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CHAPTER 1

INTRODUCTION, AIM OF THIS STUDY

Crystallinity in a material can occur when a regular spatial arrange-
ment of the molecules of that material is possible.For this reason most
low molecular compounds are able to form a crystalline phase. For high
molecular compounds, however, particularly polymers, the formation of
such a regular spatial arrangement is much more difficult.

The first problem in polymer crystallization is caused by the chain
form of the molecules. It is rather usual that the length of polymer
molecules is 1000 times their thickness. The crystallization of these
long chain molecules causes problems very similar to those of a woman
who is trying to knit with a knotted ball of wool: after a short time
she is left with an inextricable clew, and she is ready to cut the
thread in anger. By comparison, this is the moment that the polymer
has reached its maximum amount of crystallinity. The knitting which
was finished represents the crystalline phase and the remainder of
the disordered ball of wool the amorphous phase.

The second factor is the ease with which crystallization occurs
which depends on the chemical structure of the polymer and, hence, on
its molecular conformation. Polyethylene, for example, crystallizes
very readily; its simple chemical structure enables the chains to
assume the highly regular extended zig-zag conformation. However,
many other polymers crystallize with difficulty or not at all. There
are two main reasons for the non-crystalline behaviour of these poly-

mers: lack of tacticity and the occurrence of steric hindrance.

The polymer discussed in the present thesis, polyvinyl chloride or
PVC, belongs to the second group, vZz. the polymers that do not form
crystals as readily as polyethylene. In PVC the two stereoisomeric
forms of the monomer give rise to, different conformations of the chain.

A part of the chain which is syndiotactic can have a planar zig-zag




conformation. In that case the chlorine atoms are placed altermately

at the sides of the plane of the zig-zag chain. This spatial arrange-
ment is energetically favoured over other syndiotactic conformations
and at the same time it is a very regular chain structure which can
contribute to the formation of crystalline structures. With an iso-
tactic part of the chain, however, the zig—zag chain structure is

not possible. Here, the chlorine atoms should all be placed at one

side of the chain, but this is impossible because of steric hindrance.
Therefore the isotactic chain parts have other conformations which were
thought to be hardly or not at all crystallizable.

During the technical polymerization of vinyl chloride at temperatures
of 40 - 75°C, syndiotactic propagation is only slightly favoured over
isotactic propagation. As a result, a commercial PVC is atactic, which
means that about 507 of the monomer sequences in the chain are syndio-
tactic, the remaining 507 being isotactic. Syndiotactic sequences are
randomly distributed along the chain and, therefore, long syndiotactic
or isotactic sequences do not occur.

Here we have arrived at the basic question of this thesis. Although
commercial PVC is known to be atactic, it is also well established that
its crystalline content amounts to about 10%. This relatively "high"
crystallinity is not in accord with the "low" tacticity of the material
if one assumes that only syndiotactic PVC is crystallizable., It ¢s the
aim of this work to explain the occurrence of crystallinity in atactic
PVC by studying the tacticity, the chain conformations and the crystall-
ine structures in PVC.

Literature data concerning measurements of the tacticity by means of
infrared and nuclear magnetic resonance techniques are reviewed in
chapter 2. The influence of the polymerization temperatures on the
tacticity is also considered. Then, the attempt is made to calculate

and explain the crystallinity of atactic PVC by means of Flory's theory.

Experimental work is presented in the chapters 3 and 4.

The melting of crystallites of PVC was studied by means of Differen-—




tial Scanning Calorimetry. Crystallite melting effects were found in
atactic commercial PVC as well as in laboratory-prepared syndiotactic
PVC. In untreated virgin PVC, melting of crystals was detected at
temperatures above 150°C. Annealing of PVC at temperatures above the
glass transition temperature was found to produce crystallinity. These
effects are described in chapter 3.

The formation of crystalline structures by annealing has an important
consequence for the behaviour of plasticized PVC compounds. In chapter 4
the physical aging of plasticized PVC is explained as a crystallization
process which causes the stiffness and the density of the material to

increase.

The experimental work clearly shows that considerable crystalline
effects occur in atactic PVC. This atactic crystallinity cannot be
explained by the classical interpretation of Flory's theory, vZz. that
only syndiotactic chain segments crystallize. Therefore, a theoretical
study on the chain structure and the crystalline packing of syndiotactic
as well as isotactic chain segments was performed.

In chapter 5 the results of studies on the structure of the chain
are presented. Conformations of syndiotactic and isotactic sequences
are given. A special isotactic chain conformation is iatroduced which
resembles the syndiotactic zig-zag chain structure. The energy of this
isotactic straight chain conformation is calculated and compared with
the chain energies of the syndiotactic zig-zag chain and the isotactic
helix. A literature survey of the infrared studies on chain conforma-
tions of PVC is presented and the existence of the isotactic straight
chain conformation is discussed in the light of the available informa-—
tion. Literature studies on the crystalline packing, especially by X-
ray analysis, are reviewed in chapter 6. The present work shows that
atactic chain segments can crystallize in a way which is similar to
that described by other authors for the entirely syndiotactic chains.
On the basis of this new concept the amount of crystallinity in an

atactic PVC is calculated.




Finally, a general interpretation of the crystalline effects in PVC

is presented.




CHAPTER 2

TACTICITY AND CRYSTALLINITY OF PVC

2.1. Tacticity

Polyvinyl chloride, (—CHZ-CHC1—)n, can be a stereoregular polymer

since there are two different arrangements of the chlorine atom in the

CHC1 group. The usual way of defining the two stereoregular forms of

the polymer chain, syndiotactic and isotactic, has several disadvantages.

This definition uses the presentations of zig-zag chains shown in figure

2.1,

The carbon atoms lie in the plane of the paper, bonds designated as

--- under this plane and those designated as-sabove it.
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Figure 2.1. Stereoregularity of PVC.
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In the syndiotactic configuration the chlorine atoms are placed in
alternating positions around the zig-zag chain backbone. The configura-
tion of figure 2.1b, where the chlorine atoms are all indicated as
situated on the same side of the backbone (which is, in fact, impossible
because of steric hindrance between contiguous chlorine atoms!) is called
isotactic. The atactic configuration is shown in figure 2.1c; this con-
figuration must be regarded as a random distribution of the syndiotactic
and isotactic form.

The above presentation suggests that tacticity depends on the spatial
arrangement of the carbon backbone. This is not true: the configuration

is independent of the conformation.

It is important to use the words configuration and conformation in
a proper way. In this thesis the IUPAC rulesl) are obeyed.
Configuration: The configuration of a molecule of defined constitution
is the arrangement of its atoms in space without regard
to arrangements that differ only as after rotation about

one or more single bonds.

Conformation: The conformations of a molecule of defined configuration
are the various arrangements of its atoms in space that
differ only as after rotation about single bonds.

However, some structures differ in configurational as well as conforma-

tional respects. In such cases the word conformation will be used in

this thesis to describe the differences.

For a better description of the relation between chain structure
and crystallinity a more adequate definition of tacticity is requiredz).
To simplify the discussion, the PVC chain is thought of as exclusively
consisting of monomer units connected to each other in the manner shown
in figure 2.2. This is the "head-to-tail" addition which predominates
in PVC; in other words, the presence in the chain of different sequences
and end groups is not considered. A discussion on the way of monomer

addition during polymerization is given in the first section of

chapter 3.
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Figure 2.2. Division of the PVC chain into monomer units.
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Figure 2.3. Newman projections of the right—handed and left-handed monomer unit.

The monomer units have two stereoisomeric forms that are shown as
Newman projections in figure 2.3. The direction of projection indicated
in figure 2.2. was chosen; the CH2 group lies in front of the CHCl group.
The methylene carbon atom is designated as @ and the carbon atom of the
CHC1 group as(Z). It is apparent from figure 2.3. that the relative
positions of the hydrogen and the chlorine atom differ in the two cases
shown. This is the basis for the two stereoisomeric forms of the monomer.

A monomer in the chain is called right-handed (R) if the chlorine
atom is situated on the right side of the hydrogen atom (clockwise,
angle of rotation: 120°). A monomer unit is called left-handed (L)-
when the relative position of the chlorine atom is described by a
counter-clockwise rotation of 120°. A combination of two successive
monomer units in the chain (L) (R) or (R)(L) is called syndiotactic,
the combinations (L) (L) and (R)(R) are called zsotactie. The words

syndiotactic and isotactic are often used for chains or chain segments.




For instance, a chain with monomer units =-(R) (L) (R) (L) (R) (L)-- is
called syndiotactic since all the sequences are. syndiotactic. The same
applies to an isotactic chain consisting of monomer units
-=(R) (R) (R) (R) (R)== or —-—=(L)(L)(L)(L)(L)--. Atactic chains have no
configurational order. Here a random distribution of isotactic and
syndiotactic monomer sequences exists. The above definition shows

that tacticity is independent of the conformation of the carbon
backbone.

It is now possible to define the syndiotacticity or, briefly,
tacticity, a, of the material as the fraction of syndiotactic sequences
in the chain. When the tacticity is about 0.5 the polymer is called
atactic; commercial grades PVC are atactic. Values of a below 0.5 do
not occur: there is no known polymerization technique that yields iso-
tactic PVC. For an entirely syndiotactic material the tacticity is 1.0.

The tacticity can be measured by means of nuclear magnetic resonance
and infrared spectroscopy. The following sections present literature

data on these measurements.
2.2. NMR measurements of the tacticity

Tacticity measurements of PVC by nuclear magnetic resonance (NMR)
can be performed on solid polymer samples and polymer solutions. The
spectra obtained with solid samples are of the 'broad-band' or 'wide-
line' type. Dissolved samples give 'high-resolution' spectra. For the
measurements of the tacticity of PVC only the high resolution technique
is suitab1e3_8).

The spectrum of PVC consists of two main parts: a multiplet centered
at about 5.5 1, corresponding to the methine protons or a protons and
a group of peaks around 7.9 T for the methylene)or B protons. An example

of such a spectrum was taken from Bovey et al.s
2.4.

and is shown in figure

With double resonance techniques the a part of the spectrum consists
of three peaks. In undecoupled spectra three overlapping quintuplets
give rise to a complex a band. The usual interpretation of the a proton

resonance is in terms of triads of monomer units, vZz. syndiotactic,




isotactic and heterotactic triads; the latter consist of one syndio-
tactic and one isotactic sequence. An interpretation using pentads of
monomer units was advanced recently by Cavalli et aZ.g).

The CH2-B band in the decoupled spectrum shows two peaks. Owing to
coupling with vicinal o protons, the normal undecoupled spectrum
consists of two overlapping triplets. An interpretation in terms of

syndiotactic and isotactic diads of monomer units was given by
10)

)

Johnson . The fine structure of the B band was interpreted by

v} g
Yoshino based on tetrads of monomer units.
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Figure 2.4. NMR spectrum of PVC (According to Bovey et al.sl.

On the basis of the interpretation of the spectrum, viz. that
certain peaks are ascribed to syndiotactic or isotactic sequences,
it is possible to determine the tacticity of PVC from the NMR spectrum.
Several authors have estimated the tacticity of PVC as a function of
polymerization temperature, using the o part as well as the B region
of the spectrum. Their results are collected in table 2.1. and plotted
in figure 2.5. For purpose of comparison, curves calculated according
to a method outlined in section 4 of this chapter have been added to
the experimental points (see also figure 2.7.). The data clearly show

that determination from the NMR spectrum yields very inaccurate results.




Table 2.1. Tacticity of PVC as a function of polymerization

temperature as determined by NMR

Polymerization tacticity o calculated from
» Reference
temperature, C |a proton spectrum | 8 proton spectrum
100 0.54 Bovey et aZ.lz)
50 0.55
0 0.57
- 78 0.63
. 9)
40 057 Cavalli et al.
0 0.61
- 40 0.65
52.5 0.55 0.54 B i3)
" ) . argon et al.
10 0457 0.58
0 0«53 0.57
- 15 0.54 0455
- 25 0.56 0.59
- 30 0.61 0.61
50 0.61 Enomoto et aZ.lA)
30 0.64
- 30 0.68
55 0.60 Satehi!?)
- 30 0.68
50 0.50 0.55 TincherlG)
- 20 0.54 0.65
- 50 0.56 0.68
- 70 0.60 0.61
120 0.51 i 17)
5 Talamini et al.
80 0.53
60 0.51
5 0.56
- 20 0.59
- 50 0.63
- 78 0.67
30 0.51 Germar et ql.'®)
0 0.59
= 25 0.54
- B85 0.73
- 70 0.80
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Figure 2.5. Tacticity of PVC as a function of polymerization temperature as
measured by- NMR.
Black points: estimated from the B part of the NMR spectrum

Open points : estimated from the o part of the NMR spectrum
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2.3. IR measurements of the tacticity

Calculations of the tacticity of PVC from the infratred spectral

data have been performed with the aid of the information from two

regions of the spectrum. Germar et aZ.ls) used the region of the CH

2
scissors to calculate the tacticity from the ratio of the optical

densities at 1428 and 1434 cm—l. In the region from 600 to 700 cm_1




the carbon-to-chlorine stretching vibrations absorb. This part of the

spectrum is quite complex and an unambiguous assignment of the absorp-

tion bands cannot

be made: a strong overlap of the bands interferes

with this assignment. A detailed discussion of the band assignment

will be given in chapter 5.

Most authors obtain the tacticity from the ratio of two absorption

peaks but the resulting tacticity values are very uncertain. Their

data are shown in

table 2.2. and are plotted in figure 2.6. along

with the calculated lines from figure 2.7.

———— TACTICITY
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Figure 2.6. Tacticity of PVC as a function of polymerization temperature as

measured by IR.
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Table 2.2. Tacticity of PVC as a function of polymerization

temperature as measured by IR

Polymerization ..
Bl Tacticity a Reference

o
temperature, C

30 Germar et aZ.lS)

0
25
35
70

30

0
25
35
70

[eNoNe
P
~N OO
W O ©

55 Stokr et aZ.ZO)
50
50
25
25
0
25
35
40
40
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2.4. Polymerization temperature and tacticity

The most important factor which influences the tacticity is the

polymerization temperature. The reaction rate constants, kS and ki’

for syndiotactic and isotactic prepagation, respectively, are a

function of temperature23’24).
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From reaction rate theory we have:

k, = kz exp(-E_/RT) (2.1)

k, = kz exp(-E /RT) 2.2)
kg kg

hence: o —B-exp(AE/RT) (2.3)
i ki

Here AE = Ei - ES (2.4)

is the difference between the activation energies for isotactic and

syndiotactic propagation. The tacticity o can be expressed as

a4 = —— (2.5)

This equation combined with equation (2.3) leads to

(k° / k%) exp (AE/RT)
__s i (2.6)

a
1 +(kz / kg)exp(AE/RT)

The tacticity as calculated from equation (2.6) is plotted in
figure 2.7. for three values of AE, combined with three values of the
ratio of the frequency factors kZ/k?. These values were chosen in such
a way that the literature data from IR and NMR measurements fall between
the calculated lines (ef. figures 2.5. and 2.6.). The difference between
the activation energies for isotactic and syndiotactic propagation, AE,
is thus found to be AE = (0.45 + 0.15)kcal/mole. It may therefore be
concluded that the syndiotactic propagation is indeed only slightly

favoured over isotactic propagation.




The tacticity of a commercial atactic PVC produced by polymerization
at 40 to 75°C is about 0.55. This value will be used when calculating
the crystallinity of atactic PVC.

o8

Q7

06—

——— = TACTICITY
o @ »

05 |
<100 ~50 0 50 100 150

——— = POLYMERIZATION TEMPERATURE,OC

Figure 2.7. Tacticity of PVC as a function of polymerization temperature.
Calculation according to equation (2.6).
A: AE = 0.60 keal/mole, k_/k] = 0.60
B: AE = 0.45 kcal/mole, k./k; = 0.65
o

C: AE = 0.30 kcal/mole, k‘s’/ki = 0.70

2.5. Crystallization of an atactic polymer

The chemical structure of the PVC chain is rather regular. Head-to-—
head and tail-to-tail connections hardly occur and the degree of
branching is low. (The chemical structure of PVC is discussed in
chapter 5.) Stereochemically, however, the structure is very irregular.
As mentioned before, a commercial PVC has a tacticity of about 0.55.
This means that such polymers are almost atactic. The irregularity of
their stereochemical structure has its eonsequences for the crystall-

ization of the material.
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Several investigators have found that materials of high tacticity
show high percentages of crystallinity. This has led to the idea that
only the syndiotactic parts in the PVC chains are able to form crystall-
ites. Consequently, many authors consider PVC as a copolymer consisting
of a syndiotactic, crystallizable part and an isotactic, non-crystall-
izable part. On the basis of this assumption it is possible to predict
the amount of crystallinity of an atactic PVC. Below, it will be
examined whether this theoretical calculation gives the correct value

of the crystallinity.

For the crystallization of partly crystallizable copolymers a

25)

theory was evolved by Flory . On thermodynamic grounds he derived
that the size of crystallites should have a minimum length. Therefore,
the parts of the chains contributing to the crystallites should also
have that minimum length which is called the minimum sequence length,
Emin’

It is possible to calculate the fraction of total polymer in syndio-
tactic sequences of length N from the tacticity a. According to

24)

Fordham

N

2 N
avndis ™ N(1 a) a (2.7

For a commercial atactic PVC with a = 0.55 the sequence distribution
is presented in figure 2.8. The fraction of the polymer with a syndio-
tactic sequence length equal to or larger than N has been derived from
this distribution. This enables calculation of the amount of crystall-
inity that can occur in a polymer if all sequences larger than Emin
contribute to the crystalline phase (figure 2.9). However, as stated
by Flory, it is impossible that all sequences of length larger than
Emin contribute to the crystallization. This implies that figure 2.9.
represents the maximum amount of the crystalline fraction of the
polymer as a function of the minimum sequence length.

With a value of the minimum sequence length, Emin = 12, in agree-

26)

inity of an atactic PVC (a = 0.55) is calculated to be 0.457 (ef. figure

ment with values for other polymers , the maximum amount of crystall-

2.9). It is a well-established fact that even an atactic PVC crystall-
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izes to some extent; a crystalline content of about 10% is quite normal.
This would correspond to a minimum sequence length of 6 which is an
unusually low value for the crystallization of a polymer. The crystall-
ization of such short chain segments results in very small crystallites
with large defects at the borders of the crystalline region. However,
there are many indications, both from the present experimental work

and from literature, that the crystalline structure is much better
developed. Therefore it is concluded that the crystallinity of atactic
PVC cannot be explained satisfactorily by assuming that only the syndio-

tactic part of the polymer crystallizes.

2.6. Conclusions

1. The proportion of syndiotactic sequences in the PVC chain increases
with decreasing polymerization temperature.

2. The tacticity of PVC can be measured by IR and NMR techniques but
the accuracy of these measurements is poor.

3. The observed crystallinity of atactic PVC cannot be explained
satisfactorily by assuming that only the syndiotactic part of the
polymer crystallizes.
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CHAPTER 3
MELTING OF CRYSTALLINITY IN PVC

3.1. Introduction

The crystalline melting phenomena described in this chapter were
studied by means of Differential Scanning Calorimetry (DSC). In this
type of calorimeter the temperature of a sample and its reference is
raised linearly and the difference in heat flows required for the
simultaneous temperature increase in measured. The recorder signal gives
thermograms in which the glass transition appears as an increase of the
heat flux difference whilst melting effects are recorded as endothermic
peaks.

Almost similar thermograms are obtained with Differential Thermal
Analysis (DTA). However, in DTA the temperature difference between
sample and reference is measured as the temperature of both is raised
by a constant heat flow. This temperature difference must be converted
into a heat flux when, for instance, a heat of fusion has to be cal-
culated from the measurements. In this respect, DSC has an advantage
over DTA: the heat flux is measured directly which makes DSC more

suitable than DTA for quantitative measurements.

3.2 Equipment and measuring techniques

The calorimetric studies were made with a Perkin Elmer Differential
Scanning Calorimeter, type DSC-1B, using polymer samples of 10 - 30 mg.
Since the caloric effects associated with melting of crystallites in
PVC are small, a high heating rate and a high sensitivity were required.
This was attained with a scan speed of 32°C/min combined with a heat
flux range of 4 mcal/sec. At such heating rates the calorimeter has a
certain inertia and as a result the measured temperatures are somewhat
too high. In order to compensate for this effect to some extent the
usual calibration procedure of the apparatus was modified by employing

a scan speed of 32°C/min instead of 8°C/min. However, there is still
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another source of inaccuracy because the calibrations are performed
with metals as calibration samples, e.g. indium and tin. These metals
have a higher heat conductivity than the polymer samples and it is
therefore possible that the measured temperatures are somewhat too

27)

high. According to Illers this deviation is 1 - 2°C; a correction
for this relatively smali error has not been applied in the present
work. The cooling rate between successive scans was fixed at 32°C/min
except for experiments where the effects on the polymer of slow cooling

or quenching were tested.

With a few samples, which were also run in the calorimeter, density
measurements were performed in Davenport gradient columns filled with
either aqueous zinc chloride or potassium iodide solutions. When
potassium iodide was used some sodium thiosulfate (5 g/1) was added to

prevent air oxidation of the iodide.

3.3. Materials

The following commercial PVC grades and copolymers of vinyl chloride

with vinyl acetate were studied:

—

Corvic D 65/6, suspension PVC, ICI

Solvic 239, suspension PVC, Solvay

Vestolit E 7001, emulsion PVC, Chemische Werke Huls

Breon 121, emulsion PVC, British Geon

Lucovyl RB 8010, bulk PVC, Péchiney - St. Gobain

Vinylite VYDR 3, copolymer, 47 vinyl acetate, Union Carbide
Solvic 513 PA, copolymer, 137 vinyl acetate, Solvay

Vinnol VE 5/65 P, copolymer, 57 vinyl acetate, Wacker Chemie
Vinnol E 10/65 P, copolymer, 10% vinyl acetate, Wacker Chemie

O W 00 N O U B WwN
. . . . . . . .

—_—

Vinnol E 15/45, copolymer, 15% vinyl acetate, Wacker Chemie

. Vinnol VH 13/50, copolymer, 137 vinyl acetate, Wacker Chemie

)]

. Vinnol H 40/60, copolymer, 407 vinyl acetate, Wacker Chemie

—
w

Rhodopas AXBM II, copolymer, 177 vinyl acetate, Rhone - Poulenc
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In addition, partly syndiotactic PVC's were produced in the
laboratory by suspension polymerization at -30°C and -15%C. As

recommended by Konishi and Nambu 284

a water/methanol mixture (1:1)
was used as the continuous phase and the catalyst system lauroyl
peroxide/ferrous caproate (both in a concentration of 0.3 mol?% on
monomer) was employed. The reaction was stopped after five hours by
adding oxalic acid or styrene and the polymer purified by dis-—
solution in cyclohexanone and subsequent precipitation in methanol.
Since the product obtained in this manner still contained some
impurities this procedure was repeated with tetrahydrofuran as the
solvent. Finally, the polymer was filtered and washed with methanol
and dried for 24 hours at 40°C in a vacuum oven.

All the compounds tested were stabilized by adding 3 - 5 Zw dibasic
lead phosphite.

3.4. Primary crystallinity

Two kinds of crystalline melting effects were found. Primary crys-—
tallinity which was detected in virgin PVC is described in this
paragraph. Secondary crystallinity induced by annealing the polymer
is discussed in the next section.

An example of thermograms obtained with a commercial virgin PVC
powder is given in figure 3.1. The samples were tested as received
from the suppliers.

The thermograms show a melt region which starts at about 150°C.
The initial melting temperature does not vary significantly among the
commercial samples tested, except for Solvic 239 in which melting
starts at about 170%. Invariably, the melting range extends into the
decomposition range. When a virgin PVC powder is heated to a temper-—
ature somewhere in the melting range a permanent change is produced
in the thermogram: in the subsequent scan the endothermic melting
effect commences at the highest temperature that was reached in the
first run (ef. figure 3.1.), which means that no recrystallization
occurs on cooling. In this way, the crystallinity can be removed step

by step by successive heat treatments. Similarly, when a PVC compound
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Figure 3.1. Thermograms of commercial PVC; melting of primary crystallinity.
first run (A)
second run (B)

third run (C)

Table 3.1. Melting temperature and melting energy of commercial PVC's.

Polymer grade (see Initial melting |Melting energy

in the temperature

range 150 - 200°c,
cal/g

: . o
section 3, materials) temperature, C

Corvic D 65/6 150 1.2
Solviec 239 170 not measured
Vestolite E 7001 150 10
Breon 121 150 1.0
Lucovyl RB 8010 150 1.2

Vinylite VYDR 3 (47 vinyl acetate) 150 small

Other copolymers(> 57 vinyl acetate)|no melting 0
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is prepared by milling and pressing, the thermogram clearly shows the
highest temperature reached during processing by a steep onset of the
endothermic region (thermogram B in figure 3.1.).

Copolymers of vinyl chloride with vinyl acetate behave differently.
The copolymer containing 47 vinyl acetate (Vinylite VYDR 3) shows a
small melt region whereas in the thermograms of copolymers with a
higher vinyl acetate content no melt effect at all can be detected.

The crystalline melting effects are sometimes obscured to some
extent by another phenomenon, especially when measurements are
performed on PVC powder. When the PVC melts the heat contact between
the sample holder and the sample itself improves. As a consequence
a smaller heat flux is required temporarily to raise the sample temper-
ature linearly. This change causes a pseudo-exothermic effect in the
thermogram almost at the same temperature where the endothermic melting
usually starts. To prevent this there should be no change in the heat
contact during the scanning of the thermogram. This can be attained
by applying a pressure of about 1000 atm when filling the aluminium

sample pans which are used in the Perkin Elmer apparatus.

The magnitude of the melt region was estimated by calculating the
amount of energy required to melt the crystals present in the polymer
in the range between the initial melting temperature and 200°C. The

results for a number of commercial samples are listed in table 3.1.

From the above data it is concluded that the differences between
the various PVC grades tested are small. Suspension, emulsion and bulk
PVC all give the same result. The copolymers show a smaller effect or
none at all; apparently, the introduction of vinyl acetate diminishes
or prevents crystallization.

Thermograms of the laboratory-prepared, partly syndiotactic PVC
polymerized at -30°C are shown in figure 3.2. Here, melting starts at
180°C. The endothermic effect is larger than in commercial polymers.
However, the polymer was purified by dissolution and subsequent pre-
cipitation. It will be shown below that this procedure causes the

crystallinity of the polymer to diminish. Nevertheless, larger
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melting effects were found for this polymer than with commercial

PVC's, which confirms that its crystallinity is higher.

——— = HEAT FLUX, MCAL/S
n
\

— s TEMPERATURE,°C

Figure 3.2. Thermograms of PVC polymerized at -30°C; melting of primary crystall-
inity.
first run

= == == == second run

The heat of fusion of the primary crystallinity was found as follows.
When samples from a PVC plate are heated up in the calorimeter to 200°¢C
the crystallinity decreases. The heat which is required for the melting
was obtained from the thermograms. The decrease in crystallinity was
calculated from density measurements on parallel samples. The results

of the density measurements are shown in table 3.2.

The densities of entirely syndiotactic (1.44 g/cm3 29)) and entirely

P 30)) differ by 0.03 g/cm3. The data of table

amorphous PVC (1.41 g/cm
3.2. show that the density diminishes by 0.0026 g/cm3 when heating from
165 to ZOOOC, which means that the crystalline content diminishes by
about 97%. The thermograms reveal that the corresponding melting energy
amountsto 1.2 cal/g (table 3.1.). On this basis, a heat of fusion of

approximately 13 cal/g or 850 cal/mole of monomer unit is found.
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Table 3.2. Densities of commercial PVC samples before and after

different heat treatments

Thermal treatment Density in g/cm3
Milled and pressed at 165°C _ 1.4335
Heated at 180°C 1.4325
Heated at 200°C 1.4309

To compare the above result with literature data, values of the
(initial) melting temperature and the heat of fusion were collected

and listed in table 3.3. The results of the present work agree satis—

factorily with those of Kockott3l) 34) and

35)

, Anagnostopoulos et al.
Nakajima et al. , but they differ considerably with the results of
other authors using thermal analysis as measuring method. A low melting

38)

temperature was reported by Michel ; his low value of 114°C can be
easily explained, since the experimental work was done with a mixture
of PVC and plasticizer which was dry-blended at room temperature. In
such a mixture the plasticizer depresses the melting temperature. In

7)

the thermograms of Lebedev et aZ.3 the authors indicate a melting
of crystalline structures starting at 200°c. However, the comparison
of the thermogram of their initial specimen (A) with that of the
sample which they cooled slowly after preheating to 210°¢ (B) shows
an endothermic effect which starts at 150°C and extends into the
decomposition range (figure 3.3.). The peak at 200°c may be due to
decomposition, since appreciable degradation of the material starts
at that temperature when the heating rate is but 4°C/min. The peak at

120°C cannot be explained.




32

Table 3.3. Melting temperature and heat of fusion of PVC
Melting Heat of | Polymer Measuring- | Reference
temperature | fusion specification| method
% cal/mole
150 - a = 0.5 X-ray KockottBl)
220 - o= 0.8
273 2700 a=1.0
32)
212 - copolymer flow of Walter
with 2-57 plasticiz-
vinyl ed PVC
acetate
155 = ™ ]252C flow of Reding et aZ.33)
220 = p01= 4500 plasticiz-
265 - P°1= -100c | ed PVC
> 300 - TP = -80°C
pol
174 660 commercial polymer- Anagnastopoulos
diluent et al.34)
o 50 35)
285 785 T o1™ —lSoC polymer- Nakajima et al.
310 785 TP9’= -75°C | diluent
pol
225 = commercial DTA C1ark36)
200(150) = commercial DTA Lebedev et aZ.37)
114 - commercial DTA Michel 30)
PVC
plasticized
150 750:) commercialo DSC Juijn et aZ.39)
180 - T =-300C
pol

%) In this thesis the value of the heat of fusion was recalculated

to be 850 cal/mole.
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Figure 3.3. Thermograms of PVC produced at 50°C: A - initial specimen; B - the same

specimen cooled slowly from 210 to -70%. (According to Lebedev et aZ.%))
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Figure 3.4. Thermograms of commercial PVC slowly precipitated from tetrahydrofuran.

first run

S — second run

The thermograms in figure 3.1. show that the primary crystallinity
is removed partially by heating to a temperature in the melting range.
Once this crystallinity has disappeared it is very difficult to restore
it. A successful method for recrystallization of the polymer is slow
and careful precipitation from solution. To this end the polymer is

dissolved in tetrahydrofuran (2 % w solution) and methanol is then
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slowly added to this solution whilst stirring vigorously. The powder
obtained in this way contains crystallinity (see figure 3.4.). On the
other hand, entirely amorphous PVC is obtained by 'quick' precipita-
tion, when the PVC solution is added to the methanol. In that case no

endothermic effects are found in the thermogram.
3.5. Secondary crystallinity

We have seen that recrystallization of the primary crystallinity
is impossible. However, annealing at a temperature above the glass
transition temperature does produce some crystalline order in pre-
heated polymer. This follows from figure 3.5., in which thermograms
are shown of a commercial PVC powder which was annealed at 100°c.

An endothermic region is formed adjacent to the annealing temperature.

The maximum of this endothermic peak is located at Tmax

The original melting range (primary crystallinity) is never entirely
restored, not even after prolonged annealing. The thermograms of figure
3.5. show that the annealing effect is eliminated by subsequent heating;

it does not reappear unless the polymer is again annealed.

b

e HEAT FLUX,MCAL/S
n
I

50 0 50 100 Tuax 150 200

Figure 3.5. Thermograms of commercial PVC; annealing at 100°c.
first run

—— —— second run
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Annealing experiments were performed at various temperatures between
the glass transition temperature and the decomposition range. Samples
which were preheated at 180°C were annealed for 16 hours. The results,
shown in figure 3.6., indicate that there is a maximum annealing effect

at about 110°C.
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Figure 3.6. Influence of annealing temperature on the magnitude of the annealing

effect (annealing for 16 hrs).
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Figure 3.7. Influence of preheating temperature on the magnitude of the annealing
effect (annealing for 0.5 hr at 100°C) .
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The magnitude of the annealing effect depends on the extent to which
the primary crystallinity has been melted by prior heating. The effect
becomes larger when the amount of primary crystallinity left after pre-
heating decreases.An untreated virgin powder does not show any effect
at all (see figure 3.7.).

The annealing effect increases in intensity when annealing is pro-
longed. This is shown in figure 3.8. Moreover, figure 3.9. shows that
the newly formed melting range then shifts to a higher temperature.
These results indicate that the secondary crystalline order induced
by annealing becomes more extensive and increasingly perfect at
longer annealing times.

Secondary crystallinity is formed in all kinds of commercial PVC
and also in syndiotactic PVC. However, the copolymers containing vinyl
acetate behave differently. In figure 3.10. the annealing effect for
various copolymers is compared with that of the homopolymer (Solvic
239). There is a gradual decrease of the annealing effect when the
vinyl acetate content of the copolymer increases; at 407 vinyl acetate
secondary crystallinity is not formed at all. This is in contrast with
the influence of comonomers on the formation of primary crystallinity;
as was shown previously a small vinyl acetate content (5%) entirely

prevents the formation of primary crystallinity.
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Figure 3.8. Influence of annealing time on the magnitude of the annealing effect

(annealing at IOOOC, preheating temperature 165°C) .
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Figure 3.9. Influence of the annealing time on the melting temperature of the

induced structures (annealing at lOOOC, preheating temperature 165°C).
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Figure 3.10. Influence of vinyl acetate content in copolymer on the magnitude of
the annealing effect (annealing for | hr at lOOOC, preheating

temperature 200°C).

The procedure for the estimation of the heat of fusion of the
secondary crystallinity is similar to that applied to the primary
crystallinity described in the previous section. Again, the density

difference and the thermal effect were measured with the same samples.
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The results of the measurements on samples of commercial PVC before

and after annealing are listed in table 3.4. The density values are
plotted as a function of the annealing effect in figure 3.11. A density
difference of 0.022 g/cm3 is measured when the annealing effect amounts
to 0.5 cal/g. From these data a heat of fusion of about 400 cal/mole

is calculated assuming that a material having 1007 secondary crystall-

inity has the same density as a material of 1007 primary crystallinity.
3.6. Annealing below the glass transition temperature and quenching

In literature reports many authors mention crystalline phenomena
occuring in or just above the glass transition region. The effects
arise when a sample of PVC is annealed at a temperature just below the
glass transition region and when a sample is quenched from a high
temperature (approximately 200°C) to a low temperature27’40’41’42).
In figure 3.12. these effects are shown. Curve A represents a normal
DSC thermogram. Curve B shows an endothermic effect for an annealed
sample; similar thermograms are found when a sample is slowly cooled

from a temperature above the glass transition27’43)

. The exothermic
effect in curve C is caused by quenching.
Both these thermal effects have been ascribed to crystalline

phenomena:ao’al’az)

the annealing peak has been attributed to the
melting of structurally ordered material and the exothermic quench
peak was interpreted as crystallization. The explanations must be
incorrect since the two effects can be obtained with various kinds of
polymers, whether they are crystalline, semi-crystalline or amorphous.
PVC, copolymers of vinyl chloride and vinyl acetate, polyvinyl acetate

44), polystyreneés)

all behave in this manner. Although polystyrene
contains neither primary nor secondary crystallinity and thus is
completely amorphous, it nevertheless shows the glass transition effects
discussed here.

The correct explanation for these effects is enthalpy relaxationAO’

44-49) 40)

. Figure 3.13. (according to Wilski ) shows the enthalpy-

temperature relationship. After quenching the enthalpy of the polymer
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Table 3.4. Densities of commercial PVC samples hefore and after

annealing
Thermal treatment Annealing time, Annealing effect, Density,
2 3
min cal/g g/cm
Preheated at 180°C 0 0 1.4334
Preheated at 180°C
annealed at 100°C for: 5 0.05 1.4337
10 0.14 1.4339
15 015 1.4340
30 0.20 1.4343
60 0.25 1.4349
120 0.34 1.4348
240 0.44 1.4355
900 Q.52 1.4357
s
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Figure 3.11. Density as a function of the magnitude of the annealing effect

(annealing at lOOOC, preheating temperature 180°C).
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Figure 3.12. Thermograms of commercial PVC; glass transition effects.

normal thermogram (A)
—_—— - thermogram after annealing below the glass transition
temperature (B)

S — thermogram after quenching (C)
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Figure 3.13. Enthalpy-temperature relation in the glass transition region.
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is too high and therefore subsequent slow heating gives a drop in
enthalpy in the glass transition region which is observed as an exo-
thermic peak in a DSC thermogram. Conversely, annealing in the glass
region or slow cooling of a sample causes the enthalpy to reach a
low level. In that case a high heating rate produces an endothermic
effect in the thermogram. Such enthalpy curves were measured by

45)

Sharonov and Volkenshtein for polystyrene. It was thus shown that

these so-called crystalline effects are actually relaxation phenoma.
3.7. Conclusions

1. Two types of crystallinity can exist in PVC:

a. Primary crystallinity of relatively high order, which occurs in
virgin powder.

b. Secondary crystallinity having a lower degree of order, which
results from annealing when the primary crystallinity has wholly
or partly been melted.

2. The thermal effects in or just above the glass transition region
which are caused by annealing below the glass transition temperature

and quenching are relaxation phenomena.




CHAPTER 4
AGING OF PLASTICIZED PVC

4.1. Introduction

Objects made of plasticized PVC stiffen in the course of time. So
far, this phenomenon has not been explained satisfactorily and only
few data have been published on the aging of technically and economical-
ly important plasticized compounds containing PVC. A RAPRA-reportso)
attributes the aging to segregation of polymer and plasticizer. A
similar"stiffening' is observed when aging PVC in solution™ > and
soft PVC ge1553’54). In these cases the formation of supramolecular
structures is held responsible for the aging.

When PVC is plasticized the glass transition temperature decreases.
A compound with about 25 Z w of plasticizer has a glass transition
temperature below room temperature. Since annealing of rigid PVC above
the glass transition temperature causes secondary crystallinity it is
logical to assume that crystallization proceeds to some extent in
plasticized compounds during storage at room temperature. Below, the
hypothesis that crystallization causes the aging of these materials

is examined experimentally.
4.2. Equipment and measuring techniques

The calorimetric studies and density measurements were carried out
as described in chapter 3, section 2. Moduli of elasticity were
measured on an Instron Universal Testing Instrument, floor model
(TT-CM). Polymer samples with a cross section of 1 x 0.2 cm and a
length between the clamps of 8 cm were tested at a strain rate of
0.5 cm/min. The modulus of elasticity at 0.57 relative strain was

calculated from the stress—-strain diagram.
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4.3. Materials

The following commercial polymers were studied in plasticized

compounds:

1. Corvic D 65/6, suspension PVC, ICI

Solvic 239, suspension PVC, Solvay

Vestolit E 7001, emulsion PVC, Chemische Werke Huls

Carina 16 F, emulsion PVC, Shell

Vinylite VYDR 3, copolymer, 47 vinyl acetate, Union Carbide

Solvic 513 PA, copolymer, 13% vinyl acetate, Solvay

Haloflex 243, chlorinated polyethylene containing 437 chlorine, ICI

0 N O LB wN
- . . . . .

. -15% polymerizate, see chapter 3, section 3
The following plasticizers were used in the compounds:

1. Scadoplast 8 P, di-2-aethylhexyl phtalate (DOP), Scado-Archer-Daniels
Tricresylphosphate (TCP), U.C.R.

Scadoplast 8 A, di-octyl adipate (DOA), Scado-Archer-Daniels
Scadoplast W 2, polyester from phtalic acid, Scado-Archer-Daniels

Scadoplast RA 5, polyester from adipic acid, Scado-Archer-Daniels

[< 2N, B S L
. . . .

. Cereclor S 52, chlorinated paraffine containing 52 % w chlorine, ICI

All compounds were stabilized with 2 7% w dibutyl tin dilaurate and

0.5 7 w zinc stearate.
4.4, Annealing of plasticized PVC

Thermograms were recorded on samples of plasticized PVC compounds
containing 30 parts by weight of DOP per 100 parts of PVC. The test
samples had been stored at room temperature for varying periods of
time. An example of the results is shown in figure 4.1.; secondary

crystallinity is clearly shown by the thermograms.

The glass transition temperature is situated below room temperature.

This means that storage at room temperature is, for this material,
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equivalent to annealing it above the glass transition. The same
phenomenon observed when annealing rigid PVC is thus found here for
the plasticized compounds: secondary crystallinity is formed in
increasing amounts as the time of storage is longer. Also, the melting
range then shifts to higher temperature. Concomitantly, the modulus

of elasticity of the material increases (see figure 4.2.) and the

same applies to the density of the compoundss) (figure 4.3.).

For all the polymers studied -including the low temperature
polymerizate, the copolymers and the chlorinated polyethylene-
similar results were obtained. This is illustrated by an extensive
comparison of the stiffening of various compounds at the end of this
section.

The formation of secondary crystallinity in plasticized PVC is a
reversible process. Reheating to 80°C causes the crystalline order to
disappear; simulteanously, the modulus of elasticity decreases to the
value which was found right after processing of the compound. The
phenomena studied here have sometimes been ascribed to loss of

plasticizer by evaporation, but this is disproved by chemical analysis.
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Figure 4.1. Thermograms of plasticized PVC containing 30 parts of DOP on 100 parts

of PVC; annealing effect obtained by storage at room temperature for
A: 0.5 h, B: 18 h, C: 10 days, D: 0.5 year.

E: without annealing.
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Figure 4.2. Influence of storage time on the modulus of elasticity for plasticized

PVC containing 30 parts of DOP on 100 parts of PVC. Storage and

measurement of modulus at room temperature.
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Figure 4.3. Relation between modulus of elasticity and density of plasticized PVC

containing 27.6% DOP. Increase of modulus of elasticity and density

obtained by storage at room temperature (According to Gisolfss)).
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Another theory based on the segregation of plasticizer and PVCSO) is

incompatible with the fact that compounds with all kinds of plasticizer,
including polymeric plasticizers, show aging. Even the chlorinated
polyethylene, without plasticizer, shows an increasing stiffness in
the course of time. The increase in the moduli of the plasticized
material should therefore be ascribed to the formation of secondary
crystallinity. This is in line with the theory of several authors, viz.
that the rubberelastic behaviour of plasticized PVC may be attributed
to physical crosslinking caused by crystallitesS3’55). It also explains
that the aging process is reversible: upon heating the annealing
structures are melted.

Aging of plasticized PVC at room temperature is similar to aging
of pure PVC at a temperature above the glass transition region. When
PVC is annealed at 100°C and the modulus of elasticity is measured at
that same temperature an increase in stiffness is observed. This is
shown in figure 4.4. which closely resembles the aging of plasticized

PVC presented in figure 4.2.

4000
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Figure 4.4. Influence of storage time on the modulus of elasticity of unplasticized

PVC (Solvic 239). Storage and measurement of modulus at IOOOC.
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The increase of the modulus of elasticity was determined for a
large variety of plasticized compounds. From plots like that of
figure 4.2. the moduli of elasticity at 1 hour and 1000 hours were
taken (El and ElOOO’ respectively). The ratio of these values,
EIOOO/EI’ is a measure of the rate of aging of the compound. The
experimental results are listed in table 4.1.

The rate of aging, EIOOO/EI’ is plotted as a function of the
modulus of elasticity, E], in figure 4.5. The aging is accelerated
by lowering the stiffness of the compound. It is considered significant
that all the compounds tested fit in the same curve: it means that
compounds containing the partly syndiotactic polymer, the copolymers
and even the chlorinated polyethylene most probably produce the same
type of crystallinity as the commercial PVC compounds.

The above findings lead to a general conclusion which is important
in applications, vZz. that it will be very difficult to prevent the
aging of plasticized compounds. The structures formed upon aging have
such a low degree of order that the introduction of defects in the
chain does not help to prevent their being formed. Changing the type

of plasticizer is equally without effect.
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Figure 4.5. Aging of plasticized PVC compounds as a function of the modulus of

elasticity.




Table 4.1. Aging of plasticized PVC. Measurement of modulus elasticity

- el sl WO B BT
Polymer Plasticizer partaf 100 ’ | temperature | kgf/cm™ | kgf/cm” | rate cf aging
parts of PVC %
Corvic D 65/6 Scadoplast 8P 30 165 1720 2500 1.45
Corvic D 65/6 Scadoplast 8P 30 165 1800 2900 1.60
Corvic D 65/6 Scadoplast 8P 30 165 1820 2650 1.45
Corvic D 65/6 Scadoplast 8P 30 165 1850 2800 1.50
Corvic D 65/6 Scadoplast 8P 30 165 1900 2860 1.50
Corvic D 65/6 Scadoplast 8P 30 165 1930 2640 1+35
Corvic D 65/6 Scadoplast 8P 30 165 1940 2800 1.45
Corvic D 65/6 Scadoplast 8P 30 165 2100 2760 1.30
Corvic D 65/6 Scadoplast 8P 30 185 1750 2750 1.55
Corvic D 65/6 Scadoplast 8P 26 165 3600 5500 1.50
Corvic D 65/6 Tricresylphosphate 30 165 9350 10500 1.10
Corvic D 65/6 Scadoplast 8A 30 165 540 1270 2.35
Corvic D 65/6 Scadoplast W2 30 165 5700 7300 1.30
Corvic D 65/6 Scadoplast W2 33 165 3700 5000 1.35
Corvic D 65/6 Scadoplast W2 40 165 1100 1850 1.70
Corvic D 65/6 Scadoplast RAS 30 165 7600 9250 1435
Corvic D 65/6 Cereclor S52 30 165 8650 11100 1.30

8%



Table 4.1. continued

Polymer

Plasticizer

Amount of

plasticizer,

parts/100

parts of PVC

Press

temperature

°%

E1000’E)

rate of aging

Solvic 239
Vestolit E 7001
Carina 16F
Vinylite VYDR 3
Vinylite VYDR 3
Vinylite VYDR 3
Solvic 513 PA
Solvic 513 PA
Haloflex 243
Haloflex 243
=159C polymerizate

Solvic 239
Solvic 239
Solvic 239
Solvic 239
Solvic 239
Solvic 239

Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast

Scadoplast

Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast
Scadoplast

30
30
30
30
30
20
30
20

5

30

0
10
20
30
40
50

165
165
165
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.5. Conclusions

Secondary crystallinity is formed in plasticized PVC during storage
at room temperature.

. The formation of such structures accounts for the stiffening of
plasticized compounds in the course of time.

. Aging occurs with various kinds of plasticizer.
The aging process is independent of the syndiotacticity of the PVC
and also occurs in copolymers of vinyl chloride with vinyl acetate

and even in a highly chlorinated polyethylene.
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CHAPTER 5
CHAIN STRUCTURE

5.1. Chemical and stereochemical structure of the chain

In the previous chapters it has been pointed out that atactic PVC
crystallizes to some extent. Since crystalline order in a polymeric
material requires strict regularity of the chains, the question
arises how and to what extent even atactic PVC can still be packed
in a regular crystal lattice. Chain regularity is determined by its
chemical structure (chemical impurities, branching, head-to-tail
structure) and its stereochemical structure (configuration, conforma-
tion). These subjects will be discussed in this chapter.

Chemical impurities may be incorporated in the chain during
polymerization. Many of these are attached to the chain ends, e.g.
as initiator groups. However, there is a high level of chain transfer
during the polymerization of vinyl chloride. This means that a large
fraction of the molecules is started through transfer reactions and,
consequently, many molecules do not contain initiator groups. This
was shown by Razuvayev et aZ.56), who found only 0.19 to 0.40
initiator groups per molecule. The molecules which were started
through transfer reaction contain olefinic end groups with almost
the same size as the monomer unit. Hence, the effect of chemical
impurities on the regularity of the chain is likely to be of minor
importance.

Another factor causing irregular chain structure is branching.
The measurement of the degree of branching is very laborious: the
polyvinyl chloride is first reduced by lithium aluminium hydride to
polyethylene and then the content of methyl groups of this poly-

35’57). The method does not

ethylene is estimated by infrared analysis
reveal the length of the branches: each branch, whether short or long,
is counted as one side chain. At best, the results are semi-quentative.

The degree of branching is usually given as the methyl content of the
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reduced PVC (CH,/100CH.). For commercial PVC's values of 0.235), less

3 2
than 0.558), 0.4 to 1.157), ].659) and 1.5 to 1,860)

have been report-—
ed. From these figures we conclude that branching is not the major

factor that determines the crystallinity of PVC.

The third phenomenon which contributes to the chemical structure
oi the chain is the manner in which monomer is added during the growth
of the chain. The monomer unit in the chain consists of two groups,
vZz. the CHCl group and the CH2 group. These groups can be called the
head and the tail of the monomer, respectively. Thus, the propagation
step in the formation of PVC can yield a head-to-tail, a head-to-head

61)

and a tail-to-tail addition. It was shown by Marvel et al. that

head-to-tail addition of the monomer occurs far more readily than
head-to-head or tail-to-tail addition. Fierz-David and Zollinger62)
estimated the proportion of irregular monomer additions to be less
than 1.57%. From this low figure it is concluded that head-to-head
and tail-to-tail structures are not likely to prevent the crystall-
ization of PVC.

Since the content of chemical impurities, degree of branching and
the amount of irregular monomer addition are low, the structure of
the chain is determined almost exclusively by stereochemical factors.
For a vinyl polymer like PVC two factors should be considered:

1. The stereoregularity of the chain (configuration)
2. The spatial arrangement of the chain backbone (conformation).

In this investigation, the use of atomic models proved to be a
very suitable means of studying the stereochemical structure of PVC.

New Courteauld Atomic Models were used, which have dimensions

corresponding to the following values of atomic distances: dCC= 1.54 A,
d,.. = 1.07 A and d = 1.76 A. In a Table of Selected Bond Lengths,
CH CC1 63)

published by the Chemical Society , average values of these bond
lengths are listed as follows:

dCC = (1.537 + 0.005)A, dCH = (1.096 i_0.00S)A and dCC1 = (1.767 +
0.005)A. Besides, all valence angles in the PVC chain are very close
to the valence angle of tetrahedral carbon. Since this also holds

for the Courteauld models they are regarded as adequately realistic.
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5.2. Nomenclature

For a unique description of the chain structure the configuration
and conformation parameters have to be defined first. There is no
system which is generally used in literature, but this is not a
serious problem because it is quite easy to translate the symbols
of one nomenclature into the symbols of any other system. Our
nomenclature can be illustrated by means of the Newman projection
of the chain (see chapter 2.1.). If two atoms have the same projection
they are distinguished by indicating the atom lying in front by a
point and the rear atom by a circle. As direction of projection the

C-C bond in the monomer was chosen, with the CH, group lying in front

2
of the CHCl group. (see figure 2.3.)

5.2.1. Configuration parameters

A monomer unit in the chain can be right-handed (R) or left-handed
(L) as defined in chapter 2.1. Here, figure 2.3. is reproduced again

to show the Newman projections of the (R) and (L) monomer unit.

H Cl Cl H

(R) (L)

Figure 2.3. Newman projections of the right-handed and left-handed monomer unit.

5.2.2. Conformation parameters

A carbon-to-carbon bond in the chain can be trans, gauche-right
or gauche-left. The Newman projections of figure 5.1. are used to

define the symbols T, Gr and GZ'
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There is a C-C bond coming into and a C-C bond going out of the
monomer. The C-C bond of the monomer is called trans, T, if the two
C-C bonds, coming in and going out, are parallel. The bond is called
gauche-right, Gr’ when the incoming bond can be made parallel with
the outgoing bond by a clockwise rotation over 120°. Similarly, a
bond is named gauche-left, GZ’ when the rotation is counter-clockwise.
These three conformations around the C-C bond are called the stagger-
ed positions. The eclipsed positions have a higher energy since they
are situated at potential barriers. Therefore only the staggered

conformations will be considered.

COUY

Figure 5.1. Newman projections of the three different conformations around a
C-C bond.

5.3. Conformation

5.3.1. Monomer conformations

A monomer unit is fully characterized by combining one configura-
tion parameter with one conformation parameter. Each configuration
parameter (R and L) can be combined with every conformation parameter
(T, GZ’ Gr). This results in six possible different representations
of the monomer unit, (TR), (GrR)’ (GZR)’ and their mirror images,
(TL), (GZL) and (GrL)’ respectively. The combination of symbols is
placed in brackets; this means that it indicates a monomer unit. The
Newman projections of the six monomer conformations are given in

figure 5.2.
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c cl H
H H H H H H
Cl H H € C Cl
C C C
(TR) G.R) (G/R)
C Cl H
H H H H H
H Cl C H Cl C
C C C
(TL) GL) GL)

Figure 5.2. Newman projections of the six monomer conformations.

5.3.2. Pair conformations

The first step in building the PVC chain from atomic models is to
assemble the monomer unit of which six different conformations exist
(see above). These monomer units are then combined into pairs. On
paper every conformational form of both monomer units can be combined
with any other form of the monomer 1in three different ways: T, Gr
and GZ' We are thus led to expect 6 x 6 x 3 = 108 different pair
conformations.

However, steric hindrance markedly reduces the number of pair
conformations. The pair conformations which are excluded can be
divided into two groups. The first group consists of pairs which
cannot be constructed because of internal steric hindrance. A good
example of this class is the all-trans isotactic pair (TR)T(TR) or
(TL)T(TL). Here the chlorine atoms are contiguous and the construc-

tion of this pair with atomic models is impossible. The second group
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is excluded because of external steric hindrance. Here the pair as

such is without steric hindrance, but it is not possible to attach

a third monomer, whether in front of or behind the pair.

Table 5.1. Conformations of pairs of monomer units.

(All mirror image conformations have been omitted)
Classification Syndiotactic Isotactic
trans (TR)T(TL) (TR) GZ (TR)
without steric hindrance (GZR)GZ(GZL) (GZR)T(GrR)
trans (TR)GZ(TL) (TR)GP(TR)
with some steric hindrance (GPR)Gr(GrL) (GrR)Gr(GrR)

(GrR)T(GZL) (GI'R)T(GZR)
(GZR) GZ (GZR)
gauche (TR)GZ(GZL) (TR)T(GrR)
without steric hindrance (GrR)T(TL) (GrR)T(GrR)
(GZR)T(TL) (GZR)GZ (TR)
gauche (TR) Gr(GrL) (TR) Gr (GI‘R)
with some steric hindrance (TR)T(GZL) (TR)T(GZR)
(GZR)GZ (TL) (TR)GZ (GZR)
(GZR)T(GZL) (GI’R)GI'(TR)
(GZR)T (GZR)

Table 5.1. lists the pairs of monomer units with no or only a

limited amount of steric hindrance. Every pair that can be construct-
ed from New Courteauld Atomic Models without breaking bonds is mention-—

ed in this tabel. The pairs are classified as follows:
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1. A pair can be syndiotactic or isotactic. As was stated in chapter 2,
combinations (R)(L) and (L)(R) are syndiotactic, (R)(R) and (L)(L)
isotactic.

2. A pair can be trans or gauche. In the previous section a monomer
was defined as trans when the two vicinal C-C bonds around the
central C-C bond of the monomer are parallel. The same applies to
the pair. When the C-Cbonds coming into the pair and that going
out of the pair are parallel the pair is called trans. Gauche pairs
can be defined similarly.

3. Some steric hindrance was allowed in constructing the pairs. As a
consequence, there are classes of pairs with and without some steric

hindrance.
5.3.3. Chain conformations

Now that all possible pair conformations are known the third step
in building the chain can be made: combining pairs of monomer units.
This is not always possible. If a pair A-B is combined with a pair
C-D, forming a part of the chain A-B-C-D, we have to check that the
pair B-C is allowed. This technique yields a large number of chain
conformations. Here, the basic question of this thesis (chapter 1)
should be remembered, vZz. to explain the occurrence of crystallinity
in atactic PVC. Crystallization of a polymer requires straight chain
conformations of the molecules and therefore, only these conformations
will be studied below.

PVC crystallinity was first described by Natta and Corradinizg)
when reporting the results of their X-ray measurements on atactic PVC.
They concluded that PVC crystallizes in an orthothombic lattice and
considered this to be the crystal form of pure syndiotactic chains

with a planar zig-zag conformation. In the second chapter it was shown
that in atactic PVC a crystalline content of about 10% cannot be formed
from the syndiotactic chain segments only. Obviously, other straight
chain conformations must exist which can crystallize together with the
syndiotactic chain segments in the orthorhombic lattice described by

Natta and Corradini.




There is some additional experimental evidence for the importance

of straight chain conformations in polymers. Measurements of the
density of polymer materials show that the difference in density
between the 1007% crystalline and 1007 amorphous forms of a polymer

is often small. For PVC Lebedev et aZ.3O)

found a density of 1.44
g/cm3 for the crystalline phase and 1.41 g/cm3 for the amorphous
phase.

64)

Robertson , who observed similar small differences between the
densities of the crystalline and amorphous phases of many polymers,
argues that even in the amorphous phase the polymer chains should be
more or less straight and aligned in parallel. This is the second
reason why particular attention must be given to straight chain
conformations.

Construction with gauche pairs gives bulky chains or comparitively
wide helices. Moreover, such chain conformations do not resemble the
all-trans syndiotactic chain, thus making co-crystallization impossible.
However, combination of trans pairs results in straight chains or
slender helices. The following part of this chapter contains the
results of our studies on these straight chain conformations of PVC.

The syndiotactic parts of the chain pose no problem. All literature
reports indicate that these segments assume the very regular all-trans
conformation. The same was found with the atomic models. The zig-zag
conformation has no steric hindrance and, therefore, has a low chain
energy. The conformation is:

———(TR)T(TL)T(TR)T(TL)T(TR)--- etec.
Natta and Corradini conclude that crystallites are essentially built
up from the above chain segments.

For the isotactic parts of the chain two possible conformations
were found in the present work. The first one is the well-known helix
conformation. This chain conformation has no steric hindrance;
consequently, the chain energy is low. The conformation is as follows:
—-—(TR)GZ(TR)GZ(TR)GZ(TR)GZ(TR)——- ete. or the mirror image:

- (TL)GI'(TL)GI’(TL)GI’ (TL)GP(TL)"—— etc.



59

The second possible isotactic conformation is a straight chain composed
of two different pair conformations. One of these, (TR)GZ(TR), is the
same as was used for the helix conformation. The other, (TR)GP(TR), has
some steric hindrance; as a consequence, the chain energy of the iso-
tactic straight chain is higher than that of the isotactic helix. This
straight chain conformation is represented by:
——-(TR)GZ(TR)GP(TR)GZ(TR)Gr(TR)-—~ ete. or the mirror image:
———(TL)Gr(TL)GZ(TL)GP(TL)GZ(TL)‘—— ete.

Figure 5.3. shows photographs of the three chains. The pictures

indicate that the syndiotactic chain and the isotactic straight chain

Figure 5.3. Photographs of three different chain conformations.

A  syndiotactic straight chain
B isotactic straight chain

C isotactic helix
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closely resemble each other. The chlorine-to-chlorine distance along
the chain is almost the same in these two cases (5.1 A for the syndio-
tactic, 5.0 A for the isotactic chain), which is very important for

the formation of crystalline structures. A second advantage of the
isotactic straight chain over the isotactic helix is the better spatial
filling of the former: a closer molecular packing of syndiotactic and
such straight isotactic parts of the chains is possiblez).

The disadvantage of the proposed isotactic chain conformation is
its higher chain energy because a pair with some steric hindrance is
used in constructing it. To establish whether the chain energy is
sufficiently low for the isotactic straight chain to be a probable
structure, its chain energy has been calculated and compared with the

energy of the isotactic helix. This is reported in the next section.
5.4. Calculation of chain energy

The internal energy of a polymer material is composed of two parts:

intermolecular and intramolecular energy.

The intermolecular energy depends on the packing and alignment of
the chains. No attempt was made to calculate this intermolecular
energy. However, one can make this qualitative statement: when straight
chains are closely packed the intermolecular energy decreases. In fact,
this is the very reason why crystallization occurs. Thus it can be
concluded that —from an intermolecular point of view— straight chain
conformations are energetically favourable.

The intramolecular energy of the chain is determined by its conforma-
tion. Since this conformation can be described (see above) it is now
possible to calculate the intramolecular energy. The calculations were

24)

performed according to a method used for PVC by Fordham which was

improved later on by Glazkovskii and Papulovés). In this method the
contribution to the intramolecular energy is divided into the electro-
static energy and the steric energy. The steric energy is the sum of
all Van der Waals attractions and repulsions of atoms not joined by
valence bonds. The electrostatic energy was calculated from the dipole-

dipole interaction of the CCl-dipoles.
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The calculation requires the knowledge of all interatomic distances.

To this end, the spatial arrangement has to be translated into a

coordination scheme of all the atoms of the chain segment under

consideration. For the calculation of the chain energies of the three

important conformations one must know the energies of three pairs,

viz. the syndiotactic pair conformation (TR)T(TL) and the isotactic

pair conformations, (TR)GZ(TR) and (TR)Gr(TR). The syndiotactic straight

chain is a combination of the pairs (TR)T(TL) and (TL)T(TR) which both

have the same energy. The isotactic helix is composed of the (TR)GZ(TR)

or (TL)Gr(TL) pairs; again, these pairs have the same energy. The iso-

tactic straight chain consists of the (TR)GZ(TR) and (TR)Gr(TR) pairs

(or their mirror images). These pairs have different energies and the

chain energy is the average of the two pair energies.

The calculation of the pair energy proceeds as follows:

Coordinate axes are chosen and the coordinates of the two chlorine
atoms, four carbon atoms and six hydrogen atoms are established.
All interatomic distances are calculated.

The dipole-dipole interaction is determined.

The steric energy is calculated.

The total intramolecular energy is obtained by summation of the
electrostatic and the steric energy.

In one case rotation around a C-C bond is introduced to eliminate
high steric hindrance. The calculation is then repeated until the

minimum pair energy is found.

5.4.1. Coordinate system

Rectangular space coordinates were used. However, in the PVC chain

all bond angles are equal to the valence bond of tetrahedral carbon

(¢

= 109029'). Especially when rotations in the carbon skeleton are

introduced 'tetrahedral axes' are useful since the coordinates then

are very simple and the rotations around C-C bonds are easily describ-

ed.

The distances between the atoms are calculated with the aid of the
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cosine rule. If coordinates X, Y and Z of two atoms differ by AX, AY
and AZ, respectively, the distance between them is found from:

d2 = AX2 + AY2 + A22 + 2cos¢ (AXAY + AXAZ + AYAZ) (5.1)

With rectangular axes cos¢ = 0, for the tetrahedral coordinates

cos¢p = - %.

5.4.2. Electrostatic energy

The electrostatic energy is calculated from dipole-dipole inter-—
action. The dipole moment of ethylchloride (2.05 D) is assumed to be
concentrated in the C-Cl dipole. Since all interatomic distances are
known (see previous section) it is convenient to perform the calcula-
tion of the electrostatic factor with a Coulomb-type equation. The
dipole moment p originates from two electric charges (+ q) and (- q)

located in the carbon and chlorine nuclei, respectively. With the

known values of y and dCC1 we calculate:
e 1
ccl '
-10
=1.16 x 10 €48 s (5.2)

The electrostatic energy is then determined with the equation

2, 1 1 1 1

E.=q(—+ - - ) (5.3)
& Tee Tcici rc01] rcc12

where

q = electric charge

Toe = distance between the two carbon nuclei of the inter-—

acting CCl-dipoles
Toicl = distance between the two chlorine nuclei and
Tccl, and r = distance between carbon atom and chlorine atom not

1 CCl
connected to each other by a valence bond.

2 ., : : s &
When the factor q° is expressed in kcal. A/mole units, its value is

19.5.
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5.4.3. Steric energy

A set of equations assembled by Glazkovskii and Papulov65) was
applied for the calculation of the steric energy. They used Van der

Waals potentials published by Hi11§6), Crowe1167), and Meeson and

Kreevoy68’69)

for the interaction of non-bonded atoms. The potentials
were measured with inert gases having almost the same atomic size as
the hydrogen, carbon and chlorine atoms, vZ2. helium, argon and

krypton, respectively. The interaction potentials all have the form:

_ 8L _ 4.6
ESt K e K'r (5.4)
Where
ESt = steric energy (kcal/mole)
b 4 = distance between the two nuclei
a,K,K' = constants (see table 5.2.).

Table 5.2. Constants in the interaction potential equation (5.4)

Interacting K x 10 3 K; f] Reference
atoms kcal/mole kcal+A” /mole A
His:H 35 18 5.7 H11166)
C...C 40 350 3.6 crowe1157)
Cl,...Cl 220.8 1430 3.621 Meeson and
Kreevoy68’69)
C...H 37.4 79 4.65 *
Cis:Cl 94 707 3.6 ®
HsW €1 88 161 4.65 *®

® The constants for the potentials between different atoms were

calculated on the basis of the combination ru1e65).
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Figure 5.4. Numbering of the atoms within a pair.

Table 5.3. Survey of the atomic interactions in a pair of monomer
units.

Interacting| . » ¢ . ¢ |ci...ct |c...u |c...ct1 |H...c1

atoms
H]...H3 C]"'CA Cll...Cl2 C]...H4 C] .Cl2 Hl...Cll
H]...H4 Cl...H5 C .Cl2 Hl...Cl2
Hl...HS Cl...H6 C4 .Cll HZ...Cl1
Hl...H6 C2...H6 HZ...Cl2
HZ...H3 C3...Hl H3.;.C12
H2. .H4 C3...H2 HQ."Cl]
H2. .HS CQ'.'Hl Ha...Cl2
H2...H6 C4'.'H2 HS...Cl1
H3...H4 C4...H3 HS...Cl2
H3...H5 H6...C11
H3. .H6
H4..'H6
HS...H6
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Figure 5.4. shows a chain segment consisting of two monomer units.
The atoms of this pair are numbered C] until CA’ 6’ Cl] and

C12. The total steric energy of this pair is found by summation of the

H1 until H

potentials of 37 interactions, listed in table 5.3. Only the inter-
actions that depend on the conformation are taken into consideration.

For example, the distance between the atoms C, and C, does not change

1 3
upon rotation around a carbon-to-carbon bond and, consequently, the

C]———C3 potential is constant. However, the distance between the atoms

H] and H3 changes upon rotation around the C1

this H]--—H3 interaction depends on conformation.

5.5. Energies

——-C2 bond. Therefore,

5.5.1. Pair energies

As we have seen previously three pairs play a role in the occurrence
of straight chain conformations. These pairs are:
(TR)T(TL) or (TL)T(TR) , syndiotactic
(TR)GZ(TR) or (TL)Gr(TL), isotactic and
(TR)GP(TR) or (TL)GZ(TL), isotactic.
The energies of above pairs were calculated with the aid of an IBM 360/65
computer. The results are listed in table 5.4.
Table 5.4. shows a high energy for pair (TR)Gr(TR). According to
this result, the conformation of the straight isotactic chain would

seem to be unfavourable since this chain conformation contains the

Table 5.4. Energies of pairs of monomer units.

(All energies in kcal/mole)

Pair E tE E

el st tot
(TR)T(TL) 0.12 - 0.68 = ()56
(TR)GZ(TR) 0.78 = 101 = Q23

(TR)G_,(TR) 0.12 32.25 32.37
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high energy pair. The detailed information from the computer showed
that the high energy for pair (TR)Gr(TR) is caused by the steric
hindrance between one of the hydrogen atoms and one of the chlorine
atoms, viz. Hl-—-Clz. This was confirmed by the Courteauld Atomic
Models. However, it was also found that a clockwise rotation around
the C-C bond of the second monomer unit causes the steric energy to
fall off rapidly. This rotation was introduced in the pair (TR)Gr(TR)
and its energy was recalculated in the following manner.

When deviations from the staggered position occur the potential

energy due to internal rotation must be taken into account. This

potential energy is estimated by a Eanction 03 17
e
Erot = ;— (1 = cos 3y) (5.5)

where Eo = potential barrier, kcal/mole and

Y = deviation from the staggered position.
T
6 -

5

g s

2 St

8

O, 4

=l

g3

£3°T

¢

O 2
1_

T 0 | | | | | | | J: |

30 60 90

120

L——— ROTATION, DEGREES

Figure 5.5. Conformation energy of pair (TR)Gr(TR) as a function of the angle of

rotation (explanation: see text).
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Using the value E = 3 kcal/mole (potential barrier of ethane72))
the conformational energy is calculated with the equation
E = E +E . + IE (5.6)

tot rot el st

Figure 5.5. shows that a minimum energy of the pair (TR)GP(TR) of
about 1.8 kcal/mole is obtained by a rotation over 35°,

The pair energies revised in this way are listed in table 5.5.

Table 5.5. Energies of pairs of monomer units (revised)

(All energies in kcal/mole)

Baie Eel ZEst Erot Etot
(TR)T(TL) 0.12 - 0.68 0 - 0.56
(TR)GZ(TR) 0.78 - 1.01 0 - 0.23
(TR)Gr(TR) 0.16 Q.15 | 1.8

5.5.2. Chain energies

Ultimately we are interested in the energies of the two straight
chain conformations, syndiotactic and isotactic, and that of the iso-
tactic helix. To calculate these chain energies from the pair energies
certain restrictions have to be made. The segment in figure 5.6.
contains two pairs, one with the carbon atoms CI-CZ_CB_CA and one with
the atoms C3-C4—C5-CG.

When calculating the energy of this segment by simply averageing
the pair energies three errors are made:

1. Steric interactions within the monomers are counted twice. A
correction must be made because interactions H ——-H6, H.—=Cl

4 4 2’

HS——-Hﬁ, Hs———Cl2 are part of the first as well as the second pair

(correction 1 in table 5.6.).




important of these is the interaction Cz---C "

68

5

. Steric interactions over long distances are neglected. The most

However, in the

straight chain conformations considered here the error is quite

small (correction 2 in table 5.6.).

Table 5.6. Chain energies

(All energy contributions in kcal/mole)

Chain conformation | Pair conformations | Pair energies | Average value
syndiotactic, (TR)T(TL) - 0.56 - 0.56
straight chain (TL)T(TR) = 0':56
isotactic, (TR)GZ(TR) =023 - 0.23
helix (TR)GZ(TR) —~ 0,23
isotactic, (TR)GZ(TR) - 0.23 0.8
straight chain (TR)GT(TR) 1.8
corrections
Chain conformation Average value chain energy
1 2 3
fpasiotietic, - 0.56 0.28 |- 0.1]0.40 0
straight chain
b - 0.23 0.28 |- 0.1]0.40 0.3
helix
s 0.8 0.25 |- 0.1]0.35 1.3
straight chain
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Figure 5.6. Chain segment consisting of two overlapping pairs.

3. Dipole interactions over long distances are neglected too, e.g. the
interaction between dipoles Cz-——Cl1 and C6—-—C13. The electrostatic
energies are calculated in order to compensate for this effect. It
is found that the corrections have almost the same value for the

three chain conformations (correction 3 in table 5.6.).

Table 5.6. summarizes the final results of the calculation of the
chain energies after correction for the three sources of error. The
difference in the chain energies of the isotactic helix and the iso-
tactic straight chain is but small (1.0 kcal/mole). Therefore it is
very likely that -below the glass transition temperature- a large

fraction of the isotactic material has assumed the straight chain

conformation.

The chain structure can be investigated experimentally by nuclear
magnetic resonance and infrared measurements. A survey of the literature
reports on this subject is given below. It is of interest to learn from
these experimental results whether the isotactic straight chain conforma-

tion indeed exists and to what extent it occurs in PVC.
5.6. Chain structure analysis

5.6.1. NMR analysis

The chain conformation can be studied on the basis of the observed

coupling constants between the methylene and the methine protons. With
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liquid model compounds like the stereoisomers of 2,4-dichloropentane
(DCP)3’7) and 2,4,6-trichloroheptane (TCH)3’6) it was found that the
trans conformation is the stable form of the syndiotactic compounds
of DCP and TCH whereas the isotactic compounds have the helix conforma-
tion.

These results indicate that the stable, low-energy conformation
will be all-trans or helix-like for syndiotactic and isotactic PVC,
respectively. This applies to PVC in solution. However, as was mention-—
ed in the previous section, other conformations may also occur in the
bulk. Unfortunately, the conformation of the chains in solid PVC samples
cannot be studied with NMR because solid samples give broad spectral
bands from which no information about the chain structure can be

derived.

5.6.2. IR analysis
5.6.2.1. CCl-stretching vibrations

Almost all the literature reports in which information is given on
the chain structure deal with the region in the infrared spectrum
where the carbon-to-chlorine stretching vibrations absorb. This part
of the spectrum is shown in figure 5.7. which was taken from the work

of Krimm73)

. The spectrum consists of three bands located at 615, 635
and 690 cm-l, respectively. The bands at 615 and 635 cm_l strongly
overlap. Moreover, the three bands are all complex since each band
consists of at least two different absorption frequencies.

The absorption frequency depends on the spatial arrangement of the
atoms around the carbon-to-chlorine bond. With the aid of the informa-
tion from the spectra of low molecular weight model compounds it is
possible to assign the absorption bands to different 'local' conforma-
tions around the CCl-bond. These local arrangements occur in different
chain conformations and, hence, the spectrum can be interpreted in
terms of chain conformations. Therefore, a qualitative impression can
be obtained concerning the occurrence of the various chain confprma-

tions in bulk PVC.
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Figure 5.7. Infrared spectrum of PVC obtained by polymerization at SOOC, KBr pellet

(According to Krimm73)).

Figure 5.8. Nomenclature of CCl-stretching vibrations.

5.6.2.2. Nomenclature

The nomenclature of the frequencies of the CCl-stretching vibrations
is based on the geometrical arrangement around the CCl-bond. The symbol
S is used because the chlorine atom is attached to a secondary carbon
atom, and two subscripts are added for the two atoms in trans position
relative to the chlorine atom.

Figure 5.8. shows the conformation of the chain in the neighbourhood
of one chlorine atom. The two trans substituents are X and Y, respect—

ively; hence, the IR absorption of this conformation is called SXY'
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The substituents X and Y can be carbon or hydrogen. When the carbon
backbone is planar there are two hydrogen atoms in trans position and

the conformation is then indicated by SHH' There is another conforma-

tion in which two hydrogen atoms are in trans position but here the

carbon chain is not planar. This conformation is indicated by SHH"

Thirdly, an arrangement exists with one carbon and one hydrogen atom

in the trans position, SCH' These three conformations are shown in

figure 5.9. On paper it is possible to construct three additional
H'H'? SCC and SCH' which o;;ur in some low molecular
weight compounds (e.g. chlorocyclohexane) , but they do not exist

arrangements =S

in PVC because of steric hindrance.

H

N
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Figure 5.9. Conformations of the PVC chain. Nomenclature of the CCl-stretching

vibrations.

5.6.2.3. Main absorption frequencies

Secondary alkyl chlorides have been examined as model compounds for
PVC. The IR absorption frequencies of these compounds are collected in
table 5.7.
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Table 5.7. Absorption frequencies of model compounds

Conformation Absorption frequency, Examples
cm_1
S 611 2-chloropropane
HH 75)
S, ¢ 627-637 2-chlorobutane
e . 73,76,77)
2,3—dichloropentane
- 73,76)
2,4,6~trichloroheptane 74)
SCH 667 2,2-dimethyl-3-chlorobutane

The arrangements S

’ SHH' ans SCH are also found in the PVC chain

conformations. SHH occurs in the syndiotactic straight chain conforma-

tion and the isotactic helix contains SCH arrangements only. The iso-

tactic straight chain consists of alternating SCH and SHH' arrangements.

The SCH arrangement is also found in syndiotactic chain segments with
a helix conformation. This conformation occurs to some extent in bulk
PVC but the helix conformations are not important in connection with
the chain structure in crystalline material. Therefore, no attention

is given to the S absorption.

CH
It is possible to summarize the infrared band assignment as follows:

1. the SHH absorption at 615 4::m—1 originates from syndiotactic straight
chain segments.

2. the SH absorption at 635 (:m_1 is assigned to isotactic straight

H'
chain segments.
3. the SCH absorption at 690 cm_l originates from the isotactic straight

chains as well as from isotactic and syndiotactic helix conformations.
5.6.2.4. Additional absorption frequencies

In the infrared spectrum of PVC two absorption frequencies are found

which are absent in the spectra of the low molecular model compounds.

For example, urea complex-produced PVC which has a very high degree
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of syndiotacticity, gives a spectrum in which only absorptions at 603
and 640 cm-] are found.

One would expect that such a syndiotactic material would give strong
absorption at 615 cm_]. The absence of this absorption is explained by
the coupling of CCl-stretching vibrations in long syndiotactic zig-zag
chain segments which results in f]sg}i;2u540§8t?g)SHH band at 615 C?;;
into the bands at 603 and 640 cm SR . Pohl and Hummel
calculated that this coupling requires a minimum length of the syndio-
tactic zig-zag chain segments of five monomer units. These rather short
sequences are present even in atactic PVC and, therefore, it is not
surprising that these absorptions at 603 and 640 cm_] are also found in
the spectrum of atactic PVC. They cause a lot of trouble in the inter-

pretation of the spectrum: the band at 603 cm_1 shows up as a shoulder

absorption band at 615 cm_] and the 640 cm_] absorption

S
on the . :

H
almost coincides with the SHH' absorption at about 635 cm

Table 5.8. Assignment of absorption bands

Frequency, Tacticity Conformation Chain conformation
cem )
603 s Sum syndiotactic straight chain,
long segments
615 s SHH syndiotactic straight chain,

short segments

635 ul S isotactic straight chain

HH'
640 s SHH syndiotactic straight chain,
long segments
690 i and s SCH isotactic straight chain,

isotactic helix and

syndiotactic helix
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5.6.2.5. Assignment of absorption frequencies

Many authors have reported on the assignment of the absorption
2],22,80,81,82,83,84,85)_ T Survey78)

22) 1.84)

bands and recent publications

by Hummel and Pohl and Glaskovskii et a have been used to

assemble table 5.8. in which the band assignment is given.

5.6.2.6. The isotactic straight chain conformation

The absorbance at 635 cm_1 is a measure of the fraction of polymer
with the isotactic straight chain conformation. A quantitative evalua-
tion is not possible because the bands at 635 and 640 cm-] strongly

overlap2]’22)

but a qualitative approach can be made. The absorption
bands at 615 and 635 cm-I have almost the same size. The first band
is a combination of syndiotactic SHH absorption and the syndiotactic
component at 603 cm—], the second one consists of the isotactic SHH'
absorption and the syndiotactic band at 640 cm_l. The spectrum of
urea complex-produced PVC reveals that the syndiotactic contributions
at 603 and 640 cm—l are equally large and therefore we conclude that
the isotactic 635 cm-1 absorbance is of the same order of magnitude
as the syndiotactic SHH absorbance at 615 cm_l. This implies that a
large fraction of the isotactic chain segments has the straight chain
conformation.

Opaskar76)

calculated the normal vibrations of the isotactic helix
conformation and his results show that long chain segments with this
conformation are not present in bulk material. The same conclusion

was drawn by Koenig et aZ.86) from the results of Raman and IR spectra.
This supports the above conclusion that the isotactic material is not

present as helices.

Summarizing, the discussion presented in the present chapter shows

that

1. the isotactic straight chain has a chain energy which is only

slightly higher than that of the isotactic helix.




76

2. the infrared absorbance from the isotactic straight chain segments
is of the same order of magnitude as the absorbance from the syndio-
tactic straight chain segments.

3. the isotactic helices are not present in bulk PVC.

All these facts lead to the conclusion that isotactic straight chains

occur in bulk PVC in appreciable quantities.
5.7. Conclusions

1. The syndiotactic chain with the lowest energy has the planar zig-zag
conformation
-=(TR)T(TL)T(TR)T(TL)-- ete.

2. The isotactic chain conformation with the lowest energy is the iso-
tactic helix
e (TR)GZ (TR)GZ (TR)GZ (TR)-- ete.

3. There exists an isotactic chain conformation with a slightly higher
energy. This is a straight chain which very closely resembles the
syndiotactic straight chain; its conformation is:

-=(TR)G, (TR)G,,(TR)G, (TR)C (TR)-- ete.
4. Infrared analysis of the chain structure shows that a large fraction

of the isotactic chain segments has the straight chain conformation.
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CHAPTER 6
CRYSTALLINE STRUCTURE

6.1. Introduction

Although both syndiotactic and atactic PVC can crystallize, the
syndiotactic materials crystallize more readily than atactic PVC
because the molecular packing is energetically more favourable with
pure syndiotactic zig-zag chains. This conclusion is supported by
literature data: high crystalline contents are only found in highly
syndiotactic polymerizates.

A special case are the PVC's obtained by polymerizing in the presence
of butyraldehyde which exhibit a high degree of syndiotacticity combined
with a low molecular weight. Similarly, high crystallinity occurs with
PVC obtained by irradiating the urea inclusion complex of vinyl chloride

t —780087). The resulting polymers are very highly tactic and there-
fore equally highly crystalline.

With commercially important polymerization techniques like emulsion
and suspension processes, the polymerization temperature is the most
important factor influencing the tacticity of the polymer. At temper-
atures below 0°C partly syndiotactic PVC is obtained and such low
temperature polymerizates are crystalline. However, crystallinity is
not determined solely by the tacticity but also by the mechanical and
thermal history of the PVC. Stretching of PVC fibres, for instance,
raises the crystallinity of the material. Less severe mechanical
handling like calendering and extrusion also influences the crystalline

structure88’89)

. The effects of the thermal history of PVC on its
crystallinity were described in chapter 3.

Crystallinity can be observed by electron microscopy and by means
of X-ray diffraction. With special care it is possible to create
single crystals of PVC. Electron microscopy and X-ray measurements have
both been applied to such single crystals. However, the crystallites

in PVC are usually too small for electron microscopy, especially when
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crystallization occurs in the bulk. Measurement of X-ray diffraction
then is the only suitable means of studying the crystalline structure.
A sufficient number of literature reports are available on this subject
for an understanding of the crystal forms of PVC. This literature will

be reviewed.

6.2. Single crystals

The most convincing evidence of the existence of crystallinity is
that single crystals of PVC can be prepared. Smith and Wilkesgo)
obtained them from 27 chlorobenzene solutions of highly syndiotactic,
low molecular weight PVC polymerized in the presence of butyraldehyde.
Their crystals were rectangular in shape and approximately 100 A
thick which represents the length of the extended chains. The X-ray
diffraction diagram showed that the crystals were orthorhombic.

91)

Nakajima and Hayashi produced single crystals from syndiotactic

as well as atactic PVC. All their polymers had a high molecular weight.
Invariably, single crystals were obtained by slowly cooling 0.1% chloro-
benzene solutions. The atactic commercial PVC gave strip-shaped

crystals with lamellar thickness of 50 - 100 A. This implies that the
chains are folded in the crystal and that isotactic chain segments

cooperate in forming these crystals since syndiotactic sequences of

20 - 40 monomer units are not present in a commercial PVC (c¢f chapter 2).

6.3. X-ray analysis
29)

Natta and Corradini performed X-ray measurements with oriented
fibres of commercial atactic PVC (this work was mentioned earlier in
section 5.3.3.). The reflections found by them are indicative of an
orthorhombic crystal lattice with axes a = 10.6 A, b = 5.4 A and

¢ = 5.1 A. Figure 6.1. shows the ab—plane of this lattice. Results of
X-ray measurements on single crystals of PVC strongly support the
conclusions of Natta and Corradini: the single crystals show the same
orthorhombic X-ray diffraction pattern as the crystallites formed
from bulk polymergo’gl).

In X-ray diagrams of PVC (especially atactic PVC) sometimes a
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Figure 6.1. Model of the orthorhombic structure of polyvinyl chloride (According to

Natta and Cortadinizg)).
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diffraction ring is found which cannot be ascribed to the orthorhombic

crystal form. Mammi and Nardi92’93)

describe this reflection as being
due to mesomorphic or nematic structures which appear after annealing
at 85 - 107°C of stretched fibres. These nematic structures consist
of straight chains aligned in parallel with a distance between the
axes of 5.4 A,

)

Lebedev et aZ.g4 report the reflection from 'polymer molecules in

parallel arrays, which can be further perfected by concordant rotationms,
displacements, inclinations, etc.'. In this work the nematic structures
are also found after annealing at a temperature above the glass transi-

tion region. Another paper of Lebedev30)

shows that annealing at 110%
produces reflections from orthorhombic and nematic structures at the
same time, which means that the alignment of chains proceeds simultan-

eously with the formation of real orthorhombic crystallites.

6.4. Crystallinity of atactic PVC
6.4.1. The orthorhombic lattice

An important conclusion from the literature review in the previous
paragraphs is that the orthorhombic crystal form is independent of the

tacticity of the PVC: Natta and Corradinizg) performed their measurements

with atactic PVC, Smith and wilkesgo)

PVC' and Nakajima and Hayashigl)

used syndiotactic 'butyraldehyde-
worked with syndiotactic as well as
atactic PVC, but they all found the same orthorhombic lattice.

Again, the conclusion must be drawn that the crystalline phenomena
in PVC cannot be explained by assuming that only the syndiotactic chain
segments crystallize. Consequently, the isotactic chain segments must
be able to crystallize. One of the objects of the present study is to
elucidate how the isotactic chain segments co-crystallize with syndio-
tactic chain segments. This is discussed below.

Natta and Corradinizg) assume that the orthorhombic crystals consist
of syndiotactic straight chain segments. Their presentation of the
orthorhombic lattice (ef figure 6.1.) shows this conformation. Our

supposition that the isotactic straight chain segments co-crystallize
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has to be proved by comparison of the cross—sections and longitudinal
sections of the straight chains. For the co-crystallization to be
possible there must be a very close resemblance between the syndio-
tactic and isotactic straight chains since only very small chain
deformations are allowed in the orthorhombic crystal lattice.

A comparison of the syndiotactic straight chain with conformation
-=(TR)T(TL)T(TR)T(TL)--, and the isotactic straight chain having the
conformation ——(TR)GZ(TR)GP(TR)GZ(TR)——, is given in the figures 6.2.
and 6.3. From the longitudinal sections in figure 6.2. it appears
that the chlorine-to-chlorine distance in the direction along the
chain is almost the same in the two cases, the syndiotactic chain

showing a value of 5.1 A whereas the isotactic value is 5.0 A.

syndiotactic isotactic

Figure 6.2. Comparison of the syndiotactic and isotactic straight chains.
Longitudinal section.
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Another small difference is a minor longitudinal shift of the chlorine
atoms on the isotactic chain as compared with those on the syndio-
tactic chain. These differences decrease the regularity along the
c-axis of the crystal lattice. This is in line with the statement by

Natta and Corradini that there is 'lack of order along the c-axis'.

syndiotactic isotactic

Figure 6.3. Comparison of the syndiotactic and isotactic straight chains.

Cross—section.

The cross-sections of the two chains are also almost similar
(figure 6.3.) because the chlorine atoms occupy the same positions.
The only difference is the width at the position of the methylene
groups: there the isotactic chain is somewhat wider. In spite of
this, the isotactic chain fits perfectly in the orthorhombic cell
together with the syndiotactic chain segments. This is shown in
figure 6.4. in which isotactic chains are surrounded by syndiotactic
chains.

The above comparison reveals that the co-crystallization of iso-
tactic chain segments with the syndiotactic chains is possible.
However, it does not explain the relatively high percentage of
crystallinity found in atactic PVC. In the atactic chain there is a
random distribution of syndiotactic and isotactic segments (cf

chapter 2). These segments are short (average length about 4 monomer
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tactic and isotactic chain segments in the orthorhombic lattice.
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Figure 6.5. Photographs of PVC chains; occurrence of discontinuities.
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units) and, consequently, there are many transitions between the two
types of segments.

The question arises whether these 'tacticity transitions' can be
built into the crystal lattice. In order to answer it atactic chains
were constructed from atomic models. First, syndiotactic sequences
were introduced into a fully isotactic chain and then isotactic
sequences into a syndiotactic chain. Figure 6.5. shows photographs
of all these chains.

The photographs 6.5. a, b, ¢, d and e show that the introduction
of syndiotactic sequences into an isotactic chain does not disturb the
chain structure. The regular succession of chlorine atoms alternately
at the sides of the chain is maintained. This is not always the case
when isotactic sequences occur in fully syndiotactic chains. Photographs
6.5. g and i show discontinuities: there is a twist in the chain. In
figure 6.5. g one isotactic sequence occurs between syndiotactic
sequences whereas in figure 6.5. i the number of isotactic sequences
is three. In general, a configuration which contains an odd number of
isotactic sequences between two syndiotactic sequences causes a

discontinuity. In formula, such a configuration is written down as

s(1)2n+ls
where n = 0, 1, 2, 3 etc.
s = symbol for a syndiotactic sequence of two monomer units

i = symbol for an isotactic sequence of two monomer units.

It is quite impossible that such a discontinuity can be incorporated
in the orthorhombic lattice. As a consequence, only the straight atactic
chain segments between these chain defects are crystallizable. However,
when these straight chain segments crystallize they should have a
minimum length according to Flory's theory (cf chapter 2).

Below, the distribution of the length of the straight chain segments
is calculated and with the resulting distribution a new estimate of the

crystallinity in atactic PVC is presented.
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6.4.2. Calculation of the crystalline content

We have seen that a discontinuity in the chain arises when an odd
number of isotactic sequences is placed between two syndiotactic
sequences. When the syndiotacticity a is known the occurrence of these
discontinuities as well as the distance between two subsequent dis-—
continuities can be calculated statistically.

The probability of the occurrence of a syndiotactic sequence is a,
and hence that of an isotactic sequence is (1 - a), where o is the
syndiotacticity of the PVC. One discontinuity is taken as the start-
ing point; the number of sequences between this discontinuity and the
next one is counted. The probability Py of having the next discontinuity

at a distance of N sequences should be calculated.

The calculation proceeds as follows. It was shown before that a

configuration

sis

is a discontinuity. The straight chain regularity is interrupted at the
position in the chain of the isotactic sequence (¢f figure 6.5. g).

When writing down the configuration the interruption of chain regularity
is indicated by underlining the symbol i which causes the defect. This
chain defect is taken as the 'starting—-point discontinuity' in a chain
segment and the occurrence of a second discontinuity is then studied.
For example a chain segment with two more sequences can have the

following configurations:

configurations probability of occurrence
sis  ii (1 - a)?
sis 1is a(l - a)
sis si al(l - a)
. 2
sis ss a
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The second configuration in this list contains another discontinuity.
In this case the distance between the two discontinuities is one
monomer sequence. The probability that such a second discontinuity
occurs at a distance of one sequence from the starting-point dis-

continuity is
p] = a(l - a)

This example can be extended to three sequences which give the

following configurations and probabilities:

configurations probability of occurrence

sis  iii (1-a)
sis iis a(l - a)?
sis isi a(l - a)2
sis 1iss az(l = &)
sis sii a(l - u)z
sis sis “2(1 - a)
sis ssi u2(1 - )
sis sss a3

On the third and fourth row of the above table discontinuities are
found at a distance of one sequence; the sixth row shows two dis—
continuities at a distance of two monomer sequences. The probabilities

of their occurrence is

a(l - a)2 + a2(l - a)

a(l - a), and

Py

2
P, =@ (1 = i)
This way of calculation can be generalized for longer chain segments.
A further example is given in table 6.1. where five sequences are

considered. In this table also discontinuities are found that are
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caused by three subsequent isotactic sequences between two syndio-
tactic ones. The probabilities are listed in the columns with
headings 'pz', 'p3', 'ph' and 'ps'.

The formula for the probability Py was generalized by examining
long chain segments. These tables are not shown in this thesis but the

final result is presented. The general formula was found to be:

i=

Py = (1 - @) E Eg: = 2;:1!(] % 6

i=0

N-1
2

The fraction of the polymer which is present as straight chain

segments with a length of N sequences, FN , was found from

straight
equation 6.1. The distribution of F i is listed in table 6.2.
straight N
for various values of the tacticity. Figure 6.6. shows F for

straight
a = 0.55 together with the distribution of syndiotactic chain segments

of length N, FN

syndio’ which was taken from figure 2.8.

Flory's theory can be applied to these crystallizable straight chain
segments in the same way as was done in chapter 2, section 5. Instead
of the fraction FZyndio the new fraction FZtraight is used. Again, the
minimum sequence length Emin is introduced to derive the maximum
possible amount of crystallinity by calculating the fraction of polymer
which is present as chain segments larger than or equal to Emin' Table
6.3. contains the resulting percentages of crystallinity. Figure 6.7.
gives the comparison between the maximum possible crystallinity from
syndiotactic chain segments only and the similar value for the crystall-
ization of straight atactic chains. In both cases a tacticity value of
0.55 was assumed. With the value Emin = 12 the old theory, assuming
crystallizable syndiotactic chains, gives a crystallinity of 0.457 but
the new theory evolved in the present work predicts that the crystall-

ization of atactic chains can yield 8.57 crystallinity. The latter
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Figure 6.6. Distribution of the sequence length of straight chain segments and

syndiotactic chain segments for an atactic PVC with a = 0.55.

value is in good agreement with the crystalline contents found in

atactic commercial PVC.

However, two restrictions of this theory should be kept in mind:

1. There is less order along the chain axis when the atactic chains
crystallize in the orthorhombic lattice as compared with the crystall-
ization of purely syndiotactic chains, and

2. the isotactic straight chain conformation which contributes to the
atactic crystallites has a slightly higher energy than the syndio-

tactic chain.
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Table 6.2. Distribution of the length of straight chain segments,

thraight
Number of
monomer tacticity o
sequences
N 0.50 0.55 0.60 0.70 0.80 0.90
1 25.00 24.75 24.00 21.00 16.00 9.00
2 12.50 13.61 14.40 14.70 12.80 8.10
3 12.50 12.50 12.48 12.18 10.88 131
4 9.37 9.63 9.79 9.85 9.22 6.72
5 7.81 7.83 7.87 7.99 7.81 6.12
6 6.25 6.26 6.29 6.48 6.62 5.58
7 5.08 4.93 5.03 5.26 5.60 5.08
8 4.10 4.03 4,03 4.26 4,75 4.63
9 3.32 3.23 3.22 3.46 4.02 4,22
10 2.69 2.59 2.58 2.80 3.41 3.84
11 2.17 2.08 2.06 2.217 2.89 3.50
12 1.76 1.67 1.65 1.84 2.45 3.19
13 1.43 1.34 1.32 1.49 2,07 2.90
14 1.15 1.08 1.06 1.21 1.76 2.65
15 0.93 0.86 0.84 0.98 1.49 2.41
16 075 0.69 0.68 0.80 1.26 2.20
17 0.61 0.56 0.54 0.65 1.07 2.00
18 0.49 0.45 0.43 0.52 0.90 1.82
19 0.40 0.36 0.35 0.43 0.77 1.66
20 0.33 0.29 0.29 0.36 0.67 1452
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Table 6.3. Maximum amount of crystallinity as a function of the

minimum sequence length

Minimum
sequence tacticity a
length
Emin 0.50 0.55 0.60 0.70 0.80 0.90
1 100.00 100.00 100.00 100.00 100.00 100.00
2 75.00 75.25 76.00 79.00 84.00 91.00
3 62.50 61.64 61.60 64.30 71.20 82.90
4 50.00 49,14 49.20 52.12 60.32 75.59
5 40.62 40.51 39.33 42.27 51.10 68.87
6 32.81 31.68 31.46 34.28 43.30 62.74
7 26.56 25.42 25.17 27.80 36.68 57.16
8 21.48 20.50 20.13 22,55 31.08 52.08
9 17.38 16.47 16.11 18.28 26.33 47 .45
10 14.06 13.23 12.88 14.83 22.31 43.23
11 11.38 10.64 10.31 12.03 18.90 39.39
12 920 8.55 8.25 9.75 16.01 35.89
13 7.45 6.88 6.60 7.91 13.56 32.70
14 6.02 5.54 5.28 6.41 11.49 29.80
15 4,87 4.47 4,22 5.20 9.74 27,15
16 3.94 3.60 3.38 422 8.25 24.74
17 3+19 2,91 2.70 3.42 6.99 22.54
18 2.58 2435 2.16 2,77 5.92 20.54
19 2.08 1.91 173 2:25 5:+02 18.72
20 1.66 1.57 1.39 1.84 4,27 17.07
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This causes the melting point of these crystallites to be lower than

that of pure syndiotactic crystallites. The orthorhombic crystallinity

is formed more readily in syndiotactic materials: both the quantity

(percentage of crystallinity) and the quality (melting point) are

higher for syndiotactic or partly syndiotactic PVC.
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Figure 6.7. Maximum amount of crystallinity for an atactic PVC with a

as a function of minimum sequence length.

6.4.3. Nematic structures

0.55

The description of the nematic structure remains vague because there

is so little information from the diffuse X-ray diffraction pattern.

The distance between the chains in this kind of structure is only

slightly larger than that in the orthorhombic lattice (5.4. and 5.3. A,

respectivelygz)).lt is probable that the discontinuities which were

described in the previous section can be accomodated in this kind of
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structure. Figure 6.8. shows the cross—section of a PVC chain with such
a chain defect. If neighbouring, aligned chains would contain similar
discontinuities it is possible that these chains fit together. However,
there is no evidence for this supposition and further experimental and
theoretical research should be undertaken to elucidate the packing of

the chains in the nematic state.

//

o
o

Figure 6.8. Cross-section of a PVC chain containing a discontinuity.

6.5. The amorphous phase

Earlier in this thesis (section 5.3.3.) the bulk polymer was des-—
cribed as consisting of straight chains in a more or less dense pack-—
ing. This description explains that the difference in the densities
of the crystalline and amorphous phases is small because the chains
in the amorphous phase also have the extended conformation. However,
the mechanical behaviour of the polymer cannot be explained by this
model: a material consisting of nothing but straight chains would be
very hard and brittle. Since this is not found there must be defects
in the chains -comparable with dislocations in crystals— which give
the chains their mobility.

When discussing the chain conformations in this thesis, a deliberate
choice was made to construct only with trans pairs, which yield straight
chains that could cause the crystallinity of PVC. With these pair con-

formations a large number of other chain conformations can be written
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down. Some of these conformations give almost straight chains with
occasional defects. These defects -called kinks- consist of a small
parallel shift of straight chain segments which develop by a rotation
around one or two monomer units. A molecular model of polyethylene on
the basis of straight chains and kinks was published in many papers
by Pechhold et aZ.gS—]OI). This kink theory can also be applied to
PVC: various kink conformations and the mobility of kinks in the chain
were described in a recent paperz). According to this theory the

amorphous phase in PVC consists of chains mainly in the extended con-—

formation which do contain defects like discontinuities and kinks.

6.6. Primary and secondary crystallinity in PVC

The crystalline structures in PVC can now be interpreted. The
primary crystallinity has the orthorhombic structure. The strongest

31)

evidence for this was given by Kockott who showed that the X-ray
reflections of atactic PVC disappear upon melting at 150°C. This
melting point, which was also found in the calorimetric experimental
work described in chapter 3, is lower than that of partly syndiotactic
PVC. The introduction of atactic chain segments in the crystal lattice
depresses the melting temperature. In copolymers of vinyl chloride and
vinyl acetate the primary crystallinity is absent because the presence
of the large acetate group in the chain prevents the crystallization
in the orthorhombic lattice.

The formation of primary crystallinity requires the chains to be
mobile which is achieved by dissolving the polymer in a good solvent.
However, even then the crystallization appears to be very difficult
since it only occurs when the precipitation is performed very slowly.
Therefore it is not surprising that recrystallization of the ortho-
rhombiccrystals does not occur in the bulk of the polymer where the

mobility of the chains is very much more restricted.

Upon annealing secondary crystallinity is formed. Presumably, this

30)

type of crystallinity has a nematic structure although Lebedev also

found orthorhombic X-ray reflections after annealing PVC at 110°C. The




packing of the chains is less ideal compared with that in the ortho-
rhombic lattice. This results in a lower melting temperature and a
lower heat of fusion. In copolymers of vinyl chloride with vinyl
acetate secondary crystallinity is also formed which demonstrates that
a strict chain regularity is not necessary.

Secondary crystallinity is not formed unless the primary crystallites
have been melted by prior heating. The binding of the chains in the

orthorhombic crystals prevents the alignment of the chains outside these

crystallites. Once the primary crystallites have been melted the mobility

of the chains in the bulk is large enough for the formation of nematic

structures.

6.7. Conclusions

1. Isotactic straight chain segments contribute to the formation of
orthorhombic crystallinity and nematic structures.
The value found by calculating the amount of crystallinity
originating from atactic chain segments is in agreement with
experimental data.
The primary crystallinity in PVC has an orthorhombic structure.
The secondary crystallinity in PVC presumably has a nematic

structure.
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LIST OF SYMBOLS

ds by ©

N
syndio

oM oM oA

N
Fstraight

Gy

G
r

AH

constant in equation 5.4

orthorhombic axes

distance between bonded atoms

energy

modulus of elasticity

fraction of polymer present as syndio-

tactic chain segments of N sequences

fraction of polymer present as straight

chain segments of N sequences

conformation parameter (gauche-left)

conformation parameter (gauche-right)

heat of fusion

isotactic sequence

reaction rate constant

constant in equation 5.4

constant in equation 5.4

left-handed monomer unit

number of monomer sequences, length of

chain segment

probability

charge (equations 5.2 and 5.3)
dimension of q2:

distance between nonbonded atoms

gas constant

right-handed monomer unit

syndiotactic sequence

nomenclature of conformation in IR

analysis

temperature

conformation parameter (trans)

A
kcal/mole
kgf/cm2

cal/mole

kcal/mole
kcal-Aé/mole

¢ Sialliy
kcal+A/mole
A

o
kcal/mole+ K
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tacticity

dipole moment Debije
minimum sequence length

density g/cm3
chemical shift (NMR analysis)
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SUMMARY

This thesis deals with crystalline phenomena in polyvinyl chloride.
Melting effects in both rigid and plasticized PVC were studied
experimentally by differential scanning calorimetry. Theoretical
investigations on the structure of the chain and molecular packing in
crystallites were performed in order to explain the occurrence of

crystallinity in atactic PVC.

The monomer unit in the PVC chain has two stereoisomeric configura-
tions and as a consequence isotactic as well as syndiotactic sequences
occur. The tacticity of the material is a function of polymerization
temperature: as the reaction temperature is lower an increasingly
syndiotactic polymer is obtained. The relation between tacticity and
polymerization temperature is described theoretically in accordance
with literature data on measurements of the tacticity by nuclear
magnetic resonance and infrared spectroscopy.

The syndiotactic polymerizates are more crystalline than the
commercial atactic PVC grades. Therefore, it is usually assumed that
only the syndiotactic part of the PVC is crystallizable. However,
Flory's theory on partly crystallizable copolymers predicts a crystall-
ine content which is considerably lower than the values found experi-
mentally. As a consequence, it is concluded that isotactic chain
segments crystallize along with syndiotactic parts.

The melting phenomena in commercial atactic PVC have been studied
experimentally. Measurements with a Differential Scanning Calorimeter
show an endothermic melting effect in thermally untreated PVC which
commences at about 150°C and extends into the decomposition range. The
primary crystallinity which is responsible for this effect is higher
in syndiotactic PVC and lower or absent in copolymers of vinyl chloride
and vinyl acetate, as compared with commercially produced PVC. The
measured melting temperature (150 - > 200°C) and the calculated heat

of fusion (850 cal/mole) agree with literature data.
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A second melting effect is found after annealing the polymer for
some time at a temperature above the glass transition region. This
secondary crystallinity is much less dependent on chain regularity.
It melts at a lower temperature (100 - 160°C) and has a lower heat

of fusion (400 cal/mole).

The formation of secondary crystallinity has an important consequence
for the properties of plasticized PVC. In this material crystallites
are formed during storage at room temperature which can be detected
calorimetrically. As a result, the density and stiffness of the
material increase. Similar behaviour is shown by related materials
such as copolymers of vinyl chloride with vinyl acetate and highly
chlorinated polyethylene.

The theoretical part of this thesis starts with an analysis of the
chain structure in which the influence of configuration and conforma-
tion is investigated. The study of the conformations of monomer units
and monomer pairs leads to the conclusion that three different regular
chain structures exist: the syndiotactic straight zig-zag chain, the
isotactic helix and an isotactic straight chain. It appears that the
syndiotactic straight chain has an isotactic counter part which clear-
ly differs from the isotactic helix conformation. The energies of the
three chains are calculated from steric potentials and dipole inter-—
actions. The results show that the energy of the isotactic straight
chain is only slightly higher than that of the helix.

The chain structure can be studied experimentally by nuclear magnetic
resonance and infrared spectroscopy. Literature data on infrared
measurements strongly support the postulate that isotactic straight
chains contribute to the crystallinity of PVC.

The crystalline packing is described extensively in the literature.
Electron microscopy of single crystals and X-ray measurements show that
PVC crystallizes in an orthorhombic lattice. However, in bulk PVC also
less ideal, nematic, structures are found.

The present work reveals that the isotactic straight chain fits into

the orthorhombic lattice. With the aid of atomic models it is shown
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that even atactic chain segments can crystallize in an orthorhombic
lattice. A calculation of the length of straight atactic chain segments
is presented and when the results are introduced into Flory's theory
satisfactory agreement between the observed and theoretically predicted
amount of crystallinity of about 107 is obtained. The crystallization
in nematic structures does not require a strict regularity of the chains
and, therefore, a higher fraction of the polymer is able to crystallize
in this manner.

Finally, it is concluded that the primary crystallinity in PVC has
an orthorhombic structure. The secondary crystallinity most probably

has a nematic structure.
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SAMENVATTING

Kristallijne verschijnselen in polyvinylchloride worden in dit
proefschrift beschreven. Het experimenteel gedeelte bestaat voorname-
1lijk uit calorimetrisch onderzoek naar smeltverschijnselen in week-
gemaakt zowel als niet-weekgemaakt PVC. In het theoretische gedeelte
worden de ketenstructuur en de kristallijne structuur bestudeerd
teneinde de aanwezigheid van kristalliniteit in atactisch PVC te ver-

klaren.

De monomere eenheid in de PVC-keten heeft twee stereoisomere con-
figuraties en als gevolg daarvan komen zowel isotactische als syndio-
tactische sekwenties voor. De tacticiteit blijkt een functie van de
polymerisatietemperatuur te zijn: bij lagere temperatuur wordt een
meer syndiotactisch polymeer gevormd. Dit verband tussen tacticiteit
en polymerisatietemperatuur wordt theoretisch beschreven, in overeen-—
stemming met gegevens uit de literatuur betreffende metingen van de
tacticiteit met behulp van kernspinresonantie en infraroodspectros-
copie.

De syndiotactische polymerisaten zijn kristallijner dan de commer-—
ciele, atactische PVC's. Hierdoor ontstond de voor de hand liggende
gedachte dat alleen het syndiotactische deel van het PVC kristalli-
seerbaar is. Een berekening volgens de theorie van Flory leert echter
dat de kristalliniteit in werkelijkheid veel hoger is dan volgens deze
aanname kan worden verklaard. Daarom wordt geconcludeerd dat naast het
syndiotactische deel ook de isotactische ketens moeten bijdragen tot
de vorming van kristalliniteit.

De smeltverschijnselen in atactisch PVC werden experimenteel bestu-
deerd. De metingen met behulp van "Differential Scanning Calorimetry"
tonen aan dat er in PVC zonder thermische voorbehandeling een smelt-—
effect aanwezig is dat begint bij ongeveer 150°C en dat doorloopt tot
in het ontledingsgebied. De op deze manier waargenomen primaire kristal-
liniteit is, in vergelijking met die in atactisch PVC, hoger in syndio-

tactisch PVC en lager of afwezig in copolymeren van vinylchloride en




