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Chapter I: General Introduction

I-1. Polyolefins

Polyolefins are industrially important synthetic polymers, synthesized from
olefin monomers. According to the IUPAC Gold Book, olefins are “Acyclic and cyclic
hydrocarbons having one or more carbon—carbon double bonds, apart from the formal
ones in aromatic compounds. The class olefins subsumes alkenes and cycloalkenes and

2]

the corresponding polyenes.”" Polyethylene and polypropylene are typical examples of

polyolefins (Scheme I-1).

Scheme I-1. Chemical structures of polyethylene and polypropylene.
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After Staudinger proposed the concept of macromolecules in 1920, polyethylene
was synthesized as early as 1933 by Gibson and Fawcett at the British chemical company,
ICI. It is well known that polyethylene was used as electrical insulators for air and
shipborne radar in the Second World War. After the war, polyolefins have been at the
center of the development of the polymer industry. Nowadays, polyethylene and

polypropylene are used as wrapping films, bottles, toys, water and gas pipes, wire, cable



insulation, and so on. About half of global plastic production is polyethylene and

polypropylene today.

I-2. Early Studies of Polyolefins

Because polyethylene has the simplest chemical structure among synthetic
polymers, it was the standard polymer to establish polymer chemistry after Staudinger
proposed the macromolecular concept.? As early as 1939, Bunn reported the crystalline
structure of this simplest polyolefin, where the chain takes the zig-zag conformation in
the orthorhombic lattice.> In 1953, Ziegler* discovered a new catalyst for the
polymerization of ethylene at low temperatures. This catalyst produced high-density
polyethylene, which is a harder material than low-density polyethylene produced by

radical polymerization.

Just after the development of the Ziegler catalyst, Natta® succeeded in preparing
stereoregular polypropylene (Scheme I-1) by use of the Ziegler-Natta catalyst in 1954.
This catalyst made it possible to control the configuration of asymmetric carbon atoms
not only in polypropylene but also in many other vinyl polymers.® The resulting polymer
samples strongly promoted research in structural science and contributed to its
development. Later, with the advent of metallocene catalysts in the 1980s, more precise
structural and molecular weight control became possible. Since the 1990s, various
catalysts called post-metallocenes have been developed and are still in use today.
Polyolefins covering a wide range of physical properties have been developed one after

another.



After the discovery of stereoregularity in polyolefins, it has begun to be
understood that the stereoregularity (or tacticity) in the polymer chain plays a very
important role in the formation of the crystal structure. Intensive studies of
crystallography using X-ray diffraction technique were conducted. Natta and Corradini
reported in the early 1960s the crystal structures of isotactic and syndiotactic
polypropylenes.”!® The isotactic chain tends to have a 3/1 helix structure due to the
repulsion between the substituents.”® On the other hand, the syndiotactic one forms a 4/1
helix as the most stable state® and planar-zigzag conformation at the metastable state when
it is drawn.'® Their crystal structures as well as that of polyethylene are shown in Figure

I-1.

(a) polyethylene (b) isotactic polypropylene (c) syndiotactic polypropylene

Figure I-1. Chain conformation and packing in the crystalline phase for (a) polyethylene,
(b) isotactic polypropylene, and (c¢) syndiotactic polypropylene.

The relation between the conformational energy and the unperturbed dimension
of the isolated polymer chain in dilute solutions is one of the most fundamental problems
in polymer science. Due to their simple chemical structures, polyethylene and

3



polypropylene are the easiest polymers to calculate the conformational energy among
polymers with symmetric and asymmetric structures, respectively. Although
polyethylene and polypropylene are not suitable polymers for studying solution properties
because of their high crystallinity, much effort was made to determine the unperturbed
dimension in dilute solution.*! The obtained experimental unperturbed dimensions of
polyethylene and polypropylene were compared with the rotational isomeric state (RIS)
model, in which the unperturbed dimension can be calculated from the conformational

energy. The details were summarized in Flory’s textbook in 1969.1

Polymer rheology is important to design the molding process and the mechanical
properties of plastic materials. On the basis of the Doi-Edwards theory'? and the
experimental verification by Graessley,!? the plateau modulus Gx° of polymer melts is
attributed to the chain entanglement interactions. As the proposal by Lin-Noolandi'#!¢,

G\ is related to the packing length p and the number n; of entanglement strands in a cube

with sides equal to the tube diameter by

o RT
Gn=—"F—7 (I-1)
Ne“Nap

where R, T, and Na are the gas constant, the absolute temperature, and the Avogadro

constant, respectively. Furthermore, p can be calculated from mean square end-to-end

distance (R2)o of the polymer chain in the unperturbed state by

(M/pNp)

(I-2)
(R%)

p:

where M and p are the molar mass and melt density of the polymer. Fetters and his

17-19

coworkers extensively studied the relation between rheological properties and

4



unperturbed dimension for industrially important polyolefins. They obtained the linear
relation between Gn° and p illustrated in Figure I-2. The slope yields n; = 21.8.! Their

results demonstrate the close relation between polymer rheology and polymer chain

conformation.
4 I I I I
» (o]
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Figure I-2. Relation between the plateau modulus Gn° and packing length p for various

polyolefins.

I-3. Poly(norbornene)s as Typical Examples of Cycloolefin Polymers

Norbornene is a bicyclic olefin, and polymerizes in two ways,?’ as shown in
Scheme 1-2. Through the addition polymerization, norbornene becomes a polymer
retaining the bicyclic structure in the backbone. On the other hand, by ring-opening
metathesis polymerization (ROMP), norbornene provides a polymer with double bonds
and a cyclopentane ring structure in the backbone. After hydrogenation of the residual

double bonds, the polymer becomes more thermally stable, more resistive against



oxidative degradation and applicable to various industrial materials.?*?® In what follows,

the hydrogenated ring-opened poly(norbornene) is abbreviated as H-poly(NB).

Scheme I-2. Two types of polymerization methods of horbornene.

H-poly(NB)
ROMP H
2

o O o
Viny\L
polymerization n

Hydrogenated ring-opened polymers obtained from norbornene and its
derivatives (Scheme I-3) are referred to as ‘cycloolefin polymers (COPs).” The
representative COP resins, Zeonor® and Zeonex®, were developed by Zeon Corporation
in the early 1980s and have been commercially produced since 1990. Because of their
superior optical properties (high clarity, low birefringence), heat resistance, moisture
resistance, chemical resistance, acid and alkali resistance, electric property (low dielectric
constant), and good melt processability, they have been used for optical lenses and films,

pharmaceutical packages, electrical insulators, and so on. 232

Scheme I-3. Chemical structures of typical norbornene derivatives used to produce COP
resins.

/N
\_(

5-phenylnorbornene dicyclopentadiene  tricyclododecene

(DCP) (TCD)
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On the other hand, poly(norbornene) formed by vinyl addition polymerization
(Scheme 1-2) has been reported to be stiffer than ordinary vinyl polymers without ring
skeletal structures.®**” Compared with H-poly(NB), poly(norbornene) through addition

polymerization is more brittle and difficult to use as a functional resin.

The possible microstructures of ring-opened poly(norbornene) [poly(NB)] and
its hydrogenated product, H-poly(NB), are shown in Scheme I-4. The configuration of
the cyclopentylene rings in H-poly(NB) is always cis, i.e., the hydrogens at the branching
points face the same side of the cyclopentylene ring, because the monomer configuration
is retained throughout the ROMP and following hydrogenation procedures.
Stereoregularity is defined by the configuration relationship between the two asymmetric
carbons that are distanced by five C-C bonds. When their configurations are the same [(S)
and (S), or (R) and (R)], it is named the meso diad and the tacticity is isotactic. On the
contrary, when their configurations are different [(S) and (R), or (R) and (S)] it is named
the racemo diad and the tacticity should be syndiotactic. In other words, the tacticity for
H-poly(NB) which has no substituents can be explained by the difference in the sequence
of head-tail bonding. Hence, the isotactic and syndiotactic H-poly(NB) take the sequence

of the configurations of asymmetric carbons [(S)-(R)]-[(S)-(R)]-[(S)-(R)]-[(S)-(R)]-....

and [(S)-(R)-[(R)-()]-[(S)-(R)]- [(R)~(S)]-...., respectively.



Scheme I-4. Possible microstructures of ring-opened poly(NB) and H-poly(NB).
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According to the IUPAC nomenclature,®® the more precise name for
stereoregular H-poly(NB) may be diisotactic and disyndiotactic instead of isotactic and
syndiotactic, respectively. Some other poly(cycloolefin)s also have this type of
stereoregularity: vinyl-addition polymerized poly(NB),*° cationically polymerized
poly(norbornadiene).** However, we will use the names isotactic and syndiotactic H-
poly(NB)s because this type of nomenclature has long been accepted among researchers

studying the polymers synthesized by the ROMP process.



I-4. Previous Studies on H-poly(NB)

The ring-opening metathesis polymerization (ROMP) of norbornene and its
derivatives was first performed using the Ziegler type classical catalyst discovered in the
1960s. However, the design of ligands to make precise polymerization was so difficult
that the tacticity of the main chain could not be controlled at all and the products were

limited to atactic polymers.

In the 1980s, R. H. Grubbs developed a living ROMP system using metal
alkylidene complexes.*! This technology provided the basis for ROMP in a well-
controlled manner. Cis/trans-selective ROMPs of various monomers had been
successfully achieved.*** On the other hand, the tacticity control of ROMP has been
studied more recently. In the early 2000s, advances in the stereospecific ROMP have
made it possible to polymerize norbornene derivatives with high stereoregularity by
designing catalysts and ligands. Schrock and his co-workers shed light on a strategy of
catalyst design for stereospecific ROMP* and cis-isospecific ROMPs of various
norbornene derivatives were realized.*>*’ After that, cis-syndiospecific,®* trans-

isospecific’® ROMPs of norbornene and its derivatives were achieved as well.

At the same time, Hayano et al. have reported that the Mo- and W-based binary
catalysts promoted both highly cis-isoselective and cis-syndioselective ROMPs of
dicyclopentadiene (DCP) which is one of the industrially important norbornene
derivatives.’!">3 They have also discovered that the addition of stereoregularity induced
crystallinity and improved heat resistance. However, studies on the stereoselective ROMP
of NB as a simpler aliphatic cycloolefin have been insufficient. It is important to confirm

how effective these catalysts are for NB.



The crystal structure of atactic H-poly(NB) or copolymers containing atactic H-
poly(NB) block was studied already in the past.>*>® It must be noted that the atactic H-
poly(NB) can crystallize in spite of the random configuration. The polymer is thus
regarded as one of the very unique atactic polymers including atactic poly(vinyl alcohol)

and poly(acrylonitrile). Register et al.>*

investigated the thermal properties and crystal
structure of atactic H-poly(NB) with a meso content of 44%. The melting temperature 7,
was 143 °C. The monoclinic crystal structure was proposed by the analysis of X-ray
diffraction data for the polymer species in the range of the meso content from 44% to
54%.°° Furthermore, the monoclinic crystal structure for atactic H-Poly(NB) is

transformed to the hexagonal phase above the transition temperature.>*>> However, there

are no reports on the crystal structure of stereoregular H-poly(NB)s.

The single chain conformation of H-poly(NB) and its analogue polymers has
been little studied. Only recently, Hamidi and Ganewatta studied dilute solution
properties of rosin-substituted atactic H-poly(NB) by size exclusion chromatography in
tetrahydrofuran.’® They analyzed the molecular weight dependences of the radius of
gyration and intrinsic viscosity to estimate the chain rigidity of the polymer. There is no

research on the single chain conformation of stereoregular H-poly(NB).

I-5. Purpose and Scope of This Work

As demonstrated above for polypropylene, stereoregularity plays an essential
role in the structure and properties of polymers. Thus, it seems interesting to investigate
the effects of stereoregularity on the crystal structure and single chain conformation of
H-poly(NB). This is the motivation of this thesis work.

10



In this work, isospecific and syndioselective ring-opening metathesis
polymerizations (ROMPs) of norbornene (NB) using Mo- and W-based catalyst
precursors have been thoroughly investigated for the first time. Cis-isospecific ROMPs
of NB were achieved with Mo-based catalyst, and cis-syndioselective ROMPs of NB
proceeded in the presence of W-based catalysts. The results of this synthetic work are

described in Chapter I1.

The crystal domain controls the thermal properties such as melting temperature
and the mechanical properties such as tensile strength where crystalline domains form
physical cross-links. The knowledge in the crystal structure is fundamental to improve
their physical and mechanical properties. Chapter III deals with the stereoregularity
dependence of the crystal structure in solid state, and the crystal phase transition in

isotactic and atactic H-poly(NB)s.

When the chemical structures of H-poly(NB) chain is seen from the architectural
point of view (Scheme [-4), the internal rotation of C-C bonds along the cyclopentylene
rings is strictly restricted. Only the bonds associated with the ethylene moieties
connecting the rings can rotate against a low energy barrier. These characteristics allow
us to expect that the conformation of H-poly(NB) may be rigid. To examine this
expectation, | investigated the chain conformation of H-poly(NB)s with the different
tacticity in dilute solution. Chapter IV is concerned with the characterization of the single

chain conformation of isotactic, syndiotactic, and atactic H-poly(NB)s.

The main results and conclusions obtained in this work are summarized in the

last Chapter V.

11
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Chapter II: Syntheses of Stereoregular Hydrogenated Ring-

Opened Poly(norbornene)s

II-1. Introduction

In general, the stereoselectivity of the enchainment reaction of metal-catalyzed
polymerization would be influenced by a combination of catalyst structure and monomer
structure. The propagation species derived from metal catalysts would possess their
chirality centers both in their ligands and in their polymeryl group attached to the metal.
Stereoregularity of the polymer chain can therefore be derived from the catalyst
asymmetry (enantiomorphic site control/catalyst control) or the polymer asymmetry
(chain end control/penultimate effect) or, most likely, a combination of the two. In the
case of ROMP of norbornene, monomer coordination step may determine the
stereoselectivity, and the formed stereostructure might be retained during the following

steps such as cycloaddition and ring-opening (Scheme II-1).

Scheme II-1. Elementary reaction in the ROMP of norbornene.

coordination cycloaddition ring opening

metal carbene metallacyclobutane  metal carbene
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This step determines the stereoselectivity.
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The absolute configurations of norbornene monomer’s two bridgehead carbons,

of which chiralities are opposite, would also be retained during the ROMP process.
Therefore, the next enchainment of ROMP holds not only the asymmetry of the ligand
but also the asymmetry of the one of the bridgehead carbons of the last inserted
norbornene monomer. Namely, the alignment of the two bridgehead carbons of the
penultimate repeating units directly correlates to the polymer asymmetry of the
propagation species. Consequently, stereocontrol effect by polymeryl group would be

influenced by steric structures of substituent on the repeating units.

The steric structure of the approaching monomer has a predominantly large
effect on its insertion behavior to the propagation species. As reported, sterically
demanding norbornenes might generally need higher energy to coordinate to the catalyst.!
This means that the existence of the bulky substituent may result in the increase of the
energy of coordination of the olefin moiety to the metal center. To summarize the above,
the stereoselectivity of the ROMP process would possibly be affected by both the steric

bulkiness and the functionality of the incoming monomer.

As introduced in Chapter I, Hayano et al.”® have already reported that the Mo-
and W-based binary catalysts promoted both highly cis-isoselective and cis-
syndioselective ROMPs of dicyclopentadiene (DCP) which is one of the industrially
important tricyclic cycloolefins. However, study of the stereoselective ROMP of simpler
aliphatic cycloolefins seems to be insufficient. The addition of stereoregularity to the
conventional H-poly(NB) may expand the possibilities for application as thermoplastic
materials. For these reasons, this chapter focuses on the stereoselective ROMPs of NB as

a sterically small nonpolar polycyclic olefin. Mo- and W-based catalyst precursors
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examined for synthesizing tactic hydrogenated ring-opened polymers are illustrated in
Scheme II-2. By applying these catalyst, isotactic and syndiotactic H-poly(NB) were
synthesized and their stereoregularity was evaluated. The fundamental factors such as
catalyst structure that would affect the stereocontrol of the ROMP of NB is also discussed
in comparison with the polymerization results of dicyclopentadiene (DCP) and

tetracyclododecene (TCD) (Scheme I1-3) using the same catalysts, reported elsewhere.'°

Scheme II-2. Tungsten- and molybdenum-based catalyst precursors employed in the

present study*”
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Scheme II-3. Chemical structures of dicyclopentadiene (DCP) and tetracyclododecene

Dicyclopentadiene (DCP) Tetracyclododecene (TCD)
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I1-2. Experimental Section

II-2-1. General Remarks

All operations were carried out in a glovebox (nitrogen atmosphere, O> < 1
ppm and H>O < 1 ppm) or under an argon atmosphere by using standard Schlenk
techniques. WClg (Soegawa Chemical), MoOCl4 (Strem), Et, AI(OEt) (Kanto
Chemical), and n-BuLi (Kanto Chemical) were used without further purification.
WOCIs was synthesized from WCls and hexamethyldisiloxane in methylene chloride.’
W(=NPh)Cl4-Et20O (1), W(=N-2,6-Me2-Ph)Cls-Et;0 (2), and W(=N-2,6-i-Pr,—Ph)
Cls-Et20 (3) were synthesized from WOCI4 and isocyanates in n-octane as previously
reported.® MoO(2,6-Mez-phenolate)s (4), MoO(3,3',5,5'-Mea-biphenolate), (MoO(Mes-
biphenolate),) (5) and MoO(racemic-5,5',6,6'-Mes-3,3'-#-Buz-biphenolate), (MoO(rac-
biphenolate),) (6) were prepared from MoOCl4 and phenolates in diethyl ether as
previously reported.? W(=NPh)((R)-(+)-5,5',6,6'-Mes-3,3'-t-Bua-biphenolate)>
(W(=NPh)((R)-(+)-biphenolate)y) (7) were prepared from 1 and (R)-(+)-biphenolate-Li»
in diethyl ether as previously reported.®

n-Octane, and diethyl ether were distilled over sodium metal under an argon
atmosphere before use. Toluene and methylene chloride were distilled over calcium
hydride. Cyclohexane and p-xylene were degassed and stored over molecular sieves.
Hexamethyldisiloxane was distilled over molecular sieves under reduced pressure.
Phenyl isocyanate (Tokyo Kasei) was distilled from calcium hydride just prior to use.
Commercially available 2,6-Me;-phenyl isocyanate (Tokyo Kasei), 2,6-i-Pr2-phenyl
1socyanate (Tokyo Kasei), 2,6-dimethylphenol (Wako Chemicals), 3,3',5,5'-Mes-1,1'-

biphenyl-2,2'-diol (Mes-biphenol) (Strem), racemic-5,5",6,6'-Me4-3,3"-#-Buz-1,1'-
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biphenyl-2,2'-diol (rac-biphenol) (Strem), (R)-(+)-5,5',6,6'- Mes-3,3'-t- Bup-1,1'-
biphenyl-2,2'-diol ((R)-(+)-biphenol) (Strem) and were used as received. Norbornene
(Aldrich) was stored as cyclohexane solution over molecular sieves 3A. 1-Octene
(Wako Chemicals) was distilled over calcium hydride. p-Tos-NHNH: (Aldrich) was

used as received.

I1-2-2. Catalyst Preparation

Polymerization catalyst solutions were prepared as follows unless otherwise

stated. (i) For W imidos 1-3, a toluene solution of W(=NPh)Cls-Et,O (1) (0.0278g, 56.7
p mol) (green solution) was mixed with three equivalents of Et;Al(OEt) at room

temperature, and the mixture was stirred. The catalyst mixture was aged at room
temperature for an additional 15 min resulting in a light brown solution. (ii) For Mo and

W phenolates 4—7, the toluene solution of W(=NPh)((R)-(+)-Biphenolate) (7) (0.0556g,
56.7 pmol) (dark-red solution) was mixed with two equivalents of n-BuLi at =78 °C

and allowed to warm up to room temperature, and the mixture was stirred for 15 min at

room temperature. The reaction mixture turned into a light brown solution.

I1-2-3. Polymerization

Polymerization was carried out in a prebaked ampule tube equipped with a
rubber septum at 50 or 80 °C. A cyclohexane solution of NB (7.50g, 79.7 mmol) and 1-
octene (0.450g, 3.98 mmol) was added to the catalyst mixture at the prescribed

temperature. After stirring it for 3h, the polymerization was quenched with a small
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amount of ethanol. The obtained polymer was reprecipitated from ethanol and dried in

vacuo at 40 °C for 24 h. The polymer yield was determined by gravimetric measurement.

11-2-4. Hydrogenation

A p-xylene solution of poly(NB) and a p-xylene solution of 4-folds of p-Tos-
NHNH> were mixed in a glass flask equipped with a three-way stopcock. The mixture
was allowed to heat up to the reaction temperature while stirring. Chemical transfer
hydrogenation was carried out at 125 °C for 5 h. After the hydrogenation reaction, the
reaction mixture was cooled slowly to room temperature. In the course of the
hydrogenation reaction, the recrystallization of crystalline H-poly(NB) might have

proceeded from the dilute solution to form a fine powder of crystalline polymer.

I1-2-5. Analyses of Complex and Polymer

'H and '*C NMR spectra were recorded on a Bruker Avance III 500 MHz
spectrometer (500.13 MHz for 'H, 125.77 MHz for '*C) with Cryoprobe DCH 500/3 at
25—60 °C or on a Bruker Avance III HD 600 MHz spectrometer (150.91 MHz for '3C)
equipped with Cryoprobe DCH 600S3 at 125 °C. Chemical shifts were determined with
reference to the tetramethylsilane (8 0.00 ppm), tetrachloroethane (5 5.97 ppm for 'H, &
73.8 ppm for 13C) or chloroform (8 7.24 ppm for 'H, § 77.2 ppm for '3C). Cis/trans
ratios of the poly(NB)s were calculated by the integration ratios of each peak of 'H

NMR spectra, and meso/racemo ratios were estimated by peak separation of each peak
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of 1*C NMR spectra using Lorentzian function on JEOL Delta v5.0.2 NMR software.
The molecular weight distributions (MWD) of the polymers were estimated on
a size exclusion chromatography (SEC) (Tosoh HLC-8220 GPC; eluent
tetrahydrofuran). The relative number- and weight-average molecular weights (M, and
M., respectively) were acquired using a calibration curve obtained with polystyrene

standards.

II-3. Results and Discussion

I1-3-1. Isospecific and Syndioselective ROMPs of Norbornene with Various W- and

Mo-Based Catalysts

Table II-1 summarizes the results of the optimized NB polymerizations by
various molybdenum- and tungsten-based catalysts and the following hydrogenations of
the obtained poly(NB)s. 1-3 were activated by 3-fold of Et2Al(OEt), while 2-fold of »-
BuLi was used as cocatalyst for 4—7. At first, all the NB polymerizations were performed
without chain transfer agent. Similar to the case of the ROMP of DCP by them, the
polymerization mixtures became very viscous gels, and the following hydrogenation of
the obtained poly(NB)s leveled off. Therefore, I decided to add 1-octene as a chain
transfer agent in all the polymerization systems, for the purpose of keeping the molecular

weights in the moderate range to hydrogenate them with ease.
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Table II-1. Polymerization of NB by various catalysts and sequential hydrogenation of
the obtained ring-opened poly(NB)s (The samples derived from 1 and 6 will be used for

structural studies in the later chapters)

poly(NB)s H-poly(NB)s
M, ¢
catalyst precursors MM, M F\‘J _‘I:; i'{" © cis/trans meso/racemo |
@pcy (NMR) mm/mr /e
Q 10/90
ala 10 270 17800  ssns
L ' 11/17/100

Q 8/92

. 13500
%S.L*c: 7 10800  89/11

& 6/12/100
O
oQe 30/70

oo 3 80 4100 73

EPY<S : 31/39/100
\ O

50/50
qqﬁ ’(;Q & 5029400 23100  30/70
& "o ‘ 61/100/51

7822
ggj%g 5 822?0 5600 8020
' 100/24/17
o 100/0
o<g ¢ 5ol 23400 1000
' 100/0/0

@ 89/11

» 7,, 61‘“6’0 5200  90/10
' 100/12/10

(a) Polymerized in cyclohexane at 50 °C for 3h; [NB] =20 wt % (2.12 M), [1-octene] = 106 mM, [W
complex] = 2.12 mM, [W complex]:[Et,AI(OEt)] = 1:3, all polymer yields were 100%. Hydrogenated
in p-xylene at 125 °C for 5h; [p-Tos-NHNH;]/[NB unit] = 4/1 in mol ratio, [poly(NB)] = 5 wt %,
hydrogenation ratios for all polymers were 100%. (b) Polymerized in cyclohexane at 80 °C for 3h; [NB]
=20 wt % (2.12 M), [1-octene] = 53 mM, [Mo or W complex] = 2.12 mM, [W complex]:[n-BuLi] =
1:2, all polymer yields were 100%. Hydrogenated in p-xylene at 125 °C for 5 h; [p-Tos-NHNH:]/[NB
unit] = 4/1 in mol ratio, [poly(NB)] = 2.5 wt %, hydrogenation ratios for all polymers were 100%. (c)
Tacticities were estimated based on '*C NMR measurements in C;D>Cly at 125 °C using Bruker Avance
IIT HD 600 MHz spectrometer equipped with CRYO probe DCH 600S3.
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The 1-7 induced the ROMP of NB smoothly to provide ring-opened poly(NB)s
in quantitative yields under the presence of 1-octene. All the obtained poly(NB)s were
highly soluble in ordinary organic solvents at room temperature. Therefore, the molecular
weights of the poly(NB)s were characterized by the combination of '"H NMR and SEC at
25 and 40 °C, respectively. It was found that the molecular weights of all the poly(NB)s
were kept in the moderate range. Number average molecular weights M, of the poly(NB)s
acquired by SEC using polystyrene calibration were somewhat higher than absolute M,

measured by '"H NMR.

I1-3-2. Microstructures of the Synthesized Polymers

Next, microstructures of the obtained polymers were investigated. Ratios of cis
junction of the double bonds of the main chain could be determined based on the splitting
of vinyl proton by "H NMR measurements of poly(NB) (in CDCls at 25 °C). On the other
hand, it has already reported by Hamilton ez al. that the tacticity of the poly(NB) could
be determined only by ')C NMR measurements of hydrogenated poly(NB)s [H-
poly(NB)].!! Therefore, the hydrogenation of the poly(NB)s was conducted in order to
investigate tacticities of their hydrogenated products. The saturation of the polymer
backbone proceeded fully by chemical transfer hydrogenation using p-Tos-NHNHa. 1*C
NMR spectra of the syndiotactic and the atactic-H-poly(NB)s were recorded in CDCl; at
60 °C, and those of all the H-poly(NB)s were recorded in C2D>Cly4 at 125 °C. The selected
13C NMR charts of methylene carbons C5,6 measured in CDCls at 60 °C were described
in Figure II-1(a), and those of methine carbons C1,4 and methylene carbon C7 in C2D2Cls

at 125 °C were described in Figure II-1 (b).
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Figure II-1. Selected *C NMR spectra of (a) methylene carbons C5,6 (recorded in CDCl3
at 60 °C, [H-poly(NB)] = 0.5 wt %.) and of (b) methylene carbon C7 and methine carbons
C1,4 (recorded in C2D2Cls at 125 °C, [H-poly(NB)] = 0.5 wt %) of H-poly(NB)s shown
in Table II-1

As seen in Table II-1, it is noteworthy that W(=NPh)Cls-Et>O (1) promoted cis-
syndioselective ROMP of NB. The splitting of methylene carbons in Figure II-1a clearly
suggested the formation of syndiotactic polymer. It is in contradiction to my expectation
that Me-substituted version, W(=N-2,6-Me>-Ph)Cls-Et2,O (2), was also verified to be a
useful precatalyst for cis-syndioselective ROMP of NB; syndioselectivity of 2 is 92% and
almost identical to that of 1. Even W imido catalyst having relatively bulky isopropyl
substituent, W(=N-2,6-1-Pro.—Ph)Cl4-Et,0O (3), yielded cis-syndio-biased polymer. In the
case of DCP polymerization, syndioselectivity largely decreased with increasing the size
of imido substitute.* Whereas stereoselectivity of NB polymerization by 1-3 seems to be

less affected by steric demands of the substituent on the imido group. Molybdenum oxo
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phenolate complex, MoO(2,6-Mex-phenolate)s (4), afforded frams-rich and entirely
atactic polymer (Figure II-1a). This result suggested that the 2,6-Me>-phenolate ligand is

not effective for the stereocontrol of the ROMP process of NB.

I have found that the syndiotactic and the atactic H-poly(NB)s were soluble in
CDCl; at 60 °C to be relatively easily determined their meso/racemo ratios. In contrast,
the H-poly(NB)s obtained from 5—7 were entirely insoluble at the same condition. In the
early stage of this study, the tacticities of isotactic polymers could not be clearly observed
by changing deuterated solvent, measuring temperature or polymer concentration. Finally,
I have found that the methylene carbon C7 and the methine carbons C1,4 were resolved
into triplet and doublet, respectively, in CD2Cls at 125 °C when cryoprobe was employed
and measurement conditions were carefully optimized for gaining high resolution (Figure
II-1b). Unfortunately, C5,6 carbons were resolved not into doublet but multiplet at the
optimized condition. Therefore, at present I did not choose C5,6 carbons to determine
tacticity. As seen in Figure II-1b, H-poly(NB)s obtained from 6 were isotactic. It is
interesting to note that MoO(rac-Biphenolate), (6) exhibited remarkable ability to
regulate the polymerization process into cis-isospecific: the obtained poly(NB) had
almost all-cis geometry, while isotacticity of the hydrogenated product was also almost
100%. '3C NMR spectrum of the poly(NB) from 6 also suggests its highly regulated
structure: all-cis geometry was verified and only four carbon peaks were observed. In
contrast, 3C NMR spectra of another poly(NB)s were complicated and not fully
assignable. It is clarified that MoO(Mes-biphenolate), (5) promoted cis-isoselective
ROMP of NB, however, the isotacticity of the obtained H-poly(NB) was moderate and

around 80%. W(=NPh)((R)-(+)-Biphenolate), (7) was verified to be the excellent catalyst
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for cis-isoselective ROMP of NB. Its isoselectivity appeared to be around 90%. Therefore,
biphenolate ligands were thought to be effective ligands for the isoselective ROMPs of

NB.

I1-3-3. Comparison of Stereospecific ROMPs of NB, DCP, and TCD

Scheme I1-4 compares the stereocontrol of ROMPs of NB, dicyclopentadiene
(DCP), and tetracyclododecene (TCD) by the present catalyst systems. It can be
emphasized that the stereoselectivity of the present polymerization systems was highly

dependent on the catalyst design and the monomer structure.

Scheme II-4. Summary of the stereocontrol of ROMPs of NB, DCP and TCD by the

tungsten- and the molybdenum-based catalysts.
[ H
/

& | o

cat. icisltrans mir i cis/trans m/r Ecis/trans m/r
1 ; 85/15 10/90% 90/10 11/89 % 90/10 14/86
2 E 89/11 8/92 E 80/20 29/71 g 72/28 28/72
3 E 67/33 30/70§ 58/42 47/53 E 36/64 60/40
4 i 30/70 50/50 i 10/90 56/44 i 42/58 70/30
5 E 80/20 78/225 82/18 71/29 E 81119 -
6 Ii 100/0 100/0; 78/22 95/5 E 99/1 -
7 i 90/10 89/11 i 95/5 95/5 i 90/10 ~
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The catalysts derived from tungsten chloride with “small” imido ligand could

regulate the enchainment reaction of NB, DCP and TCD into syndioselective. However,
its ability for stereocontrol is likely to be limiting. Less steric NB yielded cis-syndiotactic
poly(NB)s from 1 and 2, while more steric tricyclic DCP also yielded cis-syndiotactic
polymer only from 1. In the case of sterically bulky TCD monomer, 1-based catalyst
introduced syndioselective ROMP, but its syndioselectivity was not very high.
Syndioselectivity of NB polymerization with W-imidos seems to be less affected by steric
demands of the imido group. Stereoselectivity of TCD polymerization with W-imidos
appears to be largely influenced by steric bulkiness of the substituent on the imido group.
From these results, one can say that syndioselectivity of the ROMPs by W imido-based
catalysts decreases with increasing the steric demands of the imido group as well as of
the monomer substituents. Since the propagation species generated from W imido
complexes 1-3 would only have polymer asymmetry and no catalyst asymmetry at the
metal or on the ligand, it is speculative that the syndioregularity might be derived mainly

from chain end control/penultimate effect.

In contrast, molybdenum oxyphenolates 4—6 tend to induce the cis-isoselective
ROMPs of these three monomers. Concerning cis-selectivity, catalyst 6 introduced all-
cis polymerization of bicyclic NB and tetracyclic TCD, while low cis-selectivity for
tricyclic DCP polymerization. This result suggests a possibility of the interaction between
metal center and unsaturated bond of cyclopentene ring of approaching DCP or that of
polymeryl group. Regarding the stereostructure, isoselectivity of the ROMP by 6 is 100%
for NB and above 95% for DCP. § yielded iso-biased polymers of which isotacticities

were rather low. 4-based catalyst was ineffective for isoselective ROMP. Considering the
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excellent study on the isospecific ROMPs of various monomers by Schrock catalysts, >
20'jt is assumable that the phenolate ligands of 4—6 such as racemic-5,5',6,6'-tertamethy-
3,3'-di-tert-butyl-1,1'-biphenolate would remain on the metal after catalyst aging, and in
turn, they would influence the polymerization process. The origin of the stereocontrol
effect of Mo oxyphenolates can be explained by the idea that the effects from the
phenolate ligands such as ligand asymmetry of bulky biphenolate might overwhelm the
effect from the polymer asymmetry. As a consequence, the isoselectivity of the ROMPs

by molybdenum oxyphenolate catalysts might come from catalyst control.

Catalyst precursor 7 is also a preferable instance to compare the effects of the
ligand for the stereoregulation. Effects of terminal oxo and substituted imido for cis-
selectivity and stereoselectivity are vague at this moment; terminal oxo type 6 is effective
to attain all-cis polymerization of NB and TCD, while imido type 7 is evident to useful
for highly cis-selective ROMP of DCP. With respect to stereoregularity, terminal oxo
type 6 induced isospecific ROMP of NB (and TCD), while imido type 7 yielded less tactic
polymers. However, both catalyst precursors proved to have almost identical ability for
stereocontrol of ROMP of DCP. To compare the results by 1 and 7, it can be said that the
influences of the biphenolate ligand on the polymerization process could be compared

favorably with that of the phenylimido ligand.
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II-4. Conclusions

The isospecific and the syndioselective ROMPs of NB were precisely
investigated using various W- and Mo-based catalysts. While W(=NPh)Cls-Et;0O (1) was
a useful catalyst precursor for the syndioselective ROMP, MoO(rac-Biphenolate), (6)-
based catalysts were effective for the isospecific ROMP. By NMR measurements with
well-optimized condition, the high stereoregularities in these polymers were confirmed;
as high as 90% for syndiotactic and 100% for isotactic. Although the mechanisms of the
stereoselective polymerizations of NB with the W- and Mo-based catalysts had not been
completely clarified at the moment, I have considered that the steric structures of both
catalysts and monomers would strongly affect the stereoregularity of the polymer chain.
The polymerization process of less steric NB appears to be easily controlled by suitably
designed catalyst, whereas larger effect from the catalyst may be necessary to govern the

stereoselectivity of ROMP of more steric monomers such as DCP.
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Chapter III: Crystal Structures of Stereoregular

Hydrogenated Ring-Opened Poly(norbornene)s

III-1. Introduction

As reported in the Chapter II, I have succeeded to synthesize the highly isotactic
and syndiotactic H-poly(NB)s for the first time. These polymers have been found to be
crystalline. It should be a good chance to know the influence of tacticity on the crystal

structure of H-Poly(NB)s.

In the present chapter, I have studied the thermal behavior and the crystal
structures of isotactic and syndiotactic H-poly(NB)s as well as those of the atactic H-
poly(NB) for comparison. These information will tell us the influence of the
stereoregularity on the chain conformation and chain packing mode of poly(NB) having

the cyclopentylene rings in the polymer skeletons.

I1I-2. Experimental Section
I11-2-1. Samples

Syndiotactic and isotactic H-poly(NB)s were synthesized by the same
procedures as those reported in Chapter II. Basic characterization data of H-poly(NB)s

with the various stereoregularities are shown in Table I1I-1. The meso/racemo ratio of H-
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poly(NB) determined by the '*C-NMR analysis were 10/90 for syndiotactic, 100/0 for

isotactic and 53/47 for atactic H-poly(NB).

The polymer films of ~0.2 mm thickness were prepared by the hot pressing in
vacuo at 200 °C followed by the slow cooling to room temperature. The uniaxially-
oriented samples for the X-ray crystal structure analyses were prepared by stretching the
hot-pressed films about three times the original length and annealing in oil bath at 135 °C

for two hours with the fixed length.

Table I1I-1. Hydrogenated ring-opened poly(NB) samples with different tacticity

Tacticity My®  My/M,* mesolracemo® Tm(°C)¢  AHm (J/g)

Syndiotactic 22k 2.2 10/90 134.1 56.0
Isotactic 34k 52 100/0 177.7 48.3
Atactic 134k 1.8 53/47 147.9 56.1

@ M, and My, were determined by the SEC measured before hydrogenation. ® meso/racemo
ratio was determined on the basis of the 1°C NMR spectra of hydrogenated samples. ¢ The
peak melting temperature 7m and the enthalpy of melting AHn were analyzed using the
DSC data measured at the rate of 10°C/min.

I11-2-2 Measurements

The differential scanning calorimetry (DSC) measurements were performed with
an SII NanoTechnology X-DSC7000 under dry nitrogen gas flow. The samples were

heated to the temperature region about 40 °C higher than their individual melting point,
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then the DSC data were recorded in the processes of cooling to 25 °C and heating to the

melting temperature at the rate of 10 °C/min.

A Rigaku RINT X-ray diffractometer with Cu-Ka X-ray beam (wavelength 4 =
1.542 A) was used for the WAXD measurement of the unoriented films. The temperature
dependences of 1D WAXD profiles were measured for the unoriented samples using a
Rigaku TTR X-ray diffractometer, by which both the WAXD profile and thermal data
were collected simultaneously at the heating and cooling rates of 5 °C /min. The incident

X-ray beam was Cu-Ka line of wavelength 1.542 A.

The 2-dimensional WAXD patterns of the uniaxially-oriented films were
measured using a Rigaku R-Axis Rapid II X-ray diffractometer with a graphite-
monochromatized Mo-Ka beam (1 = 0.711 A). A cylindrical imaging plate with the
camera radius of 127.4mm was used as the 2-D detector. The sample strip was set on a
goniometer head vertically so that the drawing axis aligns in parallel to the cylindrical
axis of the camera. The temperature dependences of 2D-WAXD patterns were measured
by setting a uniaxially-oriented sample rod into a home-made brass heater placed in the

diffractometer.

Density measurement was conducted with a helium gas displacement

pycnometer AccuPyc 1340 (Micrometrics) at 25 °C.

III-3. Results and Discussion

I11-3-1. Thermal Properties of Tactic H-Poly(NB)s
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The DSC thermograms measured for these samples are shown in Figure III-1.
All these H-poly(NB)s showed the clear melting and crystallizing behaviors. The melting
point 7 was 134.1 °C for syndiotactic species, 177.7 °C for the isotactic species, and
147.9 °C for atactic H-poly(NB). The last one is slightly higher than the previously
reported value (143 °C).! It is noticed that the T of the syndiotactic species is lower than
that of the isotactic and even the atactic species. The similar behavior was reported for
the H-poly(DCP) sample, where the T, of the isotactic species 293°C is higher than that
of the syndiotactic one, 270 °C.>* The difference of the melting temperatures between the
3 types of polymers is originated from the difference of the stereoregularity and so the
difference in the crystal structure, as will be described in a later section. The heat of fusion
was not largely different among these three polymer samples (cf. Table III-1), implying

the similar degree of crystallinity among them.

(a) Syndiotactic (b) Isotactic (c) Atactic
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Figure III-1. DSC thermograms measured for the as-pressed film samples of (a)

syndiotactic, (b) isotactic and (c) atactic H-poly(NB). The heating and cooling rate were
10°C/min.
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In the DSC thermogram of the atactic polymer, a small endothermal peak was
detected at 117 °C before the melting in the heating process, which was assigned to the
phase transition from the monoclinic crystal of the ordered structure to the
pseudohexagonal structure of the rotational disordering of the chains, although the
transition temperature is affected more or less by the meso content (101 °C for the meso
44% and 120°C for the meso 54%).*> In the case of the isotactic sample, also, a broad
shoulder is detected at around 150 °C before the melting, which may correspond to the
phase transition. The syndiotactic sample does not show this type of endothermic peak,
indicating no phase transition. In addition, for the isotactic and syndiotactic samples, I
notice a small endothermic peak at around 80 °C in the cooling process from the melt.

The origin of this peak cannot be identified at present.

I11-3-2. X-ray Diffraction Patterns of Unoriented H-poly(NB)s

Figure III-2 shows the 1D-X-ray diffraction profiles measured for the melt-
pressed unoriented H-poly(NB) samples of the three different tactic types at room
temperature. The profiles are remarkably different among these samples, reflecting the
difference in the crystal structure as will be revealed in a later section. The broad peak
overlapping with the main crystalline peaks at around 26 = 18° is the amorphous halo.
The degree of crystallinity estimated from the ratio of the integrated intensity between
the crystalline and amorphous peaks was about 48% for syndiotactic species, 42% for the
isotactic species and 68% for the atactic sample. In this way, the tacticity of H-poly(NB)

is found to give the large influence on the crystal lattice structure.
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Figure III-2. WAXD profiles of the as-melt-pressed polymer films of (a) syndiotactic,
(b) isotactic and (c) atactic H-poly(NB) at room temperature. Cu-Ka X-ray beam (4 =
1.542 A) was used.

In order to check any possibility of phase transition, the 1D-WAXD profiles were
measured for the unoriented samples in the heating and cooling processes. The results are
shown in Figure I1I-3. The plots of the lattice spacings (d-spacings) calculated from the
WAXD peak positions are shown in Figure III-4. In the case of isotactic H-poly(NB), the
two peaks were detected at 260 = 18.3° and 21.5° at room temperature. As the temperature
was increased, these peaks shifted to the lower 26 side. At around 120 - 130°C, these
peaks disappeared, and the new three peaks started to appear at 17.3°, 18.9° and 20.6°. In
the molten state these peaks disappeared to give a broad halo peak of the melt. Once the
sample was cooled, the two types of peaks were detected with overlapping. At room
temperature, the peaks of the original low temperature (LT) phase were stronger, although
the high temperature (HT) peak components were still detected. In the case of atactic H-
poly(NB), the two peaks observed at room temperature changed into a singlet above

120°C, which appeared again in the cooling process from the melt. The syndiotactic H-
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poly(NB) sample did not give any remarkable change of WAXD profile in both the
heating and cooling processes. In this way, we can assign the small DSC peaks detected
in Figure III-1 to the crystal phase transitions between the LT and HT phases for
isotactic and atactic H-poly(NB) samples, respectively. The transition behavior observed
for atactic H-poly(NB) is almost same as that reported in references 4 and 5. No phase
transition was revealed for syndiotactic H-poly(NB), where the assignment of a small
DSC peak in the cooling process from the melt, as shown in Figure III-1 (a) is not known

at present, though a possibility of appearance of any other crystal modification might be

there.
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Figure III-3. Temperature dependence of the WAXD profiles measured for the
unoriented samples: (a) syndiotactic, (b) atactic and (c) isotactic H-poly(NB)s. The
heating and cooling rates were 5°C/min.
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Figure III-4. Plots of d-spacings against temperature for (a) syndiotactic, (b) atactic and
(c) isotactic H-poly(NB)s (heating process).
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II1-3-3. Comparison of the 2D X-ray Diffraction patterns of the oriented samples

Figure II1-5 shows the 2-dimensional X-ray diffraction patterns of the uniaxially-
oriented and annealed samples taken at room temperature. They gave the sharp spots
along the many layer lines, indicating the existence of the highly-developed crystallites
with the high degree of orientation. The total numbers of the detected diffraction spots
were 49, 39 and 14 for the syndiotactic, isotactic and atactic H-poly(NB), respectively.
At glance, these diffraction patterns look similar to each other, but the detailed analysis

has revealed the remarkable difference in the structural characteristics as described below.

(a) Syndiotactic (b) Isotactic (c) Atactic

R— T~ . — -_— N

N - e - s

Figure III-5. 2-dimensional WAXD patterns of uniaxially-oriented films of (a)
syndiotactic, (b) isotactic and (c) atactic H-poly(NB), which were collected on the

cylindrical imaging plate.

Their repeating periods along the chain axis, calculated from the spacings
between the layer and equatorial lines using Polanyi’s equation,® were about 12.5 A. This
value is close to 12.67 A or five times of the fiber period of planar-zigzag polyethylene
crystal (2.534 A).” I can assume that the chains of H-poly(NB) in the crystal cell take
almost planar zigzag conformation. A small difference of 0.17 A between those values
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may be attributed to the slight deviation from the complete frans-zigzag conformation
due to the distorting effect by the cyclopentylene ring structures. In the X-ray diffraction
patterns of the isotactic and atactic samples, some streaks are detected along the layer
lines. They might come from the disorder in the relative height of the neighboring chains
along the ¢ axis. On the other hand, the chains of syndiotactic polymer are considered to
have a highly-ordered packing structure in the crystal lattice, as judged from the sharp

WAXD pattern.

Figure III-6 shows the temperature dependence of 2D-WAXD pattern measured
for a uniaxially-oriented isotactic H-poly(NB) sample. The WAXD pattern at room
temperature is that of the low-temperature (LT) phase. The clearly-detected strong layer
line corresponds to the repeating period 2.5 A of the trans-zigzag chain conformation. In
the vicinity of 150°C, the new pattern started to overlap with the original one, and it
increased the intensity gradually. The 2D-WAXD pattern at 170 °C is that of the high-
temperature (HT) phase. Meridional diffraction peaks appeared strongly. The higher layer
lines became weaker, though the heights of the layer lines did not change detectably. It
must be noted that the high degree of crystallite orientation was kept even at high
temperatures. As seen in Figure I11-6, the WAXD pattern obtained by cooling from the
HT phase to room temperature was kept unchanged when the sample was tensioned.

Figure III-7 shows the 2D-WAXD patterns of a uniaxially-oriented atactic H-
poly(NB) sample at low and high temperatures. The WAXD pattern at room temperature
is similar to that of isotactic-H-poly(NB). The layer lines consist of the spot-like Bragg
peaks and horizontal streaks. The whole pattern at 127 °C did not change from that at 27

°C, but the strong layer line corresponding to the repeating period 2.5 A became weak
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and diffused. However, the characteristic zigzag pattern was still kept, though the streak
lines became more remarkable. Opposite to the layer lines, the equatorial line profile
became clearer, and the higher-angle peak became sharper and stronger, as shown in
Figure III-7 (c). The Bragg peaks on the second layer line became relatively stronger and

spot-like.

24°C

150°C

N

-

170°C

Cooled to 30°C

Figure I11-6. 2D WAXD patterns measured for uniaxially-oriented isotactic-H-poly(NB)
measured in the heating process: 24 °C, 150 °C and 170 °C, and after cooled to 30 °C.

The draw axis is vertical.
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atactic H-poly(NB)  (a) 27°C (b) 127°C
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Figure III-7. 2-D WAXD patterns for uniaxially-oriented atactic H-poly(NB) in the
heating process. (a) 27°C and (b) 127°C. (c¢) The equatorial line profiles taken from the
2-D WAXD data.

ITI-3-4. Crystal Structure Analysis of Syndiotactic H-Poly(NB)

At first, the vertical spacings between the equatorial line and the individual layer
lines were measured, from which the repeating period along the chain axis was estimated.
The repeating period was 12.58 +0.09 A for the syndiotactic H-poly(NB). As mentioned
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above, this value corresponds to the sequence of the 10 CH» units contained in the all-

trans planar-zigzag polyethylene chain.

The other unit cell parameters were determined by following the procedures
described in the literature.®® The (x, y) coordinates of the individual diffraction peaks
were read out on the 2-D X-ray diffraction pattern, and they were converted to the
cylindrical (&, {) coordinates of the reciprocal lattice. The a*, b*, and y* were determined
using the & values of all the observed peaks on all the layer lines with the different {
values. The a* and f* angles were determined from the shifts of the origins of the
reciprocal lattice planes with the different { values. All of the observed reflections were
successfully indexed using the monoclinic unit cell with the following parameters: a* =
0.137 A1, b*=0.0750 A"!, c* = 0.0652 A!, and * = 120.0°. The corresponding real unit
cell parameters are a = 5.97 A, b=9.48 A, ¢ (chain axis) = 12.58 £0.09 A and = 60.0 °.
Table III-S1 in Appendix III-1 shows the Akl indices and the corresponding lattice

spacings of the observed diffraction peaks in comparison with the calculated values.

By referring to the observed density (0.99 g/cm?), the two chains were assumed
to be packed in the monoclinic unit cell, where the calculated crystal density was 1.04
g/cm?. The energetically reasonable chain packing modes were searched by performing
the packing energy calculation using a commercial software Cerius® (version 4.10,
Biovia). The energy optimization was performed starting from the planar zigzag chain
model by fixing the repeating period to 12.58 A, where the molecular mechanics method
was used with the potential functions of COMPASS force field.” The various space
groups were selected by referring to the indices of the observed diffraction peaks (Table

II1-S1 in Appendix III-1). The chain packing structure models, which were created under
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these space group symmetries, were modified in a trial-and-error method so that the
observed diffraction profiles were reproduced as well as possible for all the layer lines.
Figure I11-8 shows the thus-obtained most plausible crystal structure model with the space
group P21/c. Figure III-9 shows the comparison of the observed diffraction profiles with
those calculated along the various typical layer lines, where the parameters of the
crystallite sizes 100 A x 100 A x 100 A and the crystal strains 0% % 0% x 0% along the
a, b and c axes, respectively, and the isotropic temperature factor of C atoms 10 A2 were
assumed in the calculation. The calculated 2-D WAXD pattern is compared with the
observed data in Figure III-10. The agreement of the diffraction profile between the
observed and calculated ones is fairly good for most of the layer lines, although the
relative intensity of the several calculated peaks (for example, 121 diffraction) was to
some extent different from the observed ones. To evaluate the degree of agreement
between the observed and calculated intensities, the R factor was estimated from the
integrated intensity of the separated 42 reflection peaks along the equatorial (/ = 0) to the

6th layer lines. The R factor is defined as
R = %|I(obs) — I(calc)|/Z1(obs) x 100% (III-1)

where [(obs) and I(calc) are the observed and calculated diffraction intensities,
respectively. The thus-estimated R factor was 15.1%. The atomic fractional coordinates
are given in Table III-S2 in Appendix III-1. In the present structure analysis, the chain
conformation was fixed to the energetically minimized form. The better agreement
between the observed and calculated diffraction profiles might be realized by modifying

the above structure model furthermore.
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a‘—bfﬁ

Figure III-8. Crystal structure of syndiotactic H-poly(NB). The lattice parameters are a
=597 A,b=9.48 A, ¢ (repeating period) = 12.58 A and f#=60.0 °. @’ = a sin(f) = 5.17

A. The side chains are shown in green color.

As seen in Figure II1-8, the skeletal chain takes the zigzag form similar to the
polyethylene chain. The two cyclopentylene rings are formed along the chain axis as
indicated by green color. The cyclopentylene ring takes a so-called puckering form, in
which one CHa> unit is deviated from the coplane formed by the other four C atoms. In
other words, the two CH2> units are out of the zigzag plane formed by the planar-zigzag
skeletal chain, as indicated by the green color. As seen in the a 'b-plane structure viewed
along the chain axis, these green-colored CH: units of the cyclopentylene rings are
excluded from the skeletal plane to the same side because of the existence of the ac-glide
plane cutting the skeletal zigzag plane into two. The two zigzag chains are related by the
21 screw axis along the b axis as well as by the point of symmetry located at the center of

the unit cell. The green-colored side groups of the rings form a kind of the layer along the
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b axis, and these layers are repeated along the a axis. The relative height of cyclopentylene

rings between the neighboring chains is almost the same along the c axis.
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Figure I1I-9. The X-ray diffraction profiles of syndiotactic H-poly(NB) observed (black)
along the layer lines (440 to hkS) in comparison with those calculated (red) for the

proposed crystal structure.
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Figure III-10. (a) The observed and (b) calculated 2-D WAXD patterns of the uniaxially-
oriented syndiotactic H-poly(NB). The incident X-ray beam is Mo-Ka.

IT1-3-5. Crystal Structure Analysis of Isotactic H-Poly(NB)
(a) LT (Low Temperature) Phase

By analyzing the 2D X-ray diffraction pattern of the uniaxially-oriented sample
of isotactic H-poly(NB) at room temperature, shown in Figure III-2 (b), the unit cell was
determined to be of the orthorhombic system with a = 5.95 A, b = 8.25 A, ¢ (repeating
period) = 12.65 £ 0.19 A. After many trial-and-error processes, the most plausible space
group is P2:12:2:1. The two chains are contained in the unit cell, which are related by the
21 screw symmetry. The density calculated for this unit cell is 1.02 g/cm? in comparison
with the observed bulk density 0.99 g/cm?.

Table III-S3 in Appendix III-1 shows the indices and the lattice spacing of the
observed diffraction peaks. The most plausible packing structure, derived after the trial-

and-error calculations of the diffraction profiles, is shown in Figure III-11. The atomic
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fractional coordinates are given in Table III-S4 in Appendix III-1. Figure III-12
compares the observed diffraction profiles along the layer lines with the calculated ones.
The comparison between the observed and calculated 2-D X-ray diffraction patterns is
shown in Figure III-13, where the following parameters were assumed for the crystallite
size 60 A x 60 A x 60 A, the crystal strain 0.5% X 0.5% x 0.5%, the isotropic
temperature factor for C atoms 15 A% and the degree of chain orientation 3.0°. The
observed diffraction data are reproduced well as a whole. The R factor calculated from
the integrated intensity of the separated 21 reflection peaks on hk0O, hkl, hk2 and hkS
layer lines was 23.6%.

As seen in Figure III-11, the conformation of the skeletal chain is essentially the
same as that of syndiotactic chain. The two cyclopentylene rings (side group) are attached
alternately on the right and left sides of the skeletal plane and related by the 2; helical
axis passing through the center of the chain. The zigzag skeletal planes of the adjacent
chains are aligned approximately in a herringbone mode, just like the chain packing of
the orthorhombic polyethylene.” There may be some disorder in the relative height along
the ¢ axis, causing the weak streaks as seen in the 2-D X-ray diffraction pattern (Figure

1M1-13 (b)).
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Figure III-11. Crystal structure of isotactic H-poly(NB) in the LT phase. The lattice
parameters are a = 5.95 A, b = 8.25 A, ¢ (repeating period) = 12.65 A. The space group

is P212121. The side chains are shown in green color.
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Figure III-12. The X-ray diffraction profiles along the layer lines 440, hk1, hk2 and hk5
observed (black) for isotactic H-poly(NB) in the LT phase, compared with those

calculated (red) for the proposed crystal structure.
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Figure III-13. (a) The observed and (b) calculated 2-D WAXD patterns of the uniaxially-
oriented isotactic H-poly(NB) in the LT phase. The incident X-ray beam is Mo-Ka.
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(b) HT (High Temperature) Phase

As mentioned above, the HT phase of isotactic-H-poly(NB) was reserved even
after cooled to room temperature if the oriented sample was constrained by applying a
tensile force along the draw direction. Since the layer lines are clearer compared with
those detected at high temperature, and the diffraction pattern itself was not essentially
changed at all, the crystal structure analysis of the HT phase was performed using the data
of the HT phase after cooled to room temperature. The repeating period along the chain
axis was 11.20 A as estimated from the interlayer spacings. The repeating period is
contracted by 11 % from the fully-extended zigzag form, 12.65 A. The Ring-CH>-CHo>-
Ring segmental parts can change their conformations by the torsional angle changes. But
the possible models to explain the above-mentioned shorter repeating period are limited.
The two most plausible models were built by introducing the gauche bonds as shown in
Figure I1I-14. This idea is consistent with the model proposed by the NMR data analysis.!!
In fact, the above-mentioned repeating period can be reproduced using the gauche-
containing model. However, the thus-built-up chain conformation was found to be
remarkably different depending on the configuration of isotactic-poly(NB) chain. In the

present case, the carbon atoms of (S) and (R) configurations are repeated along the

molecular chain. The introduction of GTG sequence to C*(S)-CH2-CH>-C*(R) segment

causes the appreciably bent chain form as shown in Figure I1I-14 (2). On the other hand,

the GTG sequence gives the flat shape of large-zigzag-form as shown in Figure I1I-14

(1). [It must be noticed that the molecular chain having the opposite sequence of C*(R)-

CH»-CH,-C*(S) must take the torsional angles of GTG.]
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Figure III-14. Two conformation models of isotactic H-poly(NB) HT phase built by

introducing GTG (model 1) and GTG (model 2) sequences for C*(S)-CH2-CH2-C*(R)

segment. The small red and blue circles indicate the (S) and (R) carbon atoms,
respectively.

These chain models were packed in the unit cell. The X-ray data analysis
revealed the unit cell parameters of a=6.50 A, b =8.62 A, and ¢ (chain axis) = 11.60 A
at 170 °C, and a= 6.65 A, b = 8.24 A, and ¢ (chain axis) = 11.20 A at 30 °C. The latter
values were used in the present analysis, as mentioned above. After many trial-and-error
calculations, model-2 could not reproduce the observed X-ray data at all for any possible
space groups. On the other hand, the packing structure of model-1 chains with the space
group P2:2:2; was found to be the most plausible candidate for the good reproduction of
observed X-ray data. This space group is the same as that of the low-temperature phase.
The packing structure is shown in Figure I11-15. The calculated WAXD profiles along the

several layer lines are compared with the observed data, as shown in Figure 111-16. The
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2D-WAXD pattern is compared between observed and calculated ones in Figure 111-17,
where the parameters used were as follows: the crystallite size, a= 100 A, b =100 A, and
¢ =100 A, the crystal lattice strain a =0 %, b =0 %, and ¢ = 1 %; the isotropic temperature
factor = 10 A?, and the degree of chain orientation 4°. The R factor was estimated to be
12% for all the observed 24 peaks. The atomic fractional coordinates are listed in Table

[11-S5 in Appendix I11-1.

(a) LT phase (b) HT phase

Figure III-15. Crystal structures of isotactic-H-poly(NB): (a) the LT phase and (b) the
HT phase (30 °C).
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Figure 111-16. The observed X-ray diffraction profiles (black color) along the various
layer lines of the HT phase of it-H-poly(NB) in comparison with those calculated (red)
for the crystal structure shown in Figure I11-8 (b).
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Figure III-17. 2-D WAXD patterns of uniaxially oriented isotactic H-poly(NB) in the
HT phase. (a) observed (30 °C) and (b) calculated patterns.
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When the crystal structure of isotactic H-poly(NB) in the HT phase is compared
with that in the LT phase, we may pick up the several large differences between them.

(i) The a-axial length of the HT phase is longer (6.65 A of HT phase and 5.95 A
of LT phase), while the b axial length is almost equal to each other (8.24 A of HT phase
and 8.25 A of LT phase). The approximately flat chain in the ac plane becomes longer
along the a axis, corresponding to the increase of unit cell size.

(ii) The c-axial length is remarkably contracted from the LT phase (12.65 A) to
the HT phase (11.20 A). The above-mentioned conformational change occurs through
the torsional-angle change in the segments of Ring(C(S))-CH2CH>-Ring(C(R)). One
speculative conformational transformation model is illustrated in Figure 111-10. The

Ring-CH2-CH2-Ring sequence changes the shape relatively smoothly by the cooperative

torsional-angle changes from TTT to STS and to GTG. The direction of the rings is

almost fixed (maybe because of the intermolecular constraint due to its bulkiness), and
the CH.CH2 parts change the relative orientation by about 90° around the chain axis, as

seen in Figure 111-18.
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» High-Temp

Figure II1-18. One transition model from the all-frans conformation of LT phase to the

GTG conformation of HT phase of isotactic H-poly(NB). The conformational change was

assumed to occur from T to G via S (skew) bonds. The orientation of rings (circled) is kept

unchanged, while that of ethylene segment changes by about 90° around the chain axis.
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(iii) In the LT phase of the space group P2:2:21, a molecular chain located at a
corner of the unit cell (corner chain) is related to the chain located at the center (center
chain) by the 2; screw symmetry along the b (or a) axis. As a result, these two chains
are in the relation of upward and downward orientation along the chain axis. Here, the
upward and downward chains can be defined using the (S)—(R) and (R)—(S) sequences
of carbon atom configurations, respectively. Since the space group is kept unchanged,

this upward- and downward relation is reserved even in the HT phase.

IT1-3-6. Crystal Structure Analysis of Atactic H-Poly(NB)
(a) LT Phase

The crystal structure of atactic H-poly(NB) in the LT phase was already
proposed by Register et al.**> The meso content of their samples was 44 - 54%. The crystal
structure was of the monoclinic type with the unit cell parameters of a = 6.936 A, b =
9.596 A, c (repeating period) = 12.420 A, and 8= 130.7° and the space group C2/c.** The
atactic sample used in the present study contained the 53% meso sequences, which is in
the same range of the meso content as theirs. In such a sense the X-ray diffraction pattern
shown in Figure III-5 (c) should be indexed by using their unit cell parameters.
Unfortunately, however, it was difficult to apply these parameters directly. The observed
lattice spacings are also appreciably different. These situations may come from the not-
very-good X-ray diffraction data reported in references 4 and 5 because of the low degree
of chain orientation as seen in those reports, compared with our data shown in Figure II1I-

5.
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Then, I investigated the crystal structure of our atactic polymer species by
analyzing the 2D X-ray diffraction pattern taken for the highly-oriented sample as shown
in Figure II1I-5 (c¢). By reading out the coordinates of all the observed diffraction peaks in
the LT phase, the unit cell parameters were obtained as follows: a = 5.43 A, b =9.45 A,
c (chain axis) = 12.41 £0.07 A and a. = B =y =90°. The comparison of the lattice spacings
between the observed and calculated values is listed in Table III-S6 in Appendix III-1.
The almost planar-zigzag chains can be assumed from the ¢ axial length, which is the
same as that proposed in the literature.* The unit cell is rectangular, but the observed X-
ray diffraction intensities can be reproduced by using the monoclinic crystal system. After
the many trial-and-error procedures, the best space group was P1121/n, in which the two
zigzag chains were packed. The density calculated for this unit cell is 1.00 g/cm? in
comparison with the observed bulk density 0.99 g/cm®,

By taking the atactic configuration into account, the side rings were assumed to
attach on the right and left sides of the planar-zigzag skeletal chain with the 50%
probability. The finally derived crystal structure model of atactic H-poly(NB) in the LT
phase is shown in Figure I11-19. The comparison of the observed diffraction profiles along
the several layer lines with those calculated for this model is shown in Figure I11-20. The
comparison between the observed and calculated 2-D X-ray diffraction patterns is shown
in Figure I1I-21, where the following parameters were assumed for the crystallite size 100
A x 100 A x 100 A, the crystal strain 0.5% x 0.5% x 0.5%, the isotropic temperature
factor for C atoms 5 A2, and the degree of chain orientation 3.0°. The observed diffraction
data are reproduced well as a whole, although the observed horizontal diffuse lines are
spotlike in the calculated pattern since the relative-height disorder between the

neighboring chains is not taken into account. The R factor estimated from the integrated
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intensity of the separated 9 reflection peaks on hk0, hkl, hk2 and hk5 layer lines was
5.0 %. The atomic fractional coordinates are shown in Table II1I-S7 in Appendix III-1. As
seen in the model of atactic H-poly(NB) crystal (the LT phase) in Figure III-19, the
packing of the molecular chains is good. The highly crystalline character of the atactic H-
poly(NB) sample is originated from the good packing of the relatively compact chains.
The situation is similar to such crystalline polymers having atactic configuration as atactic

poly(acrylonitrile),'? atactic poly(vinyl alcohol),' "1

and so on. Judging from the van der
Waals radius of the H atom (1.2 A), the closest intermolecular H...H distances are about
2.4 A. The anomalously short distance of the H...H pairs found here are about 1.7 — 2.2

A. Such too short H...H distances were the consequences of the assumption of the virtual

coexistence of the ring side groups attached on both side of the skeletal chain.

Figure I1I-19. (a) Crystal structure of atactic H-poly(NB) in the LT phase. The lattice
parameters are a = 5.43 A, b =9.45 A, ¢ (chain axis) = 12.41 A and oo = B =y =90°. The

space group is P1121/n. The side chains are shown in green color. The coexistence of
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the different two types of the side ring configurations within the chain is assumed with
the 50% probability.
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Figure II1-20. The X-ray diffraction profiles along the layer lines 4k0, hk1, hk2 and hk5S
observed (black) for atactic H-poly(NB) in the LT phase, compared with those calculated

(red) for the proposed crystal structure.

63



(a) Obsd (b) Calcd

L ——

L - . e EY
K 2 @
e . . voRd
. R |
2 BA , . R 3
e S

e T —

Figure II1-21. (a) The observed and (b) calculated 2-D WAXD patterns of the uniaxially-
oriented atactic H-poly(NB) in the LT phase. The incident X-ray beam is Mo-Ka. In the
calculation, the disorder of the relative height between the neighboring chains in the
lattice was not introduced, which should give the streak line as seen in the observed

pattern.

(b) HT Phase

As known from the change of two equatorial-line peaks to the singlet at a high
temperature, the crystal structure of atactic H-poly(NB) is considered to change to the
pseudo-hexagonal type. The unit cell parameters are a = 5.55 A, b =9.60 A, c = 12.40 A,
and B=90°at 127 °C (cf.a=5.43 A, b=9.45A,c=12.41 A, f=90°at 30 °C). The HT
phase of atactic H-poly(NB) shows the relatively strong streaks along the layer lines,
suggesting the translational disorder of the neighboring chains along the chain axis. The
X-ray interlayer spacings indicate the reservation of trans-zigzag conformation even in a
high temperature region. Then we may speculate that the molecular chains of zigzag

shape experience not only the rotational motion around the chain axis but also the
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translational motion along the chain axis to give the disorder of relative heights of the
neighboring zigzag chains. However, the second layer line is still spot-like, different from
the other layer lines. This indicates the translational shift of chains does not occur
randomly with an arbitrary magnitude of shift, but the ¢/2 shift occurs although the
direction of shift is random, being often called the registered translational disordering.'®
But, the amplitude of ¢/2 shift seems too large to occur for the whole chains. As
mentioned above, the rings are statistically positioned right and left in the atactic H-
poly(NB) chain. In the high temperature phase, the rings reorient right and left more
frequently, which may be caused by the rigid-rotation or the flip-flop motion of the chains.
As a result, the averaged orientation of all the rings is almost equivalent to each other and
cannot be distinguished anymore. In the case of the low-temperature phase, as illustrated
in Figure II1-22 (a), the repeat period between the neighboring rings along the chain axis
is irregular to give the streaks along the horizontal lines, while the repeat period becomes
more regular, (¢/2), in the high-temperature region (Figure I1I-22 (b)). As a result, the
intensity of original odd layer lines is weaker, and the even layer lines increase the relative
intensity as observed in Figure III-7.

As seen in Figure III-7, the sharpening of the equatorial-line peaks may come
from the growth of domain structures in the high temperature region. The broad
diffraction width at room temperature was found to become sharper above the phase
transition temperature. Actually, the full width at the half height was estimated for 110
and 020 peaks (with the slit-width correction using a Si standard peak), from which the
crystallite sizes were estimated on the basis of Scherrer’s equation.® As plotted in Figure
II1-23 (1), the X-ray coherent crystallite sizes increased remarkably above the transition

point. The crystallites of the LT phase are considered to be composed of the aggregations
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of small X-ray coherent domains. In the HT phase, the thermal motion occurs actively,
and the molecular chains are speculated to rotate around the chain axis. As a result, the

distinguishment of the domains disappears, and the originally-small domains are fused

t.17

into a larger domain to give the sharp diffraction peak as a result.'"” The schematic

illustration is given in Figure I11-23 (2).

(a) LT phase (b) HT phase
A \

!
>

—

Figure III-22. The disordering of relative height between the neighboring chains of
atactic H-poly(NB): (a) in the low-temperature phase, and (b) in the high-temperature
phase. In the LT phase, the rightward- and leftward-oriented rings are arrayed randomly but
without any exchange, as indicated by green and pink colors. The occupancy of the rings is
0.5 for both the green and pink rings. In the HT phase, the activated thermal motions erase
the difference of rightward- and leftward-orientations of rings around the chain axis, as

indicated by pink color only. The repeating period becomes approximately c¢/2.
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Figure I11-23. (1) Temperature dependence of full-width at half peak intensity estimated
for 110 and 020 peaks of atactic H-poly(NB) (refer to Figure 111-6). (2) (a) the aggregation
of small domains in the low-temperature phase, and (b) the large domain in the high-

temperature phase due to the radical rotational motions of chains.

ITI-3-7. Comparison of the Crystal Structures of H-Poly(NB)s with Different

Tacticities

The definition of isotactic, syndiotactic and atactic sequences of H-
poly(cycloolefin) was described in Chapter I. The explanation was made on the basis of

the zigzag conformation of the skeletal chain. The present structure analysis has
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confirmed these definitions quite clearly since the skeletal chains were found to take just
the planar-zigzag conformations existing in the LT crystal phase. In this way, the NMR
analyses have been verified definitely by the present X-ray structure analysis. Besides the

chain packing mode is sensitively affected by the degree of tacticity.

As shown in Figure III-24, it is easy to know the relation between the chain
conformation and its symmetry. The syndiotactic polymer chain possesses one glide plane,
a set of 2-fold rotation axes and a set of mirror planes perpendicular to the chain axis. The
1-dimensional space group or the corresponding factor group is isomorphous to the point
group Cay. The isotactic chain possesses the 21 screw symmetry along the chain axis, a
set of mirror planes perpendicular to the chain axis and a set of points of symmetry, the
factor group of which is isomorphous to the point group Can. The atactic chain does not
have any symmetry, the factor group is isomorphous to Ci. These symmetry differences

should reflect on the vibrational spectra and also the physical property.

Figure III-25 compares the packing modes of these three polymer species. The
syndiotactic and atactic polymers show quite similar positioning of the zigzag chains. The
isotactic chains show appreciably different chain packing structure. The difference of the

chain packing mode can reflect on the lattice energy and the thermal behavior.

68



atactic syndiotactic isotactic

C1 Cov Con

Figure II1-24. Comparison of the chain conformation and symmetry among atactic,
syndiotactic and isotactic H-poly(NB). C», C2% s and s are the 2-fold rotation axis, the 2-

fold screw axis, the mirror plane and the glide plane, respectively.

atactic and syndiotactic isotactic

Figure III-25. The overlapped picture of the packing structures of the atactic and
syndiotactic chains. The atactic chains are shown with red color.
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I1I-4. Conclusions

The information of the crystal structures of the newly synthesized syndiotactic
and isotactic H-poly(NB)s were investigated. The quantitative analysis of the X-ray
diffraction data gave the concrete images of the chain conformation and chain packing
mode of these polymers in comparison with those of the atactic species. The skeletal
chains take essentially the similar planar zigzag conformation in all the species. The
cyclopentylene rings are included as the parts of the skeletal chains. However, the
CH:CHz side groups of the rings protrude out of the skeletal chain in the different modes
depending on the tacticity, which gives the significant difference of the whole shape of

the chains and then the difference of the chain packing structure.

The thermal behavior was also found to be different depending on the tacticity.
To reveal the relation between the thermal behavior and the crystal structure, the details
about the structural changes and the energetical stability in the phase transition
phenomena were investigated. I have measured the 2D X-ray diffraction patterns of H-
poly(NB) samples of different configurations in the heating process, and confirmed the
existence of phase transition between the LT and HT phases for isotactic- and atactic
species. The structural analysis revealed the T-G conformational change in the HT phase
of isotactic-H-poly(NB). The cooperative T-G conformational exchange of low energy
barrier is speculated to play an important role in the generation of the HT phase of
isotactic-species. In the case of atactic H-poly(NB), the ¢rans conformation was kept even
above the transition point. Rather, the ¢/2 translational motion along the chain axis
coupled with the rotational motions or the fluctuation of ring side groups is imagined to

occur with the appreciably disordered packing. The syndiotactic-H-poly(NB) did not
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show a detectable structural change in the whole temperature region below the melting
point. The different structural changes in the crystal phase for isotactic, atactic and
syndiotactic H-poly(NB)s at high temperatures were found to be closely correlated to the

melting behavior.
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Appendix II1-1. Tables of the crystallographic data of H-poly(NB)s

The indexing data and the atomic fractional coordinates in the crystal lattice for
syndiotactic, LT and HT phase of isotactic, and LT phase of atactic H-poly(NB)s are

tabulated in Table III-S1 to Table I1I-S7 shown below.

Table III-S1. The 4kl indices and the observed and calculated lattice spacings estimated
for the syndiotactic H-poly(NB) crystal.

h k | do/A d/A h k I do/A do/A
1 0 0 5.17 5.17 -1 1 5 2.28 241
1 1 0 4.60 4.54 -2 1 5 2.23 2.26
1 2 0 3.49 3.49 0 0 5 2.13 2.17
1 3 0 2.70 2.70 -2 3 5 1.99 1.88
2 1 0 2.49 2.49 -1 3 5 1.88 1.96
1 4 0 2.15 2.15 0 3 5 1.80 1.79
2 3 0 2.00 2.00 -2 4 5 1.72 1.66
3 1 0 1.70 1.70 -3 0 5 1.67 1.88
3 2 0 1.62 1.62 1 1 5 1.61 1.69
3 3 0 1.53 151 -2 5 5 1.47 1.47
1 0 1 5.01 3.96 5 5 1.43 1.43
0 2 1 4.36 4.34 6 5 1.34 1.28
-1 2 1 3.71 3.71 6 5 1.28 1.28
1 2 1 3.04 3.04 -2 0 6 2.06 2.03
1 3 1 2.74 247 -2 1 6 1.99 1.99
0 0 2 5.40 5.42 -2 2 6 1.87 1.87
0 1 2 4.67 471 -2 1 7 1.75 1.75
1 1 2 3.03 291 -3 0 7 1.65 1.62
-2 3 2 2.17 217 -3 0 8 1.52 1.49
-3 1 2 1.91 191 -3 1 8 1.46 1.47
-1 2 3 3.10 3.09 -2 2 9 1.33 1.33
0 2 3 2.89 2.87 -4 1 10 1.20 1.16

0 3 2.76 244 -3 3 10 1.16 1.15
-2 3 3 2.14 214

72



0 3 4 2.03 2.06
-1 4 4 1.89 1.89

Table II1-S2. The atomic fractional coordinates of one crystallographically-asymmetric

unit of the syndiotactic H-poly(NB) crystal structure ®°

Atom Atom
X z X z
No. y No. y
C1 0.138 0.198 1.026 H8 -0.028 0.126  1.075
C2 0.123 0.268 0.920 H9 0.313 0.132 0.990
C3 0.088 0.168 0.834 H10 -0.046 0.340 0.960
C4 0.125 0.267 0.730 H11 0.240 0.086 0.799
C5 0.134 0.196 0.619 H12 -0.100 0.113 0.879
C6 0.363 0.354 0.830 H13 -0.039 0341 0.770
C7 0.370 0.349 0.705 H14 0.304 0.125 0.574
i H, un/ll12 Pllu H, H15 -0.038 0.128 0.651
N X H16 0539 0305 0.821
P 1\C/ \(,/ S
o BN H17 0.359 0.463 0.863
o \C C/ e H18 0543 0.291 0.638
“16// ‘ i\Hw . . .
H, My, H19 0382 0454 0.666

The unit cell parameters are a = 5.97 A, b =9.48 A, ¢ (repeating period) = 12.58 A and
S = 60.0°. Only the coordinates of one asymmetric unit are listed. The positions of the
other monomeric units are generated using the P2i/c symmetry. ® The atomic numbers

are shown for one crystallographically asymmetric unit.

Table ITI-S3. The 4kl indices and the observed and calculated lattice spacings estimated
for the LT phase of isotactic H-poly(NB) crystal

h k| do/A de/A h k| do/A de/A
0 4.83 4.85 1 1 5 2.24 2.23
o 2 0 4.13 4.17 2 0 5 1.93 1.92
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2 0 0 2.98 2.95 1 3 5 1.78 1.75
1 3 0 2.50 2.49 3 1 5 1.53 1.54
0 4 0 2.06 2.06 3 3 5 1.36 1.37
1 5 0 1.59 1.58 0 1 6 2.04 2.05
4 0 0 1.49 1.49 1 1 6 1.93 1.92
1 1 1 451 4.68 3 1 6 1.42 1.42
2 0 1 2.90 2.90 0 1 7 1.77 1.75
2 2 1 2.37 241 1 1 7 1.69 1.69
3 1 1 1.91 1.93 0 1 8 1.55 1.53
0 1 2 5.02 5.31 1 1 8 1.50 1.50
1 1 2 3.84 3.90 1 1 9 1.35 1.33
0 2 2 3.46 3.28 1 2 9 1.30 1.29
1 2 2 2.99 2.92 0 2 10 1.21 1.21
2 2 2 2.25 2.23 2 0 10 1.16 1.15
0 1 3 3.75 3.88 1 3 10 1.13 1.12
1 1 3 3.18 3.20

0 2 3 2.95 2.85

1 2 3 2.64 2.62

2 0 4 2.17 2.09

1 3 4 1.96 1.94

Table ITI-S4. Atomic fractional coordinates for LT phase of the isotactic H-poly(NB)

crystal &°
Atom Atom

No. X y : No. X y :

Cl 0.182 1.030 0.794 H8 0.012 0984 0.810
C2 0.267 0.956 0.690 H9 0.166 1163 0.785
C3 0.122 0991 0.591 H10 0.268 0.823 0.699
C4 0.276  0.952 0.497 H11 0.077 1121 0.589
C5 0.186 1.008 0.389 H12 -0.036 0.922 0.591
C6 0.506 1.008 0.655 H13 0.301 0.819 0.496
C7 0494 1.034 0.533 H14 0.158 1140 0.392

H15 0.019 0.952 0.376
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Hy H;s
N, N is/ H16 0629 0913 0.676
/ C/ \C/ N
we v Say H17 0562 1.119 0.695
AT H18 0645 0.991 0.491
Hy¢ / \ Hyy
Hy  Hy H19 0480 1.165 0.517

*The unit cell parameters are a = 5.95 A, b =8.25 A, ¢ (repeating period) = 12.65 A. The
space group is P212:2;. ® The atomic numbers are shown for one crystallographically-

asymmetric unit.

Table III-S5. Atomic fractional coordinates of HT phase of isotactic-H-poly(NB)?

atoms X y z
Cl 0.649 0.064 0.276
C2 0.601 0.008 0.404
C3 0.726 0.074 0.510
C4 0.606 0.013 0.619
C5 0.655 0.079 0.745
Co6 0.386 0.053 0.444
C7 0.385 0.044 0.582

@ The unit cell parameters (30 °C); a = 6.65 A, b =
8.24 A, and ¢ (chain axis) = 11.20 A, the space group
P21212;.

C3
C2 ca c5
C1

7
C6 ¢

Table II1-S6. The 4kl indices and the observed and calculated lattice spacings estimated
for the atactic H-poly(NB) crystal in the LT phase

h k | do/A de/A h k I do/A do/A
1 1 0 4.70 471 1 3 5 1.85 1.83
1 3 0 2.70 2.72 2 2 5 1.73 1.71
2 2 0 2.29 2.35 0 0 6 2.08 2.07
1 1 1 4.46 4.40 1 1 6 1.90 1.89
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2 6.21
2 5.17
5 2.20

6.21
5.19
2.20

3 10

1.69
1.33
1.14

1.69
1.32
1.13

Table III-S7. The atomic fractional coordinates for the atactic H-poly(NB) crystal in the

LT phase »°

Atom Occu- Atom Occu-
X y z X y z

No. pancy No. pancy
Cl 0144 0.762 -0.061 1 H8 -0.021 0.694 -0.068 1
C2 0262 0.741 0.051 1 H9 0.082 0.874 -0.068 1
C3 0.089 0.775 0.143 1 H10(1) 0.403 0.800 0.056 0.5
C4 0276 0.740 0.229 1 H10(2) 0.311 0.645 0.058 0.5
C5 0182 0.759 0.345 1 H11  -0.076 0.705 0.145 1
C6(1) 0.336 0.587 0.077 0.5 H12 0.030 0.888 0.144 1
C7(1) 0.346 0.586 0.201 0.5 H13(1) 0.416 0.798 0.219 0.5
C6(2) 0.482 0.839 0.075 0.5 H13(2) 0.325 0.644 0.222 0.5
C7(2) 0.492 0.838 0.199 0.5 H14 0.021 0.689 0.360 1
H15 0.125 0.870 0.359 1
H16(1) 0.194 0511 0.048 0.5
Hs\H9 H,, /"12 Ilin‘s H16(2) 0.657 0.799 0.040 0.5
/Cl\Cz/ 3\(14/(35\ H17(1) 0.518 0.558 0.041 0.5
Hm/\c C/ Sy, H17(2) 0.447 0.948 0.045 0.5
“m//“ <\H19 H18(1) 0.209 0.510 0.233 0.5
Hy o Hy H18(2) 0.671 0.798 0.230 05
H19(1) 0.532 0558 0.231 0.5
H19(2) 0461 0947 0.231 0.5

2 The unit cell parameters are a = 5.43 A, b=9.45 A, ¢ (repeating period) = 12.41 A. The

space group

is Pl12i/n.

> The atomic numbers are shown below for one

crystallographically-asymmetric unit. The occupancy values are 0.5 For C6, C7, H10,
HI13, H16, H17, H18 and H19.

76



References

10.

11.

Hayano, S.; Nakama, Y. Iso- and Syndio-Selective ROMP of Norbornene and
Tetracyclododecene: Effects of Tacticity Control on the Hydrogenated Ring-
Opened Poly(cycloolefin)s. Macromolecules 2014, 47, 7797-7811.

Hayano, S.; Kurakata, H.; Tsunogae, Y.; Nakayama, Y.; Sato, Y.; Yasuda, H.
Stereospecific Ring-Opening Metathesis Polymerization of Cycloolefins Using
Novel Molybdenum and Tungsten Complexes Having Biphenolate Ligands.
Development of Crystalline Hydrogenated Poly(endo-dicyclopentadiene) and
Poly(norbornene). Macromolecules 2003, 36, 7422-7431.

Hayano, S.; Tsunogae, Y. Syndioselective Ring-Opening Metathesis
Polymerization of endo-Dicyclopentadiene with Tungsten Complexes Having
Imido Ligands: Development of Crystalline Syndiotactic Hydrogenated
Poly(endo-dicyclopentadiene). Macromolecules 2006, 39, 30-38.

Lee, L.-B. W.; Register, R. A. Hydrogenated Ring-Opened Polynorbornene: A
Highly Crystalline Atactic Polymer. Macromolecules 2005, 38, 1216— 1222.
Bishop, J. P.; Register, R. A. The Crystal-Crystal Transition in Hydrogenated
Ring-Opened Polynorbornenes: Tacticity, Crystal Thickening, and Alignment. J.
Polym. Sci., Part B: Polym. Phys. 2011, 49, 68-79.

Tadokoro, H. Structure of Crystalline Polymers; John Wiley & Sons: New York,
1979

Bunn, C. W. The crystal structure of long-chain normal paraffin hydrocarbons.
The “shape” of the CH» group. Trans. Faraday Soc. 1939, 35, 482-490
Tashiro, K. Structural Science of Crystalline Polymers; Springer Nature
Singapore Pte Ltd., 2022

Sun, H. COMPASS: An ab Initio Force-Field Optimized for Condensed-Phase
Applications Overview with Details on Alkane and Benzene Compounds. J.
Phys. Chem. B, 1998, 102, 38, 7338-7364.

Minagawa, M.; Taira, T.; Yabuta, Y.; Nozaki, K.; Yoshii, F. An Anomalous
Tacticity-Crystallinity Relationship: A WAXD Study of Stereoregular Isotactic
(83-25%) Poly(Acrylonitrile) Powder Prepared by Urea Clathrate
Polymerization. Macromolecules 2001, 34, 3679-3683.

Bunn, C. W. Crystal Structure of Polyvinyl Alcohol. Nature, 1948, 161, 929—
930.

77



12.

13.

14.

15.

16.

17.

Nitta, L.; Taguchi, I.; Chatani, Y. Crystal structure of PVA. Ann. Rep. Inst. Fiber
Sci. 1957, 10, 1 . This report cannot be gotten anymore. Refer to the textbook
shown in ref 28.

Taguchi, I. Application to Polymer Substances (in Japanese), “X-ray
Crystallography”; Nitta, 1., Ed.; Maruzen, 1959; pp 507 —604.

Cho, J. D.; Lyoo, W. S.; Chvalun,S. N.; Blackwell, J. X-ray Analysis and
Molecular Modeling of Poly(vinyl alcohol)s with Different Stereoregularities.
Macromolecules, 1999, 32, 6236-6241.

Tashiro, K.; Kusaka, K.; Yamamoto, H.; Hanesaka, M. Introduction of Disorder
in the Crystal Structures of Atactic Poly(vinyl Alcohol) and Its Iodine Complex
to Solve a Dilemma between X-ray and Neutron Diffraction Data Analyses.
Macromolecules, 2020, 53, 6656-6671

Wasanasuk, K.; Tashiro, K. Crystal Structure and Disorder in Poly(L-lactic
Acid) 8 Form (o’ form) and the Phase Transition Mechanism to the Ordered
aForm. Polymer, 2001, 52, 6097-6109.

Tashiro, K.; Tanaka, R.; Ushitora, K.; Kobayashi, M. Annealing Effect on
Ferroelectric Phase Transitional Behavior of Vinylidene Fluoride-
Trifluoroethylene Copolymers: An Interpretation Based on the Concept of
Domain and trans-gauche Conformational Disorder, Ferroelectrics, 1995, 171,
145 - 162.

78



Chapter IV : Conformations of Stereoregular Hydrogenated

Ring-Opened Poly(norbornene)s in Dilute Solution

IV-1. Introduction

The single chain conformation of linear polymers in dilute solution is

characterized in terms of the characteristic ratio C., Which is defined by?

2
C, = lim (R%)o
n—oo nb2

(IV-1)

where (R%)o is the mean square end-to-end distance of the polymer chain in the
unperturbed state, n is the number of main-chain bonds, and b is the (average) bond length.
As mentioned in Chapter I, Fetters and his coworkers®® demonstrated that C. is closely
related to melt viscoelastic properties for various polyolefins. Thus, Cs is the basically

important parameter to control rheological properties.

In this study, I characterized the single chain conformations of syndiotactic,
isotactic, and atactic H-poly(NB)s, in dilute solution by using size-exclusion
chromatography with an on-line multi-angle light scattering detector (SEC-MALS),
molecular dynamics simulation (MD), and the rotational isomeric state (RIS) model. The
characteristic ratios C» of the three H-poly(NB)s were compared with those of

polyethylene (PE) and poly(propylene) (PP).'+7
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IV-2. Experiment and Simulation
IV-2-1. Samples

Syndiotactic and isotactic H-poly(NB)s were synthesized as described in Chapter II.
Stereospecific ROMP was carried out using WNPhCI4Et,O and MoO(rac-Biphenolate),
(catalyst 1 and 6 in the Chapter II) for syndiospecific and isospecific polymerization,
respectively. For non-stereospecific polymerization, the Grubbs 2nd generation catalyst,
(H2IMes)(PCy3)CcRu=C(H)Ph (H2IMes = 1,3-dimesityl-4,5-dihydroimidazolylidene),
was used. The chemical transfer hydrogenation of the obtained poly(NB)s gave the fine
powders of crystalline H-poly(NB)s. Basic characterization data of H-poly(NB)s with the
various stereoregularities are shown in Table IV-1. The meso/racemo ratios of H-
poly(NB)s determined by the *C-NMR analysis were 10/90 for syndiotactic, 100/0 for
isotactic and 53/47 for atactic H-poly(NB). The molecular weight of the polymer needed
to be large enough for SEC-MALS measurement described below. The weight average
molecular weights My of the polymers ranged from 23 x 10* to 32 x 10*. The molecular

weight distributions Mw/M, of samples ranged from 1.2 to 2.7.

Table 1V-1. Samples used in this study; H-poly(NB)s with different tacticity

polymer meso/racemo?®  Mw/10°°  No/103¢ Mu/Mp °
syndiotactic H-poly(NB) 10/90 240 2.50 2.0
isotactic H-poly(NB) 100/0 324 3.38 2.7
atactic H-poly(NB) 53/47 228 2.38 1.2

2 meso/racemo ratio was determined from the *3C NMR spectrum recorded in C2D,Cls at
125 °C. ® My and M, were determined by the SEC-MALS measurement in 1,2,4-

trichlorobenzene at 140 °C. ¢ Degree of polymerization.
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IV-2-2. Measurements

SEC-MALS measurements were conducted to evaluate the molecular weight M
and the root-mean-square radii of gyration (S?)!? of H-poly(NB)s in 1,2,4-
trichlorobenzene (TCB) at 140 °C. SEC-MALS consists of an HLC-8321GPC/HT SEC
system (Tosoh, Japan) equipped with three TSKgel GMH-HR-H(20)HT gel columns
(Tosoh, Japan), a built-in refractive index (RI) detector (Tosoh, Japan), and a DAWN
HELEOS II MALS detector (Wyatt Technology, USA). The wavelength of the MALS
incident light 4 was 644 nm, the flow rate was 1.0 mL/min, and the concentrations of
solutions injected were 1 mg/mL. Test polymer solutions were prepared by mixing a
vacuum-dried polymer sample with TCB, and shaking at 140 °C for 1 h. The solution was
filtered with a 0.5 um sintered metal filter at the temperature before the SEC-MALS

measurement.

The RI detector was calibrated by the signal obtained by injecting a TCB solution
containing a known quantity of a standard linear polyethylene at 140 °C. The refractive
index increment On/0c for standard polyethylene (SRM1475) is -0.106cm?/g.3” The on/oc
values for H-poly(NB)s in 140 °C TCB were determined from the concentration of the
injected solution and the RI peak area to be -0.030 cm?/g, -0.039 cm®/g, and -0.034 cm®/g
for atactic, syndiotactic, and isotactic H-poly(NB)s, respectively, of which absolute
values were considerably smaller than that for polyethylene. The MALS detector was
calibrated by measuring the 90° scattering intensity of the solvent at 140 °C to estimate

the excess Rayleigh ratio Ry at the scattering angle 6 of the test solution.

The resulting SEC-MALS data obtained were analyzed to determine M and

(S by using the Zimm plot
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Kc 1

—=—_ V-2
Ry MP(6) (Iv-2)
where c is the polymer mass concentration, K is the optical constant defined by
2,2 2
K =270 (a_”j (IV-3)
A*Na \OC

with the solvent refractive index no, the Avogadro constant Na, and the intramolecular
interference factor P(6). As recommended by Sun et al.,'®!! the following Debye function
was utilized for P(6):!?

2(e‘x+x—1)

P(6) =
©) >

, x=(S%)k?, k= 47:]0 sin(gj (IV-4)

Two adjustable parameters M and (S?)!?

were determined by fitting Eq. IV-2 with Eq.
IV-4 to experimental Kc/ Ry at each elution time. Because the polymer concentration of
the eluted solution is dilute enough, the intermolecular interference effect was ignored

when using Eq. IV-2.

Figures IV-S1 - IV-S3 in Appendix IV-1 show elution curves for isotactic,
syndiotactic, and atactic H-poly(NB), and Figure IV-1 shows Zimm plots for e.g.
syndiotactic H-poly(NB) in TCB at 140 °C in different elution times. Slightly scattered
data points at high £ may have come from experimental errors in the scattering intensities
due to the small |On/Oc |. As indicated by red curves in the figure, Eqs. IV-2 and IV-4 give
straight lines over the whole k? range investigated when they fit the plots at longer elution
times (lower M), but the equations provide slightly upturned curves when they were used

to fit the data at shorter elution times (higher M). Thus, if the Zimm plots at shorter elution
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times were fitted with straight lines over the whole &> range investigated, both M and

(S)'"2 might be overestimated in the high M region.

8 e glution time
. syndiotactic o  (min)

7 L . 24.9

6F° 5 e AE

(Kc/Rp) / 10-°mol g~

k*/10~*nm2
Figure IV-1. Zimm plots for syndiotactic H-poly(NB) in TCB at 140 °C in different
elution times. The red solid curves show the fitting results with Eqgs. IV-2 and [V-4; the

red dotted line indicates the initial slope of the Zimm plot at the elution time = 22.1 min.

IV-2-3. MD simulation

Using all-atom molecular dynamics (MD) simulations, a single 30-mer chain of
syndiotactic, isotactic, or atactic H-poly(NB) was generated in a simulation box
containing 3182 TCB molecules. The meso/racemo ratios of the generated polymer
chains were 0/100, 100/0 and 50/50 for syndiotactic, isotactic and atactic, respectively.
Winmostar (Winmostar Version 11, X-Ability Co., Ltd., Tokyo, Japan, 2022) was used

to run these simulations. An energy minimization on the initial configuration was
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performed to eliminate the unphysical overlaps. Subsequent equilibrium simulations were
performed for 9 ns at 900 K and 30 ns at 415 K. Following the equilibration, a production

run was carried out for 270 ns at 415 K (142 °C).

All polymer simulations were performed with NVT ensembles by using velocity
rescaling with a stochastic term (coupling time 1 ps).!* The density of the systems was
1226 kg/m?, as estimated from a simulation of the TCB solution under NPT ensemble at
415 K and 1 atm by using the velocity rescaling with a stochastic term (coupling time 1
ps) and barostat with a stochastic term (coupling time 1 ps). The nonbonded interaction
cutoff was set at 0.9 nm, the particle mesh Ewald (PME) approach was used to calculate
long-range Coulombic interactions, and the linear constraint solver (LINCS) algorithm'*
was used to fix the bond lengths of hydrogen atoms. All simulations were performed with
the OPLS-AA force field"> using GROMACS software!® with a time step of 2 fs. The side
length of the simulation box was about 9.2 nm, which was larger than twice the radius of
gyration of the polymer chains, thus providing a dilute polymer solution condition. The
mean square radius of gyration (S?) and the distribution functions of 5 internal rotational
angles of a single polymer chain were evaluated by averaging the trajectory of polymer

chain every 5000 steps during a production run for 270 ns.

IV-3. Results and Discussion
IV-3-1. Radius of Gyration

Figure IV-2 shows the double logarithmic plot of the radius of gyration (S?)'"? vs.

the number of the main-chain bonds # for syndiotactic, isotactic, and atactic H-poly(NB)s;
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the data were determined in TCB at 140 °C with SEC-MALS. Here, n values were
calculated from the molecular weight M on the assumption that H-poly(NB) chains had
five main-chain bonds per repeat unit (n = M/19.2). The solid line in the figure is to guide
the eye with isotactic H-poly(NB) (blue circles). The data points for syndiotactic H-
poly(NB) (red circles) and atactic H-poly(NB) (green circles) almost fit the same line but
deviated slightly upward and downward, respectively. The slope of the solid line was 0.6,
which indicates that all the H-poly(NB)s were flexible polymers affected by the excluded
volume effect in TCB at 140 °C. Plus symbols in the figure indicate the same plot for the
linear polyethylene (PE) in 135 °C TCB, and the data were obtained by Sun et al.'® with

SEC-MALS. The data points for PE deviated downward from the solid line.
100 ————

| rosin-substituted "

(9)]
o

5 H-poly(NB) .~ &,
L
o
A
th ; .
V o jsotacitc
o syndiotactic
o atactic
+ PE
10 L -
5X103 104 10°
n

Figure IV-2. Plots of the radius of gyration (5?)!"> against the number # of carbon atoms
in the main chain of syndiotactic (red), isotactic (blue), and atactic (green) H-poly(NB)s
in TCB at 140 °C for data obtained with SEC-MALS. The data for polyethylene (PE) and
rosin-substituted H-poly(NB) were taken from references 10 and 17.
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Recently, Hamidi and Ganewatta!’ investigated the properties of a rosin-substituted
H-poly(NB) in dilute tetrahydrofuran (THF) solutions at 35 °C by using SEC with an on-
line static and dynamic light scattering detector, as well as viscometer and refractometer.
Their results for the molecular weight dependence of (S?)*2 are shown by the thin dotted
line in Figure V-2, which deviated slightly upward from the solid line for isotactic H-

poly(NB), although the slope was close to 0.6.

Table V-2 lists MD simulation results of (S?)Y2 for syndiotactic, isotactic, and
atactic H-poly(NB)s with the degree of polymerization of 30 (n = 150). The (S%'? values
increased in the order of syndiotactic, atactic, and isotactic H-poly(NB)s, which was
different from the order of (5% obtained by SEC-MALS in the high n region, as shown

in Figure IV-2.

Table 1V-2. MD simulation results of (S*'2 for syndiotactic, isotactic, and atactic H-
poly(NB)s with the degree of polymerization of 30 (n = 150)

polymer (S5Y2Inm statistical error/nm
syndiotactic H-poly(NB) 2.42 +0.11
isotactic H-poly(NB) 2.62 +0.08
atactic H-poly(NB) 2.49 +0.05

IV-3-2. Analysis by the Wormlike Chain Model

The wormlike chain is a continuous elastic wire model,*® in which the straight rod
is the energetically most stable conformation, and it corresponds to all trans conformation

of polyolefin chains. For polyolefin chains in which the main chain consists of n
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carbon—carbon single bonds, the contour length L of the wormlike chain model is given
by

L=nh, h=bsin(6'/2) (IV-5)

where b, 8', and h are the bond length and bond angle of the main-chain and the contour
length per main-chain bond, respectively. For repeat periods along the chain axis for H-
poly(NB)s in the crystalline state described in Chapter 111, h was estimated as 0.125 nm.
Since the stiffness of the wormlike chain was expressed in terms of the persistence length
g, the square radius of gyration (S?) of the (unperturbed) wormlike chain is calculated
with®®
(52, =%Lq—q2 +¥[1—%(1—e"‘/q )} (IV-6)
When the wormlike chain was perturbed by the excluded-volume effect, the square

radius of gyration (S?) is expanded by*®
(8%) = as” (Z')(S%)o
372/15
asz(z')z[1+10z'+(%n+%)z'2 +8(J;z') } (IV-7)

X (0,933 +0.067 e—0.852’—1.39z’2 j

with the (intermolecular) scaled excluded-volume parameter z’ defined by

, (3Y)"? 3 B(LY?
(5] el o

Here, B is the excluded-volume strength, and K(L/2q) is the function of L/2q (the Kuhn

statistical segment number) given by the following interpolation formula for L/2q > 6:

K(x)=2_2711, 7 (IV-9)
3 Jx  6x
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In general, (S?) for the wormlike chain can be calculated by Egs. IV-5— V-9 as a
function of n when two fitting parameters g and B are given. However, as pointed out by
Norisuye and his coworkers,?®?! the excluded-volume effect becomes experimentally
visible only when L/2q is larger than 20 — 50 except for polyelectrolyte in agueous sodium
chloride. Thus, I may determine g for H-poly(NB) by using Eg. IV-6 to fit the MD
simulation results at n = 150 without considering the excluded-volume effect. On the
other hand, the SEC-MALS results of (S22 at higher n are affected by the excluded-
volume effect, and the parameter B was estimated by fitting the SEC-MALS results with
Eq. IV-7.

Figure 1V-3 shows the fitting results for syndiotactic, isotactic, and atactic H-
poly(NB)s in TCB at 140 °C, and the solid and dashed curves indicate theoretical values
for the perturbed and unperturbed wormlike chain calculated with Egs. I1V-7 and V-6,
respectively. Although gaps between the MD and SEC-MALS results are large, the
theoretical curves smoothly connect both results, demonstrating that both results were
consistent each other. The values of q and B determined by the fits are listed in Table V-
3. The isotactic H-poly(NB) chain was slightly stiffer than syndiotactic H-poly(NB), but
the excluded-volume effect of the isotactic polymer is slightly weaker than syndiotactic
polymer in TCB at 140 °C, so (S?)”2 of the isotactic H-poly(NB) was smaller than that of

the syndiotactic polymer at higher n (cf. Figure 1V-2).
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Figure IV-3. Fitting results of the radii of gyration (5% for syndiotactic, isotactic and
atactic H-poly(NB)s in TCB at 140 °C, obtained from SEC-MALS and MD simulations
by the wormlike chain model; the solid and dashed curves show theoretical values for the
perturbed and unperturbed wormlike chain calculated by Egs. IV-7 and V-6, respectively.

The persistence length q for isotactic H-poly(NB) was larger than that for
syndiotactic H-poly(NB), and the value for atactic H-poly(NB) was between those for the
two stereoregular H-poly(NB)s. On the other hand, the excluded volume effect for
syndiotactic H-poly(NB) in TCB at 140 °C was stronger than those for isotactic and
atactic H-poly(NB)s. Since B was related to the binary cluster integral of the repeat unit
and the to the Flory-Huggins interaction parameter 7,°>% the higher strength B for

syndiotactic H-poly(NB) implied a higher affinity between the polymer and solvent
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and/or a lower cohesive energy density of the polymer component. The melting
temperature of syndiotactic H-poly(NB) was considerably lower than that of isotactic and
atactic H-poly(NB)s as described in Chapter Ill, indicating a lower cohesive energy

density of syndiotactic H-poly(NB).

Table 1V-3. Values of the persistence length g, the excluded-volume strength B, and the
characteristic ratio C.. determined by the wormlike chain model analyses for syndiotactic,
isotactic, and atactic H-poly(NB)s in TCB at 140 °C, along with literature values of C.
for polyethylene and syndiotactic, isotactic and atactic polypropylenes

polymer g/nm B/nm Co
syndiotactic H-poly(NB) 1.1 0.15 118
isotactic H-poly(NB) 1.3 0.08 148
atactic H-poly(NB) 1.2 0.06 122
polyethylene 6.8-8.514°
syndiotactic polypropylene 7.3-9.21>7
isotactic polypropylene 5.7-6.2157
atactic polypropylene 4.9-6.6%*7

& Calculated by Eqg. 1V-10 from q listed in the second column along with h = 0.125 nm
and b = 0.154 nm.

The polymer chain conformation is often characterized by the characteristic ratio

C., which is related to g and h of the wormlike chain model by?*

_2h

Coo_b—zq

(IV-10)

Table 1V-3 lists C. values for syndiotactic, isotactic, and atactic H-poly(NB)s,
which were calculated from g, and compares them with the C. values reported in the

literature for polyethylene as well as syndiotactic, isotactic, and atactic polypropylenes.t*
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" The characteristic ratios for H-poly(NB)s were definitely larger than those for
polyethylene and polypropylenes. This may be due to the cyclopentane ring in the main
chain of H-poly(NB)s (see below).

For polypropylene, C.. of syndiotactic polymer was larger than that of isotactic one,
and the opposite was true for the H-poly(NB)s. However, the sequence of main-chain
carbon atoms bearing side groups were very different for H-poly(NB) and polypropylene.
As shown in Scheme V-1 for the H-poly(NB) chain, two main-chain carbon atoms within
the cyclopentane ring among the five main-chain carbon atoms in each repeat unit had
the methylene groups, while every other main-chain carbon atom had the methyl groups
for polypropylene. Thus, stereoregularity may have affected H-poly(NB) and

polypropylene chains in a very different way.

Scheme 1V-1. Chemical structures of isotactic and syndiotactic H-poly(NB)s, in which
the main-chain bonds are numbered from 1 to 5.

odd ¢ (=1) H H

even o (=2) even a (=2)

isotactic H-poly(NB) syndiotactic H-poly(NB)

Recently, Hamidi and Ganewatta®’ analyzed the molecular weight dependence of
the intrinsic viscosity for a rosin-substituted H-poly(NB) in THF at 35 °C to estimate C...
However, their data are limited to n > 2000, where g (or C.) and B are difficult to

determine separately; the theory of the intrinsic viscosity for the wormlike touched bead
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model contains an additional unknown parameter, the bead diameter. Here, I can only say
that their results of the radius of gyration (cf. Figure 1VV-2), the intrinsic viscosity and the
hydrodynamic radius were not inconsistent with our results of C. for H-poly(NB)s
because all their results were fitted using the wormlike chain parameters that were
consistent with our Ce.

Yun et al.?® reported the wormlike chain parameters for 1,4-addition rich poly(1,3-
cyclohexadiene) in THF at 40 °C (near the theta point). Inserting their results (h=0.1 nm,
g = 0.65 nm) into Eq. IV-10, C, = 5.5 was obtained for this polymer, which was
considerably smaller than those for H-poly(NB)s. Three main-chain bonds are included
in the six-member ring of poly(1,3-cyclohexadiene) with the microstructure of 1,4-
addition. The ring structure forces the two main-chain bonds to adopt the trans
conformation, but the remaining main-chain bonds adopt the cis conformation. The cis

conformation may reduce C.. of this cycloolefin polymer.

IV-3-3. Analysis by the RIS Model

The RIS model'’ is a more realistic discrete (atomistic) chain model than the
wormlike chain model, and the polymer chain conformation can be discussed in terms of
the atomistic structure and the internal rotational state of the polymer main chain. The

internal rotational state is, however, approximated by finite discrete states.

The repeat units indexed by « of isotactic and syndiotactic H-poly(NB)s consist of
five main-chain bonds, numbered as 1 to 5, as illustrated in Scheme IV-1. The MD
simulation, as described in the section IV-2-3, used the bond lengths bi of bond i (=1 —

5) and the bond angles 8’ = 7 — & between the bond vectors bi and b1 listed in Table
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IV-4. Moreover, the same MD simulation provides distribution functions of the internal
rotational angles ¢ of the bond i (¢ = 0 at the trans conformation), as shown in Figure
IV-4. The internal rotational angles ¢ and ¢, were restricted within narrow ranges near
the trans conformation because the bonds 1 and 2 are in the cyclopentylene ring. On the
other hand, the distributions of ¢s, ¢4, and ¢s are trimodal, ant the peak positions are listed
in the fourth to sixth column of Table I1V-4. The three preferential angles ¢s, ¢4, and ¢s
correspond to the trans, gauche*, and gauche conformations, although they deviated
slightly from ¢ =0 or £120°. Because of the opposite stereo-symmetry for the repeat units
of syndiotactic H-poly(NB) with odd and even « in Scheme IV-1, the angular
distributions of the odd and even repeat units for syndiotactic H-poly(NB) were anti-

symmetric around ¢ = 0.

Table 1V-4. Bond lengths, bond angles, and the internal rotational angles of H-poly(NB)
obtained with the MD Simulations; ¢® (a = 1, 2) is ¢ for the repeat unit a

isotactic syndiotactic
I bi 7o 4O = 4@ e e
1  154A 105° -21° —21° 21°
2 154A 114 21° 21° —21°
3 155A  114°  4°116°,-120° 4°,116° -120° 4°120° -116°
4  1.55A  114°  4°,116°,-116° 4°,116°-116° 4°116° -116°
5 1.55A  114°  4-°,116°,-120° 4°,116°-120° 4°120° -116°

93



Dis:

P(4)
P(4)

L N N ot ]
60 180 -180 -120 -60 0 60 120 180
¢./ deg

-180 -120

Figure 1V-4. Distribution functions of the internal rotational angles ¢ of the bond i (= 1
— b) for isotactic and syndiotactic H-poly(NB) obtained by the MD simulation.

Based on the RIS model, | approximate that bonds 1 and 2 can take only a single
internal rotational state (called as the “trans” conformation) and bonds 3, 4, and 5 can
take three discrete internal rotational states (called as the “trans,” “gauche®,” and
“gauche™ conformations). This RIS model simplifies the statistical average with respect

to the polymer main-chain conformation.
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Figure 1V-5. Schematic illustrations of non-bonded interactions depending on the single
rotational angles ¢s, ¢4, and ¢s of isotactic (top) and syndiotactic (bottom) H-poly(NB)s.

Figure V-5 schematically illustrates non-bonded interactions depending on the

single rotational angles ¢, ¢, and ¢s of isotactic and syndiotactic H-poly(NB)s. From the
illustrations, the statistical weight matrices Us(®, U, and Us@ of the bonds 3, 4, and 5
may be given by

1\(onp 0 O on on or
Ugl)zugz):

[EY
S
o

3
o

I

on on o (Iv-11)

o 10 0 or on ono or
1)1 0 O l1 o o
Uy = 0 0 0|=|1 o ow (Iv-12)
o 1){0 0 o 1 ow o



11 1\)op 0 O on or on
UD -u@ =1 1 w| 0 or 0 |=|on or onw| (IV-13)

1 w

[EEN

0 0 op on ot on

for isotactic H-poly(NB), and

11 1)on 0 O on on or
uP —u® =1 0 o 0 |=lop on oww| (IV-14)
1w 1)\0 0 or on onw or
1)1 0 O 1 o o
Us=|1 1 w||0 ¢ 0|=|1 o ow (Iv-15)
o 1){0 0 o 1l ow o
1\(onp 0 O on or on
ng) = ng) =|1 o|| 0 or 0 |=|on or onw (Iv-16)
o 1)0 0 op on otw on

for syndiotactic H-poly(NB). Here, rows and columns of the matrices are indexed in the
order the trans, gauche®, gauche~. In the matrices, o, 7, and r are the statistical weights
of the rotational states shown in Figure 1VV-5, and w is the statistical weight of the pentane
effect when the bonds 3 and 4 take gauche® and gauche~ (or gauche™ and gauche®)
conformations, respectively.>’ (In Figure V-5, the italicized CH; indicates the methylene
group in the cyclopentylene ring, for which the non-bonded interaction may be different
from that for the polypropylene chain in the same rotational state.) The partition function

Z(@ for the sequence of the bonds 2 to 5 in the H-poly(NB) chain is given by
z@ =1 0 o)uu,u® (IV-17)
where the bond 2 is fixed to the trans conformation. The total partition function Zy, for

an H-poly(NB) chain with a degree of polymerization of No is given by
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Zng :(z<1)z(2))N°/ ? (IV-18)

It is noted that the internal rotation of bond 1 is independent of internal rotations of the

preceding repeat units, so that Z, is the simple product of the partition functions for all
repeat units.

Nonbonding interactions depending on ¢, ¢, and ¢s for H-poly(NB) may

approximate those for polypropylene, polymethylene, and polypropylene, respectively.

Flory and his coworkers! tried to estimate the nonbonding interaction energies Eo, Ej, E-,

and E,, which were defined as

E E, E E,
_expl —=o | mzexpl - | r=expl— St | w=expl - =2 | (1v-19
o Xp[ o j n Xp( oT ] T Xp( T j w Xp( o j ( )

for polymethylene and polypropylene. Based on their results, | utilize the following

energies to calculate the characteristic ratios for isotactic and syndiotactic H-poly(NB)s.

E, = 2.1kJ/mol(=0.50 kcal/mol), E, =0 kJ/mol,

(Iv-20)
E,, =8.4 ki/mol(= 2.0 kcal/mol)

Flory! indicated that permissible values of E- were between 2.3 kJ/mol (= 0.5 kcal/mol)
and 11 kJ/mol (= 2.6 kcal/mol) for polypropylene, from thermodynamic and
spectroscopic data for 2-methylbutane.

The characteristic ratio C. or the unperturbed mean square end-to-end distance
(R%)o of the H-poly(NB) chain with the degree of polymerization Ny is calculated by*

5 <R2> 1 No 5
[Zbﬁ}:w = lim NOO = lim = > > @ -bl")  (v-21)
i=1

No—> a,f=1i, j=1

where bi@ (bj?) is the bond vector for the ith (jth) bond (i, j = 1 — 5) in the ath (Bth)

repeat unit («, =1 — No) and (---) indicates the statistical average over all possible
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conformations; b is the bond length for the ith bond. Details of the actual calculation with
Eqg. IV-21 are explained in the Appendix 1V-2 (cf. Egs. 1V-S12 and 1V-S13). The
statistical averages appearing in Egs. S12 and S13 are determined by using the statistical
weights appearing in the partition function given by Eq. IV-17.

Table IV-5 lists the characteristic ratios C. for isotactic, syndiotactic and atactic H-
poly(NB)s calculated with the RIS model by Eq. 1V-21 with two values of E. The
theoretical C.. for syndiotactic H-poly(NB) was consistent with the experimental result at
E. = 5.6 kd/mol, and that for isotactic H-poly(NB) was consistent with the experimental
result at E- = 9.4 kJ/mol. These values of E. are within the permissible ranges Flory
proposed.l The theoretical C. for atactic H-poly(NB) was slightly less than the
experimental result, although the atactic sample used in this study was not perfectly

atactic (meso/racemo = 53/47; cf. Table 1V-1).

Table 1V-5. Characteristic ratios C., for isotactic, syndiotactic and atactic H-poly(NB)s
at 140 °C calculated with RIS model.?

Cw
E/kImol™ T isotactic H- syndiotactic H- atactic H-
poly(NB) poly(NB) poly(NB)
5.6 0.195 12.6 11.0 10.8
9.4 0.064 14.0 11.6 11.3

a Statistical weights o, 7, and o were calculated by Egs. 1V-19 and IV-20.

As mentioned above, the correlation of the internal rotation states for H-poly(NB)

was limited within each repeat unit (cf. Eq. 1V-18). On the other hand, the correlation of
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the internal rotation states for polyethylene and polypropylene ranged over the whole
polymer chain due to the sequential pentane effect.”® As the result, stereoregular
polypropylenes exhibit helical nature, which affects the characteristic ratio. It is known
that the RIS model for the three RIS (trans, gauche®, and gauche) cannot precisely
predict the experimental C. values for stereoregular polypropylenes.”® In some ways, the

RIS analyses of cycloolefin polymers are easier than those of polyolefins.

IV-4. Conclusions

| investigated single chain conformations of syndiotactic, isotactic, and atactic
hydrogenated ring-opened polynorbornenes (H-poly(NB)s) in 1,2 4-trichlorobenzene
(TCB) at 140 °C by size exclusion chromatography equipped with a multi-angle light-
scattering online detector (SEC-MALS) and molecular dynamics (MD) simulation. By
combining the results of SEC-MALS and MD simulation, | determined the characteristic
ratios C. of the H-poly(NB)s (cf. Table IV-3). The experimental results of C. were

compared favorably with those of RIS model.

The C values of the H-poly(NB)s were definitely larger than those of polyethylene
and polypropylenes. The main chain of H-poly(NB) contains five bonds per repeating
unit. The RIS analysis demonstrates that the internal rotations of three main-chain bonds
out of the cyclopentane ring were essentially same as those of main-chain bonds of

polyethylene and polypropylenes. On the other hand, the two remaining main-chain
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bonds included in the cyclopentane ring were restricted near the trans conformation, and

this restriction enlarged C.. values of the H-poly(NB)s relative to those for the polyolefins.

100



Appendix IV-1. SEC-MALS data

Figures IV-S1 to IV-S3 show elution curves for the syndiotactic, isotactic, and
atactic H-poly(NB) samples in 140 °C TCB obtained by the light scattering detector (LS,
=90 °) and refractometer (RI). Red and blue circles in the figure indicate the results of

M and (S?)!? determined by fitting with the Debye function.

syndiotactic H-poly(NB) |— LS(90°)
6 - Rl
o M 1.0

. (82)”2

0.8

log ((S7)"*/nmy). log M
|
o
(@]
Normalized outputs from refractometer
and light scattering detector

Yeny

Elution time / min

Figure I'V-S1. Elution curves obtained from the light scattering detector and
refractometer with the plots of M and (S?)!'"? determined by fitting with the Debye
function for the syndiotactic H-poly(NB) samples.
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isotactic H-poly(NB) — LS(90°)
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-, e M -1 1.0
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()]
Normalized outputs from refractometer
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20 22 24 26 28
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Figure I'V-S2. Elution curves obtained from the light scattering detector and
refractometer with the plots of M and (S?)!'"? determined by fitting with the Debye
function for the isotactic H-poly(NB) samples.

7 1.2
atactic H-poly(NB) — LS(90°)
6l ---- RI
Y +1.0
2112
5 * (S)

0.8
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04
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and light scattering detector

Normalized outputs from refractometer

1 0.2
0 reta o rot 0.0
20 22 24 26 28 30
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Figure I'V-S3. Elution curves obtained from the light scattering detector and
refractometer with the plots of M and (S?)!'"? determined by fitting with the Debye
function for the atactic H-poly(NB) samples.
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Appendix IV-2. Calculation of the Characteristic Ratio by the RIS model
Method of calculating the characteristic ratio by the RIS model is given below.

The unperturbed mean square end-to-end distance (R%) of the H-poly(NB) chain

with the degree of polymerization Ny is calculated by (cf. Scheme 2 in the text)

(R%)g = Z Z(b("‘) by = Z[Zb +2ﬁ(“)J+ZZQ,J (IV-S1)

a,p=1i,j=1 =1 i,j=1
with
No-1 Np
ﬂ(a) = Z Z <b(a) b(a)> Qlj = Z Z <b(a) b(ﬂ)> (Iv_sz)
i=1l j=i+1 a=1 p=a+l

where b/ indicates the b; bond in the ath repeating unit and (---) indicates the statistical

average over all possible conformations.
I choose the direction of all b/ bonds (i =1 -5, & =1 — No) to be parallel to the

x-axis of the b{® bond coordinate system. Then, b{? is written as
b =(b; 0 0) (IV-S3)

in the b/® bond coordinate system, and each term in f® and Q; of Eq. IV-S2 is written

as

(b{® -b{y = b (T ... T )b (T (IV-S4)

Here, T/? is the transformation matrix which converts the b;+1‘® bond coordinate system
to the b{? bond coordinate system (or the b;**? bond coordinate system to the bs(® bond
coordinate system), and the superscript T indicates the transpose of the row vector to the

column vector. Using the bond angle 7 — 6® between b{® and b;+1‘? (or between bs'®
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and b1‘“D) and the internal rotational angles ¢® of the bond b/?, T{? is written as
cos 6 sin 6(“) 0
T =|sin6 cos g  —cos@™ cosg®  sin g (IV-S6)
sin 0 sin g —cos6 ) sing @ —cos g
Under the RIS approximation, % and the summation of Q; at sufficiently large No

in Eq. IV-S2 are explicitly written as

A =T, T+ T T b T+ by T T ()b,
+b, T TOTENT +b, TS0, +b, TS (T4 )b,
+h, TENTITNDT 4+ by (TE)b,T + by (TETEbsT + b,y (T{*)ybg"
(IV-S7)
and

2 3 ) @\ TON (T \ROT | R(T
0y =BO (E—(TOXT®)) ((T@)BOT +B/AT)

No i’ (IV-S8)
1
+B®@ (E _ <T(1)><T(2)>) (<T(1)>B'(2)T +B'DT )

where

(T@y = T (T T TN,y (IV-S9)

B = by (T)) + b, TI(TEITEITED) + by (TEOTEITED) + by (TEOTED) + b5 (TE)
(IV-S10)
B =b, +b, {7 + by T{ITT 1 b, IO TN (TN T 4 b T T (T TN T
(IV-S11)
As shown in Figure 4, the distributions of ¢ for syndiotactic H-poly(NB) of the odd

and even repeating units are anti-symmetric, so that 2, (T®), B®, and B'® for the even

repeating unit of syndiotactic H-poly(NB) are not identical with AV, (T), BM, and B'™
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for the odd repeating unit. (For isotactic H-poly(NB), those quantities for the even and
odd repeating units are identical.) Inserting Eqgs. IV-S7—IV-S11 into Eq. IV-S1, I have the

characteristic ratio C given by

5 2 5
LZbﬁ]ow = lim Mzzbiz +%(ﬂ(1) +ﬂ(2))
i=1 i=1

Ng—>o NO
-1
+B® (E—(T@)TW)) " ((T@)B'OT +8AT)  (v-s12)

-1
+B® (E _ <T(1) ><T(2) >) (<T(1) >B'(2)T n B'(l)T)

To estimate C» from Eq. IV-S12, I have to calculate the statistical averages (T3@),
(T3 9T4@), and (T3 PT4?Ts@). The averages can be made by using the statistical
weights appearing in the partition function given by Eq. IV-17 in the text.

For the perfectly atactic H-poly(NB) chain, the d and / configurations appear
randomly on each monomer unit, and C. must be averaged over the d and / configurations

for all monomer units. Thus Cs for the perfectly atactic H-poly(NB) is calculated by

5 5 1
(Zbiszoo =Y 0% +2/+2B(E-(T)) B (IV-S13)
i=1 i=1
where
b= %( 5O 4 g2 ) (IV-S14)
B=1(BY+B@) B =1(8®W+B®) (IV-S15)
T = %((T(1)> + <T(2)>) (IV-S16)
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Chapter V: Summary and Conclusions

In this thesis work, I investigated syntheses, crystal structures , and single chain
conformations of stereoregular hydrogenated ring-opened poly(norbornene)s, H-
poly(NB)s, categorized as cycloolefin polymers. Since polyolefins are both academically
and industrially important polymers, Chapter I describes the brief history of the studies
on polyolefins as well as cycloolefin polymers. In such a historical context, the present
thesis contributes to structural characterizations of the newly synthesized stereoregular

cycloolefin polymers.

Chapter II is concerned with syntheses of stereoregular H-poly(NB)s. Isospecific
and syndioselective ring-opening metathesis polymerizations (ROMP) of norbornene
(NB) were thoroughly investigated for the first time. Cis-isospecific ROMPs of NB were
achieved with Mo-based catalyst, and cis-syndioselective ROMPs of NB proceeded in
the presence of W-based catalysts. The polymerization results of NB were compared with
those of tricyclic dicyclopentadiene (DCP) and tetracyclic tetracyclododecene (TCD) to

reveal the factor that would affect the stereocontrol of the ROMP of cycloolefins.

Using thus provided stereoregular H-poly(NB)s, their basic characteristics were
investigated in the following chapters. In Chapter I1I, the crystal structures of syndiotactic
and isotactic H-poly(NB)s in comparison with the already reported atactic one were
examined by the analyses of the X-ray diffraction data. The skeletal chains in the crystal

cell take essentially the similar planar zigzag conformation in all the species. The
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cyclopentylene rings are included as the parts of the skeletal chains. However, the
CH:CHz: side groups of the rings protrude out of the skeletal chain in different modes
depending on the tacticity, which gives the significant difference in the whole shape of
the chains and then the difference in the chain packing structure. In addition, the existence
of phase transition between the low temperature (LT) and high temperature (HT) phases
for isotactic and atactic species in the heating process was confirmed. The structural
analysis revealed the trans-gauche (T-G) conformational change in the HT phase of
isotactic H-poly(NB) caused by the thermally-activated cooperative torsional motions. In
the case of atactic H-poly(NB) which has disordered packing, the translational motion
along the chain axis coupled with the rotational motions or the fluctuation of ring side
groups is imagined to occur above the transition point even though the #rans conformation
was kept. The syndiotactic H-poly(NB) did not show such structural change in the whole
temperature region below melting point. The presence or absence of phase transitions is
thought to have a large influence to the melting behavior of H-poly(NB). The crystal-
crystal phase transition to more stable structure observed in isotactic H-poly(NB) were

thought to contribute to raise the melting temperature.

Chapter IV deals with the single chain conformations of syndiotactic, isotactic,
and atactic H-poly(NB)s in 1,2,4-trichlorobenzene at 140 °C. By combining the data
obtained from size-exclusion chromatography with an on-line multi-angle light scattering
detector measurements and molecular dynamics simulations, | determined the
characteristic ratios C. of the H-poly(NB)s. The results of C., of the H-poly(NB)s are
definitely larger than those of polyethylene and polypropylenes. The experimental results

of C.. were favorably compared by the rotational isomeric state model. The two main-
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chain bonds included in the cyclopentane ring are restricted near the trans conformation,

and this restriction enlarges C. of the H-poly(NB)s.

The stronger excluded volume effect for syndiotactic H-poly(NB) in TCB at 140
°C than those for isotactic and atactic H-poly(NB)s implied a higher affinity between the
polymer and solvent and/or a lower cohesive energy density of the polymer component.
A lower cohesive energy density of syndiotactic H-poly(NB) may decrease the melting

temperature considerably lower than that of isotactic and atactic species.
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