off, washed with
methanol| repeatédly, and dned under vacuum. When the time for drving of
the polvmer was too long, the polymer changed in its color and became
insoluble in commen organic solvents.

Measurements

Infrared specira of host, mopomer~host adduct, palvmer-hpst adduct, and
polvmer were measured with a JASCO IR Bl0 spectrophotometer. Host,
monomer -host. and polvmer-host @dduct were measured on K Br dispersions
and polymer was in-film state pasung from ehloroform solution.

"H-land ""C-NMR spectra of thé polymers were measured in CDCL, wath a
JEQL JMNM-PS-100 and a JMM-FX-60S spectrometer, respectively.

Specific rotation of polvmers was measured with a JASCO DIP 18] digital
polanmeter in chiloroform solution.

Molecular weight of polymers was determined by GPC using TSK GEL
4000H %1 column (TOYO SODA Col and TOYD S0DA CCP & 3000 series
system. Polv(styrene) standards with a low polydispersity were used as
molecular weight standards.

TG and DTA measurements were made with a SETKO 580 thermal analysis
system, at a heating rate of 10 K /min under nitrogen atmasphere.
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Fig. 1. TG and DTA diagram {lf iy DEA, ih i;ﬁjﬁnﬁb‘gl:dle&w DCA adduct, and (1
palyil-chlorabutadienel- DCA adduct at heatung rawe ol lﬁﬂgﬂlﬂn under nitrogen atmosphere

ESR spectra were measured at room Lernperature with a JEOL. JES.FX1X
ESR spectrometer. The-sample-lor-messurement-was-prep “in the same

way as mentioned above for polymenization, using & qua.rr.z tube and the tube
was irradiated by y-ray (1 Mrad/h, 1 h. at - 78°C).

RESULTS AND DISCUSSION

Progérties ohiModamér®Tr PolymeroD CATAdd utts:

The postpolymeénzation was carmed out in the temperawdre range{from - 20
to 30°C. When the postpolymerization was carned out-al hich temperature,
above 80°C, thecplariess hast erystdls g the glass vabechanged et color o
purple, then to black. ‘At lower temperatyre, the change in[ color| of \the
pelymers was not noticeble

The coloration of the polymer-DCA adduct occwrred even at room Lemper-
ature after a few days. Furthermore, the color of the polvmer-DCA adduct
turned black, and the polymer separated from the host was black and
insoluble 1n common orgaruc solvents.

TG and DTA diagrams of DCA, 1.chlorobutadiene or polvil-chloro.
butadiene)- DCA adduct are shown in Figure 1 (a)={c)

According o the TG and DTA diagram of monomer-host adduct, release of
the monomer occurred remarkably at about 159°C, which is ca 90°C higher

70
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Fig. 2. Infrared speetra al'ra 03 1hy [ ehlorabhutadiens- DA adducy, and (e palvil-chloro-
butadienei- DCA sdduct (Posisslemenzationay U°C, [or 48 hy

than the boiling paint of | ehlorobutadiene (lit.,!' 65-68.53°C). It suggests that
1-chlorobutadiene is included by host molecules and the adduct is thermally
stable. ,

TG and DTA diagram of paly{i-chlorobutadiene)- DCA adduet is shown in
Figure 1(¢). Two endathermic peaks were nbserved along with an accompany-
ing weight loss. The small gneds at IJT’E ar]'nd anoLther s at 184°C. The former
peak may be due to the release of ,resl;_[gﬁa!_monamer and the elimination of
hwvdrogen chloride from palvil-chlorobutadiene) The latter peak at 184°C is
the melting point of the polymer- DCA adducts. The melting point is higher
than that of DCA (136-138°C).

Infrared spectra of DCA, | .chlorobutadiene- DCA addtict, and poly(1-chlo-
robutadiene)-DCA adduct are shown in Figure 2 (a)-(z2).

Comparing Figure %(a} with (b), the peaks due to 1-chlorobutadiene are
almaost overlapped by those of host molecules. In the region betwets 1600 and
800 em ~ ' differences @né few.

As sho@wn amFigure 2c). the peaks dué o the palwover are also overlapped
by host. However at Lhe pand 3600-3200/ cmn ' which is assigned to hvdrogen
bonded — OH swretching. the difference 1s shown between Figure 2(a) and (c).
Nakamoto et al. reportec that the stretching frequencies of hydrogen bonded
+—OH was a[undtion ol the O—H-+ Q/distance'? Decrease in/the distance
off O—H" "0 hvdrogen- bond ‘caused "a "shuft the wavenumber of = OH
stretching. This difference may be attnbuted to the inclusion of polymer in

the DCA canal and its influence on the distance of hydrogen bonds between
host molecules

Microstruecture of Polv(l-Chlorobutadiene) Prepared by
Inclusion Polymerization

The infrared spectrum ol the poly(]l-chlorobutadiene) which was preparad
by inclusion polvimenzation s shown m Figure 3.
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F|‘ 3. Infrared spectrum of rﬂ‘u[}-“-ch'm‘uhuladllﬂl_i yl’rp!.l"ld by inclusian pq:rl}mcnmlmn
using DHCA as host. IPD‘U.DGI'L'thI-TlH.m al QaC, for 2% b

The bands at 1660 and 360 ¢m’ ' are assigned 1o C=C strewching and
C—H bending vibration®l trans double hond, respectively. The bands from
675 Lo 725 cm ™' whichdre assigned o G — I-T bending vibration of cis double
bond are not observed.

YC.NMR spectrum ol ‘poly(l- qblr::mbul.ndlenel is shown in Figure 4.

Only four peaks-—40.85, 6116, 12849, and lﬂﬁﬂppm—-were abserved, The
assignment of the peaks is 40. 83 Ci4).61.16 CHB 128.49 C(3), and 133.60 C(2);
—(— C(4)H,— C(3)H = C(2)H — CIIHCI—§,—=

The results indicate that the pur’lv“-chhmbutaﬁamel prepared by inclusion
polymerization using DCA as host molecule eonsists almost completely of
head to tail, trans-l.4-structure- The polvmenzanon of 1-chlorobutadiene
without the host molegules under the same conditions wvielded 3 trace amount
of polymer which had i:4-and-3.4-structure-Kohjiva-et-al: reported that the
poly(1-chlorobutadiene} obtained by using a radical initiator, ALBN, consisted
66% of 1 4-structure and 34% of 34-structure.'? Paolyi I-chlorobutadiene) which
had almost 100% of head to tail and trans-1 4-structure has been obtained for
the first time by inclusion polymenzation using DCA as host,

|og ik = .

J

140 120 100 80 60 L0 20

of

ppm

Fig 4. ""C.NMR specirum ol polvil-chlorobutadiene preparid by inclusion polvmerization
waang 13CA s host (Vestpalvmgrizaton an 0°C, dor 24 ha
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19 G

¥ —

Fig o  ESit specirum of -chlorobutadiens DCA adduct, yeray irradiated ar i8*C and
measurid 31 ro0m Lemperatene

ESR Spectrum of l-Chlnrﬁhiﬂﬁﬂian-DCﬁs System

ESR spectrum af l-chlﬁmhuudéene-ﬂm systern was measured at room
temperature after y-ray irmadiation. The spectrim is shown in Figure 3.

The ESR speclium is  assigned ‘toe an allylic radical
{ — CH,— CH=CH* CHCI). The complicated line shape is probably due to
nuciea.r spin of ‘chlonne (f = 3/2). The ESR spectrum was observed dunng a
few weeks. Theradieal in/ question may be the propagating one of the
1-chlorobutadiéne, a& in the case of 2,3-dimethylbutadiene described in our
previous paper.'’ The smhlhly of the p:—::-pagnung radicals can be explained by
the fact that the cgupling of a propagatmg radical in a canal wath that in
another canal 1s prevent.ad by the :;.na! walls. The result suppests that the
inclusion polymeénzation of 1-ehlorobutadiene tn a DCA canal proceeds via a
free radical mechanism s

Kinetics of Inclusion: Pﬁ[ymenfaﬁon of 1-Chlorobutadiene in a
DCA Gmial

The rate constants and the achaum energy of the elementary reaction of
the inclusion pul»menml.lan have never been determined. We atiempted Lo
determine these values on the system of the inclusion polymenzation of
i-chlorobutadiene in a DCA canal™ ‘

Kagiva et al, reported on a classification of polymerization from a kinet
point of view' and a graphical evaluation of the rate constanis of the
elementary reactions of various polymenzation systems.'® We used this method
1o obtain the values,

The relauonship between the number average molecular weight and the
polymerconversionis shiown n Figure 6.

The number average molecular weight of the polvil chlorobutadiency n
creased with increasing conversion as showngsin Figure 6, exvept flor the
postpal¥mer zauon@t 50°C.

| Dependence of the conversian on-the postpolymenzation time s shown in
Figure 7.

At the imtial stage of postpolymenzation, the conversion increased with the
postpalymerization ume. The polymerization can be classified as a stationary
successive polvmenzation with a rapid initiation from these resulis. Thes
polvmenzation svatem seems to be a “living” radical polymenzation at the
initial stage. [t is known that the methyl methacrylate-orthophosphone acid
system'” is an example of a "living” radical polymenzation system.

7’3
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LTI I S T B S |

74



1534 TSUTSUMI ET AL.

The increasing rawe of polymer conversion decreased with the polymenza.
tion time. ILis ﬂuggmmd that the amount of the propagating species decreases
with the progress of polymenzation. The polymenzation systerm changes o a
aonstationary successive polymenzation with increasing postpolymenzaton
time '

The elementary steps of this inclusion polymenzation are considered from a
kinetic point of view as [ollows:

lnunanon:

M, M

[M"], = the imiual concentration of propagating species
[P ]a

2 .82 20 2440 % 10" (mol /kg)

Propaganaon:
P M A PSR =k [P [M]
Transfer:

P' = }'{Y '?::.P:{' +.-Y‘ Hti"g— hi.‘[P'][KY]

)
{/
z

Termination:

PO+ L ~Ne—R—a #{?“][a]
where M represents. monomer; M", a::twated munamer. F*, propagaung
species; XY and Z, host or 1mpunh in the system, R R dnd R, the rate
of propagation, trans[gr and termination; k k,,. and ey, the rate mnsmnu
of these reactions; [P'] and [M], mnoentrn'l.mn of propagating species,
monomer; [XY], and [Z], concentration of host or lmpunly in the svstem:
[P=]g and [M"],, the initial concentration of propagating species. The initial
concentration of propagating species. was determined by extrapolating the
concentration ol<polvmer chains in the system o posipolymenzation time 0.
The concentration of manemer, polvmer, or other speciés is given as their
respective number ol moles per klogram of host (OCAY.
By comiining these equations with the fundamental-relationships of poly-
menzation, the [ollowing equations can be denved.

R k[P ]y
> = g =) k;[z] “}
(MY ['(R/[MD) e [(R/IM])
" 0
|MFI i [F']n 3 lkl.r[}{‘."llr] {-2!

PfR/MD A [(RAMY et
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where R is the apparent rate of polvmenzation L"RL'R ), P, is the number
average degree of polvmenzation ol ljie polymer Eammd 4N a reaction period
of from time 0 o tumewy, and [M_] is the polvmer vield in polymerized
maonomer moles, [M] s {he mmmgfmm

The plots of R/[M] jd(R/[M]) dr against [P'lwffn{R/fM]}dt give straight
lines as shown in Figure 8k, and &,[Z] are determined as listed in Table 1.

When all species of £ are_,lhe DCA molecules, the concentratianel Z, [Z), is
2.5 mol/kg. The value of &, is in the range from 6.8 x 107" to 1.4 x 1077
{mal kg s). 1t is substantially smialler thanthat of k. Therate of termination

TABLE L
[tate Constanis.ol Inclusion Polvmentation al [ Chiorobutadiene i a [XCA Canal

Posipal menzauan

Lamperature ht AL
(" kg smalsh (15
N P I | Tl 1.7 x 107"
1 AR x ! 4 %30 ¢
A1 120! Lixan "
£ . T 11x 10
“Haost | kg,

"[2] = conmt
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Fig. 9. [M /B L RAM] e IP‘IEZTHR;‘[% the polvmenzation of | chloro

buzadiene 1n a DCA canal, Pestpo -ﬂfﬂ‘ﬂ.inﬁﬂ an: {Q’}_:f__ L (@) 0°C, (a1 32°C, 18y 0°C.
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reaction in the polymenmtmn system is slawer 1.ha;n l‘h%‘. of propaszation
reaction. Therefﬁrqj Frmy v chil j:umdlene in 2
DCA eanal s;.-p_mswm'be a "hﬂng pa!vmwmatwn at mmaLi ge of polymer.
ization. 7

The Arrhenius plats between 1/T vs. Ink, or In k[Z} also gives straight
lines and the value of activation energy of propagation and tennination, £,
and E,, are determuned a5.477 apdull.l kecal/mol.respectively. It i1s known
that the valugs of activauionCenergy of Hropagation by Tree radicals are ca.
9-10 keal/mel\ oy various butadiene manomers.'® The values gbrained for
inclusion polvmerization of | chlorobutadiene are reasonable.

The, plotssal [M_1/8, [ BAMNAL ys. [B* ] fa( B/IM]) dl are shown in
Figure 97 ] _ :

The plots of postpolymenzation at” 3%C Tesult 'in"a straight linewith-a
slope of 1.07. The value 15 verv similar Lo the theoretical value, 1. However the
plots at other postpolvmenzation temperature deviate from a straight line or
follow a straight line with a smaller or larger slope than 1. When the
postpolvmerization lemperature is at —20°C, the plots deviate from the
straight hine. 1t 15 probably because the polymers obitained as methanol
insoluble part at -20°C contain the low molecular weight substances.
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