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Chapter 1 INTRODUCTION

The rapid development in polymer industry has supplied a large amount
of synthetic resins of varicus types to market. Nowadays these materials
are quite indispensable to our life. Among these, polyclefins such
as polyethylene and polypropylene belong to the most important class,
the production exceeding 40 % of the total amount of all synthetic
polymers.l

When we follow up the trace of past development in polymer industry,
it is noticeable that streneous efforts have been made to increase the
number of commercial grades, to improve the quality. and to reduce the
cost of production. In what manner were such development and improvement
made ? Let us consider polypropylene products as a familisr ex&mple.2—h
Especielly we consider high impact polypropylene of which the properties
have been made effectively improved to date. Homopolypropylene products
have a number of desirable properties such as high yield strength
and stiffness, and good surface hardness that make them a material of
most versatile utility among modern thermoplastic polymers. However,
they also have certain inferior properties: below room temperature
their impact strength decreases, and the products become brittle. This
property gives trouble when molding articles are used in a cold northern
district. From the viewpoint of physical properties, this is due to the
relatively high glass trensition temperature of polypropylene products.
Therefore, this poor performance at low temperature must be improved
by lowering the transition temperature. Needless to say, the improved

product must satisfy the conditions not only for impact strength but also



for other various properties, especially stiffness and melt flow
characteristies. For this purpose, improvements by copolymerization were
attempted, since this method was considered not to exert great effects
upon properties other than the impact one. Propylene was copolymerized
with a small amount of ethylene, which is similar to propylene in physical
properties. The impact strength could be improved in this manner, but
other properties such as stiffness and surface hardness became worse.
Further, the impact strength and other properties varied in a complicated
way, depending on copolymerization and purification conditions, even
though the ethylene content of products was kept comstant. It turned out
very difficult to prepare a product which is well-balanced among the above
properties. Apparently not only the chemical composition but also other
molecular characteristics, such as the average molecular weight, molecular
weight distribution, compositional distribution and mode of monomer
arrangements should be referred to for copolymerization products. The
detailed characterization of products becomes indispensable for the
research and development of wvarious commercial grades, which are going to

come to market.

1.1 TImportance of fractionation experiment

Synthetic polymers have the essential character termed as "the
polymolecularity." Accordingly the following six molecular characteristies
should be taken intc consideration for the case of homopolymer products.
(1) Average molecular weights (number average Mn,

weight average Mw, Z-average Mz, ete);

(2) Molecular welght distribution:



(3) Average stereoregularity;
(4) Distribution of stereoregularity;
(5) Average chein branching;

(6) Distribution of chain branching.

In the above, some intramolecular characteristics such as the distribution
of chain branching and stereoregularity along single polymer chain are
ignored to avoid complexity. Needless to say, the elucidation of all
of these characteristics are not always necessary for the characterization

of a given homopolymer product to understand its use-properties.

As an example, the characteristics (1) to (%) will provide sufficient
information for describing commercial crystalline polypropylene.
For the case of copolymers the following additional characteristics
should be referred to:
(T) Average chemical composition;
(8) Compositional distribution;
(9) Mode of monomer arrengement.
Furthermore, copolymerization products are usually contaminated more or
less with homopolymers. The characterization of such copolymerization
products becomes much more compliceted than that of homopolymer products.
The molecular characteristics mentioned above may be determined by
various methods such as osmometry, light scattering, infrared
spectroscopy (IR) and high resolution nuclear megnetic resonance (NMR).
However, these methods would only provide quantities averaged over all

polymer chains present in a given sample. On the other hand, solution



and precipitation fractionations, gel permeation chromatography (GPC), thin

layer chromatography (TLC) and density-gradient ultracentrifugation can
be used for separation of component species from a whole sample according
to the difference in certein molecular chracteristics such as molecular
weight, composition, and stereoregularity. However, in practice,
experimental difficulties would arise from high temperature operation,
when one has to carry cut the above experiments for crystalline
polypropylene and ethylene-propylene copolymerization produtes. For
instance, TLC and density-gradient ultracentrifugation are very difficult
to operate at high temperature, and inappropriate for preparative
purpose, On the other hand, GPC is applicable even at high temperature
and, in practice, allows collection of fractions having different molecular

weigh‘t.G’T

However, the amount of each fraction obtainable with GPC

is usually too small to be subjected to other tests. From the above
viewpoint, precipitation and solution fractionation techniques are most
useful especially for obtaining fractions of crystalline polymers in a
substantial quantity, since these can be easily operated at high temperature.
This is the reason why we have intended to apply column fractionstion
techniques for the present study.

Now we will consider the advantages and disadvantages of these
fractionation techniques. The first disadvantage to be mentioned is
that the precipitation fractionation often causes so-called tailing
8,9

effect in separating each fraction. Moreover, it ie not operated

continuously. The tailing effect is known to be less significant on
solution fractiona&ion.g The latter disadvantage can be improved

by incorporating a continuous column fractionation technique.

Consequently solution fractionation is much more suitable than



precipitation fractionation for the purpose of separating crystalline
polymer into well-defined fractions. Thus the present dissertation
meinly concerns results on characterization of polypropylenes and
ethylene-propylene copclymerization products and their fractions obtained

by soluticn fractionation technigue.

1.2 Outline of this dissertation

Chapter 2 is concerned with the phase equilibrium related to
molecular weight fractionation of crystalline polypropyleme. This
fractionation must be carried out under the condition that two ligquid
phases, namely sol and gel phases, exist in equilibrium.lo—l3 In
order to find this condition for polyrropylene-solvent-nonsclvent
system, phase diagram and cloud pcint were determined. Some fractionation
apparatus were constructed and tested. Some other fractionation conditiocns,
such as polymer deposition conto the support and elution technique, were
examined to search appropriate cnes for crystalline polypropylene.lh
The molecular weight distrbution was determined by solution fractionation

under specified conditions. The distribution curves obtained were

compared with those by GPC.15 In addition, some statistical parameters

such as the skewness and kurtosis were also calculated. On the basis of
theories developed by Tung,l6 Koningsveld and Staverman,lT and Kamide et
al.,9 simulation was performed for the fractionation of crystalline
polypropylene. Experimentsl results will be discussed cn the theoretical
bagis.

We attempted and succeeded to fractionate larger amount of
polypropylene per unit column volume than that ever reported.lll It

motiveted us to do more detailed investigation on the separation conditions.



In particular, condition of polymer deposition onto support and choice
of solvent and nonsolvent as eluent were considered to be very important
in case of crystalline polypropylene. The deposited states of the polymer
are studied in detail in Chapter 3.18 Effects of solvent-nonsolvent
combinations on molecular weight distributions of fractions were
investigated and the results will be described in Chapter h.lg

Information concerning stereoregularity is also very important
in characterizing crystalline polypropylene.l3 The stereoregularity,
averaged over all polymer chains present in a given sample, can be determined
by IREO or NMB.El However, the determination of stereoregularity
distribution is not so easy as that of average quantities. As a method
for determining the distribution, fractionation in a solid-liquid phase
equilibrium, which is known as a structural fractionation technique,lo
was found to be recommendable. Thus the fractionation behavior in this
equilibrium was investigated and will be discussed in Chapter 5 from
thermodynamic point of view.22

Chapters 6 and 7 deal with fractionation of ethylene-propylene
copolymerization products. The compositional distribution is one of the
most interesting molecular characteristics concerning the above products,
especially those including a considerable amount of homopolymer components.
At present the study of determining the above characteristics is still

at an immature stage.23-25

Therefore, in Chapter 6, experimental conditions
for the fractionation, such as solvent-nonsclvent pair and fractionation
temperature, are discussed.26 Samples having high ethylene content

(20-50 ethylene wt%) were fractionated. On the basis of these experimental

results, hypothetical fractionations of the products were carried out

by means of computer. Chapter 7 will describe these results in detail



by classifying the products into various types.

Chapter 8 concerns a rapid determination of number-sverage molecular
weight. One-point intrinsic viscosity method has been widely adopted
for this purpose.29_3l However, this is an indirect method. In practice,
washing of viscometer takes much trouble especially in crystalline
rolyolefins, because of high temperature operation. 0On the other hand,
measurements of osmotic pressure became rapid and easy by recent
development of high speed membrane osmometer. Thus a one-point method

for the determination of number-aversge molecular weight was investigated,

which uses a high speed membrane osmometer.
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Chapter 2 DETERMINATION OF MOLECULAR WEIGHT DISTRIBUTION FOR

CRYSTALLINE POLYPROPYLENE BY COLUMN FRACTIONATION

The column method is in principle a type of solution fractionation.
It is widely used for the determination of molecular weight distributions
because of its ease in operation and low cosgt, compared with other
determination methods. This chapter concerns a study cn the molecular
weight distribution of crystalline polypropylenes as determined by the
column method. The fractionation by a column method is considersably
affected by experimental conditions such as polymer deposition,
fractionation temperature, packing of the suppert intc the ecolumn, choice
of solvent-nonsolvent system, elution rate, and device for polymer
recovering. Information on the thermodynamic state, which serves as the
basis of investigating the above conditions, has not been fully obtained
for crystalline polymers. Thus the phase diagram was determined for =a
crystalline polypropylene-solvent-nonsclvent system. The result showed
that the system was in liguid-liquid phase equilibrium state in the
vicinity of 160°C. Further the other fractionation conditions were
investigated in detail. Crystalline polypropylenes were fractionated
under specified conditions, and their molecular weight distributions
were determined.

The features of molecular weight distribution curves obtained
by the column method were exemined in detail. That is, the ratio (Mw/Mn)
of the number and weight average molecular weights was calculated for each
experimental distribution curve, and was compared with that from osmometry

and light scattering, and from GPC. The ratio deduced with the column method
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was found to be smaller than that with other metheds. To explain this
finding we first examined effects of thermal degradation upon the resultant
molecular weight distribution. Such a degradation might occur during
fractionation and be serious for higher molecular weight fractions.
The second examination was made for errors in constructing the final
distribution curve from amounts and average molecular weights of recovered
fractions. Such errors will be generated because each fraction has
poelydispersity to some extent in molecular weight. It was experimentally
proved that the narrow distributions found by the column method were
caused largely by the latter reascn mentioned above.

‘l‘ung,,l Koningsveld and Staverman,2 and Kamide et al.3’LL have presented
accurate simulation methods for fractionation based on liquid-liquid
phase equilibrium, and succeeded in analyzing fractionation processes
by means of computer. This chapter contains a result on such a simulation
treatment for fractionation of polypropylene, which was made under the
conditions similar tc experimental ones as close as possible. The
origin of the small value of ﬁwlﬂn for whole polymer was again traced

from the theoretical poiunt of view.

2.1 Phase diagram in crystalline polypropylene-solvent-

nensolvent systems

Phase diagram of crystalline polymer-solvent-nonsolvent system is

. 2
schemetically presented in Figure 1. »?

As is evident from the figure,
two types of phase equilibria, i.e., liquid-liquid and solid-liquid types
are present. Fractionation is performed in either liquid-liquid or

solid-liquid phase equilibrium. When cne attempts to determine which
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Polyrmer

B plane
A plane

Non-solvent Solvent

| ST

‘
| S

T

Fig. 1 Schematic presentation of phase diagram of crystelline
polymer-solvent-nonsolvent ternary system.
Tl’ T2, TB’ ———=== : isothermal lines on which the phase equilibrium
ig realized;
Tm : melting point of polymer in the solvent free
statey
L-L @ liguid-liquid phase equilibriumj

8-I, : solid-liquid phase equilibrium.
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type of phase equilibrium is attained, the phase diagram should be viewed
from the various directions of cloud point behavior. Namely the cloud
point should be examined at least as a function of sclvent-nonsolvent
ratio (A plene in Figure 1), and as a function of polymer concentration
(B plane in Figure 1). The cloud point in the A plane was determined

on crystalline polypropylene-decalin (or tetralin)-butyl carbitol

system. The results are shown in Figure 2. The cloud point is depressed
steeply with increase of solvent concentration. On the other hand, as
shown in Figures 3 and &, the cloud point in the B plane has a maximum

and decreases monotonously beyond the maximum. These behavior very closely
resemble those of liquid-liquid type in amorphous polymer-solvent binary
syatem.G Furthermore the phase disgram was determined in thié region.

The result shows that only ligquid-liquid type is present, as in Figure S.T
The cloud point behavior studied above correspend to those in binodial
curve of the phase diagrsam. In other words, the sample polymer can be

fractionated according to molecular weight under these conditions.

2.2 Computer simulation of fractionation

2.2.1 Theoretical background

The partition of polymer species between two liguid phases, i.e.,
the concentrated (gel) and dilute (sol) phases, is the basis for fractionation.
In principle, we can solve the problems of fractionation by equating
chemicel potentials between the two liquid phases. A mixture of a good
solvent and a nonsolvent is used as a fracticnation medium. FPolymer
fracticns are obtained by varying the ratio of solvent and nonsoclvent,

instesd of varying temperature as in the case of a2 single solvent system.
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Fig. 2 Cloud points of crystalline polypropylene in two kinds of
solvent-nonsolvent (butyl ‘carbitol) systems.
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Fig. 3 Dependence of cloud point on polymer concentration with

fixed decalin contents in decalin-butyl carbitol system.
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Fig. 4 Dependence of cloud point cn polymer concentration in

tetralin-butyl carbitol system.

Polypropylene

Fig. 5 Phase diagram of crystalline polypropylene-decalin-butyl carbitol

system. A polymer sample having a broad molecular weight

I

- - L
distribution (Mw = 36.4 x 10, Mn = 7.98 x 10 ) was used. It has

been already confirmed from cloud point behavior that the phase diagram
of polypropylenes having molecular weight higher than 5 x 10h can

be approximated by this figure.
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However, precise theoretical treatment of phase equilibrium for polymer-
solvent-nonsolvent system is very complicated. No complete calculation
method for fractionation in this system has been found so far. As a first
approximation, it seems admissible to study the fractionation carried

out by lowering temperature in solvent-polymer systems, in stead of that
5,1b

by adding nonsolvent. The fractionation thus approximated corresponds

to the most inefficient case in polymer-solvent-nonsolvent systems, although the
fractionation is ideal.
According to the Flory-Huggins theory, the partial molar free energy

of mixing for solvent aul and that for X-mer &px are respectively given
as,l,?,S,lS

Ap

L= Rrlla (L-v)+(1- 1fin)up & xou;] (1)

1}

iy

RT[1n vy = (x -1) + up(l - 1/Xn)X

+ %, (1 = v))%] (2)

Here R is the molar gas constant; T is the absolute temperature; v_ is

P
the volume fraction of the polymer in solution; X is the degree of

polymerization; Xn is the number average degree of polymerization: the
molar volume of the monomer was assumed to be equal tc that of the solvent;

X, is the polymer-solvent intersction parameter; and UX is the wvolume

fraction of the X-mer in the sclution. When the two ligquid phases are in

thermodynamic equilibrium, the partial molar free energy of mixing for

each species must be equal between the two phases:



= 1f =

Ay = Ay (3)

-

Aux = bux ()

where the prime represents the concentrated phase. The result obtained

from eqgs.(1) to (4) has been expressed by Flory:ll

gl = exp(oeX) (5)
where
/(v + v ){1n [( /(1 - v )1 + (1 - 1/%n)
g=2/lv + v 1n 1 -v L =u + (1 ~ 1/Xn)v
P p P P el
(1 - 1/Zn)u.} - In[( /(L - u)] (6)
- (1 - 1/Xn)u - Inf{(l - wv 1 -v
P ] p
Since the X-mer is in the partition equilibrium between the two liquid
phases, its amount in each phase must be determined. DNow let f; be the

fraction of the X-mer in the original polymer, the fraction fﬁ of the

X-mer in the dilute phase is given by

f§ = rf;![r + explosX)] (7)

1 T
where v = V/V : V and V represent the volumes of the two phases.
In fractionation r and ¢ must be previcusly known. This procedure

will be described in the following section.
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2.2.2 Calculation procedure

Molecular weight distribution of original polymer was approximated
6-18

5 1
by a log normal distribution function, namely ,
2
w(in 1) = 1/(2me%)Y2expi - (1/2 8%)(1n M - 1n M )%] (8)

where W(ln M) is the weight distribution function as a function of 1n M
(M: molecular weight); B is the standard deviation for 1n M; and 1n Mo
is the peak position of the log normal distribution curve. One gram of
the original polymer (density = 1.0 g/cmS) was hypcthetically dissolved
in (V + V' - 1) ml of solvent. The solution was brought to a temperature

by cooling, at which phase separtion occurred, and the first fraction

was obtained from the dilute phase. After this step of fractionation
was completed, the next was performed for the concentrated phase which
was obtained in the penultimate step, the volume of the solution being
kept constant. The operation was repeated until the polymer species
vere almost completely removed from the solution. A schematic diagram
of the fractionation is presented in Figure 6.

The actual calculation procedure is as follows. The flow chart
for simulation of the above fractionation is shown in Figure 7. The
molecular weight distribution curve for ln M from T to 18 was divided into
100 equal increments. Fach increment f; in eg.(7) is expressed as W(ln M)
in eq.(8), where X = M/m (m: molecular weight of a polymer chain unit).

Then f§ was normalized as follows:

2 Q
iil(fx)i = 3, (9)
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Fig. 6 Schematic representation of fractionation process, which was

applied to the simulation.

where n is the number of increments.

For hypothetical fractionation, the parameters r and ¢ in eq.(T)
must be known before each fractionation step is executed. In other words,
the problem of the hypothetical fractionation is how to obtain a
self-consistent r-o pair. Now an actual fractionation is carried out
by varying solvent concentration in medium. However, it is impossible
to determine the pair directly from the solvent concentration. The
value of the concentration, i.e., the medium composition must be converted
into another variable. For this purpose, the relation between molecular
weight and medium composition showing cloud point was determined by adding
nonsclvent to polymer-solvent system at a constant temperature.

The result is shown in Figure 8. The molecular weight showing cloud peoint

was obtained from the solvent concentration for each fractionation point.



Start

ComFute
original polym.

E
| Set eluent C
]

@miw_;l

Compute &
(C,r—e)

Fractionation Concentrated
T phase
ICompute 67 |
1
Select g
jex- & min.

Fractionation

by %
I
Print

End

Fig., T Flow chart of the hypothetical fractionation for

homopolymer.



- 0% -~

log M = h.3670-0.330?6x101w5+o.961h6x102w§
L 4

e -0.17033x103w2-0.183T2x10 LA
. +0.88547x10°W?
i s
&
.20F — 7
e o
3
£ g}*”
8 «‘(o
&0l v 4
/
10& “05 ]66 — 107
M

Fig. 8 Relation between the molecular weight and solvent
conentration of the cloud point in decalin-butyl

o
carbitol system at the temperature 161 C.

When r/[r + exp(o+X)] in eq.{7) is assumed to be constant for the molecular
weight thus obtained, the wvariables r and o can be determined by iterative
method with electrenic computer for each fractionation point. The
hypothetical fracticnation for all the increments was performed in the

first place, using a certain r-a(ca) pair. The value U(Ut} was recalculated
by eq.(6), and was compared with o - Thus, the r-o pair was singled

out, minimizing the absolute value of (0& - Gt). One step of fractionation
was accomplised using this r-o pair. The operation for the next step

began in & similar manner to that for the penultimate step. An example

thus calculated is shown in Table I and Figure 9.
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Table I Results of hypothetical fractionation of polypropylene with

decalin-butyl carbitol system at 161°¢. Original polymer:

Mn = T.L7 x 1oh, Mw = 35.5 x 1oh, Mw/Mn = L.76.

Initial polymer concentration: 0.50 %.

Fraction Weight Solvent ooz 107w x 107 M /M

No. fraction concentration
(wt%)

1 0.0425 0.0 1.090 1.481 1.359

2 0.0126 2.0 1.62h 1.896 1.168

3 0.0099 3.9 £.133 2.30L 1.090

4 0.0142 5.8 2.58L 2.767 1.071

5 0.0250 Fal 3.170 3.403 1.074

6 0.0k20 9.5 3.978 b.321 1.086

T 0.0629 11.3 5.173 5.706 1.103

8 0.0862 13:1 6.989 T.827 1.120

9 0.1128 14.8 9.81kL 11.156 1.137

10 0.1h3k 16.5 14.506 16.803 1.158

11 0.1712 18.2 23.125 27 .564 1.192

12 0.1669 19.9 41.386 51.739 1.250

13 0.095k 21.5 B7.656 118.630 1.353

14 0.011k4 23.1 239.086 345.811 1.446
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Fig. 9 Molecular weight distribution curves of the fractions obtained
by the hypothetical fractionation (ef. Table I). Numbers

indicate the order of the fractions.

——————— : molecular weight distribution curve of the original

polymer.

2.3 Fractionation apparatus

Various fracticnation apparatus have been designed by many
; 5 12-20 R -
investigators. At the beginning of our study an apparatus similar

: 1

to that designed by Francis et al. 3 was used. However, some troubles
happened during operation due to the complexity of the apparatus. A new
small scale apparatus as shown in Figure 10 was designed and used subsequently.
Good temperature control was achieved by refluxing appropriate solvent
such as cyclohexanol. Channeling phenomencon and other troubles could be

confined to the minimum. Most fractionation experiments in this dissertation

were carried out by using this apparatus.
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Fig. 10

Small scale fractionation apparatus: (1) column, 2Tmm-diam.
x 830 mm-length(inside); (2) flask; (3) thermometer; (4)
condenser; (5) reflux pipe; (6) adapter; (T) laboratory
jack; (8) heating mantle; (9) sintered glass filter; (10)
fiber glass; (11) Celite 545 (coarse); (12) Celite 545

coated with polymer; (13) solvent tank.
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2.4 Fractionation experiment and characterization methods

Commercially available decalin and butyl carbitol [ChHQO(CHECHQO)QH]
of high purity were used as solveut and nonsolvent, respectively. To
prevent degradation of sample, 2,6-di-tert-butyl-p-cresol (Ionol) was
added to solution throughout the fracticnation processes. 8iliea
particle (Celite 545) or glass powder was used as support. The supporting
material was washed three or four times by decantation with water to
eliminate fine powder filtrable through a glass filter of porosity G3,
and further washed with acetone before filling into the column.

Considerable experience and skill are needed for good fractionation,
although the column method is widely used as a routine technique. As is
well known, the column fractionation procedure involves several steps21
such as (1) deposition of polymer onto support, (2) packing the
above support, (3) temperature control of the column, (L)} elution of the
polymer, (5) recovering each fraction, and (6) its characterization.
Fractionation experiment was carried out following the above steps.

For the polymer deposition, stationary method (see ref. 9) was adopted,

by which polymer was deposited onto support without agitation.

A decalin-butyl carbitol mixture (70 : 30 or 50 : 50 %) was used as

medium for the deposition. Usually the column temperature was kept

at 161°C by refluxing cyclohexanol. Each sample was fractionated to

from 15 to 20 fractions. Eluted fractions were precipitated by

adding large quantity of acetone, and dried at SSOC under reduced pressure.

Limiting viscosity number [n] of each fraction was determined by
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the one-point method. Viscosity of 0.1 % decalin solution was measured
at 135°C with an Ubbelohde type viscometer, and Huggins' constant adopted

was 0,35 as determined by Sato.13 Molecular weight was calculated
with Kinsinger's equation,22 [n] = 1.10 x lO-hMO°80.

A Shimadzu GPC Model-1A was employed with the combination of four
23

columns: Poramina 1300 which is the same as discussed previously, -~ and

in —
cross—-linked polystyrene gels of 1 x 105, 1 x10 , and 1 x 1O3R permeability,

The experimental conditions adcpted were as follows: flow rate is 1.0 ml/min;

polymer concentration 0.4 g/dl; solvent o-dichlorobenzene containing

0.2 % Ionol; and temperature 13500. The resolution efficiency of this
combined column wes at least more than 400 theoretical number of plate
per feet (TPF) with butyl stearate, which corresponds to sbove 700 TPF

i
with acetone based on Ishida's experimental result.2 A calibration

curve was made by plotting log M versus elution count Ve data of fractions

L
within molecular weight range of 2 x 10 +to I x 106. The calibration

curve outside this range was deduced from that of Pressure Chemical

polystyrene, using the universal calibration of log(IM) versus VE relation.25

The calibration curve is shown in Figure 11.

A Hewlett Packard Model-502 high speed membrane osmometer was employed

to determine the number average molecular weight. The determination was

made at 130°C on tetralin solutions containing 0.2 % Tonol with a

Ultracellaefilter (allerfeinst). The membrane was pretreated by

immersing it successively in water, water-isopropanol (50 : 50 v/v).

isopropanol, isopropanol-tetralin (75 : 25, 50 ¢ 50, and 25 : 75 v/v)

and finally tetralin. The solvent used was degassed above 100°¢C to avoid

release of air bubbles in the cell. The membrane was also degassed in
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Fig. 11 Calibration curve for polypropylene (PP) and polystyrene
(Ps) at 135°¢ in o-dichlorobenzene: (Q)experimental

points for PS; (@) experimental points for PP.

tetralin under vacuum at SSOC for 5 hr, and allowed to stand
for 30 min 1n the cell at 13000 before being clamped in the instrument.
Such a treatment minimized the effect of permeation of low molecular
weight species included in the sample, as demonstrated bei‘ore.26
Number average molecular weight was caleculsted by plotting (IIJ’C}l'/2
versus C {C: polymer concentration, Il: osmotic pressure) .

A Sofica 42000M light scattering instrument was employed to determine the

weight average molecular weight. The measurement was made at 140°¢

on a-chloronaphthalene solutions which had been prepared
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Fig. 12 An example of Zimm plot: sample C-1 in

ol-chloronaphthalene at 140%.

under nitrogen atmosphere. To clean the sample scluticn optically we used

a Millipore holder with two pieces of fluororesin filter VF-6 (Gelman
Tnstrument Co.) and washed it at 140°C with 50-70 ml solvent. Scattering
intensities were measured gt eleven angles ranging from 300 to 150o and

at four concentrations, i.e., 1, 2/3, 1/2, and 1/3 in relative concentration
The value of -0.188 ml/ng was adopted for the refractive index increment
(dn/de) of erystalline polypropylene at 546 nm. Weight average molecualar

weights were calculated from Zimm plot. An example of Zimm plot

is shown in Figure 12.
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2.5 Determination of molecular weight distribution

Molecular weight distributicn curves were obtained by numerical
differentiation of integral or cumulative curves, based on Rutledge's
methoﬂ.25’29 From the distribution curves, number and weight average
moleculsr weights were calculated, and then compared with the values
obtained by osmometry and light scattering.

Molecular weight distributions of different samples can be most
conveniently compared with one another by use of some statistical
parameters which describe the distributions. It is considered that
molecular weight distribution of crystalline polypropylene has a shape
similar to a log normal distribution. Therefore, log M was used as a
variable instead of M. Statistical parameters, such as standard
deviation, skewness and kurtosis, were calculated from

n.
= - M
W= I (1og M, - <log ﬂi>) fs (10)

Here, B, is the n-th moment around <log Mi>, and f& is the weight
fraction of the component with molecular weight Mi' The standard deviation
6, the skewness My and the kurtosis y) are given by eqs.(11), (12)

and (13), respectively.

= u;/g (11)
ay = u3/u3/2 (12)

_ 2
@) = “L/“Q (13)
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The standard deviation ¢ describes the breadth of molecular weight
distribution, regardless of average molecular weight, and is different
from D (=Mw/Mn) value. The skewness @, concerns the symmetry of

distribution curve: 33 = 0 for a symmetric distribution, us > 0 for an

extended trail toward higher molecular weight region, u3 < 0 for that
toward lower molecular weight region. The kurtosis ah refers to the
deviation from a log normal distribution: Q) = 3.0 for a log normal
distribution, o > 3.0 for steep figure, and oy < 3.0 for gentle figure,
In these calculations, height (fi} and log Mi were counted for each 0.1
interval in log M over whole range of the molecular weight distribution
curve. These statistical parameters were calculated by using a FACOM
270-20/30 computer (Fujitsu Ltd.).

Commercial polypropylenes supplied from different manufacturers
were examined. Two sets of distribution curves obtained for two
samples by fractionation and GPC are shown in Figures 13 and 1b. These
figures indicate that a narrower distribution curve is obtainable from
column fractionation data as compared with that from GPC. Table IT shows the
number and weight average molecular weights (Mn and Mw) caléulated from

the curves together with those obtained by osmometry and light scattering.

Table IIT shows the standard deviation, the skewness, and the kurtosis.

2.6 Evaluation of the distribution curve

As shown in Table II, Mn obtained from the fractionation is close to

that obtained by osmometry, and Mw obtained from GPC is close to that

obtained by light scattering. However, it is not easy to discuss the

comparative merits of these methods only by identification of Mn or Mw.
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Fig. 13 Molecular weight distribution curves obtained by column
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fractionation {(————) and GPC (=~~=—- ). Sample A-3.
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Molecular weight distribution curves obtained by column

fractionation (————) and GPC (====- ). Sample B-2.



Table IT. Mn, Mw and D obtained by column fractionationm,

GPC, and osmometry and light scattering.

_EE_

i x 107 Re g 2o D_(=Mv/Mn)
Sample os®) Column GPC 18®)  Column GPC 05-LS Column GPC
A-1 9.86 9.16 8.71 36.k 31.3 275 3.69 3.k42 3.16
A=2 10.1 10.9 13.0 b4 33.6 kt.2 k.38 3.09 3.63
B-1 S 2T 6.4k 9.%0 26.7 15.3 36.2 5o O 2.38 3.65
B-2 6.27 T35 4,75 33:3 22.6 31.2 531 3.16 6.58
B-3 7.34 — 10.5 42,5 ———— 46.3 5.79 —_—— L.kl
e 7.98 Tu50 507 36.4 17.3 2,2 .56 2.30 L.60
Average | | | - ‘ k.80 2.89 L, 3L

a) and b) indicate osmometry and light scattering, respectively.
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Table III. BStendard deviation, skewness and kurtosis obtained

by column fractionation and GPC.

Standard Skewness Kurtosis

deviation
Sample Column GPC Column GPC Column GPC
A-1 1:12 1.09 -0.462  -0.320 2.89 2.67
A-2 1.07 145 -0.321 -0.368 2.9 2.81
B-1 0.95 s -0.133 -0.095 2.%0 2.46
B-2 1,08 1.k0 +0.237 -0.324 2.8k 2.77
c-1 0.93 1.26 -0.054  -0.kOT 2.38 27T

Thus the ratio of these values, namely, the D value was noted. Table ITI
shows that the D value from the fractionation is on the average L0 ¢

lower than that from the absolute methods, while only the deviation of

ca. 10 % is observed in the case of GPC. The same behavior is also
confirmed from the results of the standard deviation. Therefore, the
molecular weight distribution obtained from GPC appears to be more accurate
than that obtained from the fractionation.

The above results suggest that the fractiocnation gives a narrower
molecular weight distribution than the true one. The origin of this narrow
distribution will hereafter be pursued. This artifact should be attributed
to several reasons such as thermal degradation during fractionation and

overlapping of the molecular weight distribution curves of each fraction.



Teble IV. Thermal stability of erystalline pclypropylene

at 160°C in decalin soluticn

Y

Exposure Mn x 107 Mw x 10 Mw /M
time, hr
0 5.85 37.0 6.3
1k 5.17 35.0 6.1
30 5.30 32.9 6.2
Lo 5.25 32.5 6.2
50 5.29 32.1 6.1

In the first place, the influence of thermal degradation was

investigated. Decalin solutions of 1.0 wt% polypropylene containing

0.3 wt% Ionol as antioxidant were allowed to stand at 160°¢ for 5-50 hr
in nitrogen atmosphere, aliquots were taken at prescribed time intervals,
and then the molecular weight distributions were compared. As shown

in Table IV, the D value did not wvary over the periocd of 50 hr under
these conditions. The influence of thermal degradation should be

of little importance in practical fracticnation.

Next, the influence of the polydispersity of each fraction upon the
overall distribution was investigated. Each fraction has still a somewhat
extended molecular weight distribution (D =~1.5) and their distributions
will overlap with one another. However, we usually construct the integral
weight distribution curve without correcting such overlappings.

Therefore, this effect was treated with a method reported by Hasely.30

The corrected integral weight fraction is expressed by eq.(1h)
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i-1 _ n _

Ap = A, -jiluj(mmi) ;Lijmm') (1k)
where Ai and Ai are the corrected and uncorrected integral weight fractions:
wj{M>ﬁi) is the weight fraction of polymer with molecular weight larger
than M, ; and wj(M<ﬁi) is that with molecular weight smaller than ﬁi in
the j-th fraction.

When we correct the distribution curve of the original polymer with
this method, the molecular weight distribution curve for each fraction,
i.e,,ipj must be known in advance. As an example, the distributions
of the fractions from sample C-1 were determined by GPC, and then adequately
classified into four types of curves as shown in Figure 15. The corrected
integral weight fractions A{ were calculated by using the curves and plotted.
The distribution curve thus obtained is shown in Figure 16. The corrected
one is considerably broader than the uncorrected one, and becomes fairly
close to that from GPC.

The same behavior can also be seen by the hypothetical fractiocnation
of polymer having & log normal distribution. The true distribution curve
and the curve obtained by Schulz's plot31 from the fractions in simulation
gre shown in Figure 17. This figure leads to a value of 4.1 for the
uncorrected curve as compared with that of 4.8 for the true one. This
result coinecides with the above experimental one.

Strictly speaking the simulated D value (D = L4.1) is still larger than
the one expected by the experiment (D = 3.7, cf. Table II). As shown in
Figure 18, this may be attributed to the slight difference of molecular

weight distributions of fractions between the experiment and simulation,
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Fig. 15 Distribution curves of the fractions from sample C-l: (=)
fractions 5-9, (—— -) fractions 2-4 and 10-13, (=————)
fractions 1k-16, (—x—%—) fraction 1. 4log M =(log Mo)i ~ (log Mb)j,
(log Mo)i is the peak position of distribution curve of i-th

fraction, and (log Mo)1 is that of j-th fraction.
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Fig. 16 Corrected and uncorrected molecular weight distribution
curves obtained by the fractionation, and the distribution

curve obtained by GPC. Sample C-1.
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Fig. 17 Log normal distribution curve (-----) and the curve
obtained from hypothetical fractions by Schulz's plot3l
(_-—) .

Log normal distribution curve: Mn = T.47 x loh, Mw

1]

35.6 x 10h, Mw/Mn = L.76.

]

The curve cbtained from hypothetical fractions: Mn

7T.83 x 101‘, Mw = 32.1 x 101‘, Mw/Mn = L.10.

especially in higher molecular weight region. That is, the experimental
curve is influenced more considerably than the simulated one by the
overlapping, because of broader distributions of experimental fractions.
It is concluded that the apparent narrow molecular weight distribution
obtained from the column fractionation is caused by the overlapping
effect due to the polydispersity of each fraction.

The shape of the molecular weihgt distribution curve was examined,

As shown in Table III, no significant difference in the skewness or
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Fig. 18 Comparison of the experimental data with those by the

similation for the D value of fractions.

kurtosis is observed between the fractionation and GPC. The value of

the kurtosis is nesrly equal to 3.0, and that of the skewness generally
gives negative value. Therefore, the molecular weight distribution of
crystalline polypropylene can be approximated by a log normal distribution

function, although it has slightly an extended trail in the lower

molecular weight region.
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Chapter 3 POLYMER DEPOSITION ONTO SUPPORT IN

COLUMN FRACTIONATION

Among various conditions which influence the efficiency of column
fractionation, the method of polymer deposition onto support is important

2~5

in achieving a good fractionation. It has been believed that a better
fractionation can be achieved by the so-called selective deposition, in
which polymer components are depcsited layer by layer onto the support
in the order of decreasing molecular weight. However, techniques employed
by various investigators to attain the selective deposition differ from
one another. This rsises a gquestion whether or not the selective depesition
is first of all the necessary condition. We have examined the effect
of polymer deposition on the fractionation result, employing the various
methods of deposition.

By the above investigation, it was found that the selective deposition
is not essential for a good fractionation. The result different from
the idea in the past is due to the fact that few information has been
obtained so far on the state of the deposited polymer. The state of the
polymer was examined with a microscope. As the result, we found that the
polymer is not uniformly spread as a f‘ilm3 but deposited as small particles
cn the support surface. The influence of the particle size on

fractionation result is examined, and importance of the particle size

is pointed out.
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3.1 Experimental procedure

3.1.1 C(Cloud point determination

The dependence of cloud point on molecular weight was examined for

finding various depositing conditions. A Sofica L2000M light scattering
instrument was used. The measurement was performed on 1.5 g/l polymer solution

in decalin-butyl carbitol mixture. Variation of scattering intensity at
90° angle was recorded as the solution was cooled gradually (0.3°C/min) from
15000. The cloud point was determined as A from scattering intensity

versus temperature curve such as shown in Figure 1.

-~
T

RELATIVE SCATTERING

INTENSITY

SOLUTION TEMPERAUTRE (°¢)
Fig. 1 The curve of scattering intensity vs. solution

temperature

3.1.2 Polymer deposition and mixing of polymer with support

Two methods were adopted for packing polymer and support into the
column: one is to pack the support on which polymer had been deposited
in advance, and the other is to pack the mechanical mixture of polymer
particles and support. The former was applied to two cases of the

selective and nonselective depositions. In these cases, the stationary



Fig. 2 Polymer particles (spherulite) precipitated from

decalin solution (3 g/1). White light.

Fig. 3 Polymer particles (spherulite) precipitated from

decalin solution {3 g/l). Polarized.
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method (cf. Chapter 2} was adopted for the polymer deposition onto

support. For the latter, two types of polymer particles were prepared in

sdvance by the method deseribed as follows, and by crashing polymer tips.
The polymer particles were first prepared by cooling of 0.3 g/l decalin

solution of the fraction having low molecular weight (Mn = 7.3 x 10,

f/fin € 1.3). The polymer particles thus obtained were spherulite having

a uniform size of approximately 30 y in diameter. The photographs are

The polymer particles were immersed in a 2.5 %

. : T = 5
decalin solution of polymer having high molecular weight (Mn = 3.2 x 107,

shown in Figures 2 and 3.

Mw/fin S 1.3), whose temperature had been maintained just the precipitation
temperature. When this solution was rapidly cooled, the polymer particles
specially designed were obtained. The deposition methoed is hereafter called
the reversed deposition. The mechanical mixture of the particles and

support was packed in the column and fractionated. Figure U shows a schematic
figure of a column, which was generally adopted in this study.

3.1.3 Fractionation experiment

Fractionation experiments on polypropylene sample deposited under
various conditions were carried out to examine the effect of the depositing
conditiona. The molecular weight and the D value of the sample are
Me = 3.7 x 105, and Mw/Mn = 4.6, respectively. The same apparatus as
described in Chapter 2 (700 mm length x 27 mm diem.) was used.!
Fractionation experiments were carried out in decalin-butyl carbitol
system at 161°¢C. Decalin and butyl carbitol were of commercisl grade.,

Eluent composition was varied stepwise from 0 to 23 wt% decalin by 300 g

inerements of eluent. The other experimental conditions and procedures are

the same as described in Chapter 2.
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MIXTURE OF CELTTE AND
POLYMER, OR CELITE WITH
POLYMER

Fig. 4 Construction of the fractionation column.

3.2 Frectionation of polymer deposited under various conditions

It is doubtful whether or not the selective deposition is by all
means necessary. The dependence of cloud point on molecular weight was
first determined in decalin-butyl carbitecl mixtures with various compositions,
in order to seek favorable conditions for the selective or nonselective
deposition. Figure 5 shows the result. This dependence was considerably large
in 40 % decalin system (decalin : butyl carbitol = L0 : 60), but

diminished as the solvent ratio increased, and ultimately disapeared
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in the 100 % decalin system. The selective deposition can be attained in the

40 % decalin system and the nonselective deposition in the 100 % decalin system.
Fractionation experiments were carried out on the polymer deposited

from the L0, 70, and 100 % decalin systems, in order to study the influence

of the depositing conditions. The results are shown in Figure 6. All the

three cases including the highly selective (LO % system) and the nonselective

(100 % system) depositions give essentially an identical distribution

curve. Figure T shows that the reversed deposition leads also to a

satisfactory fractionation according to molecular weight over a wide

range. The distribution curve is in feirly good agreement with that by GPC

determined as reference. The D values (= Fiw/ﬂn) of these fractions are

Fig. 5 Dependence of the cloud

100 . :
[~]

90 ] point on molecular weight in

80+ @ 1 polypropylene-decalin-butyl
£

[ S %——i——o 1 carbitol system. The numbers
z
geor go /-——n ] indicate decalin per cent by

0

- % /‘
3% BFE—o— volume at room temperature.
(%]

40|

4 5 6
logM

shown in Figure 8. Any difference cannot be confirmed among these

fractionations. Therefore, these results indicate that the selective

deposition is not the essential factor to attein good fractionation.
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Fig. 6 Cumulative weight distribution curve obtained from the polymer

deposited in the 40, TO and 100 % decalin systems,

100

60

20

CUMULATIVE WEIGHT %

Fig. T Cummlative weight distribution curve obtained in the

reversed deposition. A Shimadzu GPC Model-1A was used.
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Fig. 8 D values of the fractions: (@) the fractions obtained
from the polymer deposited in the 100 % decalin system; (O}

in the 7O % decalin system; and (A) in the reversed desposition.

3.3 The state of deposited polymer on support

The state of deposited polymer was observed with a microscope at
room temperature. As shown in Figure 9, the polymer is not uniformly
spread on the support, but deposited in particle-form. Further this state
has a similar appearance in the two types of support exemined. The
construction looks quite different from that demonstrated by Kenyon,3
who assumed that the polymer is uniformly spread on the support in the
order of decreasing molecular weight as shown in Figure 10.

As is evident from the diagram described in Chapter 2, the particles
at a given fractionation temperature are in the state of liquid.

Since the particles are found on the support far from one another, they

may be in liquid droplets. The polymer concentration of the droplets is
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WHITE LIGHT
(CELITE)

WHITE LIGHT POLARIZED
(GLASS POWDER)

Fig. 9 Particles of crystalline polypropylene deposited on

Celite and glass powder supports.

shown by one end of tie line in the phase diagram (cf. Chapter 2). On the
other hand, the polymer concentration of the droplets may be estimated
by simulation of the fractionation. Polymer concentration Cj of the

J=th fraction is given by the following equation:

c, =G, /v (1)
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Fig. 10 Schematic diagram of deposited polymer presented Dby

Kenyon; the Ml’ Mz, M3, —-_— Mi denote the molecular weights

of polymerLMl> M?> M, —> M)
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Fig. 11 Polymer concentration of liquid droplet in fractionation

column as a function of molecular weight.
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with

n
G, =1.0=-Z I ()
J k=1 =1 1 ¥ w
v =v /(1.0 +R) (3)

These symbols are the same as shown in Chapter 2. Figure 11 shows the
result. The concentration decreases from 25 to 1.5 g/l with increase of
molecular weight. The liquid droplets are regesrded as a homologous solution.
Thus, the fracticnation process can be analyzed by the same principle

as the solvent extraction of ordinary organic compounds, such as spray

tower techniqgues. In these apparatus, it is well known that increasing
contact surface of liguid droplets with solvent considersbly improves the
extraction efficiency. The time reguired for sclute diffusing from center
to surface of a liquid droplet is proportional to the square of the radius.
That is, the diffusion of the solute obvicusly follows the equetion of

one-dimensionel diffusion, as shown in eg.(4):

t oC R3/Do ()

where t is the time for solute to diffuse from center to surface of the
droplet of radius Ro, and Do is the diffusion constant. For the purpose
of confirming the effect of particle size upon column fractionstion,
polymer particles having an average diameter of 100 p were packed in the

column together with Celite 545, and fractionated. Figure 12 shows the
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Fig. 12 Cumulative weight distribution curve obtained from polymer
particles having an average diameter of lOQM_(polymer load
5.0 g). The polymer particles were packed in the fractionation

column by the method shown in Figure k.

fractionation result. Only 30-L0 % of the packed polymer was eluted

in the order of increasing molecular weight. On the other hand, as shown
in Figure 6, good fractionation was achieved when the polymer particles
are one=36th in size of the above one. These results demonstrate

that the size of polymer particles or liquid droplets is the most
important factor for good fractionation. This concept is also in
agreement with the fact that the extraction of polymer coated on wire
gauze gave better results than that on aluminum leaf, as reported by
Fuchs8 and Beresnieuicz.g Therefore, the depositing condition should

be adjusted so as to make the particle size as small as possible in any

case.
Next, how to reduce the particle size must be pursued. The particle

size of deposited polymer under various conditions were determined

with & microscope. As Figures 13 and 1b show, the deposited polymer

particles on glass powder are smaller than those on Celite 545. The particle
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Fig. 13 Dependence of particle size on sulvent ratio, determined
in 0.0k g polymer per 1.0 g Celite 545 (Q), and in
0.02 g polymer per 1.0 glass powder (@). Polymer

concentration: 1.2 % V/V.
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Fig. 14 Dependence of the particle size on polymer load, determined

in the 60 % decalin system for (O ) 10 g Celite 545 or

(®) 21 g glass powder.
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size is hardly dependent on solvent concentration in eluent and on polymer
concentration. TIn the case of Celite 545, the particle size becomes

smaller as the solvent concentration in eluent decreased. Therefore,

the chservation that the deposition from a thermodynamically poor solvent
gave a good fractionation should be attributed to the effect of the particle
size rather than that of the selective deposition. It is also noteworthy
that the support has an important effect upon the size of deposited polymer
and hence upon the fractionation efficiency. Further investigation should
be required in connection with the influences of shape and dimension of
these supports and of the polymer particles. Anyway, glass powder is

a superior support for the fractionation of crystalline polypropylene, as

far as we studied here concerning the deposited state of polymer.
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Chapter 4 CHOICE OF SOLVENT AND NONSOLVENT FOR COLUMN

FRACTIONATION OF POLYPROPYLENE

The effect of solvent-nonsolvent combination on fractionation
results has not drawn much attention so far: there have been only a few
papers concerned with this effect on fractionation 6f amorphous polymers.l_3
These authors examined the effect only in regard to the changes in the
molecular weight of each fraction with increasing the number of fractions.
In this chapter we examine the effect of solvent-nonsolvent combination
on the polydispersity of recovered fractions. This is particularly
important when one performs column fractionation for a preparative
purpose of obtaining narrow distribution fractions.

Another important aspect of this prroblem is concerned with the range
of average molecular weights of the fractions obtained. TFor preparative
purpose it is desirable to have narrow distribution fractions covering
the molecular weight range as wide as possible. Presumably an adequate
choice of solvent-nonsolvent combination and method of making solvent
gradient of the eluent are important to attain this purpose. To this
end it is desirable to establish the relation between molecular weight
and eluent composition for = given combination. In this chapter the

relation is examined for several polyrropylene-solvent-nonsolvent systems

using Caplan's method.

4.1 Experimental procedure

Crystalline polypropylene for commercial usage (M.F.I. = 5.4) was

used as sample. Decalin, a~chloronaphthalene, o—dichlorobenzene,
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chlorobenzene, tetralin, n-hexadecane, and kerosene were adopted as
solvents. Kerosene is of commercial grade (b.p. = 200°C, M = 158).

Other solvents are of high grade commercially available. Methyl carbitol,
ethyl carbitol, diethylene glycol mono-butyl acetate and butyl carbitol
were used as nonsolvents. Butyl carbitol is of commercial high grade,

and others are of commercial grade. To prevent degradation of the sample,
Tonol was added to the solution throughout the fractionation

processes. The same fracticonation apparatus as described in Chapter 2
was used. For polymer deposition onto the support, the stationary

method described in Chapter 2 was used.5 A decalin-butyl carbitol
mixture (70 : 30 by weight) was used as the depositing medium for all
fractionations which are described in this chapter. The column
temperature was kept at 16100 by refluxing cyclohexanol. The polymer

was fractionated te 15 to 1T fractions. Other procedures are the

same as described in Chapter 2.

A Shimadzu GPC Model-1A mounted with four columns of 106, 105, th
and 103A permeability limits was used for determining molecular weight
and molecular weight distribution of the fractions. The experimental
conditions have been already described in Chapter 2. When the molecular
weight distribution is determined by GPC, the error known as the
broadening effect is involved in the observed distribution curve. This
error was corrected by & calibration curve which correlates the apparent
and true extent of polydispersity as a function of GPC-elution volume.
For this purpose, narrow distribution polymers (Pressure Chemical Co.)

of known D values {Dt) were used, since the broadening effect is peculiar to

the set of columns applied. From the observed chromatograms for the
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polystyrenes, D values (Dg) were calcualted. Then the values of
(Dg = Dt)/Dt were piotted against their elution counts, as shown

in Figure 1.

3-&9- X100

s 28528

i i 1

20 = 3¢ £ &0
Elstien epunt

Fig. 1 Correction curve for observed D values in GPC.

4.2 Solvent and nonsolvent properties

In order to select appropriate solvent-nonsolvent combinations for
the fractionation of polypropylenes, cloud point measurements were carried
out. The measurements were made on 1 % polymer solution in various solvent-
nonsolvent systems. The results are shown in Figures 2 and 3. These
figures and the Figure 2 in Chapter 2 show that the solubility of polypropylene

in these systems decreases in the following order:
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Fig. 2 Cloud points of crystalline polypropylene in solvent-nonsolvent
(butyl carbitol) systems. [ : n-hexadecane, { : chlorobenzene
A :o-dichlorobenzene, @ : d-chloronaphthalene

Polymer concentration : 1.0 wt% polymer/(solvent + nonsolvent).
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Fig. 3 Cloud points of crystalline polypropylene in sclvent {decalin)-
nonsolvent systems. @ : diethylene glycol monobutyl ethyl
acetate, @ : diethylene glycol monoethyl ether ( ethyl carbtiol),

O : diethylene glycol monomethyl ether (methyl carbitol)

Polymer concentration: 1.0 wt% polymer/(solvent + ncnsolvent).
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n-hexane > decalin = kerosene > tetralin > chlorobenzene

> o-dichlorobenzene > a-chloronaphthalens

That is to say: a-chloronaphthalene has the poorest solvent property among

those examined here. On the other hand, the nomsolvent action of ethylene

glycol derivative is as follows.

methyl carbitol > ethyl carbitol > diethylene glycol mono-butyl-

acetate > butyl carbitol

The order shows that methyl carbitcl has the highest nonsolvent property
among them. Other esters and glycols such as dicetyl sebacate,
ChH9O(CH2CHQO)EChH9, and CMHQOCHZCHEOH had weaker ncnsolvent power

than the above ethylene glycol derivatives. Polypropylene dissolved

in these solvents at 16000 and became insoluble at the lower temperature.
Therefore, they are not useful as the nonsolvent in polypropylene
fractionation based on liquid-liquid phase equilibrium. In the present
work, we selected the following solvent-nonsolvent systems for further
study on the combination effect: they are decalin-butyl carbitol {D-B),

decalin-ethyl carbitol (D-E), kerosene-butyl carbitol (K-B), and a-chloro-

naphthalene-butyl carbitol (C-B) systems.

4.3 Molecular weight distribution of fractions

The molecular weight distribution of each fraction obtained by such
various eluent systems was determined by GPC. The result obtained in
K-B system is shown in Figure 4 and Table I. The corrected D value of

the fractions ranges from 1.1 teo 1.5, and the average is 1.2k,
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Fig. 4 Molecular weight distribution curves of the fractions

obtained in kerosene-butyl carbitol system. The curves

were obteined by GPC. The numbers indicate fraction number.

The results obtained by other eluent combinetions are summarized in Table II.
This table shows that the average of D velues ranges from 1.1L to 1.24.

These values demonstrate that the fractionations adopted here are generally
excellent.

The simulation of the fractionation was carried cut, for the sake of
comparison, by using the relations between the elution point and molecular
weight of the fractions shown in Figure 5, and in Figure 8 in Chapter 2.

The solvent-nonsolvent systems differed from one another in the relation,
Therefore, the simulation was initiated for each system from an arbitrarily
chosen solvent concentration in such a way that an appropriate amount (usually
more than 1 %) of polymer was obtained as the first fraction. Polymer was

hypothetically fractionated to 16 fractions and the D values were calculsted
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Table I Molecualr weights and D values of the fractions obtained

in kerosene-butyl carbitol system.

Fraction Mw x lﬂ_h Mo x 10“.}-l D value
No. Qbserved Corrected
1 0.70 0.49 1.49 1.38
L 3.89 3.09 1.26 1.22
7 7.Lb 5.99 1.2k 1.20
8 9.38 T.59 1.2k 1.20
9 13.2 9.98 1.32 12T
10 18.7 12.3 158 1.46
12 26.8 22.1 1.21 L.1k
1k 61.6 Lk.9 13T 1.22

for each fraction. The results are shown in Figure 6 and Table II. In Figure 6,
the D values of the fractions are given as a function of molecular weight in the
form of (ﬁnﬁw)l/g. These simulated values can be used only for evaluating
approximate D values, because the combination effect is not completely

taken into account in the simulation (cf. Section 2.2 in Chapter 2). The
experimental D values are in good agreement with the simulated cnes. The

fact shows that these fractionation experiments were carried out completely
according to molecular weight. From the above results it is evident

that the average D value in D-E system is the smallest among the four

systems tested, and that the D values of the fractions from this



Table IT Fractionation results in various solvent-nonsolvent systems.

Eluent system Experimental Simulated
D valueaon 2013 {Tﬂdlf’gc D value on
average average

C-B 1.18 0.03 8.55 1.16
D-B 1.22 0.10 T.7h 1.1k
D-E 1.1k 0.05 1k,5 1,13
K-B 1.2k 0.06 B.3B = e

a: D = Mw/Mn, the values of the first and last fractions were
excepted from calculation due to large errors in GPC measurement,

b: ¢ is the standard deviation of the average D value,

c: the highest limiting viscosity number of the fractions obtained

in each system.
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Fig. 6 The D value of fractions obtained by simulated
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system are smaller than those from other systems in substantially wide
molecular weight range, Moreover, as shown in Table II, a fraction of
the highest molecular weight among all the systems was obtained in this
gystem. These results show that D-E system is most suitable for
preperative purpcse, as far as the molecular weight range and the D

values of the fractions are concerned.

L4 Treatment of fractionation results by Caplan's method

We have been looking for a suitable and simple method to correlate
molecular weight with eluent composition in various eluent systems.
After a number of trials, we found that a method proposed by Caplanu
was most useful for this purpose. Caplan's method is based on an
experimental finding, reported by Powers,6 that the eloud point temperature
for a ternary system polystyrene, toluene and decane was lowered linearly
with increasing the volume fraction of toluene. Further assuming that
the cloud point be identified with the elution point in fractionation,
Caplan presented an empirical egquation for the @ temperature (Gt) of

ternary system polymer, solvent and nonsolvent. This is given by

o, = 0, - (8, - 8)v; (1)

where QN and GS are the ©® temperatures of the polymers in ncnsolvent and

solvent, respectively; vy is the volume fraction of solvent. By referring

to the well known Shulz-Flory equation describing the relation between

® temperature and molecular weight, eq.(l) was converted to:
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~-1/2

M = (@N - T)/KT - (@

gy — Og)v /KT (2)

where T is the fractionation temperature; K is a constant. In the
above derivation, it was assumed that the Shulz-Flory equation be valid for
ternary systems polymer, solvent and nonsolvent. Therefore, utility of

the equation is limited to gqualitative descriptions of the relationship

between M and Ul'

In our experimental data we represented the eluent composition by
weight fraction rather than the volume fraction. As shown in Figures 2
and 3, the plot of cloud point temperature against eluent composition
gives similar tendency as confirmed by Powers6 for cloud point vs.
volume fraction relationship. Presumably Caplan's method is applicable
to our systems by substituting weight fraction (Ws) for volume fraction
-1/2

(vl) in eqg.(2). M

nonsolvent systems as shown in Figure 7. The results are summarized

was plotted against Ws with a series of solvent-

in Table III. One can find that eq.(2) is a satisfactory approximation
Tor these systems. Agreement of the data in different polymer loads
is also good as indicated in C-B and K-B systems in Figure 7.

Let us consider how to obtain narrow distribution fractions covering
the molecular weight range as wide as possible. In eq.(2), the greater
the term BN’ the more we can magnify the difference between the
molecular weights of adjacent fractions. On the other hand, the higher

the 0., the more the slope of the curve expressed by eq.(2) decreases,

S’
when @N is kept constant. Under these conditions, the phase diagram

(see Fig. 5 in Chapter 2} indicates that the difference between the

solvent-nonsolvent ratios in the dilute and concentrated phases increases.



Table IIT Evaluation of the fractionation results

based on Caplan's method

Eluent system (BN - 98)/K (GN ~ T)/KT x 10°
C-B 8.12 0.66
D-B 12.1 0.57
D-E 1k.1 1.47
K-B 15.3 0.80

14
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© 08}

+
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\3'? o
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L 1 \
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Solvent concentration wi

Fig. T Plots of experimentel data by Caplan's method,

0

QO . X : C-B system, polymer load 5 g, 9 g;
)
A : D-B system, polymer load S g;
@ : p-xE system, polymer load 5 g;

G,D : K-B system, polymer load 5 g, 9 g.
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This leads to more efficient fractionation. It may be concluded that a
system having higher GN and BS values is preferable in principle for
achieving an efficient fractionation. In this regard, D-E system
satisfies this requirement. Horowitz3 found that the use of butyl
cellosolve-butyl carbitol system at 16500 gave a good result for the
fractionation of ecrystalline polypropylene. As is commonly known,

these two carbitols are nonsolvents for polypropylene. However, a certain
difference between them is present in the solubility. It seems
reasonable from our conclusion that butyl cellosolve works as the solvent
and butyl carbitol as the nonsolvent in the above system. Horowitz
himself did not speculate about this. As a conclusion, both solvent and
nonsolvent should be poorer with regard to solubility for polypropylene,
although other physical properties such as boiling point, viscosity and

density must be considered for selecting them in a practical use.
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Chapter 5 EFFECTS OF STEREOREGULARITY ON

FRACTIONATION OF POLYPROPYLENE

As is well known there are two different procedures in column
fractionation method. One 1s the procedure involving solvent gradient
elution at a given temperature (S.G. method), and the other is the one
raising temperature with a fixed solvent or solvent-nonsolvent mixture
(R.T. method). When we apply these methods for the column fractionation
of crystalline polypropylene, the former is commonly used at an elevated
temperature where liquid-liquid phase equilibrium is attained. Under
such a condition polypropylene dissolves only according to molecular
weight, because the solution properties are almost independent of tacticity
in this system.l’2 The fractionation with respect to molecular weight
is possible. On the other hand, the latter is usually employed under such
a condition that solid-liquid phase egquilibrium exists. Polypropylene
dissolves mainly according to tactieity under this condition, because
the free energy of fusion is closely related to the dissolution temperature.™’
Here the fractionation will proceed mainly according to the difference
in tacticity.

The fractionation of polypropylene by an R.T. method was first reported

in detail by Wijga et a1.5 Similar experiements were performed also by other
6-9 However, concerning the fractionation mechanism of this

investigators.

method, no proper study has been done. This chapter deals with the
fracticnaticn behavior involving the solid-liquid equilibrium from the

viewpoint of tacticity and molecular weight distribution of fractions.
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5.1 Experimental conditions

5.1.1 Apparatus

As shown in Figure 1, the apparatus for the R.T. method consists
of a column and an oil bath. The lower part of the column was packed to
s height of 5 em with coarse particles of sea sand (40 - 80 mesh). Then
the upper part of the column was packed with Celite 545 to a height of
30 ecm, on which polypropylene had been deposited. The top of the column
was filled with glass fiber. The appaeratus for the S.G. method was the
same as described in Chapter 2,

5.1.2 Fractionation experiment and characterization

A crystalline polypropylene of M.F. = 5.4 was used. The sample of 5 g

was dissolved in a decalin (269 g)-butyl carbitol (115 g) system.

The solution was poured into Celite 545 (support material) heated to

160°C, and the polypropylene was deposited on it by cooling.lO

Fractionation was started from 30%C with decalin, and the column temperature
was raised in increments. A change-over to a higher temperature setting
was made after the eluent failed to show turbidity in excess acetone-

methanol mixture (7 : 3)-5

The outline of the S.G. method is the same as
described in Chapter 2.

A Shimadzu GPC Model-1lA wss employed to determine the molecular weights
and D vglues of the fractions with a combination of four columns of
crosslinked polystyrene &els of 1 x 106, 1¥ 105, 1x th, and 1 x 1030

permeability. OCther experimental conditions were described in Chapter 2.

5.1.3 Differential scanning calorimetry

Some fractions were subjected to differential scanning calorimetry

(DSC) to determine the melting point T, and the reletive heat of fusion.dHu.
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Fig. 1 Fractionation apparatus for the R.T. method.

(A) column body; (B) sintered glass filter (G4); (C) oil
bath; (D) eluent reservoir; (E) reflux condenser; (F)
heating mantle; (G) aspirator; (H) band heater; (I)
adapter; (J) flask; (K) heater; (L) stirrer; (M)
thermometer; (N) eluent; (P) sea sand (L0-80 mesh);

(Q) Celite 545, on which polymer is deposited;

(R) glass fiber.
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Fractions were dissolved in s het decalin-ethyl carbitol mixture. The
solution was cooled to room temperature and allowed to precipitate. The
precipitate obtained in such a way is regarded to be in the same crystalline
state as that deposited onte the support. The measurements were made by

a Perkin Elmer DSC Model-1B with 10 mg sample at a heating rate of lOOC/min.
The area under the DSC curve largely depends on the heating rate. However,
the ratio of the areas determined by two different samples, i.e., the relative
area, is almost independent of the heating rate, as shown in Figure 2.

The relative area is a reascnable parameter for indicating the variation

of the heat of fusion with tacticity or molecular weight.

5.1.4 Determination of tacticity parameter

To examine the %acticity dependence of fractionation, the tacticity
index of fractions was determined by infrared method. The fractions
were dissolved in hot xylene to make 5-10 wt% solution. The solution was
poured on a microslide glass. The glass was cooled to room temperature
and snnealed at 120°C for 6 hr under vacuum. This film was subjected to IR

1

test. An intensity ratio (D998/D ) of 998 cm_:L band to that of 9T4 em

97U

in the infrared spectrum was used as the tacticity index.

5.2 Theoretical background

Fach fractionation step in the R.T. method represents the process of
dissolution of polymer from solid to eluent at a given temperature
(cf. Fig. 2). Therefore, the properties of solid and solution of
polypropylene must be known. The two phases and standard state should
be defined for thermodynamic study. It is generally accepted that
crystalline lamellae are the basic structural element of crystalline
polymers in solid state. However, we cannot find any perfect

erystals in actual polymers because of the presence of crystallographic
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Fig. 3 Schematic representation of polymer deposited onto the

support material.
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defects,12 and atactic units. TFurther, since the polymer is immersed
in solvent during fracticnation, the solid state should be very complica*ted.lo’l3
In this study, for the sake of simplicity, the solid state polymer in
solvent was assumed to have the same properties as the imperfect crystal
in a solvent-free state.
When the fractionation experiment is carried out at a given
temperature (T), the chemical potential of the solid state (uc) has to
be equal to that of the dissolved polymer (n). This relation is

expressed by eq.(1).
po-~wp=f(p —u)+(p -u =0 ()
o o
At a certain temperature, uc becomes egual tc the chemical potentisl of
the melt polymer (uD) as expressed by eq.(2). This temperature is defined
as the melting point (Tm) of the deposited polymer.

- . - —3 2
Moo= H (A - T 85 ) =0 (2)
where AH . and Asu are the heat and entropy of fusion per unit mole,

u
repsectively. According to Flory's equation for dilute solutilon of

polymer,lh the relation between T and Tm can be expressed by use of

egs.(1) and (2).
2
(nfT) - (l/Tm) = (R/AHu)(vu/vlj{(l - 1fx)ul - (BvlfRT)ul

- 1n(1 - v))/x] (3)
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where Vu is the molar volume of structural unit; Vl is the molar

volume of sclvent; X is the ratio of molar volume of polymer to that

of solvent; Ul is the volume fraction of solvent; B is the thermodynamic
interaction parameter for polymer-solvent systems; and T is the dissolution
temperature, corresponding to the elution temperature of fractionation

on large v In this equation AHu does not necessarily represent

l'
that of a perfect crystal. In deriving eq.(3), the heat and entropy

of fusion are assumed tc be independent of temperature.

5.3 Elution behavior

When we discuss the R.T. method from the thermodynamic point of view,
several parameters in eq.(3) must be determined. The peak position of the
DEC curve was adopted as Tm of each fraction. The relation between Tm
and molecular weight of the fractions is shown in Figure 4. Although it
is somewhat doubtful whether the peak position represents the true Tm
of the fraction, the only mutual relationship is of interest here and
hence the use of the peak position would be satisfactory. Parameter B
was estimated from the data given by Tamura et al 16 for decalin-
polypropylene system. By assuming 15 for the B value, and 0.2 x 10—3 deg_l
for RﬂdHu X (Vu/V1)16, the dependence of dissolution temperature on molecular
weight was calculated through eq.(3). Figure 5 shows the result. The
expremental points in the n-decane-polypropylene systemlT are also shown
for reference. The calculated curves do not deviate very much from
the experimental points in decalin-polypropylene system. Thus the B
value adopted is pertinent. Under these conditions, the behavior of the

elution temperature T was examined by assuming U, = 0.99 corresponding

to solvent concentration in eluent.
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Fig. 4 Melting points of the fractions.
(@) : the fractions obtained by the R.T., method,
(A) : the fractions obtained by the S.G. method,

M ( =(ﬁnﬁw)l/2) was determined by GPC.

As the first test, the elution temperature was caleculated from the
properties of solid state by assuming that dHu was independent of molecular
weight, The heet of fusion of polymer was fixed in such a way that the
calculeted elution temperature agreed with en experimental point at M =
5.0 x 10h. As shown in Figure 6, the curve thus calculated by eq.(3)
shows & slight increase with an increase of molecular weight. When the
molecular weight of the fractions changes from 5 x 10ll to 106, the

; " o ’
difference of experimental elution temperature is 25°C, while that of the

caleuleted temperature is only 20, This fact indicates that the fractionation
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Fig. 5 Dissolution temperature of polypropylene.

(O) : the data obtained by Tamura et al.%8 M=3.T x 105 in

decaling

]

(X ) : the data obtained by Hamada et al'l? M=3.h x 10° in

n-decane,

Calculated curves obtained by using eq.(3)’

(A): M=1x 10h; (B): M= 2 x 10h;

(C): M=5x 1oh; (D): M=1x 106.
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Fig. T The relative heat of fusion of the fractions.

(@): the fractions obtained by the R.T. method; (A): the
fractions obtained by the 5.G. method. The heat of

fusion AHE for M = 10S is conveniently assumed to be 100.

behavior canﬁét be explained by assuming AHu = constant.

As the second test, it was assumed that AHu varied in the order of
inereasing fractionation steps. The dependence of gﬂu on molecular weight
was obtained by measuring the ares of the DSC curve, for which we arbitrarily
essumed that AHZ = 100 for M = 10°. Figure 7 shows the results. The
dependence was more pronounced in the R.T. method than the S5.G. method.
When values of AHu and Zm of the fractions obtained bv the R.T. method
were used, the calculated T versus M curve (see Fig. 6) agreed very well
with the experimental points. Therefore, this fractionation is carried
out depending on AHu and Tm of polypropylene. The polypropylene was
expected to be separated mainly according to tacticity. However, the
polypropylene is apparently fractionated accordiﬁg to molecular weight

also as shown in Figure 6. The extent of molecular weight fractionation

in this method was examined by determining the D value of the fractions.



Table I The D value of the fractions obtained by the

R.T. and S.G. metnods.

Method Mv x 10_h Mn x 10-h M/ Mn

R.T. 7.40 2.92 2.53
R 21.1 7.68 2.75
B 21.1 9.99 =}
R.P- 32.1 1k4.5 2.23
S.G. 6.22 L.68 1.28
S.G. 8.53 7.85 1.09
S.G. 9.63 8.56 1,13
S.G. 24.8 18.2 1.36

Table I shows the results. The D value obtained by averaging over those of
the fractions is 2.4, while the average D value of the fractions obtained
by the S.G. method is 1.23. Both values were found for the same
original polymer having D = 4.6. Further, the R.T. method is different
from the S.G. method in the behavior of melting point as shown
in Figure 4. These facts suggest that the fractionation mechanism of
the R.T. method is considerably different from that of the 5.G. method,
which allows polymer fractionation according almost completely to molecular
weight.

These complicated phenomenz can be understcod as follows. It is
generally accepted that the melting point and heat of fusion of ecrystalline
polymers rise up to a certain value relevant to each with increase in

18,19

molecular weight and also in tacticity. Therefore, the elution

temperature is a function of beth molecular weight and tacticity, and
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the relation among these three variables, i.e., molecular weight, tacticity
and elution temperature, may be represented schematically by Figure 8.
Let us assume an operation of fractionation which is performed at
temperatures Tl’ T2 and TB’ as indicated in the figure. Basically
the polymer species having low tacticity and low molecular weight is
eluted at the low temperature Tl together with that having high tactieity
but lower molecular weight. The polymer species having high tacticity
and high molecular weight is eluted only at the high temperature T3.
In other words, the tacticity of the fractions increases in the order
of raising elution temperature. The molecular weight of the fractions
increases as well. These results coincide with the experimental ones
shown in Figures 6 and 9. Namely the commercial polypropylene is
considered to be fractionated according to not only tacticity but
also molecular weight due to polydispersity in molecular weight.

The relationship among the elution temperature, molecular weight
and tacticity at temperature below 8500 shifts from the above described
one. The fractions in this temperature region show lower melting points
and smaller heat of fusion than expected. As a reason for the deviation,

it is considered that the relative area and 'I‘m determined by DSC method

largely depend on the heating rate because of low tacticity.
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Chapter 6 FRACTIONATION OF ETHYLENE-PROPYLENE
COPOLYMERS

Copolymers are generally composed of various species of different
composition, molecular weight, and monomer sequence length. It is
therefore important to separate a given copolymer into individual species,
each having the same structural characterisites. Some reports concerning
the fractionation of ethylene-propylene (EP) copolymers have been 1:|u‘t313'.shed.l"h
However, they are concerned mainly with the fractionation results of
copolymerization products, such as the molecular weight and composition
heterogeneity, and not with the fractionation mechanism. Thus, many problems
are still left unsolved. This chapter is devoted to establish the
fractionation technique for EP-copolymers, associated with fractionation
mechanism.

We consider three distribution characteristics with respect to chemical
composition, molecular weight and monomer sequence length, according to
which the polymer will be fractionated. Generally, fractionations according
to the former two characteristics are carried out with a system based on
liquid-liquid phase equilibrium. When the solubilities of parent
homopolymers in a given eluent system differ from each other to a large
extent, the fractionation will proceed mainly according to chemical
composition (compositional fractionation); while if the homopolymers
have similar solubility, the fractionation will proceed mainly according
to molecular weight (molecular weight fractionation). In the case of
copolymers the fractionation becomes more complicated. The solubility
in any eluent system is always dependent more or less on both molecular
weight and chemical composition. Thus the so-called cross fractionation

is necessary. An additional complexity, specific to fractionation
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of EP-copolymers, is that the elution behavior is affected by their
degree of crystallinity, which varies essentially with the chemical
composition and monomer sequence length, as is well known through

the Flory theory.6 However, when an eluent system based on solid-
liquid equilibrium is found, the fractionation may be performed
according largely to the difference in monomer sequence length, since
gsolid-liquid equilibrium is not guite sensitive to the molecular weight.
The chemical composition affects the equilibrium as well but it should
be taken into consideration that random-type incorporetion of

ethylene monomers into propylene chain lowers the melting point to a great
extent in comparison with block-type incorperation. In this chapter

we will discuss fractionstions of EP-copolymers based on these aspects.

6.1 Experimental conditions

6.1.1 Sample materials

Five copolymers were prepared in n-heptane with complex catalyst
systems. A mixture of ethylene and propylene gases with fixed composition
was bubbled into the reaction mixture for a certain period of time. The
reaction was stopped by addition of iso-propanol containing 1 % HC1l. The
product was washed successively with methancl, water, and methanol, dried
and used as & sample. Samples A (average ethylene content = 23.5 wt%) and
B (59%) were preparsd with an AlEtQCl-VOCl3 system; and semples C (4T %).
D (26 %) apd E (24 %) were prepered with AlEt2Cl—Ti(213 (activated).

6.1.2 Cloud point determination

Cloud point determination was conducted on & polyethylene (PE) end
a polypropylene (PP) fraction of narrow distribution in several solvent-
nonsolvent combinations to establish suitable conditions for compositional

and molecular weight fractionations. The molecular weight of PP fractions
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was 2.0 x 105 and that of high density PE fraction 1.7 x 105. Peclymer,
solvent, and nonsolvent were weighed into a test tube, which was purged
with nitrogen and sealed. Ionol (2,6-di-tert-butyl-p-cresol, 0.2 wt%)
was added to all the solvents and nonsolvents used. The cloud point was
determined by visual observation in an oil bath and was reproducitle
within + 1.0°C.

The extent of compositional fractionation in a given solvent-nonsolvent
system was examined by measuring the dependence of the cloud point
composition on molecular weight. A Sofica L2000M light scattering
instrument was employed. Measurements were performed in a xylene-butyl
cellosclve system at 12700. First a solution of a sample in xylene at
50 mg/dl was. prepared by using narrow distribution samples (usually
less than 1.3 in D value). The intensity of scattered light at 900
angle was recorded for 10 min after every 1.0 ml addition of butyl
cellosolve to the method described in Chapter 3.

6.1.3 Column fractionation

Since a copolymer i1s characterized by various factors such as
chemical composition and molecular weight, several measurements must be
made for each fraction of the copolymer. A large scale fractionation
apparatus (80 mm-diam. x 1000 mm-length) was designed, in which flow rate
and temperature were regulated exactly. A schematic diagram of this
apparatus is shown in Figure 1. The fractionation temperature was fixed
in the vicinity of melting point of samples. Table 1 shows the temperature
and melting point of samples. The column temperature was attained by
circulating silicecne oil at a constant temperature through a column

of stainless steel. The solvent-nonsolvent systems adopted for eluent
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Fig. 1 large scale fractionation apparatus: (1) vessel for dissolwving
sample in the deposition process; (2) oil bath; (3) eluent
reservoir; (4) heating pipe for eluent; (5) degasser;

(6) fractionation column (80 mm-diam x 1000 mm-length);

(7) adapter; (8) drainage tank; (9) filter.
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Table T Tractionation temperatures and melting points of samples.

Sample Melting pointa Tractionation
ol temperature(°C)
A 116 123
B undetectable 119
C 120 120
D 117 117
E 120 120

a : the wvalues were obtained by DSC.

were selected on the basis of the cloud points of PE and PP in those

systems. The composition of eluent was varied stepwise or exponentially.
Polymer deposition onto the support (Celite 5U5) was achieved by pouring

the polymer solution into the column, and by lowering the column

temperature at the rate of 0.3°C/min to room temperature. The solution was
prepared beforehand in the vessel No.l (see Fig. 1) at 170°C. After the eluent
remgining in the column was replaced by nonsolvent, the column was

heated to the fractionation temperature shown in Table I. The apparatus

was maintained st that temperature for 8 hr. and the operation of
fractionation was started. Other procedures are the same as described

in Chapter 27’8.

6.1.4 Solvent extraction

The distribution of monomer sequence length in EP-copolymers was examined
by solvent extraction. The extraction was carried out in a Soxhlet
extractor by use of ethyl ether, n-hexane, cyclohexane, and n-heptane

successively. These solvents were of commercially available high grade.
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6.1.5 Infrared analysis

A Hitachi Model EPI—G3 infrared spectrophotometer was used toc determine
ethylene content and monomer sequence length of EP-copolymers. The
ethylene content was determined by Corish's method,g which is based on
the ratio of the intensity at 1380 em ™) to that at 1460 & arising
from the methyl group, and the methyl and methylene groups, respectively.
Blends of commercial PP and PE (Hizex) were used for constructing
a calibration curve. In the determination of monomer sequence length,

a film of 0.1 mm thickness was prepared with a hot press, and the intensity
at 722 cm-l was measured at lSOOC with a heating cell to remove the

effect of erystalline band. Block length of PE was evaluated according to
10

Bucci's method.

6.1.6 Molecular weight determination

Average molecular weights of EP-copolymer fractions were determined
mostly by GPC. Experimental conditions were the same as described in
Chapter 2. The location of the calibration curve for EP-copolymers was
determined by assuming the additivity of contribution of the ethylene
content from the two curves of PE and PP homopolymers. This assumption
is considered to be reascnable from the standpoint of properties of such
copolymers in a good solvent.ll In this case, those of the homopolymers
must be previously known. These curves were obtained from the curve of
polystyrene by applying Benoit's universal calibration rule.le_l5
On applying this rule, one has to know the viscosity-molecular weight

relations at the same temperature and in the same sglvent as used for

GPC. The relations were determined on PE and PP fractions and Pressure

p

o, 1 ;
Chemical polystyrenes in o-dichlorcbenzene at 135 C. Figure 2 shows

the double logesrithmic plots, which are formulated as follows:
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Fig. 2 Relations between molecular weight and limiting
visocsity number for polyethylene (PE), polypropylene
(PP), and polystyrene (PS) in o-dichlorobenzene at

195%0.

[n] =%.9 x 107% x 10T (PE) (1)
[n] =1.0x 10'h x 4078 (PP) (2)
Inl =T x 107 x 275 (PS) (3)

Figure 3 shows the calibration curve obtained by using these relations.
Average molecular weights of some of the EP copolymer fractions
were determined also by osmometry and light scattering. A Hewlett-Packard

high speed membrane osmometer Model 502 was employed to determine the

number average molecular weight. Determination was made at 130°C in
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Fig. 3 GPC calibration curves of PE and PP deduced from that

of PS.

tetralin solution containing 0.2 % Tonol (2,6-di-tert-butyl-p-cresol)
with adequately conditioned ultracellafilters ( allerfeinst).T A Sofica
L2000M light scattering instrument was employed to determine the weight
average molecular weight. Determination was made at lhOOC in
¢-chloronaphthalene solution. A Millipore filter holder with two pieces
of fluororesin filter paper VF-6 was used for filtration of the solution.
The weight average molecular weight was calculated by the Zimm plot
method. Speeific refractive index increments {dn/de) of the copolymer
were approximated by the arithmetic mean (-0.190 ml/g) of those of PP
(-0.188 ml/g)16 and PE (-0.101 m1/g).t"

A Perkin Elmer differential scanning calorimeter (DSC) Model-1E
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Fig. 4 Cloud points of PE and PP in various solvent-nonsolvent
systems. Polymer concentration: 1.0 wt%.
Ss=snd PPV S § PE,
O : xylene-butyl cellosolve system; Q : n—decane-butyl
carbitol system; W : tetralin-ethyl carbitol system;
A : decalin-butyl carbitol system; @ : decalin-ethyl

carbitol system.

was used with s heating rate of QOOC/min with each 5-mg sample. The

thermogram was corrected by the peak position of high purity indium.

6.2 Solubility of polymers

The solubility of PE, PP, and EP-copolymer was first investigated for

selecting suitable solvent-nonsolvent systems. Cloud points of PE and

PP in several solvent-nonsolvent systems were used as indication of
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solubility. Figure 4 shows the results. As described in the introduction,
an eluent having a large difference between the solubilities of PE and PP
is suitable for compositional fractionation: among these systems examined
here, the xylene-butyl cellosolve seems tc be the most desirable system

for this purpose. While an eluent in which the solubilities of both
homopolymers are similar to each other is ideal for molecular weight
fractionation. However, any systems do not exactly satisfy this requirement
as shown in Figure L. As far as we have examined, tetralin-ethyl carbitol
system appears to be most recommendable.

To examine the extent of compositional fractionation, the dependence
of cloud point on molecular weight was investigated in the xylene-butyl
cellosolve system st 12?00. Figure 5 shows the results. Cosiderable
dependence on molecular weight becomes remarkable in both PE and PP in
the molecular weight range below about 105. In this region presumably
EP-copolymers would be fractionated according to both chemical composition
and molecular weight. However, in the molecular weight range above 105,
the dependence on molecular weight is hardly noticeable. BSince the cloud
points of EP-copolymers sre located between those of PE and PP, the
fractionation is expected to proceed mainly according te chemical
composition in this molecular weight range.

On the basis of these considerations, three types of separation,
i.e., column fractionations in xylene-butyl cellosclve and in tetralin-

ethyl carbtiol systems, and solvent extraction were conducted on

EP-copolymers. Figure 6 shows these processes.
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Fig. 5 Dependence of the cloud point composition on molecular
weight in xylene-butyl cellosolve system at 127,
A :PE; O :PP; @ : EP-copolymer, numbers

indicate ethylene content (wt%).

6.3 Fractionation in xylene-butyl cellosolve system

Ethylene-propylene copolymers were fractionated in a xylene-butyl cellosolve
system which is most suitable for compositional fractionation. Cumulative
weight distribution curves for samples A, B and C are shown in Figures
T, 8 and 9. Table IT lists the fractionation result of sample C.

Partial inversion in the distribution curve was observed for sample

C (see Fig. 9). This is probably due to the presence of & small amount

of PP homopolymer in the sample. A similar behavior was observed in the
case of isobutylene-styrene copolymer.18 Since this fractionation depends

5

mainly on chemical composition in the molecular weight range sbove 107,
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Fig. 6 Fractionation processes adopted in this study.

the fractions may still have broad molecular weight distribution. Thus,

their molecular weight distributions were determined mainly by GPC.

Table III shows the value of D ( =FIW/I7{n) of these fractions. These

copolymer fractions have considerably large values of D (2.5 on average),

while column fractionation of homopolymers usually gives fractions

having D values less than 1.l except the first and last ones. This fact

may be an indication that compositional fractionation takes place.
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Assuming thet each fraction is compositicnelly homcgenecus, we
can deduce the distribution of the original copolymer on both chemical
composition and molecular weight from ethylene contents and GPC curves of
all the fractions. The result for sample C is shown in Figure 10. The
figure shows that this polymer has very broad distribution for both
chemical composition and molecular weight. To explain Figure 10, an
expression: distribution range was introduced, which means the upper and
lower limits of molecular weights detectable by GPC curve. The shape of
this distribution range is expected to vary considerably depending
on copolymerization processes. Details concerning the shape of the
distribution will be discussed in Chapter 7 in relation to the simulated

fractionation of this copolymer.
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Table IT Fractionation results of sample C obtained by

xylene-butyl cellosolve system.

Fr.No. Xylene (wt%) Weight Cumulative (nldl/g Ethylene
Fractionll] ot content (wt%)

1 0 2.47 0.0123 e e

a 5 2.10 0.0352  ————me 44,0

3 9 1.6T 0.0540 0.180 45.3

L 12 2.8L 0.076L 0.749 12,0

5 15 1.95 0.1002 1.32 36.7

6 18 6.99 0.1L49 2.03 39.0

7 21 10.38 0.2316 il bh.o

8 2l 12.60 0.3L6k 3.21 ha.3

9 27 11. 37 0.hk662 3.84 L8.0
10 30 8.7 0.5665 k.20 48.0
h 3] 33 6.56 0.6L28 TRV o —
12 36 5.78 0.70L45 R 1) o n—
13 39 527 0.7597 k.90 61.3
1k L2 4.L8 0.8085 L
15 Ls L.95 0.8556  —=—m--- 79.3
16 L8 b2k 0.9016 7.05 80.6
17 51 3.12 0.9384 8.k0 86.7
18 54 4,51 0.9766 1.2 98.7
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Fig. 10 Distribution range of chemical composition and molecular
weight for sample C. The molecular weight range for
each fraction was determined with the upper and lower limits

of molecular weights detectable by GPC curve.

6.4 Fractionation in tetralin-ethyl carbitol system

Some of the fractions obtained by xylene=butyl cellosolve system
were further fractionated by tetralin-ethyl carbitol system, which seems
to be most advantageous for molecualar weight fractionation (cf. Fig. 4).
The result is shown in Figure 11, where cumulative weight per cent is
Plotted against molecular weight as determined by GPC elution peak.
Apparently the fractions are further fractionated according to the

molecular weight difference. Therefore, the fractionation by this system



- 103 -

)
=]

&~ (-2 w
o < o
T i T

INTEGRAL WEIGHT FRACTION(®:)
~
o
L

i 1 P | 1 i 1 1
10* 10° 1
MOLECULAR WEIGHT

Fig. 11 Cumulative molecular weight distribution curve of the
fraction obtained in xylene-butyl cellosolve system,
The blend of the fractions Nos. 6 and 7 (1 : 1)

was fractionated.

on all the fractions obtained in xylene-butyl cellosolve system leads,

in prineiple, to the complete molecular weight distribution of the
Original copolymer. As described in the previcus section, the molecular
weight distribution of the original copolymer can also be easily estimated
by the combination of the column fractionation in xylene-butyl cellosclve
system and GPC. Therefore, the fractionation in tetralin-ethyl carbitol
system might not be necessary. However, since the fractions obtained
through these two steps of fractionations are presumebly homogeneous

in both chemical composition and molecular weight, the fractionation

in this system is very useful for preparative purpose.
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6.5 Solvent extraction

As described previously, the fractionation based on solid-liquid

egquilibrium is suitable for separation of EP-copolymer according to
monomer sequence length. This fractionation, i.e., solvent extraction,

is also influenced more or less by chemical composition and molecular weight,
It is preferable to examine the distribution of monomer sequence length

for the fractions prepared by the above two steps of fracticnations.

However, the characterizsation of such fractions is very difficult because

of extremely small amount. Therefore, we subjected some fractions obtained

in xylene-butyl cellosolve system to further solvent extraction experiments.
They were successively extracted with a variety of solvents such as shown

in Figure 6. The results are summarized in Table IV. Judging from

the ethylene contents and the D values in this table, we may note that
EP-copolymer is fractionated almost independent of either chemical

composition or molecular weight. These extracts were tested by DSC to
determine melting points and by IR spectroscopy to determine ethylene-sequence
lengths. The latter was determined from the intensity of infrared absorption
band in the region 700 - 850 em - arising from the rocking mode of

methylene groups. DSC thermograms of ether or n-hexane extracts showed

no peaks, as in Figure 12. This implies that these extracts have highly
random distribution of monomer sequence length. A melting peak of PE

block st llQOC was detected in the n-heptane extract. The n-heptane

residue showed a further melting peak of PP together with that of PE at
120°C. The same tendency was confirmed alsc for other samples. The infrared
absorption band arising from "(CHQ);_;h was used for evaluating block length

of PE. Table V shows the results with theoretical values calculated by Bucci's

methodlo assuming the samples as EP random copolymers. The table shows that



Table IV Solvent extraction of some fractions, which were obtained
previously by the column fracticnation in xylene-butyl

cellosolve system.
SR
Ether n-Hexane Cyclohexane n-Heptane n-Hexane
extract extract extract extract residue
Weight, % 9.3 15,6 none T4.0 A
Ethylene, wth 60.0 WT.0 e 53.3 @ e
D value 2.7 - 2.2 s 3.k ey
== . e ==
Weight, % 5.2 13.6 16.1 il (92 kh.o
Ethylene, wt% ———— 373 4o.0 39,0 31.3
D value 0000 6——=—- 2.3 3.3 3.2 3.2
5-3
Weight, % 17.8 25.7 13.7 20.8 22.0
Ethylene, wth ~  —=——- h6.7 35.0 33T 33.3
h.2 L.o 3.8 a2
= ==

S-1: blend of the fractions WNos.10, 11 and 12 (1:1:1 wt%) of sample C, S-2: the

D value
fraction No.3 of sample D, S-3: blend of the fractions Nos.6 and T (1:1 wt) of sample E.

- 60T -
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Table V Solvent extraction of a fraction obtained by

xylene-butyl cellosolve system.

_(CHE)n)l;_ content
Fraction Theoreticaﬂ' Observed, Deviation,

{(wt7%) (wt®) (wt%)
Ether extract 8.5 12.L 3.9
n-Hexane extract 11.0 17.6 6.6
Cyclohexane extract 10.5 18.3 7.8
n-Heptane extract 12.0 20,5 8.5
n-Heptane residue 15.5 4.0 8.5

a ¢ the values were estimated from ethylene content

by Bucei's method.lO

120

o

=

)

< ‘r

w

o

u -

z n-Heptane residue
119°C

>

=

Q

= n-Heptane exiract

4 N

Q

E n-Hexane extract

I

Ether extract

L i 1 L 1 1

80 100 120 140 180 180
TEMPERATURE (°C)

Fig. 12 Thermogram of extracts: blend of the fractions Nos. 10, 11
and 12 (1 : 1 : 1) of sample C (see Table IV)

was extracted.



- 107 =
the deviation from the theoretical values increases with progress of
solvent extraction. We may say that the sample was frectionated

sccording to monomer segquence length.

6.6 Summary of fractionstion of EP-copolymers

The above investigation is summarized as follows. Figure 13 shows
schematically the fractionation processes from the standpeint of molecular
structure. Cloud points of PE, PP and EP-copolymer were determined prior
to the fractionation for the purpose of selecting appropriate systems
for the compositional and molecular weight fractionations. We found
that xylene-butyl cellosolve and tetralin-ethyl carbitcl systems
are suitable for these purposes. EP random type copolymers were
fractionated successfully according to chemical composition by the
column method in xylene-butyl cellosolve system. The compositional snd
molecular weight distributions of the original copolymer were drawn by
using ethylene contents and GPC curves of the fractions. A few of the
fractions were further fractionated sccording to molecular weight in
tetralin-ethyl carbitol system. Fairly good fractionation was echieved.
Furthermore, fractionation according to monomer sequence length was
attained by solvent extractions using several solvents., The detailed
characterization of EP randem type copolymers are possible by the combination

of thege techniques.
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Fig. 13 Fractionation results expressed by molecular

structure of EP-copolymer.
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Chapter 7 SIMULATION ANALYSES OF FRACTIONATION OF

ETHYLENE-PROPYLENE COPOLYMERIZATION PRODUCTS

As descrived in Chapter 6, ethylene-propylene copclymers can be
fractionated according mainly to chemical composition or to molecular
weight by adequate choice of solvent-nonsolvent systems in which the state
of liquid-liquid phase eguilibrium prevails. BStrietly speaking, however,
any fractionation process inevitably depends more or less on both chemical
composition and molecular weight. More detailed consideration is reguired
for understanding completely the fractionation behavior of copolymers.

As far as we rely on only limited experimental data, this purpose can not
be attained. Further, it is difficult to elucidate the molecular weight
and compositional distributions for copolymers, especially when
copolymerization products include homopolymers, i.e., polyethylene (PE)
and polypropylene (PP). A guide line can be obtained by computer
simulation method. This chapter mainly deals with simulation analyses
of fractionation of the products based on the experimental results
deseribed in Chapter 6.

When one intends to discuss the fractionation from the viewpoint

of simulation, many factors must be taken into consideration,

These factors can be classified into two groups. One is those concerned

with molecular characteristics of the copolymer and components homopolymers,
such as average molecular weight, molecular weight distribution, average
ethylene content, compositional distribution, tacticity, tacticity distribution,
and monomer sequence length. In this place, the fractionation behavior

was axamined only with regard to chemical compositien and molecular weight.

The other is the factors concerned with the partition equilibrium of
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polymer species between two liquid phases in each fractionation step, such
as solubility, phase ratio ¢f dilute and concentrated solutions, and
pertition coefficient. These factors must be considered in principle as

a function of molecular weight, chemical composition, eluent composition,
and so on. Since it is impossible to find a complete function including
all these variables, certain gpproximations must be introduced. The values
of all these factors should be similar to experimental cones as closely as
possible for practical calculation. Under these conditions, hypothetical
fractionation was carried out by a method similar to that described in
Chapter 2. Pure EP and PE-PP blend are mainly described in this place

as representative types of the copolymerization products.

The simulation results of pure EP agreed well with the experimental
ones on random type copolymers. The results of PE-PP blends showed
peculiar behavior with regard to both chemical composition and molecular
weight. These peculiar behavior are very useful for distinguishing
this blend from pure EP. Further, the verious patterns of the behavior
are considered to be a powerful tool for identifying complicated
copolymerization products, as are NMR and IR spectra for identifying
ordinary organic compounds. The simulation procedure and the results

will be described in detail.

7.1 Basgis of simulation

T.1l.1 Molecular weight and compositional distribution

Concerning the factors related to molecular characteristics, we treated
as follows. The distribution of original polymers, i.e., pure EF, PE
and PP, must be known for simulating fractionation. With respect to these

factors, we introduced the following sssumptions: log normal distribution
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function was adopted for the molecular weight distribution of homopolymers

2-5

by considering the previously reported data. It is given by

2
W(ln M) = 1/(2H6§)1/2exp[(-1/28h)(1n M - 1n Mo)a] (1)

where W(ln M) is the weight distribution function, Sh is the standard
deviation for 1n M, and 1ln M0 is the pesk position of the distribution

ecurve. This equation was applied to both PP and PE enly by changing

the values of parameters Bh and 1n MO.
Among the factors which characterize pure EP, those for chemical

composition and molecular weight are of principal importance. In

simulation, the distributions were estimated from the knowledges such as
experimental distribution curves and polymerization mechanism. For the
molecular weight distribution, agein log normal distribution function

was assumed, because the polymerization mechanism of EP-copolymer

is basicelly the same as that of PP and PE homopolmers.2'5 Furthermore,

as shown in Figure 1, GPC curve of an EP-copolymer suggests that the
distribution can be approximated by log normal distribution function.

For the chemical composition we assumed normal distribution function
considering experimental results deseribed in Chapter 6 and copolymerization
data of Tosi et al.6 Further, Figure 9 in Chapter 6 shows that chemical

composition varies only slightly with molecular weight. Consequently

a bivariate log normal-normal distribution function was assumed.
2 2
W(in M,a ) = 1/[28,8 (1 - p )lleexp{-l/Q(l - )[(An M

2 2
- 1n Mo) / By ~ 2 p(ln M - 1n MO)(a - Go)/BMBd

+ (o - a)?/80 1} (2)
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Fig, 1 GPC curve of an EP-copolymer.

Here W(1n M,n) is the weight distribution function of a copolymer; 1n M is
log molecular weight and o is ethylene content; 1n Mo and ao are the

peak positions of molecular weight and compositional distributions,
respectively; and p is the correlation coefficient between molecular
weight and chemical composition. Thus, we can also determine the molecular
characteristics of original polymers, such as average molecular weights

and average ethylene content, from eqs. (1) and (2) by an ordinary method.

T.1.2 BSolubility of polymer

Concerning the factors related to phase equilibrium, we treated as
follows. Elution point data were used to assess the solubility of pelymer
species at each fractionation step. As described in Chapter L, generally
the relation between molecular weight and eluent composition for PP

at a given elution temperature is given by eq.(3).
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b =3
M_ =10 [Kl = K25) (3)

where Kl and K2 are constants; Mc is the molecular weight at elution point;
and S is the weight fraction of solvent. A similar relationship, which

was estimated by cloud point measurements, was used for FPE. It is

given by eq.(4).
L o -2
Moo= 10 {[x; - K (8 - KB)] + K} (4)

where K3 and Kh are another constants. Presumably MC of pure EP lies

between those of PP and PE as shown in Figure 5 in Chapter 6. We assumed

MC to shift with the monomer content o in the form:

-2

—

a)]

N

I
M, = 10 {[Kl - KQ(S - K + Kh} (

3
In other words, eq.(5) shows that a polymer species having molecular
weight Mc and ethylene content o has the cloud point in the eluent of
solvent concentration S§. Our experimental data concerning the relation
between Huggins constant and molecular weight of copolymer also suggest
that such a treatment is actually valid.?

2.79, K

We assigned the values K. = 0.57, K 0.22 and Kh = 0.83

1 2 3

for decalin-butyl carbitol system; and K1 = 1.h7, K2 3

and Kh = 0.2L for decalin-butyl carbitol system from the data described

1]

3.25, K, = 0.19
in Chapter L and from the cloud point measurements.

The effects of molecular weight and chemical composition on fractionation
of EP-copolymers can be represented by the cloud point curves obtained

from eq.(5) as shown in Figure 2 (dotted 1line). That is, all kinds of
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Fig. 2 Relations between molecular characteristics and eluent
composition showing common cloud-point.
RS ): the polymer species giving a common eloud-point
composition such as shown by per cent decalin

in the parenthesis:

): contour lines of polymer weight. Numbers indicate
the relative weight.
Original polymer: ¢ = 0.49, B, = 0.362, By = 1.25, In M_ = 12.0,
4

b =0.25, fn = 8.1 x 10", Fw = 3.6 x 10°.
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polymer species on a dotted line have the common properties on fractionation,
and elute in the same fraction. For example, PE with M = 3.2 x 10ij
elutes together with PP with M = 1.8 x 106 in the case of the dotted
line (17). TFor lower sclvent per cent in eluent, i.e., lower molecular
weight region, the cloud point curve is almost independent of the
ethylene content of ccpolymers. Accordingly, the fractionation
may be performed mainly according to molecular weight. TFor higher solvent
per cent in eluent, i.e., higher molecular weight regicn, the cloud point
curve varies mainly with the ethylene content. Compasitional fractionation
can be attained in this region.

The distribution curve of the corolymer was assumed to have the
form of eq.(2). As shown in Figure 3, the distribution curve is widely
variable depending on the parameters included in the equation. On the
other hand, we have already confirmed in Chapter 6 that random type
EP-copolymer usually has a broad compositional and molecular weight

distribution. In actual simulation the parameters in eq.(2) were adequately

determined from such experimental results.

T.1.3 Partition of polymer between two liquid phases

For the partition relationship, a well-known equation derived from

the Flory-Huggins theoryl was used:

£ =R /IR + explo.y)] (6)

where fE and fR are the volume fractions of y-mer in the dilute phase

and in the original sample, respectively; R is the phase ratio of
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fi>%
(i)

(ii)
&r=0G>0,
Pea>> B =

Ethylene Content

(iii)
Ds>D=0,
U Br= Pz
U1§L3’h1§1=4rﬁﬂg

Fig. 3 Various distribution curves of pure EP, expressed by
contour lines.
(i) The parameters other than p in eq.(2) were kept
constant: (-———— ) ooy (——————) Py

(1i) The parameters other than o and Ba in eq.(2) were

kept constant: ( ) oy s Ons By &Nd B o
(=mmm=) Ay Bae
(1i1) The parameters other than g, and In M_in eq.(2)
were kept constant; (——) By » in Ml(corresponding

to 1n MO), Byo» and 1n M, (corresponding to 1n MO);

(i ) BMB’ 1n M3 (corresponding to 1n MD).
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volumes of the dilute to the concentrated phase. A value of R = 200
seemed to be reasonable from the result of more accurately simulated
fractionation of homopolymers as described in Chapter 2; the

parameter o is the partition coefficient of y-mer between the two
i1iquid phases. The problem is how to define the y-mer for the original
product which usually consists of PE, EP-copolymers of varying ethylene
content a, and PP components. For PE the y-mer is the species having
the degree of polymerization y. For EP-copolymers and PP, the y-mer
is the species which has the same cloud point as the y-mer of PE in

a given eluent system (cf. Fig. L). We assumed that all the species
having ME, MEP’ MﬁP ------ , and M?, i.e., the y-mer, follow the same
partition equilibrium, and assign the same value of ¢ and the same
value of y as well.

In practice when the solvent composition S is given, we first
calculate y for PE by eq.(4) (or eq.(5) with o = 1). Then we calculate
o by eq.(6) for this value of y , assuming fE/fR equal to 0.5 in usual cases.
To describe the partion behavior of a species having MJ and o (other
than PE) in the eluent of the composition §, we use the same value of ¢
but have to reevaluate the value of y , which is done as follows: we first
caleulate S', by eq.(5) with M, = Mj and o = o 3 then M| by eq.(4) for
the 8', and assign this Mé or y' as the value of y for this species
(ef. Fig. 5). That is, the y value of a species having Mj and o is
the Mé of PE component which has the same cloud point composition as the

given species. When we alter the solvent composition of the eluent,

we repeat the above procedures.
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7.2 Procedure for simulating the fractionation

The fractionation process is the same as described in Chapter 2
(cf. Fig. 6). However, since the fractionetion must be considered for component
and chemical composition as well as molecular weight, the calculation
process becomes more complicated comparing with that for homopolymers.
The calculation process is shown in Figure 6 in the form of flow chart for
computer calculation. For PP and PE, the molecular weight distribution
curve was divided into K = 30 increments; the range of ln M was from T
to 19. The distribution surface of an EP-copolymer was divided into K x N
= 810 increments; the range of v was from 0 to 1.0, and the range of 1n M

was from 7 to 19. We define WPP, WEP and WFE by

o}

WPP = I (1n M,) (Ta)
g 2 3
N K

0

WEP=ZEfR(lnM.,a) (o)
=1 a1 K
K Ro

WPE = jilng(ln Mj) (Te)

where fBO(ln M,), fRO(ln M,, ak) and fﬂo(ln Mj) express the weights of
pp 9 Ep 3 PE

j-th, (J,k)-th, and j-th increments of PP, EP and PE components,

respectively, in the original polymer "RO". The above functions are

normalized as follows:

WPP + WEP + WPE = 1 (8)
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Obviously the ratio of the PP, EP and PE components are
PP : EP : PE = WPP : WEP : WPE (9)

The first fractionation step is performed by an eluent of an arbitrarily
chosen composition Sl on the original polymer defined by egs.(8) and (9).
We calculate the weight fractiocn (fE)1 of all the increments in the
dilute phase by eq.(6), employing the parameter ¢ and y as described
before. Then we subtract (fE]l from (fRO) to obtain (fR)l. The next
fractionation step is to be carried ocut for (fB)l by an eluent of

composition S,., and so on. The solvent concentration in eluent was

2

increased stepwise in increments of from 3.0 to 4.0 wt%, i.e.,

§. -8, , =0.03~0.04. The i-th fraction is obtained from the (i-1)-th

i i-1

residue (fR)i_l which is given by

fgp(ln Mj)i_l = (ln M ) -EEle 1n MJ) (10a)
L le
fgp(ln Mj, uk)i-l fi?(ln Mj ,a, ) -251 EP(ln MJ, ak)g (10b)
0 Lo
fgp In M, = fpp(in M) - zilng(ln M), (10¢)

The weight W(ln Mj)i of the polymer species having Mj regardless of o

in the i-th fraction is calculated by the equation:

N

W(ln Mj)i = fgp(ln MJ g +kfle {1n M3 ak) fEE(ln Mj)i (11)

The weight W(ak)i of the polymer species having a,_ regardless of Mj in

the i-th fraction is as follows:
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For ak =0,
K
W(cxk) =_E fEP(ln Mj)i (12a)
j=1
For 0 < a_ < 1.0,
K
Wla ), = JilﬁEP(ln M0 ) (12b)
For Gk =1.0,
K
w(ak)i =Jilf£E(1n Mj)i (12¢)

The number (ﬁn)i and weight (ﬁw)i average molecular weights, and
the average ethylene content Ei of the i-th fraction are given by eqs.(13),

(14) and (15), respectively.

(¥n), = jng(ln Mj)iggl[w{ln Mj)i/ MJ] (13)
K X
(thw}i =3£1 MJW(ln Mj)i/jzlw(ln Mj)i (k)
K X
a, = Jilakw(ak)i/jilw(uk)i (15)

The standard deviations of moleculsr weight GM and ethylene content Ga

of the i-th fraction are, respectively, given by eqs.(16) and (17).

K
_ 1 N—— . ¥
(oM}i -{-K—-— L W(ln M,),[1n Mj - {In Mj)] } (16)

= e
I W(ln Mj)Ji":L
J=1
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N
fa), = F—g E Wlay), (o, - 3212 (a7)

N
X W( )- k=1
i, T L

The above procedures are repeated until residual polymer components

have been exhausted from the residual phase,

7.3 _Fractionation experiment and characterization

Two copolymerization products designated as PEPB, EPA, and a mechanieal
blend designated as PEPA were subjected to column fractionation experiments.
The results were compared with the simulated ones. The sample PEPA is

a 45 : 55 (by weight) mixture of commercial PE and PP samples: the PE
2.6 x th and Mw = 10 x lOu, and the PP has Mn = 7.9 x th

36 x th. A 5-g sample was fractionated at 161%¢ in decalin-

has Mn

and Mw
butyl carbitol system by using the column described in Chapter 2. The
sample PEPB was prepared in n-heptane by successively introducing propylene,
hyrodgen, and ethylene in the presence of AlEtQ—TiCIS (activated). The
ethylene content of the product was 31 wt%. A 40O-g sample was fractionated
at 16100 in decalin-butyl carbitol system by using the apparatus described
in Chapter 6. The sample EPA was a commercial high-impact polypropylene.
The ethylene content was 8.6 wt%. A 10-g sample of EPA was fractionated
at 164°C in decalin-butyl carbitol system.

Cumulative weight distribution curves were constructed from weight
and limiting viscosity number of the fractions. The limiting viscosity
number was determined at 13500 in decalin solution with an Ubbelohde-
type viscometer. The ethylene content of the fractions was determined

g : -1
by Corish's method, which uses the ratio of the intensity at 1380

- 8,
to that at 1L60 cm 1 in infrared spectrum. ?
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7.4 Fractionation behavior of EP-copolymers

We assumed an criginal copolymer having a high average ethylene
content (49 wt%) and a broad molecular weight and compositional
distribution (Mw/Mn)= 4. Lk, and B, = 0.362 in eq.(2)). The data in
decalin-butyl carbitol system were adopted for the relation between
eluent composition and molecular weight. A variety of the fractionation
behavior were examined under the conditions in which WPP = 0 and WPE = O
(egs.(Ta) and (Tc)). The results are summerized in Table I. These
will be evaluated below mainly from two points of view, i.e., compositional
and molecular weight distributions of the original polymer and those of

the fractions.

7.4.1 Compositional distribution

As shown in Figure 7, the compositional distribution of each fraction
is broad. In particular the fractions obtained from eluents containing
1 and 5 % decalin show no definite peak: the distributions are generally
broader than any other fractions. The compositional distribution becomes
narrower for the fractions with higher molecular weight. This tendency
is particularly obvious in Figure 8, in which the standard deviation of
composition is plotted against molecular weight variable. Compositional

/2 _ 5

fractionation becomes predominant in the range above ( MnMw) 2 x 107,

On the other hand, we predicted from the cloud point behavior as described
in Chapter 6 that compositional fractionation would predominate in the

>

range above M = 10°. This discrepancy is due to the fact that the

fractions have broad molecular weight distributions.



Table I Hypothetical fractionation of ethylene-propylene copolymers.
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o - o o
Original copolymer: Mn = 8,08 x th, Mw = 36.2 x 104, Mw/Mn = 4.48, o = L9 wth .

Fr. No. Solvent Polymer Mn x 107 Mw x 107 Mw /Min
wt% weight % Ei % (Ga)i %
1 1 6.86 1.78 3.87 2.18 30.7 21.0
2 3 5.91 3.18 6.30 1.98 29,4 19.8
3 9 6.48 4.95 9.7 1.91 30.0 19.5
4 13 8.08 7.06 13.8 1.95 31.7  19.5
5 17 10.4 9.6k 19.9 2.06 34,8 19.5
6 21 12.9 129 i 2.18 L0.2 19.%
T 25 14.3 16.4 36.7 2.24 48.h 18.5
8 29 13.7 £l.2 hr.b 2.2h 59.0 16.9
9 33 11.1 28.2 61.0 2.16 T1.2 14,5
10 37 7.16 42.3 82.2 1.9k 83.8 i %
11 b1 2,38 B5.1 153, 1.80 93.3 6.6
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Fig. 7 Compositional distribution curves of the fractions cbtained
from the same original polymer as described in Figure 5.

Numbers indicate per cent decalin in eluent (simulation).

The compositional distribution curve of the origianl polymer was
drawn by Shulz's methodlo from the simulated fractionation data.
Figure 9 shows the curve together with the experimental data points
obtained in Chapter 6. The agreement between the calculeted and

experimental curves is fairly good.
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Fig. 8 Compositicnal distribution of the fractions expressed as
standard deviation. The original polymer is the same

FIr

as described in Figure 2. The Q values indicate i

which was fixed for each run of fracticnation.

T.4.2 Molecular weight ditribution

Figures 10 and 11 show the molecular weight distribution curve and the
D value of the fractions, respectively. The D value of the copolymer
fractions is 1.5 - 2.5. Apparently the distribution is broader than that
of fractionsted homopolymers, for which the D wvalue is usually less
than 1.3 as described in Chapter 4. Accordingly the overlapping
of the distribution curve is considerable. On the other hand, we described
in Chapter 6 that the average D value of the fractions obtained experimental
In Figure 11,

was 2.5, which is in good agreement with the simulated value.

D value vs. molecular weight of the fractions gives a minimum. This
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Fig. 9 Cumulative weight vs. ethylene content curves of the
copolymer.

(——): simulated curve, a = 0.59, B_ = 0.200,

B, =1.25, 1n MD 12.0, p = 0.25;

M
(-—mm—mw==): simulated curve obtained from the same

original polymer as described in Figure 2;

(Q): experimental point, a = 0.59.
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Fig. 10 Molecular weight distribution curves of the fractions
obtained from the same originsl polymer as described in

Figure 2, Numbers indicate per cent decalin in eluent.
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Fig. 11 D value and standard deviation(sM}i of each fraction obtained

from the same original polymer as deseribed in Figure 2,
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Fig. 12 Cumulative weight vs. molecular weight curves of
the original polymer. Its molecular characteristics

are the same as described in Figure 2 (simulation).
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Fig. 13 Cumulative weight vs. limiting viscosity number curve
for the sample designeted as sample B in Chapter &

(experiment).
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pattern may be due to the fact that the distributions of molecular weight

and chemical composition affect the fractionation to different extents.
The simulated molecular weight distribution curve of the original

polymer was compared with the experimental one. Figure 12 shows a

cumulative weight distribution curve drawn by Schulz's method from the

simulation data. Figure 13 shows the experimental distribution curve,
which was drawn by the data listed in Table II in Chapter 6. Apparently,
the results are gualitatively in good sgreement with each other.

In addition, even if the parameter Q (= fE/fR) is varied from 0.1 to 0.9,
there is no essential difference in the qualitative features of the results
(ef. Figs. 8, 11 and 12). This parameter causes no serious problem.

As a coneclusion, the simulation provides a very good representation of the

actual fractionation results of copolymers.

7.5 Fractionation behavior of PE-PP blends

As described in the introduction of this chapter, there are various

types of copolymerization products. This section deals with PE-PP
blend which is the simplest of the preducts. We assume the component
homopolymers to have broad molecular weight distribution, i.e., Mw/Mn =
4.8, so as to facilitate the comparison with experiments. The blend is
composed of PE and PP in the ratio 45 : 55. A simulated fractionation
was carried out by use of the relation between eluent composition and

molecular weight in decalin-butyl carbitol and decalin-ethyl carbitol

systems. The calculation was done under the condition WEP = 0 (eg.(7b)).

The results are summarized in Table II.
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Table IT Simulated fractionation of FE-PP blend.
Original blend: Mn = 3.69 x lOl‘, Mw = 24.3 x th,
Mw/Mn = 6.58. PE : PP = 45 : 55, by weight.
Fr. No. Solvent Polymer Mo x lO—h Mw x 10‘h Mw/Mn Ei
wt% weight %
1 1.0 16.4 1,25 3.30 2.87 8.1
2 4.0 8.93 2.34 7.39 3.16 23.3
3 T.0 8.01 L.81 12.7 2.6L 12.7
4 10.0 8.86 7.98 19.5 2.4 11,3
S 13.0 10.3 9.39 29.0 3.09 15.h
6 16.0 10.2 192 Ls.1 L4 18.3
T 19.0 T.1h 10.8 0.1 6.49 23.0
8 22.0 k.67 6.27 59.9 9.55 59.2
9 25,0 . i .66 18.8 L,03 92.1
10 28.0 4.36 6.01 6.82 1.13  98.9
11 31.0 L.98 8.16 8.63 1.06 100.
12 34,0 5.50 12.4 13.2 1.06 100,
13 37.0 L.69 22,1 2h.b 1.10 100.
14 Lo.o 2.33 48.9 58.2 1.19 100.
15 k3.0 0.182 158. 200, 1.26 100.
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7.5.1 Compositional distribution and elution behavior

Since the evaluation of compositicnal distribution of the fractionms

is meaningless, only the distribution curve of the original blend is

discussed. Figure 14 shows the cumulative weight vs. ethylene content

curves for several hlends, which were constructed from simulstion data

by Schulz's.method.lo Remarkable variation of ethylene content in the

fractions is observed at around 70 % cumulative weight in the case of

the blend of 45 wt% PE. Such a pattern is also found in the simulation of

the blends with other ethylene contents. This behavior was evidenced

by fractionation experiment as shown in Figure 15. Remarkable variation

of ethylene content of the fractions at a certain cumulative weight or

elution point is important feature for PE-PP blend.

CUMULATIVE WEIGHT %

0~ 20 40 60 80 100
ETHYLENE CONTENT (wt°A)

Fig. 14 Cumulative weight vs. ethylene content curves for PE-FP
blends (simulation). Numbers indicate ethylene content of

the blends by weight: (==——=) the relation between polymer

composition and molecular weight for the decalin-butyl

carbitol system was used; ( ) the same relation for the

decalin-ethyl carbitol system was used. PE component: 1ln M0

=12.0, B, = 1.25,

10.8, By = 1.25; PP component: 1n M b
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Fig. 15 Cumulative weight vs. ethylene content curve which wuas

obtained for the sample PEPA in decalin-ethyl carbitol system

(experiment).
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Fig. 16 Relative polymer weight eluted vs. eluate composition
curves (simulation).
(——————): PE-PP blend, the molecular characteristics
are the same as described in Figure 1k4.
PE : PP = 45 : 55,
S ): EP-copolymer, a = 0.49, other molecular
characterigtics are the same as deseribed

in Figure 2.
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Figure 16 shows the relation between the weight of fraction and

eluent composition. Two peaks were observed in the curve of this blend.

One at 15 % decalin was assigned to PP, and the other at 34 % to PE in

view of fractionation behavior of a single homopolymer. However, only
one peak was observed in the case of pure EP (dotted curve in Figure 16).

These behavior are also useful for distinguishing PE-PP blend from pure

EP, although they are sensitive to some extent to the method of applying

the solvent gradient.

7.5.2 Molecular weight distribution

The fractions from this blend gave peculiar molecular weight
distribution curves. Figure 17 shows the molecular weight distribution
curves of the fractions. Those obtained with the eluents of 1 % to 22 %
decalin indicate two peaks. One in a lower molecular weight region arises
from PE component, and the other in a higher molecular weight region arises
from PP component. The fractions obtained by the eluent of higher decalin
content show a single peak due to PE component, because PP component has
already been eluted completely. As shown in Figure 18, the D value of the
fractions also varies abnormally with the fracticn number, reflecting the
sbove fractionation behavior. The D value of the intermediate fractions
is extremely high. The maximum is caused by the fact that the PP component
having higher molecular weights and the PE component having lower molecular
weights are included together in each fraction. While the D value for the
latter half of the fractions is below 2.0 as in the case of homopmlymers.ll’12
Such a pattern could not be detected in the simulation of pure EF.

It is possible to distinguish homopolymer blends from copolymer by

observing such peculiar behavior.

Next the distribution of the blend was evaluated in cumulative form.
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Fig. 18 D values of the fractions obtained from the blend having

45 wt% in ethylene content (simulation). The blend is

the same as described in Figure k.
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Fig. 19 Cumilative weight vs. molecular weight curves (simulation).

{

B

PE~PP blend. Tts molecular characteristics are
the same as described in Figure 1L (PE : PP

= L5 : 55).

: EP-copolymer with o = 0.49. Other molecular

characteristics are the same as described in

Figure 2.
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Fig. 20 Cumulative weight vs. limiting viscosity number curve

for the sample PEPA (experiment).

As is evident from Figure 19, the reversal of the distribution curve
occurs. Figure 20 shows the corresponding experimental curve. Such

e pattern could be observed neither in simulation nor in the experiment
in the case of pure EP, The reversal in the cumulstive curve corresponds
to the inflection point from the PP-rich fraction to the PE-rich fraction,
as listed in Table II.

7.5.3. PE-PP type products obtained by experiment

On the basis of the above results, we carried out the characterization
of an unknown sample PEPB., TFigures 21 and 22, respectively, show the plots
of the cumulative weight against the ethylene content and alsc the
limiting viscosity number [n], which were obtained by experiment.

The curves show the behevior similar to the simutated ones illustreted
in Figures 1) and 19. Figure 23 shows the elution behavior concerning
the polymer weights of fractions, obtained by experiment. Thie curve is

8lso in qualitative agreement with the simulated one shown in Figure 16.
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Fig. 21 Cumulative weight vs. ethylene content curve for the sample

PEFB (experiment).
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Fig. 22 Cumulative weight vs. limiting viscosity number curve

for the sample PEPB (experiment),
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Fig. 23 Relative polymer weight of the fractions vs. eluent

composition for the sampie PEPB (experiment).
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Fig. 24 Cumulative weight vs. ethylene content curves
obtained by experiment and simulation for the

sample EPA,
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It is concluded that the sample PEPB consists of PE and PP, but contains

virtually no EP, although the sample was prepared seemingly by

copolymerization. A blend of homopolymers having similar molecular
weights should be identified by dissolution or precipitation fractionation.
However, it is generally difficult to draw a definite conclusion from

only such experiments, and the identification may be attained with the

aid of simulation.

7.6 Fractionation behavior of variocus blends of PP, EP

and PE other than PE-PP blend

These types can be classified into three types, i.e., PP-EP, PP-EP-FE

and EP-PE blends. The fractionation behavior of these blends varied in a

very complicated way with respect to the kinds and ratios of components,

and have been already reported in detail by us.13 All fractionation data
obtained experimentally, which were not explained as pure EP or PE-FPP
blend, were understood by comparing them with the calculated behavior.

A representative case is shown in Figure 24 in the form of

cumulative weight vs. ethylene content curves. The sample is one of

the most important commercial polymers, called high impact polypropylene.
The simulated curves in Figure 2k were obtained by considering the
average ethylene content of the sample (8.6 wt%). Clearly the curve for
chemical composition is not in agreement with that calculated for pure
EP. If the experimental curve is compared with that of PE-PP type, the
difference between the experimental and simulated curves exceeds the
estimated experimental errors. Therefore, the sample is not of PE-PP
type either. The experimental curve resembles most closely the

simulated one for PP-EP type in the weight ratio 82 : 18. They might
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have to be compared with those of PP-EP-PE type. However., the sample

is expected to contain only a minute amount of PE component, if any
present, in comparison with EP component. Similarly the curves other

than the curve shown in Figure 24 for the same sample were also consistent
with those of PP-EP type. Consequently, the sample EPA is constituted of

PP and EP components in the weight ratio 82 : 18.

T.7 Conclusions for fractionation of copolymerization

products by simulation

The bahavior of solution fractionation, as related to ethylene-propylen
copolymerization products, was examined by computer simulation. The
products were classified into five types, i.e., pure EP, PE-PP blend and
other types of blends composed of PE, EP, PP components, i.e.,

PP-EF, PP-EP-PE, and EP-PE blends. The molecular weight and compositional
distributions of fractions were found to vary in a complicated manner.

In particular, the compositional fractionetion was predominant in the latter
half of fractions, when the simulated fractionation was performed on an
original polymer having a broad compositional distribution. Since the
solution properties of EP-copolymers are generally almost independent

of the difference in monomer s'eq\:uence,'T these results are considered to be
valid for both block and random copolymers.

The curves of cumulative weight against the ethylene content or the
molecular weight of fractions for PE~PP blend revealed very peculiar
patterns. Thus we can easily distinguish homopolymer blends from the
copolymer by observing such peculiar patterns, and the component ratio
of blends is inevitably determined. Further, these patterns for pure

EP and PE-PP blend were proved experimentally.
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In the case of other types of blends composed of PP, EP and PE
components, the distribution patterns were much more complicated than
those for pure EP and PE-PP blend. The determination of blend type and
component ratio for such products can also be made if the results are
studied from various points of view. In fact, all fractionation data
obtained experimentally, which were not explained as pure EP or PE-PP

blend, were understood as the results in terms of these blends.
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Chapter 8 ONE-POINT METHOD FOR NUMBER-AVERAGE

MOLECULAR WEIGHT DETERMINATTION

For constructing molecular weight distribution curve from fractionation
data, one has to determine molecular weights of large number of fractions.
Therefore, it is desirable to have a rapid method of molecular weight
determination. For this purpose one often uses intrinsic viscosity
method. Especially the one-point intrinsie viscosity method is well-known
as a rapid.methnd.l“3 However, the intrinsic viscosity method is a relative
method and gives somewhat ambiguous average molecular weights for polydispeise
samples. A much simpler and reliable method is preferable. Of cource
such & simple and rapid method of determining molecular weight is useful
for many other purposes such as quality control of commercial polymer
producticn.

Recently osmotic mesurement has become rapid and easy by the
development of high-speed membrane osmometers. One-point determination
is possible by using these instruments. The method is especially
straightforward, for it gives the number-average molecular weight Mn.

This chapter is concerned with.an one-point method by osmometry.

Osmotic pressure is generally expressed by eq.(1) in the virial

expansion:
n/c = (RT/Mn) x (1 + rC+ r302) (1)

where r2 and F3 are the second and the third virial coefficients,

respectively. Accordingly when r, and F3 are known at a given
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temperature, Mn can be determined from T at a given concentration. And

; _ g, .
by setting T3 = l/hfz in accordance with Stockmayer's theory,S eq.(1)

can be reduced to eg.(2):

)1/2 1/2

(n/c = (RT/Mn)~"% x (1 + r,c/e) (2)
In this case, if only T2 is known, Mn of a sample can be determined

by a single measurement of osmotic pressure. On the basis of this

idea, the one-point method was investigated.

8.1 Experimental procedure

Polypropylene fractions having narrow molecular weight distribution
(D = 1.3) was used to determine molecular weight dependence of the second
virial coefficient. Commercial polypropylene homopolymers were used for
the test of this method. A Hewlett Packard high-speed membrane osmometer
Model 502 was employed. Determinations were made at 130°C on tetralin
solutions containing 0.2 % Ionol with a pretreated Ultra-cellafilter
(Sartrius Co., allerfeinst), which had been successively treated with
water, isopropancl and finally tetralin.6

As shown in Figure 1, a plot of II/C displayed a downward curvature
owing to the third virial coefficient. Therefore the extrapolation of
N/C to C = 0 involves certain ambiguity. On the other hand, as shown
in Figure 1, extrapolation of plot of (Iljc)l’/2 against C was linear, and

a better extrapoletion to C = 0 is possible. Thus, the form of eq.(2)

was adopted for the one-point osmotic pressure messurement.
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Fig. 1 Comparison of extrapolation methods of determining

reduced osmotic pressure II/C at C = 0.
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8.2 Determination of the second virial coefficient

From the thearetical and experimental points of view, it is well-

known that 2 in eq.(2) highly depends on molecular weight.Tﬁg The
dependence was examined at 130°C in tetralin by using the fractions
having narrow molecular weight distribution. The result is shown in
Figure 2. Log Pefﬂh decreases linearly with log Mn in this figure, and

I‘2 is given by

T, = 1.15 x 107 076 (1/g) (3)

Substitution of the above equation for eq.(2] yields eq.(4):
1 = (RTC/Mn) x (1 + 0.575 x 107 chInO'TG)2 (L)

In eq.(4), though Fn can be determined by eq.(lL) at a known concentration, the
use of the relationship of N for Mn is tedious. It is simpler to
determine Mn graphically. Figure 3 shows the I versus Mn relationships

at several concentrations.

8.3 Experimental errors in applying this method

The usefulness of this method depends greatly on how high the
accuracy can be kept. Thus the errors in this method will be discussed
in detail. There are three major sources of errors which would be invelved
in determining Mn of crystalline polymers by the one-point method with
a Hewlett-Packard membrane osmometer. The first cne is the error inherent

to the osmometer, especially due to adjusting the meniscus of solution.
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and solvent levels in glass stack of the instrument; the second cne
is due to the experimentation, particularly the aceuracy of adjusting
polymer concentration; and the third one is inherent to the one-point
method itself, i.e., due to the insufficient knowledge of the second
virial coefficient. The variation in fitting the solution level in the
glass stack affects directly to the reading of the I-values. The evaporation
of solvent which causes the variation of polymer concentration is
unavoideble especially when crystalline polypropylene is handled at high
temperature. Further the uncertainty in weighing sample results in the
same error. The ambiguity of the second virial coefficient is caused
mainly by the difference in molecular weight distribution of sample.

The maximum error of §M/Mr is given by eq.(5) based on the theory

of errors:

oM - [ ‘ aM 5n1+] aM 5C +=_ oM ST

Mn ¥n il ac ar,

o1 )

where 68I, 8C and 4T, are the variations of I, C, and FE’ respectively.

2
The error due to the variations of T, i.e., fitting the solution level,

is expressed as eq.(6) by partial differential of eg.(2)
(1/Mn)(8M/31) = —(L4Min/RTC) x (2 + rgc)‘2 (6)
It is generally expected that|6Hl = 0.01 em. As shown in Figure k4, the

error in this case is within 5 %. Accordingly it is worth little

consideration. Next, the error due to the variation of C is expressed as

(1/fn) (a/30) = (1/C) x [1 + 26(2 + T,0) 7] (1)



- 152 -

G T Ll

5}
3,1 !
z%

i 2] C=3g/1 :
s 1+ / 10 [/‘5 N
= =

10 20 30

M x10*

Fig. 4 Effect of the variation in fitting the solvent

level in the meniscus of the glass stack on Mn.

[ ]
4

oo et o)
3

|

10 20 30
Pax10™

Fig. 5 Effect of the variation of polymer concentration ¢



- 153 -

The variation of polymer concentration is mainly caused by uncertainty in
weighing sample and by evaporation of solvent. Therefore, it is expected
that IEC| = 0,2 g/l. The error in this case is shown in Figure 5. Obviously
the error increases when the measurement is performed in dilute solution,
but in general it 1s hardly worthy of attention.

Third the error due to the variation of the second virial coefficeint

is expressed as:
(1/¥n)(aM/0r,) = 2¢(2 + 1'20)‘]L (8)

T2 is expected to depend not only on molecular weight but also on
molecular weight distribution. The effect of the latter is very important,
because the determination is usually made on samples having different
molecular weight distributions. The P2/En values were determined for
polypropylene samples having broad molecular weight distributions. Table I
shows the result. Samples having D-value from 2 to L give usually

0.2 higher value of log Tafﬁn than that of narrow distribution polymers.

In this case, as shown in Figure 6, the effect of P2 on Mn cannot he
neglected. Therefore, the value 0.2 in log Pefﬁh must be added to

eq.(3), when this method is applied to commercial polypropylenes.

The one-point method data after correction are shown in Table II together
with the wvalues determined by the ordinary method. In this table the relative
errcr was calculated on the basis of the values which were determined by the
ordinary method. On account of the error due to the variation of sclution

level, the measured values at the concentration of 0.1 g/l often deviate

from those by the ordinary method. However, with this exception, the
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Table I The effect of the molecular weight distribution

on Pziﬁn
Sample Mn x 10'h fw/Mn  log rzfﬁn log rzfﬂn Alog rgiﬁna

(observed) (calculated

by eq.(3))
A 6.53 L.3 -2.99 -3.12 +0.13
B 6,53  —=———- -3.01 -3.12 +0.11
C T.28 e -3.07 -3.13 +0.06
D 7.65 3.1 -2.95 -3.13 +0,18
E 8.88 2.8 -3.03 -3.15 +0.12
F 9.65 2.1 -2.91 -3.16 +0.25
G 12.6 2.5 -3.01 -3.19 +0.18
H 14.6 2.4 -2.87 -3.20 +0.33
Average +0.17

a: Alog I,/Mn = log T,/Mn (observed) - log Fg/ﬁn (calculated)



Table TI Mn of commercial polypropylene determined by one-point

and ordinary methods.

One-point method Ordinary
method
1.0 g/1 3.0 g/1 5.0 g/1 7.0 g/1
Sample Mn x lD_lL Error,% Mn x 10"h Error,% Mn x lO'h Error,% Mn x 10_h Error,% Mn x 10'h

A 5.3 -18.5 6.6 +1.5 6.9 +6.2 7.0 +7.7 6.5
B 6.7 +1.5 6.9 +i.5 6.8 +3.0 Tl +7.6 6.6
C 12,7 +T4.0  T.6 +9.6 8.0 +9.6 =B . 7.3
D 6.9 -10.4 7.6 -1.3 T+5 -2.6 Tolt -3.9 T.T
E 8.4 -5.6 8.2 ~7.9 9.9 +11.2 — - 8.9
F 13.0 -3.2 12.8 +1.6 11.8 -6.3 ——— ——— 12.6

- CGT -
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Fig. 6 Effect of the variation of the second virial

coefficient r, on Mn.

agreement between the values by the one-point and ordinary methods is

satisfactory.

This method is much preferred for amorphous polymers, which can be
handled at ordinary tempersture. The preparation of membrane
suitable for high temperature operation is not easy. Therefore, the
measurement of osmotic pressure for erystalline polymers such as
commercial polypropylenes is accompanied by difficulty to some extent.

Nevertheless the method seems to be satisfactory for rapid determination

of their number-averags molecular weights.
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SUMMARY AND CONCLUSION

We attempted to establish a method of characterization of crystalline
polypropylene and ethylene-propylene copolymers, which are commercially
most important thermoplastic materials. For this purpeose we introduced
column fractionation technigue. Various patterns of fractionation
behavior for homopolypropylenes and ethylene-propylene copolymerization
products were examined by experimental and simulation technigues in
relation to the heterogeneity of the polymers such as moleculsr weight
and compositional distributions.

In Chapter 2, experimental conditions and simulation method were
studied for homopolypropylnes. The polymers can be fractionated according
to molecular weight in the vicinity of 16ODC, where the fractionation
system is in ligquid-liquid phase equilibrium. Simulaticn of the
fractionation was carried out by computer on the basis of Flory-Huggins'
theory. These results show that molecular weight distribution of original
polymer constructed from fractionstion data is apparently narrower than
the true one. This artifact is attributed tc the overlapping of
distributions of the fractions, because these fractions are more or less
pelydisperse in molecular weight.

In Chapters 3 and 4, fractionation conditions of homopolypropylenes
were examined in detail to attain better fractionation. Particularly
attention was focused to depositing conditions and deposition state of the
polymers on support surface., So-called selective deposition, in which high
molecular weight species are deposited first and low molecular weight
species later, has been considered so far to be important for achieving

good fractionation. However, we found that this is not so. Rather,
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we found that polymer is not uniformly spread as a film but deposited as
small particles on support surface. This fact is largely different from
the idea in the past. Better fractionation can be achieved by polymer
particles of smaller size.

The fractionation of homopolypropylenes was carried out by several
solvent-nonsolvent combinations. Almost all fractions obtained showed
D values less than 1.4: the recovery of such narrow distribtuion
fractions of homopolypropylenes by fractionation has been never reported
previcusly. BEspecially use of sclvent and nonsclvent of both poor in
solubility gave better fractionation results. By such & combination,
narrow distribution fractioms usually 1.05 - 1.20 in D value can be
obtained over a wide molecular weight range. This is particularly
important for preparative fractionation.

In Chapter 5, we described the fractionation based on the system in
solid-liquid phase equilibrium. The fractionation was carried out by
raising column temperature stepwise. This method was expected to separate
polypreopylene according to tacticity. However, the fractionation
behavior was always more or less influenced by molecular weight, when
commercial polypropylenes were fractionated. This can be understood
as a behavior similar to the influence of molecular weight on compositional
fractionation of copolymers, which was described in Chapters 6 and T.
Especially in a lower molecular weight region the effect of molecular
weight on solubility is pronounced. Therefore, commercial polypropylenes
having broad molecular weight distribtuion are seemingly fractionated
according to both molecular weight and tacticity.

In Chapter 6, fractionation conditions of random type ethylene-propylene
copolymers were examined in detail through cloud-point and melting-point

measurements. The distributions of molecular weight, chemical composition
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and monomer seguence length were examined by using appropriste solvent-
nonsolvent systems under other selected conditions. Generally these
showed broad distributions concerning the above characteristics.

In Chpater 7, simulation analyses of the fractionation were carried
out for severzl different types of copolymerization products which
include homopolymers as by-products. Efforts were devoted to elucidate
the components and compesition of all types of the products from
fractionation data. The products were classified for convenience into
five types: pure ethylene-propylene copolymer (EP), polyethylene-poly-
propylene blend (PE-PP), polypropylene-copolymer blend (PP-EP),
polypropylene-copolymer-polyethylene blend (PP-EP-PE), and copolymer-
polyethylene blend (EP-PE). The fractionation behavior was examined
with regard to molecular weight and chemical composition. The simulation
was performed by considering the factors affecting fractionation
behavior such as molecular weight, chemical composition and partition
coefficient of polymer species between two 1iquid phases. The simulation
results of pure EP was in good agreement with experiments on random
type copolymers. EP-PP type gave peculiar patterns with regard to both
molecular weight and compositional distributions. These patterns are
very useful for distinguishing this blend from the copolymers. An example
for this blend was found in actual copolymerization products. The
fractionation behavior can be used for elucidating the component and
composition of other types of blends. In fact all the fractionation
results obtained experimentally were understood by the above simulation.
In addition, we found that most commercial high impact polypropylenes

belong to PP-EP type.



In Chapter 8, one-point osmometry, i.e., the method of determining
Mn by one-point measurement of osmotic pressure was investigated to
develop a simple and rapid method of determining meolecular weights.
A high speed membrane osmometer was used for this purpose, This method
could be zpplied to commercial polypropylenes within 5 % error by

correcting the effect of molecular weight distribution on the second

virial coefficient.
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