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“Chapper 1

‘Introduétibn

1.1 Main Purpose of the Present Dissertation

Prominent progress in polymer chemistry enables us at presént to

land industrial appli-

produce a wide variety of new polymeric Substances,
cations of polymers are familiar in almost every aSpeét of existence. The
purpose of studies on physical_properties'of polymers has been situated
in making cleér not only the solution and bulk properties but also the
relationship between molecular structure ana physical property. From the
industrial and academic points of view, it has increasingly been required
to know what a molecular structure and furthermore what a fine structure
a polymer chain should have in order to exhibit as many of the desirable
property as possible. | P
Much of information about the sizes and shapes of polymer molecules,
structure and arrangement, effects of crystallinity, the nature and
properties of polymer net-works, is now of quite general vélidity, However,
still at present, we have no generalized recipe for obtaining a polymeric
substance with arbitrarily required physical properties, even if much
accu%iation of our knowledges for this purpose has recently been achieved.
This means that further efforts must be devoted to draw various relation-
ships between molecular structure and physical property. Thus the more
examination of the fuhdamental properties of polymers with well-defined
chain structure, both in sdlutidn and in bulk, is of parahount importance

to an understanding of the factors which decide ultimate use.



Along thé line of such a requirement, this dissgrtatigg presenfs

~ some findings of chemicalﬁgnd steric microstructures of stereoregular
polymers, especially of péiypropylene including oligomers and poly-
methyl methacrylate. Here, the term "chemical microstructure" regpresents
the internal structure of isolated polymer chain wﬁich signifies not only
the difference of chemical structure of monomer but also the difference
of polymer chain resulting from the structural irregularities such as
head-to-head and tail-to-tail additions, branching and cross-linking of
the polymer chains (structural isomerismz),vwhile the term ''steric micro-
structure'’, the difference of steric configufations around the main-chain
sites of steric isomerism in structurally regular polymer molecules and
the sequence distribution of such configurations.

A special feature for the works included in this dissertation may
consist in the fact that all conclusions for the chemical and steric
structure of polymers are drawn here not only based on information deduced
from assemblies of polymer chains --solid state -- but also on that from
an isolated polymer chain -- dilute solution state. Thus in the following
we will give a short survey of development in the study of polymer chains
in solution.

1.2 Conformational Study of Polymer Chains in Solution3’4’5

The study in dilute polymer solution may be characterized by
reducing the intermolecular interactions, because we can not eliminate
them, differing from the case of general low molecules which can be

brought to gas state. Thus we can draw out intrinsic properties of



a polymer chain isolated in solution and quantitative information
concerning thermodynamic and hydrodynamic interactions between chain
segments or between chain segment and solvent molecule,

Since the interactions between chain segments diminish rapidly
with increase in the distance, except for the cases where the Coulomb
potential acts, they fall into two categories; short-range and
long-range interactions acting between adjacent segments and between
non-adjacent segments, respectively. The average chéin dimension
under the theta condition, at which the influence of long-range inte¥-
actions is absent, may be called the "unperturbed dimension'. Besides
we use the characteristic ratio,<:R2;%/n12 and a parameter A as the
index of the unperturbed dimension. *<R2>E is the unperturbed mean

square end-to-end distance and is given by

(fR%;% _ an (1 + cos 8) (1 + <cos¥>) o

(1 - cos 8) (1 - <cos¥>)

for the simplest case of the polymethylene chain. Here 1 is the
bond length, n is the number of bonds, 8 is the supplement of the
bond angle, and ¥ is the internal rotation angle measured from the

trans conformation. Further A is defined by
2°_ /2 _
AT =R ) M (2)
where M is the molecular weight of polymer.
These quantities can be obtained directly from the light
scattering measurement under the theta condition or indirectly from

the viscosity measurement with the aid of existing theories for the

intrinsic viscosity. This theoretical treatment will be described

-3 -



- later in more detail: Eq.‘(l) shows the fact that the internal
_degreé of freedom determined by rotation about a single bond of

the chain is restricted. As a measure for any hindrance of internal
rotation about singie bond, a steric factor o defined by the follow-

ihg,equation is introduced generally forApolymer chains:

o =Ry SR,

where<<R2;%f is the mean square end-to-end distance of the chain for
which the fixed valence angle but the completely free internal
rotations are assumed. The o-values haye been calculated for various -
structural types of polymer cha.ins.5 "Thus from the o-value obtained
for a polymer chain, we may anticipate the relationship between chainf
flexibility and molecular structure.

Extensive works for evaluating the o-values with various struc-
tural types of polymers have been made to date, and this has allowed
us to collect various knowledgeé of relationships between chain
flexibility and chain structure. Further investigations have been
carried out in order to correlate the chain flexibiiity to the bulk
properties. As an intuitive example,it is interesting to cite the
case oprolyvinylacetate:6 the o-value of polyvinylformal, the chain
flexibility was enhanced with increasing the degree of acetalization,
this being reflected directly in one of the bulk properties of the
polymer, namely, elevation of the second order transition tempera-
ture."7 As the ébove’example indicates, any information deduced
from isolated polymer chains in dilute solution has been ensured to
be related direcfly to some bulk properties of polymer. Here we

-4 -



find clearly the importance of study on polymer solution property.

| Purthef analogous successes may be f0und‘in the conformational
study of biopolymers in solution.8 Generally spéaking, polymer
chains exist assuming a wide variety of randomly coiled conformations
in solution and in melt. However, some experiments with biopolymers
such as polypeptides, ﬁucleic acids, and the synthetic analog show
that these polymers assume well defined helical conformations in
solution. It is also cne of the subjects of the presént‘dissertation
to discuss whether some regular chain conformations would be retained

still in solution for some synthetic stereoregular vinylpolymers.

1.3  Choice of Sample Materials

In order to pu¥sue the study along the line mentioned above,
the choice of samble materials comes first into questionf The require-
ment that a polymer should have a well-defined chain structure for
the first step of the present study may be fulfilled to a certain
extenfawith amorphous homopolymers. However, the discovery of
btechniques for synthesis of stereoregular polymers and various‘types
of copolymers has given us a great deal of new attractive problem.9
Thﬁs it seems reasonable to choose such polymer species for the
present request that one should treat polymeric substances that have
the most accurate molecular structure, when characterized. For this
reason, the author treats various types of propylene polymers including
oligomers, which are the simplest stereoregular polymer, and at the
same time for which typical three steric isomers are known, viz.
atactic, isotactic, and syndiotactic polymers. Moreover, the so-called
"stereoblock' polypropylenes will be chosen as sample material for this

-5 -



study. In the last Chapter of this dissertation, the author takes
up different types of polymethyl methacrylate (PMMA); atactic,
isotactic, and syndiotactic PMMA, because the tacticity of these
polymers ¢an be quanfitatively determined by the nmr analysis, and‘
all the samples are easily dissolved in many solvents at ordinary

temperatures.

1.4 Introductory Remarks

As has been described in sec. 1.2, it is difficult to estimate
the unperturbed dimensions of pqumer chains if the theta condition
for a given system can not be tealized. In such.cases, we are obliged
to seek a suitable theory that permits one to eliminate the excluded
~ volume effect. With such a theory one may estimate the unperturbed

dimensions using the relationship between intrinsic viscosity and
molecular weight found in good solvent, Thus Chapter 2 gives a short
survey of theoretical development on the excluded volume effect in
solution as well as the estimate of the unperturbed dimensions for
linear and branched polymers from intrinsic viscosity data obtained
in a good solvent. In addition, the present status of the ways to
- investigate the steric isomerism of péiymers, such as high-resolution
nuclear magnétic resonahce (nmr) and thin layer chromatography (tlc)
methods, are stated.
In Chapter 3 the unperturbed dimensions for propylene polymers

With different steric isomerisms are compared with those of pOly-
ethylene. Two types of syndiotactic polypropylene have been prepared.
Determination of molecular weights was made by the Archibald ultra-
centrifugal method and by light scattering. Intrinsic viscosities

-6 -



of these fractions were determined in different solvents. The results
are analyzed on the basis of some recent equations for estimating the
unperturbed dimensions. In connection with the results bbtginédna |
quantitative discussion is made on the correspondence of molécuiar
conformations assumed in the solid state to those in solution.

The results in Chapter 3 may allow one to set forth a hypothesis
that some regular chain conformations would be retained to’a-certain
extent still in solution. In Chapter 4, in order to afford an indirect
proof for the hypothesis, single crystals of syndiotactic polypropylene
were attempted to prepare frOﬁ its o-chloronaphthalene solution. '
Further experiments were carried out with poly-e-caprolacton, in which
molecular packing in the crystalline state is similar to that of poly-
ethylene. ‘In connection with these results, the rule for choosing a
solvent appropriate to the single crystal preparation will be discussed.

In Chapter 5, the structural and steric isomerisms of propylene
polymers are estimated on the basis of solution properties as well as
infrared and high-resolution nmr Spectra. Three general types of
polypropylenes were prepared. The characterization of all samples
was accomplished by equilibrium ultracentrifugation, light scattering,
vapor-pressure osmometry, viscometry, and gel permeation chromatography.
We first elucidate more clearly the structural and steric isomerisms
of amorphous and stereoblock polypropylenes, and a discussion on the
correlation between theta temperature and microtacticity will be given.
Second, changes in the absorption bands at 1154, 974, and 997 cm ! in
the ir spectra are interpreted in terms of sequence length dependence
of propylene chains. Finally, the high-resolution nmr spectra of

-7 -



different polypropylenes, including isotactic polymers of low-molecular
weight, are investigated, and several notes in estimating the micro-
structure will be given.

In Chapter 6 application of thin layer chromatography (tlc) to
studies on the steric isomerism of stereospecific polymethyl methacry-
late (PMMA) is discussed. Varidus stereoregular PMMA were prepared,
and the characterization of all samples was accomplished by viscometry
and high-resoluﬁionkﬁmr method. The separation characteristic of-
isotactic and syndiotactic PMMA as well as their mixture is explored
by this method, and the amount of components separated from the mixture
is determined quantitatively. This Chapter deals further with applica-
tion of tlc to investigating the specific interactions between isotactic
and syndiotactic PMMA chains. The problem is devided into two subjects,

10

viz., the stereocomplex formation in dilute solution,” and the structure

of crystallizable PMMA, which has been supposed first as a stereoblock

pwvia, 1

The chromatographic behavior of the complexws and the so-called
stereoblock polymers are observed. On the basis of the results obtained,
the properties of the stereocomplexes and the structure of the so-called

sterecblock polymers will be revealed.
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Chapter 2

Theoreticdal and EXperimental Background

2.1 Two Parameter Theories for Linear Polymers

2.1.1  Theory of excluded volume effect

~ As has been described briefly in Chapter 1, the mean square end-
to-end distance of polymer chain is influenced by the so-called exclédﬁd
_'§biUme effect. This effect on chain dimension is usually expressed in
terms of the linear expansion factor o that is defined as the ratio of
“the root mean square end-to-end distance of a polymer chain in the
_presence and absence of this effect. Thus for estimating the unperturbed
‘diménsion, the factor o should be reduced to unity (the theta state),
that is to say, the excluded volume effect should be eliminated.
Elimination of this effect may be easily done when a theta solvent
for a given polymer is known. However, such is unusual, especially for
| chemical as well as steric copolymers. Therefore we are obliged to
~ look for a suitable theory, on the basis of which the data obtained in
good»solvent can be deduced to those'expected in theta state. Such
‘theories should give us functional relationships between o and thermo-
dynamic variable, suéh as temperature and solvent power. The thermo-
dynamic variable is usually expressed with so-called the long-range
-interaction parameter between non-adjacent segments, B.
Flory1 has first attempted to relate o to molecular constants of
~ polymers and solvents and derived

0® - a0 = 43 2 (4)
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where

1/2

z = 0.330 BA™M (5)

This equation has been tested theorctically as well as experimentally,
2
Several years ago Kurata-Stockmayer-Roig,” Ptitsyn,3 and Fixman4 have -

published equations different from the Flory equation, These are given

by

a3 - a=4/3 gla)z (6)
0% = 0.786 + (1 + 9.362)%/3/4.86 ¢
o> -1 = 2z (8)

respectively. As has been demonstrated by Kurata and Stockmayer,s the
as-type equations are in better agreement with the experimental data
than is the Flory equation. At present there are still different
objections to the Flory equation as well as to the other equations from
different aspects.6’7 What is now sure with respect to these theories
may be that if two parameters, A and B, are given, then & is unique
functibn of molecular weight irrespective of solution system. Thus

the theories available to date are generally called the two parameter

theory.

2.1.2 Estimate of unperturbed dimensions

To estimate two independent parameters A and B, using relationshiﬁs
yetween intrinsic viscosity in good solvent and molecular weight alone,
2 need for an appropriate equation describing the excluded volume effect
ipon the hydrodynamic radius of polymer chains is apparent. In order
0 apply the above equations (4), (6), (7), and (8) to viscosity data,

/e need to convert the expansion factor o for the hydrodynamic radius

- 11 -



to that for the end-to-end distance a. For the purpose we adopt the
33ponential type of relation:

a . = a )]

vwhich has first been suggested by Yamakawa and Kurata.8 If a3 is
replaced, according to its definition, by the familiar Flory-Fox
equation9 |

0 = [y1/oi/? (10

n
with

K=& A° y
where éz is the universal constant of Flory aﬁ theta point.1O
We can obtain different viscosity equations corresponding to
different possible combinations of these existing theoretical equations
of «a and o One of the most available equations is the familiar
R;Stockmayer-Fixman equation,11 which yields

1/2 2

- K+ 0.330 G& vt/ (12)

[71/M
. Here the convérsion from o to o is simply made by modifying'the numerical
ifactor in eq. (8) as ans =1+ an, However, eq. (12) did not provide

a complete fit to the experimental data over the entire range of

7,12,13 Especially at high

:molecular weight and temperature studied.
values of molecular weight and temperature, the experimental points in
the [’7]/Ml/2 versus Ml/2 plot tend to deviate downward from the
straight line predicted by eq. (12). This means, in turn, that the
Stockmayer-Fixman method based on the combination of eq. (8) and eq. (10)

still leads to an unreliable estimate of the unperturbed dimensions if

it is applied to an extremely good solvent system. Extrapolation of
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eq. (12) to zero value of M from the region of high values results
in overestimation of the unperturbed dimensions,14 But eq. (12)
will be used in the low o region for the sake of simplicity of
treatment.

Recently, Inagaki, et 31,14 have proposed a tentative procedure
based on combining the Ptitsyn equation (7) with eq. (9). If unity
appearing in the second term in eg. (7) 1s neglected, the combina-
tion of these equations yields

(LIt HY5 < 0,786 K% + 0,950 K53 (1)

Here z* is defined by

3

z* = 0.330 BA~ (14)

The above equation offers a method for determiﬁiﬁg two independent
parameters A and B from relationships between [%] and M alone.
However, this equation is expeGted to afford correct K values only
for good solvent systems, in which

1/2

o > 1.4 or [ 1/KkM 2.2 (15)

Thus eq. (13) corresponds to the asymptote of eq. (7) for larger

values because of the neglection of unity in the second term.

2.2 Unperturbed Dimensions of Branched Polymers

As a measure for the effect of branching on the chain dimension,

a ratio g defined by the following equation has been introduced:
2 2 2
&< =<S )b/ <S >1 (16)
where (Sz)b and.(Sz)ﬁ are the mean square statistical radii of a

- 13 -



branched and linear polymer chain of the same molecular weight,
respectively. The values ofW<Sz:£ for various types of branched
polymer chains have been calculated by Zimm and Stockmayer.15

According to the calculations, the ratio decreases with increasing

frequency of branching. On the other hand, gy has been defined by

g = [71/I7]; (17)

where [?7]b aﬁd [1?]1 are the intrinsic viscosities for branched
and linear polymer of the same molecular weight, respectively. It
has been establishedrthat the intrinsic viscosity of branched polymer
chains is smaller than that of linear polymer chains when compared
at the same molecular weight level, that is to say, g, is less
than unity. Thus comparison of [77]b with [77]l should imply the
effect of branching directly.

To determine the mode of branched polymer using the values of
g, » 2 need for an appropriate equation describing viscosity of
branched polymer chains is apparent. If Flory-Fox viscosity equa-
tion9 is assumed to be valid for branched polymer chains as well,
g, may be written as
g, = g (18)

16

On the contrary to this, Zimm and Kilb™~ have found theoretically

that g, was related to g by
g, = & (19)
for polymer chains of star-type. This relation has been tested by

17-20

several authors and proved to be in good agreement with some

experimental results. However, no complete relation between g,
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and g have yet been proposed for other types of branched polYmers.
Here, much care must be taken of the following two important
points on the study of the branching effect. First, the branching
effect upon intrinsic viscosity will be influenced to a certain
extent by solvent used, and one héd better carry out the experiments

in the theta solvent 19720

The second is the effect of polydispersity.
Generally it is often difficult to distinguish the effect of branching
from that of polydispersity, and it is desirable to: examine the effect
of branching iﬁ’the same molecular weight distribution 1eve1.22
Recently Benoit, et al.23 have pointed out that the effect of
branching might be investigated using the gel permeation chromato-
graphy (gpc) technique. The relationship between logarithm of
molecular weight and elution volume, which is obtainable with gpc, is
different for linear and branched polymer chains. Thus if one has
once established this relationship for a homologous series of linear
polymet the effect of branching of a given polymer sample with known
molecular weight may be estimated by determining the elution volume

on the chromatograph. In the present study these two methods for

investigating the effect of branching will be adopted as stated later.

2.3 High-Resolution Nuclear Magnetic Resonance Spectra of Polymers

Narrowline or high-resolution nuclear magnetic resonance(nmr)
spectra of many polymers in dilute solutions have been obtained during

24, 25 A number of these spectra have been obtained

the last few years.
unique information about localized fragments of molecular structure

(microstructure) in polymer molecules. That is, this method is
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-useful for determinations of stereochemical configuration and
conformation of polymer in solution, and have been used for the
quantitative analysis of tactic placements or triads (tacticity).
With polymers such as polymethyl methacrylate and poly-o-methyl-
styrene, no appreciable spin-spin coupling occurs between the
‘methylene and the methyl protons, but there are considerable changes

depending on the stereoregularity.ZG’ 27

Therefore, the spectra
are not complicated, and this method is effective. On the other
hand, with polymers such as polypropylene, many protons interact
with each other and the shift due to taéticity is small., Hence

25

complicated spectra are obtained, In this case, a useful method

for simplifying spectra is that of deuterium substitution, and this has

28 A second

proved to be useful for the analysis of polypropylene.
useful method for simplifying spectra is to use higher values of
the applied magnetic field HO and the frequency Vo which enhances
‘the observed chemical-shift differences. Another method is the
spin-decoupling experiments by double resonance.29 However, those
methods are not always effective. A way to analysis complicated =

spectra, especially those of polypropylene, will be discussed in the

last part of Chapter5-.

2.4 Thin Layer Chromatography of Polymers

Longford and Vanghanso have probably introduced the thin layer
chromatography (tlc) for separating high polymers of different chemical
compositions. Very recently,_extendiﬁg this idea, Inagaki and
co—workers31 successfully applied the tlc to the determination of

composition distribution curves of styrene-methacrylate copolymers

- 16 -



ﬁdthdut inferrence of polydispersity in molecular weight. Furthermore,
they elucidate the effect of monomer arrangements in copolymer chain
uéon the chromatographic separation. In the last Chapter of the

present dissertation, the author will apply this method to stereoregulér
polymers and ﬁill show that this method is useful for the determination

of the steric isomerism of polymers.

- 17 -
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Chapter 3

The Unperturabed Dimensions of Polypropylene and Polyethylene

The mean dimension of the polymethylene chain has been discussed on
the basis of various molecular conformation calculations for lower
n-alkane hom.ologs.l’2 Thus the characteristic ratios, <R;>g/n12, and
the temperature coefficients dln<?2>b/dT observed for polyethylene have
‘been interpreted fairly well in terms of the above calculations.s’4
However, if the interdependent-rotation mode1® used for calculations is
applied to stereoregular vinyl polymers bearing substituents R on
alternate carbon atoms, —(CH2~CHR)n-, it follows that their characteristic
ratios should be much larger than that of polyethylen.e.6 This result is
the contrary to the observations of some other workers.7 This discrepancy
between calculation and experiment might be partly attributed to
uncertainties associated with the estimate of the unperturbed dimensions.
There has been no sure method to making these estimates for this purpose
since they were based on viscosity [7] and molecular weight M alone,s’9
and especially since the theta solvent could not be found for a given
system.

As was mentioned in Sec. 2.2, however, Inagaki and co-workers10 have
proposed a tentative method (eq. 13) for estimating the unperturbed dimen-
sions from viscosity data obtained for extremely good solvent syétems,
especially those in which the expansion factor o is larger than 1.4.

4/5 4/5

+ 0,950 K323 /3 (g3

(LpIm/ 45 = 0,786 &

Moreover, they have been proved that the Stockmayer-Fixman method (eg. 12)

for the same purpose11 is applicable if 1<a(1.4.10
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1/2 2 o

[71/M7% = K + 0.330 %‘:7;5}, MY/ (12)

Thus if, correéponding to the magnitude of o of aygiven system, one of
these two methods is alternatively used, the;characferistic ratios ((ié%ﬁj_
/nlz) may be determined irrespectively of thermodynamic properties of‘the'f
solvent used.

The purpose of this Chapter is to visualize the effect of substituted
_HBthYl.groups upon the unperturbed dimension of the polymethylene chain
by applying the methods mentioned above to data of [17]'and M obtained by
different authors for éolypropylene fractions in various solvents. The
unperturbed dimensions of atactic and isotactic polypropylenes are

estimated by referring to the relationships between ['7] and M reported

12,13 14,15 16

by Danusso, et al., Kinsinger and Hughes, and Parrini, et al.,
respectively. That of the syndiotactic polypropylene is estimated by
using our new viscosity data. Two types of syndiotactic propylene polymers
are prepared at -78°C with a catalytic system proposed by Natta, et al;,17
in toluene and in heptane, respectively. Thus the characteristic ratios
<R2)6/n12 of these polymers with different stereoregularities are discussed

in comparison with those reported recently for polyethylene.

3.1 Preparation and Fractionation of Syndiotactic Polypropylenes

Syndiotactic propylene polvmers were prepared using a catalvtic system, .
of vanadium tetrachloride-anisol~diethylalmiﬁbm monochloride, which has B
been described by Natta, et a1.17 Two different series of polymerizates

were obtained using toluene and heptane, respectively, as the solvent for
polvmerization. The-catalytic solution wés obtained by treating 10-3 mole

of vanadium tetrachloride and 10_3 mole of anisol with 5 x 107> mole

of diethylalminum monochloride in 200 ml of one of the solvents at room

- 22 -



temperaturé foi about 1 hr. The 3 moles of liguid propylene was introduced
into the catalytic solution and the polymerization mixture was kept at
-78°C. After 24 hrs, the mixture was poured into a large amount of
methanol which was slightly acidified with hydrochloric acid, thus recover-
ing the polypropylene as a precipitate. The precipitated polymer was
pulverized in a blender and washed several times with the acidified
methanol until the green color of the polymer disappeared.

A very small amount of the polymer prepared with toluene as solvent
was insoluble in boiling diethyl ethef, and the removal of this insoluble
portion was made by means of extraction with boiling-diethyl-ether for
24 hrs. The portion soluble in ether was recovered and its intrinsic
viscosity in decalin at 135°C was 204 ml/g. This fraction will hereafter
be designated SP-T. On the other hand, the polymer prepared with heptane
as solvent was almost completely dissolved in boiling-n-heptane except
for a small portion which existed in a gel form. After removing this gel
portion, the fraction easily soluble in boiling-n-heptane (SP-H) was fur-
ther divided into two portions with boiling-diethyl-ether, i.e., into
boiling-ether-soluble and -insolble portions (SP-HE and SP-HI). The [7]
values in décalin at 135°C were 64 and 78 ml/g, respectively, and the
weight fractions of SP-HE and SP-HI were 0.35 and 0.65, respectively.

The polymer sample SP-T was fractionated into eight fractions by
usual fractionation-precipitation techniques with a system of n—ocfane
and n-propyl alcohol at 30°C. Using the same procedure, the polymer
sample SP-HE was fractionated into six fractions. Results of the
characterization of these fractions are seen in Table 3-1. On the other

hand, because of the instability of the n-octane solution of SP-HI,
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Table 3=1.. Characterization of Syndiotactic Polypropylene Samples

P . , ’
FOLYNOT  IR-index - Mp, °C My"10 ~ and 4,720 (71, mi./g.
Archibald L.S. decalin heptane = toluene isoamyl
o ) acetate
135° %0 30° 450
SP-T ) 0.85 83~ 94 204
SP-TZ 0.79 422 (0.,32) 452 (0.64) 370 320 264 125
SP-T3 0.75 209 (0,74) 228 (0,83) 209.5 185 155 87
SP-T, 0.85 151 (0.93) 154 (0.95) 154h5 1#2.3 121 73
sP-1, 0.80 18 (1.2%) 122°7(0.99) 120 120, 102 6.
SP-T, 0.81 88 (1.14) 9% (1.04) 99 95y, 84 56
SP;T7 0.85 sk (1.41) — 72.8 7l 61 U2
*)
SP-HE 1,20 96 104 64
ev.i.-*.-) xuntt) v
SP—Han'_ : 8303
s-Er) 150 130 1% 78
*) Unfractionated Polymers.

"")Mw = 117 000 in isoamyl acetate.

*#*) Mixture of fractions SP-HE.,, SP-HE

#4#%)Deter

mined in isoamyl acetate.

3



a sand colum fractienation technique using decalin and buthyl c;rbitol
as the elution»agent'aflthe boilihg point of toluene was appliedrfO'this
sample. As will be described later, the fractions obfained'from SP-HT
had high stereoregularitiés; and ohe of these fréctions was used for

theta point determination in isoamyl acetate.

3.2 Physical Measurements -

3.2.1 Infrared spectra

The 2-15 u spectra were taken on a Shimadzu AR-275 II3 spectrometer.
Polypropylene films (thickness of 80 ) for the measurement were prepared-

17 syndio-

from trichloroethylene solution. According to Natta, et al.,
tactic polypropylene shows a characteristic absorption band at 11.53y
(867 cm_l). The spectra obtained for all of the present samples were |
found to have this characteristic band, as is illustrated in Figure 4-1.

To indicate the syndiotacticity of sample, an infrared index first

proposed by Natta18 was used. This index As is given by

Ag = A5/ (1/2) (Ag 55 * Ay 35) |
where the A’s are the optical absorptions at 11.53, 2.32 and 2.35 u.
The base line for the 11.53 u band was the straight line drawn tangen-
tially between the absorption minima near 11.3 and 11.7 u, while that.
for the 2.32 and 2.35 u bands was the straight line drawn tangentially
between the absorption minima near 2.2 and 2.7 u. The infraredrindices
of our samples were found to rahge from 0.8 to 1.5. The results are
given in Table 3-1 together with the other data. The samples used

showed the same X-ray spectrum characteristic of syndiotactic polypro-

pylene as was observed by Natta, et al.17 (see Fig. 3-2).
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IR-spectrum of syndiotactic polypropylene

prepared in this Chapter.
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Fig. 3-2
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— 20

X-ray diffraction spectrum of syndiotactic poly-

propylene corresponding to Fig. 3-1.
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322 Melting point: deteminations - e

l

The melting pomt detemmatlons were made only for the whole polymers -
with a Chlyoda polarlzatlon microscope equ:Lpped W1th a t‘hemostage The
N rate of temperature increase was adJusted to 0.25 Clmln Melfcmg polnts: _
observed for these samples were »1n' a range be_tween 83 “and iSZOC and

parallel to the increases of the "infrare.dmi'nd’ices' (s;ee Table 3-1).

3.2.3 Moleculai* weight determinations‘ | - / ’

All sov‘lmv:ion meaSurements'were made in n—hepiane tmless bthefwjtse
stated. The Archibald ultfacentrifugal ‘p,ro’cedurelg was applied for the
molecular weight determination of ’the fractions of the SP-T series. The
measurements were c:arrled out at 30£0.1°C using a Phywe analyt1cal ultra-
centrifuge. Apparent 4moﬁ16cu1a1‘* wei ghts M aop obtalned as a fmctlon of
the initial concentration coy were an'alyzéd according to the following
semi-enpiric:él equation to yield the weight-:avverage molecular weight
sz0= | '

‘ in(l/Ma ppj = ;n(1/MW) *VZAzWC‘o , ~ ' (200

where A, is the ‘yosmotié:ifo;rial coefficient appearing in the well;lmOWﬁ
11ght scatterlng equation. For the partial specific volume ¥# , wWe assumed"“
that ¥V was equal to the apparent specific volume #*, which was found

for this system to be 1.127 ml/g at 30°C in the concentration range from j
o; tb lg/ dl. For the density of ;i-heptaﬁe, we used a literature value of
0.6753 g/ml at 30°C. The values of M, and A, are included in Table 3-1.
For unknown reasons, the A2 value féundf for the highteét molecular weight _”
sample SP—T3 Was‘ abnomally low, and therefore we fechecked all of ‘these |
data by light scattering. | ”
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Scattered light intensities were determined with a modified photo-
meter of the Brice type (Shimadzu light scattering photometer)21 equipped
with a constant-temperature jacket,22 The angular variation of the
scattered intensity was determined at eleven different angles ranging
from 30° to 150° using vertically polarized light of 436 mu wave length.
A cylindrical cell was used throughout the work. Calibration proce-
dures of the apparatus are the same as reported in detail by Inagaki,“
et alug Molecular weight determinations of all the samples were carried
out in n-heptane at 30°C. To measure the theta temperature for some of
the samples, isoamyl acetate was used as solvent. The solutions were
clarified by filtration through grade'mittel" Ultracerafilter (GOttingen). .

Refractive index increments were determined in a thermostated
Shimadzu (Debye type) differential refractometer using 436 mu. The value
of the n-heptane solution at 30°C was found to be 0.1077 ml/g.

The required values of KC/RO,\where K is the well-known light
scattering factor and R, the reduced intensity of the scattered light at
zero angle, were obtained by the usual extrapolation according to Zimm.23

The second virial coefficient A, was determined by the following

2

equation,

Kc/RO = 1/M_+ 2Ac (21)

2

The values of Mw and A, are given in Table 3-1. Except for the result

2

of SP-T,, these are in fairly good agreement with those obtained by the

2
Archibald method, although M values obtained by light scattering are
always higher by a few per cent. The double logarithmic plot between

[?] obtained in n-heptane at 30°¢ (see next section) and Mw.determined

by light scattering gives the equation
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[715m/g) = 3.12 x 1072 y 071

In a preliminary experiment we found that isoamyl acetate which is
known as a theta solvent for atactic polypropylene (& = 34°C)11 could
dissolve our syndiotactic samples as well. Thus the scattered-light
intensities in isoamyl acetate were determined once more for three
fractions, SP-TS, SP-HE23424, and SP—HI3 at Varioué temperatures rang-
ing from 45° to 70°C. The value of A, at each temperature was computed
by above eq. (21). Subsequently, A, was plotted against T to find by
extrapolation the theta temperature at which A2 vanishes (see Fig. 3-3).
Thus the theta temperatures for SP-T and SP-HE series were determined
to be approximately 41° and 43.SOC, respectively. Details of the data
obfained are given in Table 3-2. However, the theta point for SP‘-HI3
could not be confirmed; the solution exhibited a transition into a
turbid, gel-like state as soon as the temperature dropped below 70°C.
For this higher crystalline polymer, therefore, we may only éuppose
thét the theta point, if it exists, would be somewhat lower than 70°C.
In any event, éhGTCIOSe parallel correlation found between theta

temperature and infrared index as a relative measure of syndiotacticity

should be interesting. This finding will be discussed later.

3.2.4 Viscosity measurements

Viscosity measurements were made in a Ubbelohde viscometer with a
flow time of 105 sec. for n-heptane at 30°C. The kinetic energy
correction of [#] was determined to be less than 0.2%. The sample of
the highest molecﬁlar weight was examined in a variable-shear viscometer
and was found to exhibit a Newtonian flow. The intrinsic viscosities .

of all of the fractions in decalin were determined at 135°C under a
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Table z-2. Light Scattering Data for Syndiotactic Polypropylene
in Isoamyl Acetate

Polymer M. 207 Temp., °C. a0t @%.
sP-T, 117 46.5 0.8, 5
52,0 1,64
67.0 4,0
SP-HE,, 83.5 52.0 1.37 43.5
60.0 2.57
67.0 352
SP-HI, — - —- 7

Table 3-3. Temperature Dépendence of Indrinsic Viscosity

Polymer : ki J

(:1n[%1/3T) *10°
45,0° 46,5°  148.0%. - 7 6

sp-T, 124.0  125.5 128.3 11.3
sp-T, 87.0 88.1  89.0 7.6
SP-1, 66,2 67.0 67,2 5.5
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T()

Fig. 3-3 Temperature dependences of A, for SP-T. and SP-HE

5 234
studied by light scattering. The approximate estimates
of theta temperatures are 41° and 43.5°C for the

former and latter sample, respectively.
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nitfogen»atmasphere with 2,4-di-t-butyl-p-cresol added to the solution,
in order to avoid the oxidative degradation of the polymers. In
addition, the measurements in toluene at 30°C and isoamyl acetate at
different temperatures near theta points relevant to each sample series
were made on some selected fractions. The latter data will be used to
derive the temperature coefficient of the unperturbed dimension and

are listed in Table 3-3.

3.3  Unperturbed Dimensions and Stereospecificities

3.3.1 Atactic and isotactic polypropylene

Figure 3-4 shows plots of eq. (13) with relationships between
~intrinsic viscosity [%] and number-average molecular Weight M reported
by Danusso and Moraglio for atactic polypropylene fractions.12 The

[7] are determined in decalin at ISSOC, and in cyclohexane, toluene,
‘and benzene at SOOC, and the values of Mh bf osmotic measurements.

For the system in decalin the [¥]-M_ and [#1-M,_ data obtained by
Kinsinger and Hughes14 (half-filled and filled circles, respectively)
are plotted simultaneously with those of Danusso and Moraglio (open
circles). Disagreement between these two series of data is rémarkable,
especially in the region of the higher molecular weights. However,

two data points for the lowest and the second from the lowest moleculat
weight obtained by the former authors fall on a line passing through
those of the latter authors. Taking such a circumstance into consider-

1/3

ation, an extrapolation of the plot to M “—» O was made. The inter-

cept on the ordinate was found to be 0.144, which yields K = 12.0 x,lO'2

in accordance with eq. (13) (see Chapter 2). This K value is thus in
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Fig. 3-4 Plots of eq.(13) with [7]'Mn relationshipd reported
by various authors for atactic polypropylene in dif-
ferent solvents. The lower and upper chain lines
indicafe the limits of application of eq.(13) for the
system in decalin at 135°C. and for the other solvent

systems, respectively. For details, see Texst.
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excellent agreement with that estimated by Kinsinger and Hughes using

a theta solvent, diphenyl ether, at 153°C,15

2

but remarkablely lower

than the value of 16.8 x 10° “ obtained by Danusso and Moraglio using

another theta solvent, isoamyl acetate, at 340C.12 This difference may
be attributable to a negative temperature coefficient of the unperturbed
~ dimension of this polymer. However, such an interpretation seems to
be opposed to some observations of Kinsinger and Hughes made at other
theta temperatures;15 they have found higher K values than 16.8’x lO'2

at higher temperatures, e.g., 74 and 92°%¢ (see Table 3-4). What we note
will be the effect of molecular weight heterogeneity on the K value for
the present treatment is made on the basis of number-avefage molecular

weights. This effect may be corrected by introducing a factor qn25

defined by

[{}

a, = [/ Y2 = T+ L5)MT(h + ) (22)

n

i}

where (h + 1)/h M'W/Mn and T represents theT function. The last form
results from the Schulz distribution. This correction is quite large
if polymers are poorly fractionated, but this amounts only to 1.09 if
h = 4. Moreover, our main interest consists not in the K value itself

but in the quantity A, which is proportional only to Kl/3

, as is seen
in eq. (11). Thus differences in the charaéteristic ratios among
polymers may be discussed without taking into consideration the average
nature of the molecular weight,

In connection with the above problem, the K values estimated in
other good solvents should be discussed. Chain lines drawn parallel to

the abscissa in Figure 3-4 indicate the limit for the application of

eq. (13), which is described by eq. (15) corresponding to o) 1.4.
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The ‘lower chain line indicates the limit for decalin, while the upper
indicates that for the other solvents. Data points below this limit
should pass thfough a little higher point on the ordinate, which cor-

responds to K4/5 4/5.

rather than 0.786 x K Thﬁs below‘this limit,

eq. (13) is the asymptote to eq. (7) and hence is inapplicable to data
points for toluene and benzené, but is applicable for decalin and
cy@lohexane.lz Therefore, for these séries Qf data points we use the
Stockmayer-Fixman equation (le. Figure 3-5 shows plots of eq. (12)
with the data for toluene, benzene and isoamyl acetate. The data poiﬁts
for the highest and the second from the highest molecular weight with
toluene as solvent derivate downward slightly from the most reasonable
extrapolation line. However, such deviations should oécur as expected
from o values of these samples (see Figure 3-4). With the aid of the

2 for

Stockmayer-Fixman plot we get nearly the same K value 15.3 x 10~
toluene and benzene. |

To establish further the K values obtained above, we use the
26

original equation of Ptitsyn. This is |

(2 - 0.789)¥2 = 0.009 + 0.305Ba M2 (23)
where o is computed from

2 [_7]4/5/K4/5M2/5 (24)

The above equation may permit the justification of whether a value of
K assumed for calculation o was reasonable., If ‘a wrong K value is
assumed, the plot of eq. (23) should not pass through the theoretical

value 0.099 on the ordinate.
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Fig. 3-5 Stockmayer-Fixman’s plots with the same data

as shown in Fig. 3-4.
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For applying this procedure to'the‘present problem, we assumed K
values relevant to each system. Figuré 3?6 sh0ws plots of eq. (23).
Straight lines for each system are obtained énd meet at ca. 0.10 on the
ordinate. This finding clearly indicates that the assumed K values
were correct and, at thé same time, that the unpefturbed dimention of
this polymer decreases with incréasing temperature almost independent
of solvent used. On the’bther‘hand, the B value for each system may
be easily evaluated from the slope.of each straight line. Using this
B value and referring fo eq. (13) we may draw the asymptote for each
system. These asymptotes are shown in Figure 3-4 by dotted lines. Each
dotted line appeérs to give a natural asymtdte for each series‘of the
data points. Thus we may concluded that the 102xK values 12.0 and 16.8
founduat 135° and 340C, respectively,‘are consistent with each other
and a negative témperature coeffient of the unperturbed dimension is
expected. | - |

The same procedure for estimating the unpefturbed dimension is
applied to [77] and M, data reported by different authors for iso-
tactic polypropylene in de;alin,14 tetralin at 1350C, and a-chloro-

naphthalene at 1450C.16

These plots are demonstrated in Figure 3-7
together with the limit for application of this procedure indicated by
chain line. According to Fig. 3-7, we see that all of the data points
for decalin and tetralin lie beyond the chain line. Thus a direct

1/3 —> 0 should be permissible to obtain correct K

extrapolation to MW
values. Dotted lines indicate such extrapolations for each system and
appear to have a common intercept on the ordinate at 0.120, which leads

to K = 9.55 X 10_2 irrespective of the solvent used. This K x 102 value
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Fig. 3-6 Plots of the original Ptitsyn equation(23) with
the same data shown in Fig. 3-4 for justifying

the K values estimated according to eq. (13).
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Fig. 3-7 Plots of eq.(13) with [,7]-MW relationships for
isotactic polypropylene in different solvents.

For details, see Text.
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is considerably lower than the 13.2 estimated by Kinsinger and Hughes
from theta point viscosity data in diphenyl ether at 145°C,14 but in
good agreement with 9.4 reported by Kotera, et al., for the same
system as mentioned ab-ove.7 In this connection it should be noted that
if eq. (12) is applied to the same data shown in Fig. 3-7, higher K
 values, approximately 13x1072 (113(10"2 for a-chloronaphthatene), are
obtainable. However, taking into consideration the fact that the
solvents used are extremely good for this polymer, these values may

be overestimated. This is unavoidable associated with the application

of eq. (12).

3.3.2 Syndiotactic polypropylene

For estimating the unperturbed dimension of syndiotactic polymer
we use our own data of [?] and MW obtained iﬁ decalin (135°C),‘h3ptane
and toluene (SOOC), and isoamyl acetate (45°C), Figure 3-8 shows plots
of eq. (13) for SP-T series having the}infrared indices of ca. 0.8.

As is indicated by two chain lines in the figure, only data points for
decéiin may be treated in accordance with eq. (13), while the others should
be treated with eq. (12). Figure 3-9 shows the results of the latter
treatment. From this figure we see that isoamyl acetate is a theta

solvent for the syndiotactic polymer as well as for the atactic. K

values estimated using eq. (12) and (13) alternatively are given in

Table 3-4. Tests of these K values according to eq. (23) are shown

in Figure 3-10. The mathematical requirement of eq. (23) seem to be -
fulfilled with these K values.

As pointed out previously, the unperturbed dimensions of propylene
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Table 3-4, Polypropylene at the Ideal States (6)

_ZV..

. * )
Configura-  gojvent Temp.(%.) Ke10° ac10M " B0 6 (®%) /m°

tion °
Isoamyl acetatea) 34(8) 16.5 831 ~0 1.75 6.12
Cyclohexanea) 20 15.9 820 9,05 1.73 5.96
Benzene®) 70 15,3 811 2,30 1.71 5,83
Atactic Toluene®) ‘ % 15.3 811 4,12 1.71 5,832

1-Chloronaphthalene® 74(8) 18,2

Cyclohexanoneb) 92(8) 17.2
Decalin®) 135 12,0 748 8,11 1.57 4,96
Isoamyl acetateC’ 4s( @) 17.2 843 ~arQ 1.77 6,20

c)

Syndiotactic Toluene . 20 16.4 830 2,37 1.75 6,11
Heptane®’ 30 16.4 820 5.13 1.75 6.11
Decalin®) 135 11.2 731 8,70 1.54 b, 74
Tetralin®’ 135 9.55 693 4,85  1.46 k.26
Isotactic Decalint’ 135 9.55 693 9,52 1.46 L,26
a»Chlcronaphthalened) 45 8.95 678 1,84 1.43 4,07

Diphenyl ether?) 145(8) 13,2

*) Calculated assuming éfo = 2,87 x 1027 CoBeSoo

12’13); b) Those of Kinsinger and Hughes

present work and d) those of Parrini et al.l6).

a) Data of Danusso and Moraglio 14’15); ¢) the
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Fig. 3-8 Plots of eq.(13) with our own data for fractions
of SP-T series with IR-index of ca. 0.8 in various
solvents, Lower and upper chain line indicate the
limits of application of eq.(13) for decalin and

for the other solvents, respectively.
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Fig. 3-10 Plots of eq.(23) for the same systems given in
Fig, 3-8, using K values estimated according to

eq.(13) and/or (12).
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polymers are influenced much more by temperature’than by thQ"SOlVenE§ ‘
| used,v Thus to discuss the dependence of~the.vaalue on stereospecifi- -
| city, we choose the data obtained in decélin at 135°C.. The values of
10‘z x K for the atactic and syndiotactic samp1es.are nearly the same,
i.e., 12.0 and 11.2, respectively, whereas they differ considerably
from,9.6.fbund.for the isotactic. However, this finding supports
previous observations that the unperturbed dimenSion«geherally depends’
little on stereoregularity}5’27’28 Especially, the fact that the
unperturbed dimensions of propylene polymers are almost independent. of .
‘stereospecificity may be well interpreted in temms of the theoretical
prediction made by Flory, et al., taking the existehce‘of heterotactic
units in the polymer chain into considerafi‘on.6 In addition, the .’
characteristic ratios evaluated experimentally converge at about 6.0.
This also is in agreement with calculations by Flory, et ai.6 (see Table
3.4). |

In connection with the above finding, it is interesting to note
the following facts. The atactic and syndiotactic polymérs have a
- common theta solvent, isoamyl acetate. The theta temperature of the
latter polymer increases proportionately to its stereoregularity,
changing from 34°C (or somewhat lower) for the former to ca. 70°C
(or somewhat lower)for the latter with an infrared index of 1.5 (see
Table 3-2). .
In accordance with the conclusion drawn by Kinsinger and Wessling,zqa a
these observations imply that the atactic and syndiotactic poly-
propylene may be identified as a family in which only the microsyndio-

tacticity differs from the one to the other. Such an idea may be well
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svpparteudby the finding of Woodbrey that f_a polypfbpyléne samplé, Whlch
ha.s bfsen.regarde.d. as étéctic because of the absence of its optical ab-
‘sdrptilon’ at 867 cm'l, could be predomlnantly syndiotactic from the
viewpoint of nmr study. 29b This problem will be dlscussed later in

. terms of the microtacticity along the single main chain.

3.3.3  Temperature coefficient of syndlotactlc polypropvlene

| In this sectlon the temperature coefficient of syndlotactlc poly-
propylene din{R > /dT is discussed. This coefficient affords the nmor-—
tant knowledge of the conformational study of a given polymer chain-
as well as the absolute value of unperturbed dimension does. Esnecz,ally,'
for isotactic polypropylene, its temperature coefficient had not been
known, until very recentiy Nakajima and Saijo reported the value of '

_4.09., X 10'3 "1 ng

deg.
Starting from the Kurata-Yamakawa perturbatlon theory of mtrms.u:

viscos.1ty,30 Inagaki, et al. arrived at
@[y 1/dn), = @n{RD¥Yan + w2 @25

. where K 'i$ a constant independent of T and M and the subscript O means .
that the quantities referred to are those at the theta point.9 Thus
the temperature coefficients evaluated with eq. (25) should differ from:
those with other methods by a change due to temperature variation of
appearing in eq. (11). Since 1n['7] changes linearly with T in the
vicinity of the theta poin’c,9 the value of its temperature derivative
at ® is obtainable with good accuracy.

In Figure 3-2, values of (dln['7]/dT)9 obtained with the system
syndiotactic-polypropylene-isoamyl acetate are plotted against Mwl/ 2

(see Table 3-3). Extrapolation of‘thirs plot to Wl/ 2—->- 0 yields
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Fig. 3-11 Plots of eq.(25) with data obtained for
syndiotactic polypropylene in isoamyl

acetate.
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3

-(dln[’?]]/d’l‘)v =1.1x 10 deg.'l, which corresponds to

~(dm (R /aT)g = 0.7 x 107 deg. ™

vBécauée of the lack of experimental data this value is somewhat inaccurate -

and might be inadequate for direct comparison with those of the_ other
.polymers. However, the fact that this value lies betweeR those for poly-
ethylene. and,poiyisobutylenes might be explained in terms of the effect of A
the methyl group on the steric hindrance of bond rotations. Moreover, the
hegétive sign of this coefficient informs us of an important factor for
understanding the role of the internal rotations of side groups with

regard to those round the main chain.

3.3.4 Comparison of polypropylene with polyethylene

Recently, a muber of authors have been engaged in establishing
[w]-M relationships for polye’thylehe in different solvents. Thus K values
reported by different authors now give an identical value within experi-

4,31

mental error. As an example, Figure 3-12 shows a plot of eq. (13)

with Chiang’s data of [7] and M, for the system polyethylene-decalin at |

o, 4a 1/3

135-C. A reasonable extrapolation of this plot to M~/ “—» O affords
30.6 x 10'2 for its K value, which is almost identical with the value of -
30.0 x 1072 estvimated using eq. (12). These 102 x K values are also in
excellent agreement with the values of 29.5 and 31.6 obtained in dipheﬁyl :
ether at its theta point (161.4°C) 4a and in dodecanoi-l at its theta
point (13~8°C)4b, respectively. In cbmiection to this finding, if should
be noted that poly(butene-1) chain has a positive sign of the temperature
coefficient of (R2>O while polyethylene and polypropylene the negative -

sign.
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Plots of eq.(13) with [7] M, relationships
obtained by d1iaﬂg for polyethylene in decalin
and phenyl ether (@ -solvent). The same plot
for isotactic pol);propylene in decalin at 135°C

is given for comparison by dotted line.
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- Now we compare the characteristic ratios or the steric factors c'for
polyethylene with those for polypropylene. The characteristic ratio is
related to o by

<R /n1? = o*(1 + cose) (1 - cose) (26)

For the purpose of eliminating the effects of temperature and solvent’upanb
the unperturbed &imension, we may conveniently use K values obtained in a ..
common solvent at a common temperature. Fortunately, we have such data,,‘
those for decalin at 135°C. The available data to date, sumarized inu‘rj
Table 3-5, indicate clearly that the characteristic ratios or the o valués :
for polypropylene, irrespective of its stereospecificity, never exceed that[
of polyethylene. This result presents a shérp contrast to that of the |

32 and also with that of Flory, et al., in

calaulation of Allegra, et al.,
which thé interdependent-rotation model5 was applied to strictly stereo-
regular poly—a—olefin.6

In spite of this discrepancy between calculation and experiment, the
order of magnitudes found for the ¢ values is fortuiteously consistent withj
the fact that in the crystalline state, polyethylene chains take: the most
extended conformation tttt..... ..., while syndiotactic and isotactic »
polypropylene chains take the more contracted cbnfbrﬁmtions ttgg.. .. and' :

5 Here t dehotes the trance form and g the gauche

tgtg..... s respective1y¢3
form. A similar interpretation has been presented by Kotera.’ Thus a
simple question arises as to how far the chain conformations.preferred inv
crystalline state are retained still in solution. There éxist sevéra1  ,
cases, e.g., for polyethylen693’4, polyisobutylene,34 and polyethylene ~
oxide,ss, in which‘calcuiation achieved good agreement withfexperimenis'j-ﬁ
made on solutions. This would be an answer to fhe question just raised

above. However, the solvent effect on the unperturbed dimension, hence .
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Table 3-5.
Summary of the Characteristic Ratios and the
 Steric Factors Obtained for Polypropylene in
Decalin at 135°C. and Comparison with Poly-

ethylene.
2 2
Polymer Configuration . <R > o/ nl
(a) (b) (a) (b)
Atactic 1057 1067 4.96 5.60
Poly-
propylene Syndiotactic 1.54 1.64 k74 5.26
Isotactic 1.46 1.55 4,26 4,81
Poly-
ethylene 1.75 1.86 6.14 6.9%

a) Calculated assuming §°= 2.87 x 10722 o
b) Calculated assuming $ = 2.4 x 10723,
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on. the chain conformation, has only heen studied very little from experi-

mental as well as theoretical v1ewp01nts,36

although a formulation of

thls effect was proposed--37 Perhaps owing to the average torque 1nduced

by solvent molecules upon the internal rotatlons,37 original conformatzoas
of polymer chains would only partly be retained fluctuating about their
preferred positions. Thus an original conférmatioﬁgcould be modified to
another one after the polymer is isolated in solution. 36 In fact, Tadokoro,
et al. dbserved by infrared studies that syndlotactlc polypropylene dls—‘
solved in CSZ indicated the absorption bands at 831, 964, and 1131 c:m_l
characteristic of the planar zigzag more distinctly than the solid did,
whereas the band at 867 c:m.1 characteristic of the original helical con¥

38a

formation almost disappeared. Very recently, analogous findings have -

been observed by them as a result of infrared study in solution on other.
kpolymers,SSb |
On the other hand, there is little doubt that, fer'instanﬁe, the
planar zigzag is the minimum energy conformation for an isolated poly;-
ethylene chain. Thus we think of a polyethylene chain with all the:_y
-linkages fluctuating around their favorable positions. This picturé ‘
differs somewhat from the usual one that a small fraction of the linkages:'
departs from the trans position and a number of 'planar zigzag" is
comnected by ggggﬁg_linkages. In general, the patterh of the confbrmationw
fluctuation may be related to the nature of nonbonded interactions between
neighboring substituents, or between substituents and chain atoms. In
isotactic chains of —(CHZ-CHRJn—type, where R means any alkyl group, the;"
conformation fluctuation could be affected dominantly by the molecular

volume of R, since the repulsions between nonbonded atoms are not sym-

metrical about the 120° position. Upon increasing the volume of R the
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conformation'fluctuation‘would tend to be diminished' bringing the chain
to a more extended form. Taking the experlmental result of Tadokoro, et al.)

into consideration, however, the pattern of the fluctuation in polyethylene

chains should not be noticeably different from that in polypropylene chains,

and the original conformations of these polymer chains could be retained in

solution to nearly the same extent. This situation may allow one to

compare the ¢ values of these polymers solely on the basis of the original

conformations. However, thls trend no more holds for isotactic poly-
(pbentene-1) probably because of its bulky side group, the o value is found
to be far larger than that of polyethylene (> 2.0). At present, we
believe that the ¢ value may be described essentially in terms of a balance
between the following two factors; the type of the original conformation
and the degree of the conformation fluctuation or the retention of the
conformation. THus to achieve good agreement between calculated and ob-.
served unperturbed dimensions, one might have to invoke whole proflles of
potential curves of internal rotations, in addition to energy difference
between rotational isomerisms. \Possibly the calculated unperturbed dimen-
sions are much larger than the observed because of the approximate nature
of the potential functions employed. It may be worthwhile to notice that
the agreements between calculation and experiment reported to date haveb

been limited to chain polymers having either no substituentsz’3’33’34 or

two equal substituents32 and to polyamide,charins.35
Last to be mentioned here is the o value of atactic polypropylene{
This o value has been computed on the basis of the number-average molecui;r

weight, and this must be corrected for the polydispersity to compare

directly with the other data. Since this correction factor will amount -
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to only é few per éent, it is probable ‘that the atactic polymer has a ¢
value close to that,of the syndiotactic polymer. On the other hand, no
finite figure has been given to the atactic polymer-extraéted with ether
from the n-heptane-soluble fraction obtained in the isotactic polymgii-
zation.4o However, the magitude of this o-value implies that the atactic
polypropylene is very similar to the syndiotactic;with respect to its
stereochemical structure. The problem on the stereochemical structure

of polypropylene is discussed in detail in Chapter 5.
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Chapter 4

Single Crystal Growth of Polymer Chains from Dilute Solution

The purpose of this Chapter does not consist in the discussion on
the morphology of single érystals3 but it is a matter to afford an
indirect proof for our hypothesis of molecular conformation of polymer
chains in solution.

The fact that the stereoregular chain polymers in solid state
assume proper conformations relevant to each but behave as random coils
in solution has been well confirmed. It is of interest to elucidate
the correlation betﬁeen these two extremely different states of polymer
chains, in other words, to study whether a chain conformation assumed
in solid be retained still in sclution. On the basis of the results
obtained in the preceding Chapter, a hypothesis for the retention of
chain conformations in solution has been proposed. In the experimantal
part an indirect evidence for .our hypothesis is presented by investiga-
ting dilute-solution-grown singie crystals of syndiotactic polypropylene

and poly-e-caprolacton.

4.1 Hypothesis for the Retention of Chain Conformation in Solution

The availsble data to date are summarized again in Table 4-1.
The result indicates clearly that the o values for polypropylenes,
irrespective of its stereoregularity, never exceed those for poly-
ethylene. That is to say, the characteristic ratios<<Rz;%/n12 of

these polymers are arranged as followed:

Polyethylene:> iiiggégactic} Polypropylenej} isotactic Polypropylene
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Table 4-1

Summary of the Characteristic Ratios and the Steric

Factors Obtained for Polypropylene in Decalin at 135°C

and Comparison with Polyethylene.

{RE) mi

Polymer Configuration
(a) (b) (a) (b).
Poly- Atactic 1.57 1.67 4,96 5.60
propylene o diotactic 1.54  1.64 4.74  5.36
Isotactic 1.46 1.55 4.26 4.81
Poly- 1.75  1.86 6.14 6.94
ethylene
. ~ -23
a) Calculated assuming éu = 2.87 x 10 °7,
b) Calculated assuming g = 2.4 x 10723,

- 61 -



This order of magnitude is in conflict not only with the present con-

ception that the methyl side group effect on the internal rotation1

“but also with the conformational calculations of Allegra,et al.2

3

and
Flory, et al.” On the other hand, however, this seems to be consis-
tent with the well established fact in crystalline state, as discussed
in the last part of the preceding Chapter. This méy allow one to set
forth a hypothésis that any chain conformation be retained to a certaih
‘extent still in solution. 7

No general evidence for this hypothesis has yet been adduced to
date, except in the case of polypeptides; this hypothesis appears rather
to be irreconcilable to the experimental result on‘the lower alkanes
that the energy of the gauche state for a C-C of polymethylene chain is
ca. 0.6 Kcal per mole.,4 However, we do not know if the same situation
of the energy be valid for the higher alkanes, especially those bearing
any side group,s In addition, we have several cases, in which con-
formational calculation achieved in good agreement with experiment made .
on Solutione6

Several years ago, Ohshika pointed out that on the basis of infra-
red study, the helical nature of isotactic polypropylene could be
retained in solution.7 Analogous discussions have been made by Takeda,
et al. as a result of infrared study on isotactic polystyrene8 and by
Nukada, et al. as a result of high-resolution nmr study on isotactic
and syndiotactic polyprOpylene.9 Recently, Tadokoro, et al. reported
that syndiotactic polypropylene in CS2 solution exhibited some ir
bands characteristic of the planar zigzag conformation, differing from

the 8, helix' %, but this is in geod agreement with the finding in
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solid. 1t More recently, analogous fimdings have been observed by them
from infrared spectra of polymer solutions on several polymers.lab»
These observations may permit to recognize the retention of comformatiom:

in solution.

4.2 Single Crystal Growth of Isotactic Polypropylene

Among various solution-grown polymer single crystals, those of
polyethylene are specific in respect to the fact that they can beveasily
obtainable without any special precaution (Solwvent, concentration,
polymolecularity of sample, thermal condition, etc.). Such a feature
of polyethylene may méinly Be attributed to its simplest chemical |
structure (conformation). In the case Qf poly-a-olefins, however, the
growth of the primaryvnucleus up to a single crystal would proceed -
only under the condition that the conformation within a short range
along the chain is retained in solution; the extent of the retention
will depend on the stereoregularity and the nature of nonbonded inter-
actions between neighboring substituents, or between substituents an&-
chain atoms. In general, if may be conceivable that in the isolateéfg 

state of the polymer chain, the original conformation would fluctuae
12

about the preferred positions, probably due to the solvent effect.

The conformation fluctuation may be supposed to pérturbed the growth
of primary nuclei.

It is well known that the solution-grown single crystals of iso-
13

tactic polypropylene had not been cbtained in spite of much efforts,

15

until Morrow, et a1}4and subsequently Kojima™~ achieved the success.

In contrast to this histry, one has experienced no serious difficulty
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in preparing solution-grown single crystals of poly—(Butene—l).l6 This
may be interpreted in terms of difference in the conformation fluctuation
between these polymers; the bulkiness of the methyl group is less
sufficient to limit the fluctuation than that of the ethyl group. The
fact that the o value of poly-(butene-1) is far higher than that of
polypropylene may be explained by the same reason;

Comparing with polymer chains taking any helical form, those
taking the planar zigzag form will much easily afford solution-grown
single crystals (compare polyvinyl alcchol with polyacrylontril in the
sense of single crystal formation). Single crystals of polyvinyl |
chloride, polytetrahydrofuranl7, poly—gfcaprolacton23 should be easily
obtainable, if an appropriate solvent were found. Indeed, Single

crystals of polyvinyl chiloride'®

and poly-g-caprolacton (see next
experimental section) have been obtained after that. On the basis of
infrared studieslo and from correspondence of our hypothesis, we may
expect that single crystals of syndiotactic polypropylene from dilute
solution should be more easily obtainable than those of isotactic

polypropylene, since syndiotactic polypropylene would assume simpler

conformation in solution than isotactic polypropylene.

4.3 Experimental Results

4.3.1 Syndiotactic polypropylene

To prove this presumption, single crystals of syndiotactic poly-
propylene were attempted to prepared from its a-chloronaphthalene
solution. By Morrow, et al., the crystallizations were successfully

performed utilizing sharp fractions (MWﬂﬂn<fl.05) of a high isotactic

- 64 -



polypropylene and very dilute concentrations (0.001 - 0.004% by weight)
of a-chloronaphthalene solution. In contrast with the careful experi-
mental condition of Morrow, et al., an unfractionated sample with a
considerable low tacticity (ir-index = 1.60) and MW of 7 x iO4 was

.used. The [7] value in decalin at 135°C was 78 ml/g. a—chloronaphthaleng
that behaves as theta solvent for them (o = 80 - 90°C), was used as
solvent. The range of experimental concentration was 0.005 - 0.01% by '
weight, which are common as those for polyethylene but about tentimes
higher than those of isotactic polypropylene. The sample were dissolved
in a-chloronaphthalene at 140°C under a nitrogen atmosphere. Then, the
solution was cooled down fo room temperature (l.OOC/hr.). It was
confirmed by vicosity measurement that no deciease of molecular weight
occurred during the procedure.

Figure 4-1 shows an electron micrograph of a group of needle-like
single crystals, which‘are always observed in crystals grown from 0.01%
o-chloronaphthalene solution. The corresponding electron diffraction
pattern is given in Figure 4-2. A preliminary analysis of the abov¢
diffraction pattern indicates that it cannot be interpreted in terms of
a rhombic system, which will be characteristic of the spatial arrange-
ment of the 81 helices.10 Single crystal aggregates result from their
solution with increase of concentration and show a ring-form electron
diffraction pattern, as illustrated in Figure 4-3. Coeling down of the
isoamyl acetate solution resulted in only aggregates of crystals which
show no diffraction pattern. = This observation suggests an important
rule for choosing'a solvent appropriate to.the single crystal prevara-

tion. A theta solvent will be preferred, but its theta point should be
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:iFig. 4-1 Representative single crystal.
of syndiotactic polypropylene
(IR-index = 1.60; Mw = 70008)

grown from a-chloronaphthalene

solution.

Fig. 4-2 An electron diffraction pattemn
of single crystal shown in Fig,
4-1.

Fig. 4-3 A ring-form electron diffraction
pattern observed from single

crystal aggregates.
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a little higher than a transition point of an isolated polymer chain, at
which the chain will begin to-move freely (theta temperatures of
a-chloronaphthalene and isoamyl acetate for this polymer are ca. 80 - 90°C

and ~ 6OOC, respectively).

4 3.2 Poly-e-caprolacton

The crystal structure of linear aliphatic polyester, -(CO—(CHZ)ﬁ;

19,20 wi¢n

CO‘O(CHz)m~O)-, have been published by several authors.
increasing n or m number, the molecular packing in the crystalline
state becomes similar to that of polyethylene, although the unit cells
of the former are mainly monoclinic. Single crystals of polyesters
with large n and m from dilute solution, therefore, should be obtain-
able without any difficulty as well as those of polyethylene, according
to our hypothesis,,21’22’23

However, linear aliphatic polyesters with high molecular weights cannot
be obtained from condensation polymerization.

On the other hand, poly-e¢-caprolacton obtained from ring-opening

polymerization of e-caprolacton, f(CHZ)S'CO'O] , may have high

molecular weights. The crystal struc?ure has been determined using

24 The unit cell is

X-ray diffraction analysis by TadoKoro, et al.
orthorhbic. The unit cell dimensions are a=7.47 R , b=4.98 R , C
(fiber axis)=17.05 R, showing that the fiber repeat- comprises two
monomer units. The skeleton of the molecular chain has a planar zigzag
conformation with twofold helical axis.

According to our hypothesis, single crystals of poly-e-caprolacton

from dilute solution also should be easily obtainable. In this section
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the results of experimental test of our hypothesis are shown by
preparing solution-grown single crystals of poly-e-caprolacton. An
unfrattionated sample ( [71 = 195 ml/g in toluene at 30°C and Mw = ca.

2.5 x 105) was used.25

The sample was dissolved in isoamyl acetate
‘and 2-ethoky ethanol at 706C, respectively, and each solution cooled
down to room temperature (l.OOC/hr.). Figure 4-4.shows an electron
micrograph of a group of lamellar single crystals grown from 0.03%
isoamyl acetate solution. Figure 4-5 shows electron micrographs of
those grown from 0.03% 2-ethoxy ethanol solution and the corresponding
electron diffraction patterns.

On the basis of the above various observation we feel justified
"to conclude that an indirect evidence for the retention of conformation
in solution has been adduced. At the same time we suggested some
general rule for the growth of single crystals from dilute solution.
The ability of polymer chains to single crystal growth, above all, is

)

*
dependent on the simplicity ’ of their conformations and how far their

conformations were retained in solution,

*) The term "simplicity' means that planar zigzag form is simpler

than helical form.

- 68 -



Representative single crystal of poly-e-

caprolacton grown from isoamyl acetate

solution,



Fig. 4-5 Representative single crystals of poly-e-caprolacton
grown from 2-ethoxyethanol solution and the correspond-

ing electron diffraction patterns.
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Chapter 5

The Structural and Steric Isomerism of Polypropylenes

A number of studies for characterizing the microstructure of polypro-
pylene and propylene copolymers have been published during the last decade.1'4
These works have been concerned mainly with the characterization of iso-
tactic polymer, and little attention has been paid to atactic and so-called
stereoblock polymer. Recently, Natta and co-workers5 have emphasized that
an "atactic'" o-olefin polymer should be distinguished clearly from an
"amorphous'" o-olefin polymer. For instance,we have two general types of
amorphous polypropylenes. One type is the ethyl-ether soluble portion of
polypropylene prepared by a structurally regular polymerization technique
(in this case, one giving regular head-to-tail addition), and the other
type 1s obtained by cationic pdlymerization technique.é’7 Investigations
by high-resolution nuclear magnetic resonance (nmr) show that the tactic
placement or tactic dyad contents of samples of the first type of polypro-

8-10

pylene are predominantly syndiotactic. The infrared (ir) spectra for

the latter type of polypropylene lack two absorption bands at 1154 and 974

cm_l,which are characteristic of structurally regular ('head-to-tail'')
polypropylene.6’11_13 The ir spectra of cationically prepared polvmers

have been interpreted in terms of various aspects of molecular structure.
However, there is no sufficient experimental evidence for the complete
elucidation of the microstructures (the structural and steric isomerisms)
of polypropylenes, especially of the amorphous and stereoblock polymers.

In addition, we feel that the methods for the microstructure analysis them-

selves have not been fully developed.
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The purpose of this Chapter is to elucidate more clearly fhe micro-
structure of amorphous and stereoblock polypropylenes prepared with different
catalytic systems. We have examinedvsolution properties, the ir and the
high-resolution nmr spectra. First, the microstructures of these samples
are assessed from some solution properties, such as the relation between
intrinsic viscosity [1] and molecular weight M, and the theta temperatures,
and also on the basis of the gel permeation chrpmatogram (gpc). The com-
parisons of cationic polymers with other polypropylenes are made at a
common molecular-weight level. Then, we investigated the molecular-weight
dependence of ir 5pectra and high-resolution nmr spectra for samples of
low molecular weight. Information on the tactic sequence length of a highly
isotactic polypropylené;was obtained by means of a thermal degradation

technique.

5.1 Preparation of Polypropylene

5.1.1 Stereoblock polymers

Different stereoblock samples were prepared by successive extraction14
with acetone, ethyl ether, n-pentane, n-hexane, and p-heptane at the boil-
ing points from a commercial product (Tokuyama Soda Co., Ltd, Tokuyama),
which did not contained stabilizers. The fractions soluble in acetone,
ethyl ether, p-pentane, and n-hexane were designated as SCA, SCE, SBP, and
SBH, respectively. The sample SCE was further fractionated into seven frac-
tions by a customary precipitation-fractionation technique with the system
cyclohexane and n-propyl alcohol at 30°C (SCEZ, SCEzyvvenn » SCEg indicate
the middle fractions). The sample SBP was also fractionated into ten
fractions with the system cyclchexane and acetone at SOQC,(SBPZ, SBP.,

IRLERE ,
SBP8 indicate the middle fractions). All samples and fractions obtained
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were purified by twofold precipitation from toluene solution into methanolﬁ
followed by vacuum drying at about 60°C. Results of the characterization
of these fractions are shown in Table 5-1. Sample SP-HI, prepared pre-

viously, was used as a standard syndiotactic polyprcpylene.‘

5.1.2 Cationically‘p;epared polymers

A sample was prepared at -78°C with a cationic AlC1,-CHC1 catalytic
system. The polymer product was designated as NC. The sample was purified:
by twofold_precipitation from benzene solution into methanol, followed by
repeated freeze-drying from benzene solution. Results of characterization
of this polymer are also shown in Table 5-1. The ir and the nmr spectra
of sample NC are shown in Figures 5-1 and 5-2,vrespectivély. The ir
spectrum of NC is different from that of structurally regular polypropylenes;
that is, the former sample has no absorption bands at 1154 and 974 !
which are characteristic of the latter type of polymer. This observation

is in good agreement with those reported by several authors.6’7’15’16

5.1.3 Low-molecular-weight isotactic polymers

Low-molecular-weight isotactic saﬁples (ID series) were obtained by
thermal degradation of a highly isotactic polymer IPP (the ratio of absor-
bances at 997 and 974 cm—1 was approximately unity), which‘was a portion
insoluble in boiling-n-heptane and had a melting point of 176°C. Before
degradation the sample was purified by precipitation from hot decalin
solution into methanol, followed by vacuum drying at 60°C. After degrada-
tion wés cérried out at 400°C for 50 hrg. under vacuum (1062mm Hg), the
product IDA was further subjected to successive extraction with acetone,
ethyl ether, n-pentane, n-hexane and n-heptane at 25°C. The product IDB

prepared under the same conditions as above but in the shorter degradation
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Table 5-1

Characterization of Oligopropylene Samples

Polymer Molecular weight x 10~ (91, ml/g, IR index
. - M .
designation 0 p’
a) cyclohexane, 30°C
Mw Mn ‘ o A997/5—974
SBP2 64.0 115 90 0.69
SBP, 33.0 18.2 64 90 0.64
SBP4 24.0 12.0 42.5 90 0.60
SBP 10.8 8.6 25.5 95 0.63
SBP¢ 7.6 4.9 15.7 98 0.66
SBP7 5.0 3.3 12.9 98 0.66
SBPg 2.0 1.74 7.9 98 0.63
SCA 1.1 5.5 0
N 2.3, 1.5, 4.05
a) Determined by light scattering for SBP2 and by equilibrium ultracentrifugation

for the other samplws.
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IR-spectra of acetone extract from polypropylene

prepared with a stereospecific catalyst, SCA, and

of cationically prepared polvpropylene, NC.
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Fig. 5-2  The complete 100 Mc./sec. nmr spectrum of
cationical”ly prép'éfed pol_\rpropylene in 10%

tetrachloroethylene at 97°C.
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time of 30 hrs., was fractionated by successive 'éxtfaction,with ethyl ether,
n-pentane, and n-hexane at each their respective boiling points. The hydro-
genatibn of unsaturated end-groups was applied to each fraction with Adam’s

catalyst in dioxane solution at 4O°C.17

Five samples with different
molecular weight from IDA and three samples from IDB were obtained, which
were designated as IDA,,..... s LDA5 and IDBl, ..... s IDBS, respectively.
Figure 3-3 shows the ir spectrum of IDA, before hydrogenation. Figuré*-s-.é;
shows ir spectra of four fractions of different molecular weights from the
IDA series after hydrogenation. As can be seen in Fig. 5-4, the two absorp-

1, which are assigned to the C=C stretching

tion bands at 1645 and 887 cm
and out-of-plane C-H bending of vinylidené groups, respectively, vanish
completely after hydrogenation. As will be described later, [?] and M for

' IDB, vare in good agreement with the [%]-M relationship established for SBP
fractions. The thermal scission of the chain yield an unsaturated and an
n-propyl end-group without any other detectable structural or steric
isomerization. This same result has been described by Natta and c:o-workers.l‘8
After hydrogenation, it can be regarded that the degrared samples méually

differ only in their molecular weights. Results of the characterization of

these fractions are shown in Tables 5-2 and §-3.

5.2 Molecular Characterization

5.2.1 Molecular weight determinations

Samples fractionated from a whole polymer having an extremely broad
molecular weight distribution have been still polymolecularities, and it is
desirable to use the basis of weight-average-molecular-weight in order to
compare [%]-M relationships with each other. However, application of the

light scattering method is not sure when samples have low molecular weights,
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Table 5-2

Characterization of Degraded and Atactic Samples

Polymer Molecular weightaJ 11 ml/g,
designation . °
Mn Mw : cyclohexane, 30°C
IDB1 1100 1170 5.5
IDB3 2100 8.0
SCE, 5500 13.1
SCEq 40000 79.0

a) M and M_ were determined by vapor-pressure osmometer and by
equilibrium ultracentrifugation, respectively.

b)  Value estimated from [?] data by use of [7] = 0.683 x 10'2 Mw0'88

Table 5-3
Characterization of Degraded Samples by Vapor-Presure

Osmometry and Freezing Point Depression

Polymer Mn
designation

VPO FPD
IDA1 ces 200
IDA, . 305
IDA, 480 490
IDA, 660 680
IDA5 770 800
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Fig. 5-4 IR-spectra of low-molecular-weight, isotactic poly-

propylene after hydrogenation.
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and the équilibriwn ultracentrifugal methodlg’zo has been adopted for the
~ present purpose.

The measurements were carried out in heptane at 3080.1°C by using a
Spinco Model E ultracentrifuge equipped with schlieren optics. An Yphantis
eight-channel cellzo was used. The rotor speed was varied from 17,250 to
19,750 rpm, depending oh the molecular weight. The observation was made at
two phase plate angles, 75° and 80°. One of the equilibrium pa;tems is.
shown in Figure 5-5. Schlieren diagrams were read on a "univeréai cmtouf"
projector (Nippon Kogaku Co., Tokyo) within an accuracy of ca. th_z mm,
which corresponds roughly to ,th'Bmm on the photographic plate. Apparent
molecular weights Mapp were caliculated as a function of initial concentra-

tion Co als19

RT dc

= &
app ?co (1—17f )wz a?r=i"

" where r = (ra+ rb) /2 is the mean distance from the center of rotation, T,
and T, denoting the meniscus and bottom positions,respectively; W is the
angular velocity (rad.sec'l); ¥ is the partial specific volume of solute;
f is the density of solvent; R is the gas constant; and T is the absolute
temperature. The value ¥ = 1,127 (ml/g) which has ‘been obtained for
syndiotactic polypropylene (see Sec.3.2.3), was used for all samples. The
refractive index increment for sample SBP2 was found to be 0.1105 (ml/g)
in heptane at 30°C for 436 m . Values of Mw were caliculated from M

app
according to the equation20’21,

’
1/Malpp = (1/Mw) + ZA2 <,
where A'2 is the light-scattering second virial coefficient of the

system. Values of M, are given in Table 5-1,
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Fig. 5-5 A typical equilibrium pattern observed with

schlieren optics.

- 85 -



14}

o0 —0— SBP
| | |

=

1/ Mypp, x10

o i J

0.2 A 06
¢ (g/dl)

08
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against concentration in heptane at 30°C.
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‘The numbe»r-a:verage molecular weights M wefe detemi_ned :aj:' 37°C by using
a uapﬂi--pressure osmometer {(Mechrolab Model 301). The quantity measured by
this apparatus is the steady-state temperature dlfference established when a
drop of solution and ome of solvent are exposed to the solvent vapor, with
heat exchange that occurs only through thégrapor. Thus the principle of the
measurement is that this temperature difference, which is indicated by a dial
reading AR, is proportional to the difference in vapor pressure of the two
drops. A calibration plot of values of AR read after 5 min. as a function
of solute molarities m of benzil (molecular weight = 210.1) was established
for benzene as solvent. A straight line relationship was obtained between
AR and m (see Figure 5-6). For the polymer samples we first evaluated
apparent molecular weights Mépp» given by QAR/c:)_1 at each concentration c (g/ml).
Reciprocal values of Mapp were plotted against c. Straightv line was obtained
in all cases, and the resultant plots were extrapolated to zero concentration
to determine Mn as intercepts on the ordinafe. Figure 5-7 shows a typical
plot of apparent molecular weight against concenfration. Values of Mn are
listed in Téble 5-1,

Figures 5-8 and 5-9, respectively, showy the double logarithmic plots of
[7] VS, Mw and of [)7] VS, Mn established for the linear SBP fractions.

In the low-moletular-weight region ((104) , these relations may be represented

by

[71 = 1.40 x 1077 MWO-SO

[ %]

The exponents of M are approximately equal to 0.5. This result is in good

1.32 x 1075 Mn0'56

agreement with the theoretical prediction that the excluded volume effect |

should vanish in the low-molecular-weight region.22
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Fig. 5-6  Calibration graph for vapor-pressure osmometer

(Mechrolab Model 301). Benzil in benzene at 37°C.
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Plots of log [17]' vs. log M, for SBP fractions Q,
NC® , and IDBIO in cyclohexane at 30°C.
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* A$ yapor-pressure osmometty is very sensitive to impurities in solutiam,
it is very difficult to determine accurately molécularvweights.oyér~ggf'IQ‘,
and'Mﬁfab&aiaed for two high mnleﬁular weight fractions, 18,200 and 12,000,
would be underestimated. The fact that:the exponent & in the Mark-Howwink-
Sakurada equation, [%] = K M*, takes the value near unity in the high-
molecular-weight regionv()-loé) may be due to such an underestimate of

M, (see Fig. 5-9). |

5.2.2 Determination of theta temperatures

In a preliminary experiment we found that isoamyl acetate, which has
been known as a theta solvent for étacticzs'and syndiotactic polypropylene,
dissolved stereoblock polypropylene unless its isotacticity exceeds 40%;
if a stereoblock sample has higher isotacticity than this 1imit, the polymer
becomes insoluble in this solvent because of its crystallinity. The theta
temperature for SBP2 fraction was determined by 1ight—scattering measure-
ments as the temperature at which the light-scattering second virial
coefficient A% vanished (see Fig. 5-10). The theta temperature for SBP2
fraction was determined to be approximately 38°C. Details are given in
Table 5-4,

Light scattering measurements were carried out in a Shimadzu (modi-
fied Brice type) light scattering photometer equipped with a constant
temperature jacket (# 0.1°C). The calibration and use of the light

scattering photometer were described in Chapter 3.

5.2.3 Gel permeation chromatography

The measurements were carried out at 30°C by using a Shimadzu gel
permeation chromatograph Model 1A. The solvent was tetrahydrofuran.

Solution and solvent flow rate were ca. 1 ml/min., i.e. each sample was
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Table 5-4
Light-Scattering Data for Sterecblock

Polypropylene in Iscamyl Acetate

Polymer _
M, x 107 Temp., °C A, x 10° @&, °c
designation |
SBP, 64.0 48.5 3.4 38.0
53.5 5.8
58.5 7.0
Atactic 34.0%)

a) Data of Danusso, et al. (22)
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Fig. 5-10 Temperature dependence of A'2 in isoamyl acetate

for fraction SBP2 studied by light-scattering.

The theta temperature is ca. 38.0°C.

- 94 -



injected for 2 min., yielding approximately a 2 ml sampie (coanntration
of 6 g/1). Molecules are separated by their varied ability to peineate

a porous crosslinked polystyrene ge124.

Elution is in inverse order of
molecular size as small molecules find more available volumeband pénetrate
the gel more fully than larger molecules. Consequently, the largest
molecules elute first, followed by progressively smaller moleculéé. Eluted
polymer molecules in solution are detected in a differential refractometer
through which solvent and solution streams flow and refractive index
differences are recorded. The refractive index difference between solution
and solvent is proportional to solute concentration. Three colums having
2 x 103, 102, and 10 A permeability limits were used. For each sample

the elution velume V, was taken‘to be the position of the maximum of the

peak in counts. One count is equivalent to 5 ml of eluent. Figure 5-11

shows the calibration curve established for SBP fractioms.

5.2.4 Viscosity measurements

Viscosity measurements were made in Ubbelohde Viscometers‘with Varioué
flow times ranging. from 190 to 1,200 sec. for cyclohexane at 3OOC; the
choice was made depending on the molecular weighés of samples. The kinetic
energy corfection was determined to be less than 0.2%. Solvent used was

carefully purified and dried in accordance with standard procedures.

5.2.5 Infrared spectra

All quantitative spectra were obtained with a:Perkin—Elmer Model 521
spectrophotomefer. Solid-phase spectra were obtained from films (thickness:
of 80 M) prepared from trichldroethyléne solution. Some other spectra
were obtained with films prepared by first casting a solution onto a rock-

salt'surface, followed by evaporation of the solvent. In addition, two
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Fig. 5-11  GPC calibration curve for low-molecular-weight

polypropylenes in tetrahydrofuran.
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ir spectra for samples IDA, and IDA. were obtained by using a Nippon Bunko
Model DS-4029 spectrophotometer equipped with a low-temperature attach-

ment (see Fig._S—lZ).

5.2.6 High-resolution NMR spectra

High-resolution nmr spectra were obtained with a Varian HR-100 spectron
meter. All the spectra were obtained from 10-20 (W/V) solution in té%ra-
chloroethylene at 97°c. The samples were degassed and tetfamethylsilane
was ‘added is an internal standard. The methylene and the methyl proton
resonance cegion of the nmr spectra obtained for IPP, SPP, SCEZ, SCE6, SBPS
and SBH arerillustrated in Figs. 13 and 14, respectively. Figures 15 and

16 show the methylene and the methyl proton resonance regions, respectively,

of spectra of the ID series.

5.3 Structural Isomerism of Sample NC

Data on [#] vs. M, and [w] vs. Mn obtained for sample NC are shown
as filled circles in Figs. 5-8 an 5-9. Each point is located far below
the straigit line constructed for SBP fractions for both M, and Mn' From
theoretical?f5 as well as experimental standpoints,26 this result confimms
the fact that the chain of sample NC is branched because of structural
isomerization during polymerization. This finding gives additional evidence
for the interpretations proposed by several authors from different experi-
6,11-13 :
ments.
A gpc calibration curve (log M vs. elution volume Vé) was first
established with SBP fractions and used for assigning the Ve value for
sample NC, as Fig. 5-11 illustrates. When the molecular weight of NC is
read off from the calibration curve by referring to the experimental value -

of Ve the result: is too low molecular weight in comparison with that

obtained independently by ultracentrifugation (see the filled circle shown
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Fig. 5-12 IR spectra of the 900 en! to 1100 cm_l'region of
“ low-molecular-weight, isotactic polypropylenes, IDA4

taken at room pemperature and at -183°C.

| and IDAS,
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Methylene proton resonance region of 100 Mc/sec. nmr
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spectra of isotactic (IPP), syndiotactic (SPP),

atactig (SCE), and stereoblock (SB) polypropylenes.
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Fig, 5-14 Methyl proton resonance region of 100 Mc/sec. nmr

spectra of the samples indicated in Fig. 5-13.
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Fig. 5-15 Methylene proton resonance region of 100 Mc/sec. nmr

spectra of low-molecular-weight, isotaéfic polypropylenes.
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Fig., 5-16 Méthyl proton resonance region of 100 Mc/sec. nmr

spectra of the samples indicated in Fig. 5-15.
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~in Fig. 5-11). This finding implies, on the basis of the theory of gpc,
~ that the hydrodynamlc radius for sample NC is much smaller than that

- expected for a linear chaln of the same molecular weight. This result': “
1supp0rtsvthe conclusion deduced above.

: Additional support for the above concluSions may be obtained-by
‘comparing-the 100 Mc/sec. nmr speétra‘of samples NC and IDB1 (See.Figs.
-2 and 15). The latter spectrum illustrates the'high'resolving power of
the spectrometer used. In spite of the high resolution, sample NC gives
a spectrum of apparent very broad eﬁvelopes of many lines, as censtractad

with that of sample IDB Sample IDB, has a low molecular weight (M =

1"
1,170) which is comparable with that of NC. Thus, the broadened character f
of the spectrum of sample NC cannot be attributed, for example, to a
terminal group effect. Since exact assignments for eadh apparent broad
envelope in Fig. 5-2 are lacking, the characteristic features are, for
present purposes, interpreted in terms of many different'proton environ-
ments in the different structural isomers that would be produced as a

result of the hydride ion transfer mechanism.é’zg'f~

5.4 Theta Temperature and Microtacticity

The pattern of the microtacticity may be compared with that of the
monomer arrangement appearing in a copolymer chain of uniike monomer units;
any copolymer chain having-the same overall monomeric composition can be
different in the length distribution of monomeric‘unité;, The structure
of stereoblock polymers is simpler than that of copolymers, because the
repeating units are chemically the same and only its steric configuration
is locally different. The theta temperature of copolymef depends not
only on the difference in its composition but also on the difference in

its sequenc: length of the same monomeric units along the chain.29’3Q‘
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As already described in Sec. 3.2.3, the theta temperature of a stereo-
block polymer may expected to depend both on its overall tacticity and
sequence length distribution of steric configuration (microtacticity).

Table 5-5 summarizes our theta-temperature data, together with
those of some other authors, for isoamyl acetate solutions of several
polypropylenes with different ir indices. As one might expect, a close
correlation is found between these two values. It should be noted that
the two samples having almost identical ir indices (cf. atactic polymer
and sample I-A; in Table 5-5) have different theta temperatures. This
result imp lies that the theta temperature in isoamyl acetate is more
sensitive to the characteristic tactic helical contents ("helicities')
and tactic sequence distribution of the main chains of polypropylenes
which are not highly tactic than are the ir indices. Thus, some dif-
ferentes in steric isomerism that may not be detected by ir spectro-
scopy can be reflected in theta temperature. By comparing theta tem-
perature with ir spectra and other data, one can elucidate the steric
isomerism of stereoblock polypropylenes with relatively low tactic con-
tent, including the essentially atactic polymers.

5.5 The Infrared Absorption Bands at 1154 and 974 am L

Figure 5-4 shows that the absorption intensities at 1154 and 974
c:m_1 decrease# with decreasing molecular weight 6f the sample. This

finding seems to be related to the fact (as Lomonte34

pointed out) that
the 1154 cm—1 band can be used satisfactorily for the determination of
propylene content in block copoiymers of propylene and ethylene, whereas
this is not the case for random copolymers. On the basis of Lomonte’s

fiding and ours, we may draw a conclusion that, in addition to the

existence of sequences of alternating CH2 and CH(CHS) groups, a con-
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Table 5-5

Theta temperatures for Polypropylenes in Isoamyl Acetate

Polymer Infrared index ° -3 o .
M, C M x10 Q,cC Ref.
designation iso.a) syn,b) p W
SP—HI3 1.50 ca. 130 caes 65 70 (3)
SP-HE 1.20 - ca. 100~ 83.5 43.5 (3)
SP—T5 0.8 ca. 86 117.0 41.0 (3)
Atactic 0 0 cens 34.0 (23)
SBP, 0.69 ca. 90 64.0 38.0 this work
I-A, 0.20 193 40.6 (31

a) ''isotacticity' given by 5997/6974 (32,33)

b) '"syndiotacticity' given by 26867/54310 + 54255) (3)



siderably long sequence is required for the appearance of the 1154 and

1

974 cm - bands. Inspection of spectra in Fig. 5-4 gives additional

information on the observation that ir spectra of cationically prepared

polymers have no absorbances at 1154 and 974 em L,

The molecular ’
weight of sample NC is higher than that of sample IDA.. Since thermal
degradation of isotactic polypropylene produces no defecfable structural
or steric isomerism, expected for unsaturated terminal ?roups,l8 the ir
spectroscopic features of cationically prepared polymer may be interpreted
in terms of the primary structure rather than of molecular weight; |
head-to-tail additions do not occur without side reactions and regular
"head-to-tail" sequences are too short to exhibit the absorptions at

1154 and 974 cm I,

Further discussion of the absorption at 997 c:m_1 is warranted. This
band is due to helical conformers highly populated by sequences of iso-
tactic placements, particularly in the solid state. As can be seen from
Fig. 5-4, the absorption inténsity of this band appears to decrease with
decreasing isotactic sequence length. The band finally disappears as
the sequence length becomes less than about ten monomeric units (IDAS).

The absorption intensity at 997 ent

is not necessarily directly propor-
tional to the isotactic placement or dyad content but to the isotactic

helical content or isotactic 'helicity'' of these samples*) This implies

%)

Since isotactic "helicity' in the solid state can in many instances
of invariant stereoblock character vary regularly With isotactic
crystallinity, the intensity of the 997 em™! band may in these cases

be closely associated with isotactic crystallinity.lc’ll’sz’33
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k;athat poly)rupylene chaln cannot assume the hellcal conformation unless
 ithe polymer chain has sequences containing of over ten isotactically
connected monomer units. This conclusion also follows from the ir
;spectra at low temperature. Figure 5-12 shows the ir spectra for IDA,
and 'IDAS at -183°C. In these spectra the absorbance ratio A997/A974 is
_increased approximately to twice the valﬁe at room temperature; the
ratios are increased from 0.27 and 0.37 to 0.58 and 0.67 for IDA, and
IDA;, respectively. On the other hand, the absorbance at 997 an! in
‘the spectrum for IDA,, whose degree of polymerization is ca.7, can
‘hardly be seen, even at -183°C. The isotactic chains can aésume the

helical form only if the number of isotactically connected monomer units

in a chain is over ten.

5.6 High-Resolution NMR Spectra and Microtacticity of Polypropylene

5.6.1 Methylene proton resonance

The high-resolution nmr spectra of isotactic and syndiotactic poly-
propylenes differ significantly from each other in the methylene proton
resonance region (Fig. 5-13). The problem.of’the analysis of nmr spectra
of polypropylenes has received the attention of several authors.lb’4’8'1o
The method is applicable, at least in principle, to determining the

8,9 and

difference in stereoregularity of polypropylene chains. Woodbrey
Tincher1O have determined quantitatively the relative tactic placement

or dyad content of specific polypropylenes on the basis of the methylene
proton resonances. Both their results have shown thét ethyl-soluble
portions of samples of structurally regular polypropylenes are predominant-
ly syndiotactic. According to Zambelli and co—workers,4a the relative
amounts of tactic dyads can be determined with high accuracy from the

spectra of methylene protons, particularly for highly isotactic poly-

propylenes.
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It is worthwhile to compare the Specfnmx of the standard syndms(:act :

sample SP-HI in the methylene proi:on resonance regibn with that for the

atactic sample SCEG. These spectra are shown in Fig. 5-13. One finds that
both spectra quite similar with respect to three absorption lines at 8.95,4‘
8.89 and 8.81 ppm, except that the lines for the atactic polymer are apr - |
parenﬁly broader. Such an appareﬁt similarity in the nmr spectra appears
irreconcilable with other physical datés’ss iﬁdicating that the chain
~dimensions of SP-HI in solution, its melting point and - infrared index are
different from those of SCE¢. In order to understand this apparent in- |
consistency, one might expect to observe isotactic dyads or meso units (m)
in sample SCE6 which, on the basis of all other experiments, appears to
have low tactic purity. The evidence for the presence of g_units'are-the-
two groups of relatively weak lines indicated by the arrowsron the
spectrum of SCE in Fig. 5-13. In addition, the “broader line widths" in

the spectrum of SCE_., contrasted to those in the spectrum of SP-HI, are

6’
additional evidence for the substantial amounts of m units in SCE6 by the
following two reasons. First, there is an important effect which makes
the direct appearance of the methylene proton resonances of m units

relatively much less pronounced than those of syndiotactié dyads or racemic

units (Ij.lb The protons of each m-unitimethylene group are heterosteric,

magnetically nonequivalent and undergo both geminal and vicinal spin
coupling. In contrast, the protons of most r-unit methylene groups are
homosteric, all of a given type (of tactic tetrad) are virtually magnetical-
ly equivalent, and undergo only vicinal spin coupling. Thus, the m-unit
methylene proton resonances are much more complicated and, relatively, much
less pronounced in their appearance than the r-unit methylene proton - :

resonances. Secondly, these resonances appear as envelopes of many rather
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closely bpaéed, unreso1vab1e narro& 1ihes'which arise from fhélfact that
ithé ceﬁtral mefhyiene protons of tactic tetrads of monomer units have |
qhemicalléhift differences of about - 0.045 ppm; as has been clearly estab-
1ished.4e‘ These small chemical-shift differences, in combination with |
effects of spin coupling and the presence of substantial amounts of most
of the possible type of tagtic tetrads, give rise to the marked apparent
broadening. Thus, the 100 Mc/sec. methylene proton resonances of atactie,
or approximately atactic, polypropylenes are 'barely’ useful for :charac-
terizations of steric isomerism, provided one means quantitative determi-
nations of tactic dyad or tetrad contents. On the other hand, it seems
clear that the spectra of such polypfopylenes offer some rather unique
and direct qualitative information concerning the steric isomerism in

the chains.

The methylene proton resonances of stereoblock poiyfropyleﬁes SBP5
and SBH show usual nmr spectra based on a linear combination of the
corresponding resonances observed for pure isotactic and syndiotactic
polypropylene (see also Fig. 5-13). In these cases, the relative tactic
placement or dyad content can be determined with considerably high

4a
accuracy.

5.6.2 Methyl proton resonance

Figure 5-14 shows the methyl proton resonance region of the nmr
spectra of the sample indicated in Fig. 5-13., The more inténse doublets
(with lines at T = 9.11 and 9.01 ppm for IPP and 9.16 and 9.09 ppm for
SPP) are due to central methyl protons of tactic triads; the central

methyl protons of heterotactic triads have a chemical shift intermediate

to those of the corresponding protons in isotactic and synditactic triads.8
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”The.mgthyl proton resonances of SCE in'Fig,:6f14‘shows only gﬁ

" doublet with;broader compbnents than those observed: for the polymers of
highly tactic purities, é}g. SPP and IPP. The centers of the doublet
component envelopés observed for SCE6 (designated a" and b") correspond -
to the line positions of central methyl proton resonances of heterotactic
triads. Thus; each relatively broad component of the doublet observed
for SCE6 is an envelope of the overlapping‘;ompohents of doublets arising
from isotactic, syndiotactic and heterotattic triads of‘mdnomer units;z
the heterotactic triads are preséntfisbsubstantial, and possibly predominaf-
ing concentration. ' The sﬁectrum of stereoblock polymer SBP5 shows the - -
presence of three resolvéble doublets. The ébove observations show that
the main chains of polypropY1enes such as SBP and SBH consist mainly of
‘relatively long tactic sequences, whereas those of SCE consist of very
short tactic Sequences due to the nearly random distribution of tactic
placements or dyads along the chains. Such results yield, of course,

direct information about the number-average closed tactic sequence lengths.

5.7 = NMR Spectra of Thermally Degradéd, Isotactic Polypropylenes

Figures 5-15 an -16 showkrespetfively)the ﬁethylene and the methyl
proton resonance regions, df the ID series of polymers. The spectrum of
IDB3 is almost identical to that of the pure isotactic polymer IPP.
However, when the molecular wéightkof the thermally degraded polymer
decreases to about 2,000,ythe‘SpeCtra become virtually identical with
those of the stereoblock‘ﬁblymérs. The chanéég in these spectra suggest
that the isotacticity maykdecreasé as the thermal degradafion decreases
the molecular weight. One might expect that such changes in spectra can

be attributed to the following two factors.
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(i) Thg;originai isotactic polymer sample contains a substantial
degree of stereoirregﬁlarity; and the fractionation of the degraded
whole polymer occurs not dnly on a molecular-weight basis but also
according to stereoregularity.

(ii) The number of end-groups increases as a result of thermal
degradation, and the end-groups give rise to the observed effects on
the spectra.

As to the first factor, the starting material was essentially pure '
isotactic, as is"indicated.by’ail-the methods we gﬂopted for tacticity
determinations. - Thus, we concentrate on the second faétor. First, it
is reasonable to assume that thermal degradation takes.place randomly
along the main chain. Then the degraded polymer fragments will differ
only in their molecular weights. As the products resulting from thermal

degradation, one has

5 3

3 3
vinyliden end-group n-propyl end-group

— Ol @GOl and Ol fH-01y-OH)-CH
3

These considerations are the same as those reported by Natta and co-
workers18 and have been supported indirectly by our result on the [17]
vs. M relation. By hydrogenation, each end-group is converted into

amweCH-CH.. -CH- (H.. - G1-CH2 e CH-CH.. -CH-CH.. - (L. - CH%
?H CH2 ?H O{Z 91 CH3 and . ?H CH2 FH CH2 CH2 CH

3
* %
CH3 CH3 CH3 vCH CH%

3
Here, the methyl protons marked by the asterisk have chemical shifts
that differ from thdse of other methyl pfotOns because they exsist at,
or near, chain end. ThebaVérage numBer ofbsuch "irregular' methyl

terminal groups is five per degraded polymer fragment. The ratio of

"irregular' to "regular' methyl groups increases as the average desree
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ef polymerlzat1on decreases upion thermal deg“adatzan and hydrcgenatlan.;;E
_ Changes in the spectra in Fig. 5-16, which acccmpany changes in moleculai
weight, appear to result from the effects of the "irregular' methyl
groups on the nmr spectra. The critical point at which the influence
of thé "irregular' methyl protons in question appeari in the spectra
corresponds to a molecular weight of ca. 2,000. Similar argument app]ih{
to the effects of "irregular, terminal” methylene protons on the
methylene proton resonances.

If the average length of chains having the same steric confieura-
tion is quite short, the spectrum become¥ more complex; the apparent
widths of the resonance lines becomes greater because of the many

proton-resonances fromt groups with different magnetic environments.
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Chapter §

Application of Thin Layer Chromatography to Stereoregular Polymers

Very recently application of thin layer chromatography (tic) to
studies on the chemical structure of copolymers has been discussed by

L2 11 the first paperl they reported that the

Inagaki and co-workers.
tlc combined with the concentration gradient development makes it
possible to separate styrene-methyl acrylate copolymers according to
the chemical composition without interference of polydispersity in
molecular weight. The second pap'er2 dealt with the effect of monomer
arrangements in copolymer éhaiﬁ upon the chromatographic separation.
Block, random and alternating copolymers of styrene and methyl metha-
crylate were subjected to the concentration gradient development with
chloroform and ethyl acetate. It was found that first the random
polymer, and belatedly the alternating polymer were developed, while
the block polymer remained on the starting line. This result has been
well elucidated in terms of the difference in adsorption forces onto
stationary phase which are associated with three types of dyads in
copolymer chain, viz. A-A, A-B and B-B. This success in interpreting
the observation implied that not the overall chemical nature but only
a fraction of much localized pieces (segments) of a copolymer chain
would be responsible for the adsorption and the desorption at inter-
faces. For this reason we have expected that stereoregular polymers
could be separated with respect to their steric isomerism if an

appropriate development condition were found. In fact a preliminary

tlc experiment on isotactic and atactic methyl methacrylate polymer
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(PMMA) seemed to predict such a possibility.l
| The first purpose of this Chapter is to utilize tlc to explore the

dion characteristic of isotactic and syndiotactic PMMA as well as

their mixture and investigate whether the amount of compoments separated
from the mixture is determined quantitatively. Second is applications
of tlc to investigating specific interactions between isotactic and
syndiotactic PMMA chains. The problem preated here is further devided
into two subjects, vivz. , the stereocomplex formation in dilute sc»lui:icn,:l}“6
and the steric structure of crystallizable PMMA, which has been supposed

first as a stereoblock PMMA.’

For the first subject, stereocomplexes
were formed in dilute solution in different mixing ratios of isotactic .
and syndiotactic PMMA, and the chromatographic behavior of the complexes
was observed. For the second subject‘, tic method was utilized to
separate the so-called ''stereoblock" polymer into components without
chemical modification to the polymeric acid, as such was made by Liquori,

et a1.8

6.1 Preparation Qf Stereoregular Polymetl_l)gl Methacrylates

6.1.1 Isotactic polymers

Isotactic PMMA was obtained as described by Crescenzi, et al.)

using phenylmagnesium bromide as initiator at 25°C in toluene. The
predixct was fracticnated into seven fractiens by the usual precipita-
tion-fractionation technique with the sgstem acetone and methanol at
40°C. The middle fractions are coded iMA-2, iMA-3,.......... , iMA-6,
All samples and fractions obtained were purified by twofold precipit;a{
tion from acetone solution into methanol, followed by vacuum drying

at about 60°C,
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6.1.2 Syndiotactic polymers

A syndiotactic sample was prepared by photopolymerization in bulk
using ultraviolet light at -50°C in the presence of benzoin as photo-
sensitizer.lo The system acetone and methanol was employed to fractionate
the product into nine fractions. The middle fractions are’coded sMA-2,
sMA-3,..... , SMA-8. Purification of whole polymér and fractions was

made by the procedure similar to that of isotactic polymers.

6.1.3 Atactic polymers

A monodisperse PMMA designated AMA was obtained through the kind-
ness of Dr. H. Chnuma of this Institute. This sample was prepared in
tetrahydrofuran at -78°C with sodium biphenyl initiator in an all-glass
vacuum appara.tus.11 Another atactic sample PMA was prepared by photo-
polymerization in toluene using ultraviolet light at 25°C in the

presence of benzoin as photosensitizer.10

6.1.4 Stereoblock polymers

Two polymerization runs of MMA in toluene at -50°¢C using diphenyl-
magnesium and n-butylmagnesium chloride, respectively,11 were carried

out to gain so-called "stereoblock" polymers.7

After extracting the
products with acetone at boiling point, the insoluble portions were
designated DPM and BMC, respectively, ‘

Results of molecular characterization of these fractionated and

unfractionated samples are summarized in Table 6-1. The nmr spéctra

of whole polymers are shown in Figure 6-1.
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Table 6-1

Characterization of Sample Polymers Used

- Sample [7 150 (d1./g) w g 1075 IR index” Tacticity
vose in chloroform Y A T H 5
iMA-3 1,49 3.64 0 1.0 Vo 0
CiMA-L 0.714 1.65 0 1.0 0 o
sMA-2 0.98¢ 2.46 1.0 0.0k 0,16 0.807
sMA-3 0.775 1.82 1,0
AMA _ 3,432 0.70 0.07 0.40 0.53
PMA 1.287 3.25 0.76 0,07 0.33 o.sof 
DPM 0.84, 2,02 0.60 0.39 0,11 0,50
BMC 1.05, 2.66 0.57 0.32 0.11 0,57

a) Ratio of absorbance at 9.4?/4to that at 7.2?/Wc

b) Number-average molecular weight determined by osmometry.
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90
T (PPM)
Fig. 6-1 The 60 Mc/sec. nmr spectra of isotactic (iMA), syndio-

"_"tactic (sMA), atactic (AMA and PMA), and stereoblock

(BMC) polymethyl methacrylates.
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: ,a_6’ 2 Physical Measurements

6 ._2-. 1 . ‘:Visicizs'ity measurementé
| ’Vi,s.cqs:ity measurenents were made’in Ubbelohde viscometers with
: wyarious flow times ranging from 120 to 240 sec. .:Eoi dliorofom at ZSOC.
‘ AViscosityaverage molecular weights of samples weré calculated by
using-a relation, |
(9] =4.8x10° 4 °°

which has been established for conventienal PMVIA,IZ’B

6.2,2 Infrared spectra

The 2-15u spectra were taken by a Perkin-Elmer Model 521 spectro-
photometer. The infrared index A, given by the ratio of absorbances
at 7.25 and 9.45yu, was used as a measure of tacticity. The value of

A was determined by the method described by Baumann, et »al.l4

6.2.3 High-resolution nmr spectra

High-resolution nmr spectra were taken by a Varian A-60 spectro-
meter. All the spectra were obtained from 5-10% (W/V) solution in
CDCl3 at 30°C. Tetramethylsilane was used as an internal standard.
The tacticity of polymers was determined by referring to the method
developed by Bovey and Tiers. = The results indicated that the
tacticities of isotactic and syndiotactic PMMA were respectively

almost 100% and at least 90%.

6.3 Thin Layer Chromatography

6.3.1 Stationary phase

One part of silica gel, Silica-gel G (E. Merk AG., Darmstadt),

containing approx. 13 gypsum, was slurried with two parts of distilled

- 121 -



water,kanaﬁéppliedAas the stationary phase onto thick glass plates.
{20 x 10 or 10 x lolcmz). The thickness of the layer was adjusted to
‘0;2§~mm, using a commercially available device; Immediétely before -
use, the gel layer was activated by heating the plate at 110°C for

one hour.

6.3.2 Development procedure

Stock solutions for tlc tests were prepared by dissolving 40 mg
of each sample in 10 ml chléroform. With the aid of a microsyringe.
a spot of each solution, containing ca. 10 ug of polymer, was formed
on the layer. The position of each spot, i.e. the starting points,
was 2.0 cm from one edge.of the glass. The plate was dried for several
minutes and placed into a desicator containing the developing solvent
at room temperature. After the solvent front had risen 10 cm from the |
starting point, the plate was removed from the container and kept in
an oven at ca. 60°C to prevent further ascent of the solvent front.
Then, a 1% methanol solution of ilodine was sprayed unto the gel, mark-
ing the position of the polymer as brown spots. Because this color
faded after 20-30 minutes, the chromatogramS'wefe photographed on

high-contrast film.

6.3.3 Configuration dependence of the blackness of film

To determine the amount of polymer developed on chromatogram, the
photographic procedure similar to that described by Inagaki, et al.l, -
was applied. Chloroform solutionyof iMA and of sMA with identical
concentration of 4.0 g/1 were prepared. By means of a microsyringe

four spots for each solution, which contain 4, 8, 16 and 32 ug of
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pélymer, were formedbon the thin layer having thickness of 0.25 mm. Care
was taken to keep fhe area of every spot constant (3 mm in diameter).
After the solvent had been evaporated, the spots were stained and photo-
graphed. The blackness integrated over the area of each spot was |
measured by a densitometerkequipped a slit whose length (4 mm) was longer
enough than the diameter of spot; Plots of thekbiackﬁess against the
polymer amount are demonstrated in Figure 6-2. The result shows that
.véﬁé glackness is proportional to the polymer amount within a limited
 féﬁge (ca. 1801Jg/cm2) and varies ﬁrominently according to the configﬁ—
ration of polymer; iodine molecules have a higher affinity to the iso-

‘tactic polymer by a factor of 1.3, than to the syndiotactic polymer.

6.4 Separation of Stereoregular PMMA with Respeét to Their Steric

Isomerism

For PMMA samples with different steric isomerisms, tlc develop-
ments were made first by using single solvents, chloroform, ethyl
‘acetate, 2-butanone and acetone as developing agents. Values of rate
6f flow Rf thus obtained are given in Table 6-2. From the table it is
seen that only ethyl acetate exhibits the ability of giving different |
R values to the isotaétic, and the syndiotactic or atactic polymery
the isotéctic polymer remains on the starting line, while the syndio-
tactic and atactic poiymers>reach‘the proximity of solvent front.
However, the result obtained suggests that a mixture of ethyl acetate
- with 2-butanone or acetone will be useful to separate stereoregular
PMMA composed of considerable amounts of heterotactic sequences. In
addition, it is interesting to note that chloroform, which behaves as

good solvent for PMMA with any steric isomerism, cannot develop the
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Fig. 6-2 Relation between the blackness on photographic
£ilm and the amount of polymer. For the details,

see text.
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Table 6-2

Results of Chromatographic Developments

with Single Solvents

Dielectrie Rf

Developer const

° iMA-3% sMA-2 AMA
Chloroform 4,62 0 0 0
Ethyl 6.02 0.1 0.90 0.9
Acetate
2-Butanone 18.5 0.90 0.90 0.9
Acetone 21.3 »0.9
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polymers. This is indicative of the fact that in the chromatographic-
separation, the adsofbéte—adsorﬁent interaction is more dominant than
the adsorbate-solvent interaction, as has been pointed out previously,l?z‘

~ On the basis of the above‘experience a 1:2 mixture of iMA-3 and
sMA-2 was subjected to the development with ethyl acetate. A
chromatogram was gained which consists of two separated spots, as is
shown in Figure 6-3. To determine whether this chromatogram is related
to different migration rates of pbiymers with different steric isomeriSms,rk
further test was made. The same polymer mixture was developed on the
stationary phase whose thickness is ca. 1 mm. Two spots again appeared
separateiy, after the chromatogram was stained‘with a 1% methanol
solution of iodine. The thin layer, on which each spot was located,
was scraped off the glass/plate and treated with aceténe to extract
adsorbed polymer. The stereoregularity of these extracts was assessed
on the basis of nmr spectra. Thus it.was confirmed that the upper andghf
lower spot should be assigned to the syndiotactic and isotactic com-
ponent, respectively. |

~The analytical ﬁéthod established in}section 6;3.3 has been applied
to the determination of the relative amounts of two components separated
from the 1:2 mixture of isotactic and syndiotactic polymer. For.th;s |
purpose the chromatogram obtained was photographed, and the area and
the blackness of the'upper‘and’10wer spot, which have been assigned
to the syndiotactic and iédfacfic component, respectively, were
determined. In consideratioﬁvof the correction to the area of spot
and the factor of 1.32 relating the blackness of syndiotactic polymer

with that of isotactic polymer, the final result of the relative amounts
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Fig. 6-3 Tlc chromatogram obtained for isotactic and syndio-
tactic PMMA, and their 1:2 mixture, which were deve-

loped by using ethyl acetate as developing agent.
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' of;commxnu&nts»yielded 0.69 anq 0.31 for the upper and,lowéf;spot,: 
- respectively, which may approximately correspond to the initial ratio
~of s&mdietacticrand isofactic component in the mixture. -

- It is necessary to know whether the Rp values depend upon the‘
molecuiar weight of the polymer. It has been reported that the adscrp*> ;.
tion equilibrium of polymers on a surface can be affected by molecular |

16

weight,” and oligomers have.been fractionated in this mamner with

respect to molecular weight.17

On the other hand, Inagaki, et al. have
reported recently that the Re values are almost independent of molecular
weight within the molecular weight span studied in the concentration
gradient development of styrene-methacrylate copolymers.1

Several fractions obtained from iMA and sMA were subjected to the
development with ethyl acetate., The results are summarized in Table
6-3. The molecular weight dependence of Re was not found in this case.

The Re values depend upon the steric isomerism of the polymer under the

above developing conditions.

6.5 Stereocomplex Formation in Dilute Solution

This section deals with the formation of stereocomplex between
stereoisomeric chains of PMMA.>™0 Stereocomplex formation was achieved
by admixing the stoék sdlutions of the two stereoregular polymers, iMA-3
and sMA-2, in three different ratios (iso/synd), namely 2:1, 1:1, and
1:2. Upon admixturé“bf fheﬂtwo solutions no visible changés in trans-
parency of the resultant-solution was observed, differing from the case
where the two species in acetone were mixed.

It has been well established in the previous section that when

ethyl acetate is used as developing agent, the isotactic PMMA remains
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Table §-3 Molecular Weight Dependence of R

¢ for Samples

Sample

Code M, 107 Re
iMA-3 3.64 0.09
iMA-4 1.65 0.1
sMA-2 2.46 0.90
sMA-3 1.82 0.90
AMA 3,43 $0.9
PMA 3.25 0.9

a) Number-average molecular weight determined by

osmometry,
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‘-qun=£he,starfinglline’ while the syndiotactic PMMA (and atactic PMMA)

H-f;fEach the neighborhood of the solvent front. For the present purpose,

" acetone was, however, used which could develop the both species to the
proximity of the solvent front, as shown in Figure 6-4. This chromato-
gram indicates also that the 1:1 mixture could notkbe separated into
components at all. In this cdhnection it is of interest to note that

to obtain such a chromatograﬁ,_the'Spot formed on.fhe thin layer from the
mixture in chloroform had‘to be moistened with a drop of acetone in
advance of the devélopﬁent; neVertheless a slight ascendance of the spot
lying on the staffing line was unévoidabie in every case. This feature
may be related to the conclusion that the stereocomplex formation is
promoted much more in.polar solveht,6a and also to our observation made
upon admixture of the two species ih chloroform.

The next experiment was made for the mixture with the different
compositions. The chromatogram was shown in Figure 6-5. From the
figure it is seen that the mixture, except for that of the 1:1 ratio,
yield a lower and an upper spot, which appear at the starting line and
in the vicinity of the solvent frbnt, respectively. To coliect the
polymer species involved in each spot for assigning the steric structure,
the same development wés carried out for the mixtureé of 1:2 and 2:1
(iso/synd) ratios witﬂ‘the thin layer of i mm thickness. The adsorbed
species were récovered‘By‘éxtféétionrwith hot acetone.

The stereoregularity of these extracts was assessed on the basis
of nmr specta. Figﬁfés 6-6a and 6-6b illustraté the 60 Mc/sec. nmr
spectra of the upper and the lower portion originating from the 1:2

mixture, respectively. The nmr data permit us to confirm that the
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Fig. 6-4 Tlc chromatogram obtained for isotactic and
syndiotactic PMMA, and their 1:1 mixture by

using acetone as developer.
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Fig, 6-5
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Tlc chromatogram obtained for the mixtuwes
of isotactic and syndiotactic PMMA in dif-

ferent mixing ratios by using acetone as

developer.
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Fig. 6-6 Nmr spectra, obtained in 10% CDCl3 solutions
| at 60 Mc./sec. and af SOOC, of polymers involved
_in the upper(6a) and the lower spot(6b) in the
chromatogram obtained by development of the

1:2 (iso/synd) mixture with acetone.
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' uppgijSpOt qéntained highly syndiotaétic Species, while the -species

in the lower spot could be identified with that of the 1:1 mixture.
For ‘the 2:1 mixture the species involved in the lower spot was assigned
by nmrvto the same stereoisomeric composition as the 1:1 mixture. This
means, in turn, that the upper spot should containcthe isotactic species,
though its analysis was not made. These observations thus suggest that
this type of aggregation phenomena may occur stoichiometrically at a
unique composition between equivalent portions of isotactic and syndio-
tactic PMMA. Our prelimiﬁary'résu1t obtained by ultracentrifugation of
the mixtures appearé, however, to feveal that the 1:2 (iso/synd) complex
also might be formed as the result of further aggregation between the
1:1 complex and the syndiotactit'polymer. ‘We may conclude that two
different structure for the stereocompleXeS‘ére possiblé'dépending on

the relative amount of syndiotactic to isotactic PMM!LS'6

These
findings are well explained by the féét7that'in the chrdmétOgraphic
separation, the adSorbate-adsorbent interactioh is more dominent than
the adSofbate?Sqlvent interaction or the interaétion between unlike

steric isomers (unlike adsorbates).

6.6 Steric Structure of the So-called Stereoblock PMMA,

In an attempt-td iﬁVEStigate the steric stfucture of the so-called
stere~b1§¢kkPMMA,jwe Have applied tlc technique to sample BMC and DPM
using eﬁhyi‘aCétéée aé déveloping agent. Figure 6-7 shows the chromato-
gram thus obtained, in which the two species, the 1:2 mixture, and an
atactic PMMA (AMA) prépared,with an anionic polymerization technique11

were developed simultaneously for comparison. This result indicates



iMA-3

b
®  BMC
® DMP
® Mixture
sMA-2

AMA

Tlc chromatogram obtained by development of different
stereoisomeric types of PMMA with ethyl acetate, viz.
isotactic(iMA-3), stereoblock(BMC and DMP), the 1:2
mixture, syndiotactic(sMA-2), and atactic(AMA) PMMA,

in order from top to bottom.
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that the sample BMC and DPM are distinctly separated into an upper and
- a lower spot.

By using the same procedure employed for the stereoisomeric mixtures
the polymer species involved in each spot recovered‘and suhjected to
the nmr analysis. In comnection with the extraction of polymer from
the thin layer it should be denoted that the species thus separated were
no more insoluble in acetone in contrast to the fact that the original
samples were 1nsoluble in thls solvent Figure 6-8a shows the nmr
spectrum for sample BMC; Flgures 6-8b and‘648ckthose for the species
~ contained in the upper and the lower spot, respectiVely. The spectrum
for the upper spot indicates the domlnant a- methyl peak at 9.13tr and
the 51ngle B hydrogen contr1but1on,15 for the lower Spot the dominant
a-methyl peak at 8. 801 accompanied by four peaks for the B-hydrogens.
Besides the peak appears for the both Spec1es at 8. 981 wh1ch may be
assigned to the heterotactlc sequences On the b351s of the nmr data
we may conclude that the maln components 1nvolved in the upper and
the 1ower spot are a551gned to the synd1otact1c and the 1sotact1c PMMA,
respect1vely, though these polymers contaln con51derab1e amounts of

the heteretactlc sequences

The relative amount of the two components separated from original
sample BMC was determlned by a photometrlc procedure establlshed

prev1ously Us1ng the photofllm of chromatogram stained with methanol

solutlon of 1od1ne the area ‘and the blackness of the 'spot were measured.
Figure 6-9 shows the 1nten51ty of blackness of film for sample BMC
as a function of distance r from the starting point. The total black-

ness corrected against the area was then converted to the amount of
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Fig. 6-8 Nmr spectra, obtained in 10% CDCl3 solutions
at 60 Mc./sec. and at BOOC, of original stereo-
block polymer BMC, the- species contained in the
upper and the lower portion separated from

BMC with ethyl acetate as developer.
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Fig. 6-9 Intensity of blackness of film as a function of

distance r from starting point.
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polymer by taking into consideration a factor 1.3, that is caused by

the difference in the blackness of the isotactic and SYndiot;ctic

PMMA; iodine molecules have an afflnlty for the 1sotact1x mey
which is higher by a factor of 1. 3, than that for the syndlotactlc
polymer. The final estlmatlon of the relative amount y1e1ded 0. 71
and 0 .29 for the syndlotactlc and the isotactic portlon, respectlvely,

and this is good agreenent w1th that reported by Liquori, et al. 8
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