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ABSTRACT

The concept of crystallization-induced reaction was

applied to the ester interchange reaction of copolyester in

the solid-state. Two types of copolyesters were employed

in this study, namely : (1) pol y ( ci s/ trans 1 ,4-c.ycl ohexy 1 -

enedi me thy 1 ene terephthal ate ) -- a copolyester with both

comonomers cocrys tal 1 i zabl e in the same crystal lattice,

and (2) poly (ethylene terephthal ate/2-methyl succi nate) -- a

copolyester which contains only one type of crys tal 1 i zabl

e

monomer units (ethylene terephthal ate repeating unit).

Crystallization-induced reaction of random po 1 y ( 1 ,
4

-

cycl ohexylenedimetiiyl ene terephthal ate ) consisting of 5%

trans . 50% trans , and 70% trans contents yielded a product

which is characterized by a higher melting point, higher

degree of crystal 1 i ni ty and lower solubility than the ini-

tial random copolymer. An increase in the melting point of

30°C was observed in most cases. The reaction was conducted

in the solid state under N
2

atmosphere and at a temperature

of at least 10°C below their initial melting point and in

the presence of an ester interchange catalyst.

Although their IR and N MR spectra were not amenable to

the analysis of sequence length distribution, the changes in

the properties mentioned above indicated qualitatively that
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a modification of the copolymer's structure had occurred.

This change of the structure is in the direction from ran-

dom copolymer to block copolymer.

Increasing the molecular weight of the initial random

poly(l ,4-cyclohexylenedimethyl ene tereph thai ate ) caused a

smaller rise in the melting point of the crystallization- I
induced reaction product. The best result was obtained when

the inherent viscosity of the initial copolymer was below

0.4 dl/g. The employment of a higher reaction temperature,

however, had caused a larger increase in the melting point

of the product.

Similarly, crystallization-induced reaction of poly-

ethylene terephthal ate/2-me thyl succi nate ) had also

increased the degree of crystal! ini ty and the melting point

of the product by at least 10°C. Furthermore, the analysis

of their NMR spectra indicated an increase in the average

sequence length of the crys tal 1 i zabl e ethylene tereph thai ate

units by 10-20%. The reaction temperature used was from

205°C-220°C. The initial random copolyester contains about

7 2 %- 7 5 % PET. Increasing the catalyst concentration from

1% to 37o and the use of higher reaction temperature caused

a greater increase in the average sequence length of the

c ry stall izable units.

The findings of the present study suggest that further

research be conducted into the problem of optimizing the



increase of the average sequence length of the crystalliz-

able units. This may be accomplished either by the prepa-

ration of an special type of amorphous phase in the initial

random copolymer which is stable at temperature above 200°C

without undergoing crystallization or by conducting the

reaction in a gel system.

Another suggestion that calls for further work is to

investigate the effect of crystallization-induced reaction

on the molecular weight distribution of the copolymer and

the variation of the average sequence length of the monomer

units in the fractionated samples rather than in the bulk

sample. The result of such a study will show how the in-

crease in the sequence length of the monomer units is dis-

tributed according to polymer size.
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CHAPTER I

OBJECTIVES AND BACKGROUND

Introduction

In recent years, a better understanding of structure-

property relationship of polymers has increased the demand

for the synthesis of polymers to suit special applications.

The approach usually taken could either be through copoly-

merization or modification of polymer's structure after

polymerization. Through copol ymeri zati on , desirable pro-

perties of different homopolymers can be retained in the new

product formed. Variation in property is very much influenced

by the ratio of different monomers used and the sequence of

addition of different monomers to form the entire copolymer

backbone. Although many copolymers reported in the lite-

rature are prepared from olefinic monomers by radical or

ionic polymerization^, copolymers can equally be prepared

by polycondensation.

The synthesis of copolymers by polycondensation can

be effected starting with premixed monomers in some cases,

or from preformed homopolymers. Depending on the nature of

the reacting materials, polycondensation reaction can be

2
carried out in different ways, as follows:
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1. Polycondensati on in the melt.

2. Polycondensation in the solid state.

3. Polycondensation in solution.

4. Emulsion polycondensation.

5. Interfacial polycondensation.

6. Gas-phase polycondensation.

The methods of preparation involved in this research

work are limited to the first two types mentioned above.

They are reviewed in more detail later in this chapter.

Polycondensation in the melt involves heating of

monomers for several hours at temperature 10-20°C above the

melting point of the polymer to be prepared. The operation

is conducted first under inert atmosphere ( a continuous

flow of nitrogen gas to prevent oxidation of polymer) and

then under vacuum. In most cases, the reactions are rever-

sible(e.g., diacid with diol, and diester with diol), and

elevated temperatures are used to accelerate the elimination

of by-products from the system in order to shift the equi-

librium towards high polymer formation. Irreversible poly-

condensation involving diacid chlorides and diol, or

di i socyanates and diols can also be conducted in the molten

state, but this is very seldom done in practice because the

reactions are exothermic and the large amount of heat evolved

can cause both polymer degradation and decomposition of the

monomers. 3 Nevertheless, polymerization in the melt is most
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widely studied pol ycondensa ti on process in the laboratory.

Polycondensation in the solid state can be conducted

at temperatures either below the melting point of the mono-

mer or above the melting point of the monomer but below the

melting point of the polymer to be prepared. In the latter

case, low molecular weight materials (oligomers) are first

prepared in the molten state, then the oligomers are allowed

to crystallize and are polymerized to high molecular weight

in the solid state. Reactions occur either within the crys-

tals or in defect regions depending on the nature of the

monomers used. In these systems the rate of diffusional

processes in the solid state could be lower than the rate

of chemical reaction such that the diffusional process could

exert the most important effect in the overall rate of

reaction. 4 As a result, for example, a copolyester prepared

in the solid state may acquire a different structure com-

pared to the product obtained from copolycondensation of

the same monomers in the melt.

Polycondensation in the solid state is highly recom-

mended for the preparation of polymers with high melting

points in order to minimize degradation, which may occur at

temperature above the melting point where the polymers are

prepared in the molten state. Often, polycondensation in

the solid state is the desired route to counteract this
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problem. However, because diffusionai process could be

controlling the rate of the overall reaction in the solid

state, the formation of very high molecular weight polymer

may be hindered, or could be accomplished only after a long

reaction period.

To eliminate the disadvantages of the two processes

mentioned above, pol ycondensati on , of course, can be con-

ducted. -in solution, using an inert solvent for the reacting

monomers. The resulting polymer should be soluble in the

solvent also. The use of solvents has advantageous effects

that favor high molecular weight product formation: (1) the

afford good mixing of the reactants; (2) they increase the

rate of chain propagation due to increased mobility; (3)

they enable rapid and complete elimination of by-products

to shift the equilibrium toward high polymer formation;

(4) they increase the rate of heat dissipation from the

system. For reversible polycondensati on (eg., diaciris or

diesters with glycols), the by-product is generally removed

by distillation. Therefore, in this case the boiling point

of the solvent should be higher than the boiling point of

the by-products. On the other hand, for irreversible poly-

condensation (eg., diacid chlorides with diamine or glycol)

a by-product acceptor is often dissolved in the solvent

because the by-product can frequently cause s i de -reacti ons

on the polymer. 5 The nature of the solvents used in this
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system has a very strong effect on the success of the

react i on

.

Emulsion polycondensati on 7 and interfacial polycon-

densation 8 are effected in liquid-liquid heterogeneous

system. They are most applicable for very reactive monomers

like diacid chlorides with diamines and diols. In emulsion

polycondensati on , the polymer formation occurs entirely in

the bulk of one phase, while the by-product is allowed to

diffuse out to the other phase. A variant of this process

is interfacial polycondensati on , whereby the reactants are

dissolved in two different phases, and the reaction takes

place at the interface of the two phases. The choice of

the heterogeneous system is very much affected by the dis-

tribution coefficients of the reactants in the two solvents.

Gas-phase polycondensati on^ , although rarely encoun-

tered involves reaction of two highly reactive Afunctional

monomers (eg., diacid chlorides with diamines) at a gas-

liquid interface. The gaseous monomer is generally mixed

with an inert gas and then bubbled through the solution con-

taining the other monomer. In order to prevent liquifaction

of the gaseous monomer, the partial pressure of the gaseous

monomer in the gas mixture should be lower than its vapor

pressure at the temperature of interest.

Copolymers . Copolyesters are prepared by polyconden-

sation from either a mixture of two different di acids (or
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their derivatives) with a diol or mixture of two different

diols with a diacid. In the research work to be described

in this thesis, two types of copolyesters have been studied.

The first was a copolyester of c_i_s_ and trans poly (1 ,4-

cyclohexylenedimethylene tereph thai ate ) , PCHDT, prepared

from mixture of ci s-and trans -1 ,4 -cycl ohexanedi methanol with

dimethyl tereph thai ate . The second polyester was polyethy-

lene terephthal ate/2-methyl succinate) , PETMS, prepared from

mixture of dimethyl terephthal ate and dimethyl 2-methyl-

succinate with ethylene glycol.

As mentioned earlier, the property of a copolymer is

very much affected by the sequence length of the different

repeating units in the polymer backbone.^ it is very

important, therefore, that methods be available to deter-

mine sequence length distribution to be able to differen-

tiate copolymers with the same monomer composition. In the

present work, we will refer to three general types of

sequence distribution as follows:

1. Random copolyester- a copolyester with the mono-

mer units randomly distributed along the backbone:

-AABABBAABABBB-

where A and B are the different monomer repeat units.

2. Block copolyester - a copolyester whose monomer

repeat units form long uninterrupted sequences:

-AAAABBEBBBAAAAAAABBBB5B-



3. Random-block copolyester- a copolyester whose

monomer repeat units form, in most cases, uninterrupted

sequences of intermediate length.

The quantitative description of the sequence length

distribution in these copolymers will be based upon the

three following methods:

1. Run number 11
- the average number of uninterrupted

monomer sequences in a copolymer chain per 100 monomer

units. This number is equal to the sum of the percent het-

erogeneous AB and BA linkages, because there is one heter-

ogeneous linkage for every run of monomer units.

1 2
2. B number - the sum of the probability that an A

unit is followed by a B unit, P
AB , and the probability that

a B unit is followed by an A unit, Pq«.

1 3
3. Q number - the ratio of the product of propaga-

tion probabilities P^ and P^g to the product of and

P BA' ^ =
^ P AA

P BB^ P
AB

P
BA^

*

Cry s t a 1 1 i z a t i on - I nd u ced Reactions of Copolymers . The

objective of the research described in this thesis was to

investigate a new concept in the rearrangement reactions of

copolymers termed crystallization-induced reaction. This

concept refers to a phenomenon which is believed to be capa-

ble of occurring in reversible reactions of copolymers,

such as by i some ri za t i on or ester-interchange reaction. The

reaction is carried out on the semi-solid polymer under con-

ditions that only one of the repeating units can crystal-
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lize. Under these conditions, it has been proposed that

the crystalline regions present can incorporate into the

lattice the crys tal 1 i zabl e units formed as a result of the

reversible reaction, thereby driving the normal equilibrium

towards the formation of either additional units of the

same kind for an i someri zati on reaction or longer blocks of

repeating units for rearrangement reaction. The units in

the crystalline phase are not as accessible to further reac-

tion as those in the amorphous phase. Thus, tne structure

of the products should have longer sequences of the crystal-

lizable units than tnat of the initial copolymer. The pro-

cess can be described by the following ester-interchange

react i on

:

Cis (C) Trans (T)

-CCTCTTTCTCCTTCCCTT- t - CCTTTTTTTCTCCC

-

. random ^^y^ block

crystallization

Objectives and Scope of the Study

The purpose of this research work was to test the

validity and application of the proposed crystallization-

induced reaction process to copolyesters . The study

includes the quantitative and qualitative investigation of
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factors that could affect the success of the operation.
The basic reaction involved in this study was the ester-
interchange reaction, which is known to be a reversible
reaction, between two polyesters. This reaction is respon-
sible for the rearrangement of monomer units when two dif-
ferent homopolyesters are melt blended. If the crystalliza-
tion-induced reaction concept is successfully applied to

random copol yes te rs , the structure of the products should

have longer sequences of cry s tal 1 i zabl e units than that of

the reactants. Ultimately, the products should be a block

copolyester. It is, therefore, important that methods of

characterization of sequence length distribution be avail-

able for this test.

The scope of this study includes the investigation of

characterization techniques which can be used to distinguish

a block copolyester from a random copolyester, and to give

a quantitative measure of the sequence length distribution.

Three principal characterization methods were employed in

this work: (1) melting point depression; (2) turbidimetri

c

titration; and (3) NMR spectra evaluation. Two types of

copolyesters were studied: (1) poly (ethyl ene terephtha-

1 ate/2-rnethyl succinate) , which has only one type of crys-

tallizable monomer unit, the ethylene terephthal ate repeat

unit; and (2) cis / trans poiy( 1 ,4-cycionexylenedimethyl

-

ene terephthal ate ) , in which both of the monomer units are
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crystal 1 i zabl e . Polyconder.sation in the melt and in the

solid-state were employed in the preparation of the copo-

lyesters. Melt polycondensati on products were subjected to

crystallization-induced reaction. The products of the

different processes were compared according to the random-

ness of the distribution of the monomer units.

Polycondensation in the Melt

The preparation of polyester by polycondensation in

the melt is the most common technique used in the labora-

1 4tory. Although Carothers was the first to prepare high

molecular weight polyester in the late twenties, it was not

until 1941 that the commercially important po 1 y ( ethyl ene

1 5terephthal ate ) was prepared by Whinfield. Since the suc-

cess of Carothers in the polycondensation of diacids and

diols to produce polyester, many modifications of the prepa-

ration of polyesters have been reported in the literature.

These modifications involved the use of various derivatives

of diacids and diols as the starting materials.

The most common of these reactions is the polyester-

ification of an acid diester and a glycol, as in the pre-

paration of poly (ethyl ene terephthal ate ), PET , from dimethyl

terepnthal ate and ethylene glycol. A literature review on

the polycondensation kinetics and polymer degration pri-

marily concerned with PET will be presented in the following

sections. A better understanding of the ester-interchange
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kinetics and other related features will aid in the deli-

neation of the mechanism of crystallization-induced reaction

of copolyesters. Reviews of the fundamental parameters

that affect the successful preparation of high molecular

weight polyester are presented in many fine books. 16-18

These fundamental parameters are : (1) an exact equivalence

of functional groups; (2) an absence of side reactions;

(3) high monomer purity; and (4) high reaction conversion.

Korshak"^ has prepared an extensive list of copolyesters

that have been reported in the literature in his book.

Kinetics of Polycondensation . The preparation of

PET from dimethyl tereph thai ate and excess ethylene glycol

has eliminated the requirement of exact equivalence of

functional groups. This achievement is made possible by

dividing the preparation into two stages as follows:

First stage

n CH^OOCC.H.COOCH, + m H0CHo CHo 0H
N 2

'

Ca V3 6 4 3 2 2 - *

n H0CH
2

CH
2

(00CC
6

H
4

C00CH
2

CH
2

)
x

0H + (m-n) H0CH
2

CH
2

0H

+ 2n CH
3

0H m/n>2, x= 1-4

S econd stage

n H0CH
2

CH
2

(00CC
6

H
4

CC0CH
2

CH
2

)
x

0H
C ar..

,
vacuu m,

H0CH
2

CH
2

(00CC
6

H
4

C00CH
2

CH
2 ) nx

0H + nx H0CH
2

CH
2

0H

The first stage involves the transes teri f i cati on of

dimethyl tereph thai ate with excess ethylene glycol, in the

presence of a catalyst and under an inert atmosphere at a



12

temperature above the boiling point of the methanol by-pro-

duct. The major product formed in this reaction is bis-

(2-hydroxyethyl ) tereph thai ate ,BHET, but small amounts of

trimer and higher oligomers are also obtained. After all

of the methanol by-product had been distilled off, ester-

interchange between hydroxy end-groups and ester linkages

is carried out above the melting point of the polyester.

A vacuum is drawn on the mixture for complete elimination

of the excess glycol produced and, in this manner, the

equilibrium is driven towards high molecular weight polymer

formation. It is important to note that all steps in the

overall reaction involve equilibrium systems. A stream of

inert gas is sometimes used to force the glycol out of the

system also. Although polycondensation is possible without

a catalyst to have a reasonable rates of reaction, a catalyst

i s normal ly used

.

W. Griehl and G. Schnock 19
, and G. Challa

20-22
have

reported the kinetics of polycondensation for the prepara-

tion of PET . Challa studied the polycondensation equili-

brium, the kinetics of polycondensation, and the kinetics

of the redistribution reaction. BHET was used as the mono-

mer in his study and no catalyst was introduced in order to

avoid carboxy end-group formation and other side reactions.

The reaction product was analyzed for BHET content, glycol

content, and end-group concentration. It was observed that
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the overall equilibrium constant K increases markedly with

increasing extent of polycondensati on

.

There were three separate equilibrium steps considered

in order to allow this variation of overall equilibrium

constant K with extent of reaction to occur. They are as

fol 1 ows

:

u
1

+ u
1

Kn, u
2

+ G

u
1

+ u, u.
+1 + G

where is the monomer, BHET, and G is the ethylene glycol

The first equilibrium involves the reaction of two monomers,

the second involves the reaction between a monomer and a

polymer end-group and the third involves the reaction of a

polymer end-group with another polymer end-group. The three

equilibrium constants were related in the following manner:

K|
t

/fcj/Hg = 1 : 1 . 8 : ( 1 . 8

)

2
.

The rate constants for the three forward reactions

follow the same relationship as the equilibrium constants.

The activation energy for polycondensation.E , observed was

23 Kcal/mole, and the activation energy for the reverse

reaction, E' , (glycolysis) was 24 Kcal/mole. Although the
a

rate constant for the reaction between monomers is the

lowest, its activation energy of 22 Kcal/mole is not far

different from the others.
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This low reactivity between the monomers has caused

an observed abnormal monomer concentration which was greater

than that predicted by Flory's principle of equal reactivity

of functional groups. 23
The loss in activation entropy,

calculated from transition state theory, for the reaction bet

ween monomers was 41.4 cal/deg. mole. The activation entropy

for polycondensation was 38.6 cal/deg. mole, and the acti-

vation entropy for glycolysis was 37.8 cal/deg. mole. This

greater loss of activation entropy when the monomers entered

the transition state is the reason for their low reactivity.

It cannot be the electronic effect by the end-group on the

ester linkage that caused this low reactivity of the mono-

mers because the rate constant for random glycolysis did

not vary with the extent of reaction.

There are three types of ester-interchange reactions

involving only polymer molecules which can take place

during polycondensation of BHET, as follows:

(1) l», Uj == U i+j
G

(2) Uj U
i + ,
= U. + . U,

< 3
>

U
i + j

+ Vn = U
i + n

+ V,
The first reaction involves the ester-interchange between

two polymer end-groups eliminating a molecule of ethylene

glycol and joining the two polymer molecules togather.

The second reaction is that between a polymer hydroxy end-

group and an ester linkage along the chain excluding the
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end-groups. This reaction is known as a redistribution

reaction and is primarily responsible for the rearrangement

of the repeating units during polymerization or reactions

between two polyesters. This reaction does not change the

number of molecules, hence the number-average molecular

weight remains constant. However, the molecular weight dis-

tribution is affected by this process. The third reaction

shown is a suggested ester-ester interchange between ester

linkages along the polymer backbone. Although it has been

reported that this type of reaction occurs only at extermely
24

low rates , studies in model compounds of low molecular

weight showed that it can occur with reasonable rates.
25-27

There was no mention, however, on the presence of alcohol

impurity which can bring about this reasonable rates in

these studies.

The activation energy for the redistribution reaction

2 2
of type (2) was reported by Challa as 31 Kcal/mole, and

the activation entropy was(-) 23.4 cal/deg. mole. This loss

in the activation entropy for the redistribution reaction is

smaller than the loss of activation entropy for polyconden-

sation reaction reported as (-)38.6 cal/deg. mole. The

observed pol ycondens a t i on rate constant of oligomers free

of BHET was 8,2xl0~ 2 1/moie hr at 254°C compared to 12x10

1/mole hr for the redistribution reaction. The relatively
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high rate and high activation energy of the redistribution

reaction, therefore, can interfere with the preparation of

block copolymers by the reaction of PET with other polyesters

because random redistribution will convert a block copoly-

ester into a random copolyester at the high temperature used

in the preparation, especially in the molten state.

Polycondensation kinetics for the preparation of PET

using antimony trioxide as a catalyst was described by

Stevenson and Ne tt 1 e ton

.

28 ' 29
Rate constants observed by

these workers were all higher than what Challa had reported,

owing to the catalytic effect of antimony trioxide. Further-

more, evidence was provided to show the poisoning of the

catalyst by BHET and ethylene glycol. Polycondensation in

thin films showed that there was no effect of film thickness

on the reaction rate when catalyst was absent. In contrast,

there was a pronounced increase in the rate as the film

thickness was decreased when a catalyst was used attributed

to the faster escape of volatile by-products and BHET to

avoid poisoning of the catalyst. The activation energy for

polycondensation was 29 Kcal/mole. In the study performed

by Challa concerning polycondensation of PET without catalyst,

redistribution reaction had a higher activation energy than

the polycondensation reaction. However, in the case when

catalyst was used, the redistribution reaction had a lower
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activation energy of 24 Kcal/mole than pol ycondensati on

reac ti on

.

During polycondensati on processes, about one to two

percent of the product consisted of cyclic oligomers, and

small amount of ^Methylene glycol units were also formed in

the polymer chain. Goodman and Nesbitt 2 ' 7 and Peebles and

3 0coworkers have carried out extensive studies of the

mechanism of formation of cyclic oligomers. Goodman postu-

lated the occurrence of intra- or intermolecul ar reactions

between ester linkages in polymer chains as the mechanism

of cyclic oligomers formation. However, Peebles and coworkers

did not agree to this mechanism and proposed that cyclic

oligomers were formed by transesteri fi cation from the hydroxy

end-group to the chain backbone of the same polymer, because

the rate of formation was affected by hydroxy end-group con-

centration. This type of ester-interchange reaction which

includes the participation of hydroxy end-group is also the

mechanism in the transesteri fi cati on reaction between homo-

T2 22
polyesters forming random copol yes ters .

'

Yoda
31

, Korshak 17
, and Sokolov 18 have studied the

effectiveness of different catalyst for polycondensation

.

Most of these were organometal 1 i c and inorganic compounds.

Examples of effective catalysts were: Cobalt (III) acetyl-

acetonate; cobalt acetate; and titanium alkoxide.
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Preparation of the copolyesters used in the present
investigation, ci^/trar^ poly ( 1 ,4-cycl ohexyl enedimethyl ene

terephthalate) 32 and poly (ethyl ene tereph thai ate/2-methyl -

succinate)
,

in the molten state yielded random copolyesters

consistent with the kinetics studied as mentioned above.

Thermal Degradation. The process of crystallization-

induced reaction as used in the present investigations

involved heating the polymer at temperatures above 200°C for

a long period of time. It was necessary that thermal stabi-

lity of the polymer be taken into account. Polyesters are

known to degrade when heated above the melting point for

long periods of time, and the extent of degradation depends

on the temperature, time of heating, presence of catalyst

and oxidizing agent.

Even when heated under vacuum above their melting

points, polyester degradation reactions are also observed. 33 ' 34

Korshak and Vi nogrado va oD reported that upon heating poly-

(hexame thy 1 ene sebacate) under vacuum for ten hours at 200°C

the initial molecular weight, 9540, was decreased to 6820

(decreased by 28.5%). The same polyester when heated at

250°C for 10 hours, the molecular weight was decreased to

6130 (by 36%). Another sample with a molecular weight of

6810 had a final molecular weight cf 5500 (decreased by 19%)

after the same treatment. Thus, thermal stability of poly-

ester decreases with increase in molecular weight. Sobue
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and Kajiura 33 investigated the thermal degradation of PET

under vacuum and suggested that branching and crosslinking

were formed during thermal degradation.

The mechanism of thermal degradation of PET was

summarized by Yoda and coworkers 35 and by Zimmermann and
36coworkers. Zimmermann and coworkers proposed the main

reactions in the thermal degradation of PET as follows:

—(O)"C00CH
2

CH
2
00C-<^)^

CH

~<^-C00CH = CH
2

+' H00C-<(g)_^H(^00CH00C-<O^
H0CH

2
CH

2
00C-/O)^

\

-<0)-coooc-<(oy + ch
3

cho

H0CH
2

CH
2
00C-<Q>-

CH-CH

C = 0

+ CH3CHO

0)cooch
2

ch
2

ooc (O

f CH-CH,

c=o

o

^-(O)-C00H + polyester

CH=CH-CH=CH-

+ H00C-/O

Yoda and coworkers suggested that when PET is heated at

300°C under a stream of air, random scission of the chain may

take place forming carboxylic acids, vinyl esters, aldehydes,

carbon dioxide, and so on. After the vinyl esters had accu-

mulated to some concentration, vinyl esters can react with

the polymer and a crosslink network is formed as follows:
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C00CHCH
2

00C

C00CH= CH
2 —C00CHCH.00C—

HoCR.OOC—2""2

>^C00CHCH
2
00C— ^C00CHCH

2
00C

L(CH
2

-CH)— UcH= CH^ {CH =CH)

00C
I

00C

+ H00C-

Marshall and Toss 37 studied the thermal degradation of PET

in the molten state under nitrogen atmosphere and found

that the activation energy for degradation was 32 Kcal/mole.

In the study carried out by Poh

1

38
on the thermal degradation

of PET under vacuum at 307°C, the volatile products consisted

of acetal dehyde , water, carbon dioxide and polymeric pro-

ducts with carboxy and-groups as well as anhydride groups.

In the thermal degradation of PET, the most reactive

hydrogen atom is attached to the Ch
2

group of the alcohol

function beta to the ester linkage. Thus substitution of

this hydrogen atom by methyl group increased the thermal

stability of the polyester, but introduction of more oxygen

atom in the glycol residue decreased the thermal stability.

For example, the rate of gas evolved, when different

glycol residue was used, increased in the following order: 38

CH
3

-0CH
2

CCH
2

0- < -0CH
2

CH
2

0- (-0 ( CHg

)

]

Q

0-<^0CH
2

CH
2

0 CHgCH^O-

23 lnol6s/10
6 g.hr. 62 77 231
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Polyesters, unlike addition polymers, decompose mainly

by random degradation. All the ester linkages have equal

probability of participating in the degradation reaction.

A list of catalysts that promote degradation was studied

by Spanagel and Carothers.39

Polycondensati on in the Solid State

Solid-state pol ycondens ati on has not been as well

studied as melt polycondensation . Early reports on solid-

state poly condensa ti on were concerned with polyami dati on
4 '^

and with aromatic nucleophilic substitution reaction for

the preparation of pol y ( phenyl ene sulfide)^. However, in

recent years, this subject has attracted more attention.

42Coover, et. al . reported on the early work on solid-state

polycondensation of PET.

There are two types of solid-state polycondensation

reactions: (1) "true" solid-state polycondensation - poly-

condensation at temperature below the melting points of the

initial monomers; and (2) polycondensation at temperature

below the melting point of the polymer formed, but above the

melting points of the initial monomers. The latter is also

known as solid-state polycondensation of oligomers. Reac-

tions in the solid state are generally, but not always,

characterized by lower rates of reaction, and higher energy

of activation than similar reactions in the molteri state.
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Usually, solid-state reactions are diffusion controlled,

but combination of chemical- and diffusion-controlled reac-

tions are also possible.

Normally, increased mobility of reactants is neces-

sary for accelerating reaction rate, and this is usually

attained by conducting the reaction at higher temperature.

In the solid state introduction of crystal defects and of

impurities in the crystal which can act as reaction sites

can also increase the reaction rate. However, the addition

of reactive impurities can also cause chain termination.

Bamford and Wayne** had compared the reaction rate

of BHET with low molecular weight oligomers of PET in the

solid state. Their results showed that polycondens-ti on

of BHET below its melting point had a very slow rate. It is

interesting to note that the reaction which lead to increased

molecular weight took place near the surface of the particle.

Thus, an increase in the thickness of the monomer layer

caused a drop in the reaction rate and molecular weight,

apparently because of the hindered diffusion of glycol by-

product from the reaction system.

Bamford and coworkers had also studied the poly-

condensation of low molecular weight oligomers of PET of

different percent crystallinity in the solid state. They

observed no significant difference in the rate. Although

the initial percent crystallinity of the oligomers were not
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the same, the oligomers could have recrys tal 1 i zed to the

same extent at the temperature of reaction. Barkey«5

reported the preparation of PET oligomers with an amorphous

phase stable at the reaction temperature without undergoing

recrystallization process. The method involved the crystal-

lization of oligomers in thin sheet under controlled

condition. The use of this special type of oligomers as

starting materials for solid state pol y condens a t i on had

greatly increased the reaction rate.

Heighton and Most 46
, and Perlowski and coworkers 47

investigated the preparation of PET to high molecular weight

in a fl ui di zed-bed column, using oligomers as starting

materials. Oligomer powder, having intrinsic vicosity in

the range of from about 0.2 to about 0.45 as measured in a

3:2 mixture by weight of phenol: 1,1,2,2 tetrachl oroethane

at 25°C, was fluidized in the polymerization column using

heated nitrogen gas. The temperature of the inert gas was

controlled at about 15°C to 75°C below the melting point of

the powder to carry out the reaction. The inert gas from

the fl ui di zed-bed column was passed through scrubbers to

remove the volatile by-products before flowing back to the

c

f 1 u i di zed-bed bolumn.

Chang 43 developed a mathematical model for solid-state

polycondensa ti on of PET based on a diffusion-controlled

mechanism, and found that increasing reaction temperature and
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decreasing percent crystallinity of the initial oligomers

accelerated the reaction. The rate of reaction was deter-

mined in this study by measuring the change of intrinsic

viscosity with time.

A summary of reactions involving crystallization

during polymerization was reported by Wunderl i ch
48

. A

mechanism was proposed for the solid-state polycondensati on

of PET. The polymer end-groups, which are essential in the

ester-interchange reaction, are assumed to be included in

the amorphous region. Thus, the main reaction is taking

place in the amorphous phase of the semi cry s tall i ne polymer,

and a successive polymerization and crystallization maybe

involved in the process. The crystallized sygments were

removed from further ester-interchange reaction. Hence, a

longer chain length and broader molecular weight distribu-

tion than normally obtained from melt polycondensati on

should be expected. Cha ' reported that a broader molecular

weight distribution of the polymer was obtained in solid-

state polycondensati on of PET. Investigation of solid-

state polycondensati on of nylon 66 also showed a broader

molecular weight distribution of the product than that ob-

tained by melt polycondensati on . Therefore, care should be

exercised in using intrinsic viscosity-molecular weight

equations published in literature, which in most cases were

derived for melt polymerized product, to calculate the

molecular weight of solid-state reaction products.
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An example of solid-state polycondensation which indi-

cates a change in mechanism is found in the work reported

by Kibler and coworkers 50
for the preparation of cis / trans

PCHDT. They found that the product of the solid-state poly-

condensation of PCHDT oligomers has a higher melting point

than the melt polymerized product with the same composition.

As a result, they claimed that the solid-state polyconden-

sation product was a block copolymer, in contrast to the

random copolymer prepared by melt polycondensation. This

appears to be the first example of crystallisation-induced

reaction reported in the 1 i terature .although it was not

recognized as such.

Interchange Reactions Between Polycondensation Polymers

In recent years, there has been an increasing number

of works published in the literature about ester-interchange

reaction between homopolyesters and amide-interchange reac-

tion between homopol y ami des . The major mechanism in ester-

interchange reaction between two homopolyesters involved the

attack of a polymer's hydroxy end-group on any ester link-

ages along the chain backbone excluding the last unit. In

the case of amide-interchange reaction, the mechanism is

trans ami d a ti on reaction between the ami de - 1 i nkages along the

chain backbone. Normally the above reactions are carried

out by blending two polymers in the molten state above their

melting point. The initial reaction product is a block
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copolymer, but the ultimate product obtained after extended
heating in the molten state is a random copolymer. In most
cases, the extent of reaction was determined by melting
point depression and changes in the solubility of the pro-
duct. NMR and IR spectroscopy have also been applied to

provide interesting informations about the changes in the

average sequence length of the copolymer. A review on the

determination of sequence length distribution will be given

in a later section.

Ester- In terchange Reaction Between Polyesters .

Murano and coworkers 12 ' 51 ' 52
studied the ester-interchange

reactions between PET and a number of aliphatic polyesters

in the molten state above their melting points. When two

homopolyesters were mixed in the molten state at 276°C, the

initial product obtained was a block copolyester. However,

a random copolymer was obtained after three hours of

1 2heating. The extent of the reaction was determined by the

changes in average sequence length of the repeating units

with respect to the time of heating, as interpreted from

the NMR spectra of the product. A detailed discussion on

the interpretation of the NMR spectra to obtain information

about the average sequence length is given in Chapter IV.

5

1

Murano and coworkers have also investigated the kinetics

of ester-interchange reaction between PET and poly (ethyl ene

sebacate). The result showed that the reaction followed a

second-order kinetics. The equilibrium constant was about
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0.661 and the rate constant for the forward reaction was

about 4.92 x 10~ 2
/min. :

3 1Yoda reported a number of catalyst that can be used

in the ester-interchange reaction between PET and polyeth-
ylene isophthalate)

. The extent of reaction was determined

by the melting point depression of the copolymer as a func-

tion of reaction time in the mclten state. Some effective

catalysts given are Zn acetate, Pb acetate, Co ( 1 1 1 ) acetyl-

acetonate, antimony trioxide, and titanium tetraethoxi de

.

Amide-Interchange Reaction Betwwen Polyamides . Poly-

amides are found to undergo amide-interchange reaction

readily. Beste and Houtz investigated the amide-inter-

change between amide linkages of sebacamide and N,N'-diacet-

yl hexamethyl enedi ami ne to produce acetamide and poly(hexame-

thylene sebacamide). The reaction rate was proportional to

the concentration of the reacting species and to the square

root of carboxyl group concentration. The rate was also

increased with increasing concentration of water. The

amount of amide linkages which participated in the amide-

interchange reaction during the synthesis of nylon 66 at

283°C was computed as 42%. Thus, they claimed that polyam-

idation of low molecular weight homopol yami des to form block

copolymer is very difficult at temperature higher than 270°C

5 4
However, Saotome and Sato were successful in the

preparation of block copolyaml des by amide-interchange reac-
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tion, at 240°C for 80 minutes under nitrogen atmosphere,

between poly(p-xylylene ei cosame thy 1 enedi ami de ) and poly-

amide prepared from b i s ( 5 -ami noamy i ) e t he r with oxydivaleric

acid. The melting point of the block copolymer is 205°C.

This is higher than the melting point of the random copoly-

mer which melts at 152°C. In the determination of melting

point by di 1 a tometri c method, two melting points were

observed for the block copolymer. These two melting points

corresponded to the melting points of the two initial homo-

polymers. In this case, it is possible to obtain block co-

polyamideby ami de- i n terchange reaction between two homopoly-

amides at a temperature below 250°C for short period of

reaction time in the molten state.

Ester-Amide Interchange Reaction Between Polyester and

Poly amide . Ester-amide interchange reaction can also occur

between polyester and polyamide. The initial product of

amide-ester interchange between PET and nylon 66 in the mol-

0 5 5ten state at 270 C is a block copolymer. However, the

block sequence length decreased after extended heating of

the mixture in the molten state. The sequence length dis-

tribution was determined by analysis of the IR spectra.

After successive f us i on -coo 1 1 ng cycle of the above mixture

in the DTA cell, the melttng point- and crystallization point

shifted to lower temperature. The shape of the transition

peaks broadened gradually. Analysis of IR spectra of the

produc t i nd i ca ted a decreased average sequence length of the
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repeati ng uni ts

.

Ester-amide interchange reaction can also be conducted

in solution. Jasse 56 ' 57 investigated amide-ester interchange

reaction between polyundecaoa te and polyundecami de in solu-

tion using different solvents. The use of good solvents and

high reaction temperature facilitated the reaction. The

solvents studied were m-cresol , 3,4 d i me thy 1 pheno 1 , o-dichlo-

robenzene and 1 ,2 ,4- tri chl orobenzene. Block copolymer can

be obtained under controlled condition. DTA, viscometry and

X-ray diffraction analysis of the product were used to study

the changes in the sequence length distribution as a function

of reaction time.

Properties of Block Versus Random
Polycondensation Copolymers

5 8Kenny surveyed the differences in the properties

between block and random copolymers. The properties that

have been considered quite often are: (1) melting points;

(2) solubility; (3) glass transition temperature; (4) ten-

sile strength; (5) modulus; and (6) elastic property.

Generally, block copolymers have much superior properties

than random copolymers.

Copol yes ters . The melting point of block copolyester

is always higher than the melting point of random copoly-

1 Q
ester with the same composition. Iwakawa and coworkers
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investigated the properties of block copolyesters between

PET and aliphatic polyesters. The block copolyesters were

prepared by joining the polymers' end-group with diisocya-

nate compound. Edgar and Hill 59
studied the properties of

random copolyesters, consisting of PET and aliphatic poly-

ester units. In the case of the block copolyester of PET

and polyethylene sebaca te ) , PES , the melting point of the

copolyester showed only a very small depression from the

melting point of PET , with increasing amount of PES content

to about 50% PES. At 15% PET content, the melting point

of the block copolyester decreased suddenly to about 76°C

from 250°C. The melting point of PES is about 72°C. On

subsequent study by X-ray diffraction, the block copoly-

ester with 15% PET exhibited diffraction patterns that

belong to PES only. In contrast to block copolyester, the

melting point of random copolyester of PET/PES decreased

rapidly, with increasing PES content, from the melting point

of PET until a eutectic point was reached. The eutectic

melting point occurred at about 40°C and about 32% PET.

Similarly, the melting point of PES decreased with increas-

ing PET content until the same eutectic point was reached.

The block copolyester with 15% PES showed two glass transi-

tion temperatures, which are: 50°C and 68°C.

The block copolyester of PET/PES with 40% PET content

showed improved stress decay without changes in tenacity,

ft o
modulus and elastic property. Block copolyester of PES
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with poly (ethylene adipate), PEA, also showed much better

mechanical properties than random copolyester with same
6 1composition. Some of the mechanical properties of block

copolyester and random copolyester are listed in Table l A _ 1

B

Kibler and coworkers 0 ^ reported a higher solubility of

random copolyester of cis / trans PCHDT than block copolyester

with the same composition in 3:2 by weight phenol: 1,1,2,2

tetrachl oroe thane solution.

Copolyami des . Block copo 1 y ami des , like block copo-

lyesters, possessed better properties than random copoly-

amides with trie same composition. Saotome and coworkers^ 4

reported the higher melting point and lower solubility of

block copolyamide, as described in an earlier section, than

that of the random copolyamide with the same composition.

In the investigation of melting points by dilatometer,

they observed two melting points for the block copolyamide

with long sequence length of the same kind of repeating

units. The random copolyamide showed only one melting

poi nt

.

Block copolyamide of nylon 6,6 with uoly (metaphenyl ene

adipamide) showed improved tensile strength and modulus

without appreciable loss in elongation to break, over the

random copolyamide with the same compos i ti on .63 Some of

the mechanical properties of the above block copolyamide
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and random copo
1 y ami de with 80% nylon 6,6 are presented

in Table 2.

Sequence Length Distribution

The structures of the copolymers formed by polycon-

densation reaction can for the most part be classified into

three types: (1) random copolymers, (2) block copolymers,

and (3) graft copolymers. The first two are linear copoly-

mers. Sequence length distribution of the units in the

linear copolymers must be determined in order to differ-

entiate the various ways of arrangement of the repeating

units and to predict the different properties that can arise

A review of the theory of addition copolymeri zation

has been given by Ham1
, but the reactivity ratios of mono-

mers commonly encountered in addition polymerization is not

applicable in copolycondensa ti on where equal reactivity of

the functional groups generally exists. Ha rwood 64 < 65 has

reviewed the chemical and physical methods for character-

izing sequence length distribution in copolymers, and he

defined a parameter termed the "run number" R, to describe

the degree of randomness of copolymers. No examples, how-

ever, were given in his review for copolyes ters

.

"Run number", R , is defined as the average number of

uninterrupted monomer sequences ( runs ) occurring in a copo-

lymer per 100 monomer units. In a copolymer consisting of
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A and B monomer units, there is one A-B unit after every

run of A units, and one B-A unit after every run of B units.

Because there are as many A. runs: as there are B runs in a

copolymer, and the total number of A and B runs per 100

monomer units is equal to R,
11

thus,

% A-B 1 inkages = R/2 (1

)

% B-A 1 inkages = R/2 (2)

and

% (A-B + B-A) linkages R (3)

The number of A-A linkages is obviously equal to the total

number of A units minus the number of A-B units. Thus,

% A-A 1 inkages = %A -R/2 (4)

and similarly,

% B-B linkages = %B - R/2 (5)

where %A and %B are the molar percentage of the monomer units

in the copolymer.

The number-average sequence length of A or B units

is equivalent to the total number of the given type of mono-

mer units divided by its run number. Thus,

UnA = %A/(R/2) (6)

UnB * %B/(R/2) (7)

where UnA and UnB are the number-average sequence lengths

of A and B monomer units, respectively.

The "run number", R , can also be related to the propa-

gation probabilities of the monomer units. The propagation
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probability P AD> that a given A unit is followed by a B unit,

is equal to the number of A-B linkages divided by the total

number of A uni ts . Thus
,

P AB = R/2%A (8)

Similarly,

P
BA * R / 2%B (9)

PAA = (%A-R/2)/%A (10)

P
BB

= C%B-R/2)/%B (11)

The probability P BAB , that a given A unit has B units on

both left and right sides, is equal to the product of the

separate probabilities. Thus,

P BAB
= CPAB

)2 = r2 /4%A 2
...(12)

Similarly,

PAAA
= (P AA

)2 = (°^A-R/2)
2

/%A 2
(13)

P AAB
= (P AA) (P AB )

= R ( %A- R/ 2 ) / 2%

A

2
...(14)

The probability P
BAB > that a given A unit has B units

on both left and right sides does not have the same meaning

as the probability that a given B-A unit is followed by B

unit.

In a random copolymer where the probability of occurence

of a given type of monomer unit is independent of the type

of preceding monomer unit, the run number can be shown by

substituting P^
A

for P
BA

in equation (9) as,

"random = 2(XA)(XB)/100 (15)

A block copolymer has a run a number less than the
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run number of the random copolymer, R
random , with the same

composition. On the other hand, an alternating copolymer
has a run number larger than R

^ random'
Theil has used another parameter, Q, to quantitative

describe the randomness of a copolymer. The the rmochemi cal

aspect of an equilibrium copo
1 ycondens a t i on reaction of the

type,

^v*A-A^v + —B - B - A - B + >w»- b - A

was treated, and the thermodynamic properties of the copo-

lymer were expressed in terms of different propagation pro-

babilities. The reaction, as shown above, is analogous to

the ester-interchange reaction between homopolyes ters in the

molten state. The reaction was assumed to take place at

constant moderate pressures with negligible change in volume

such that the free energy of copolymeri zation is given by:

AG = AE
R

- TAS
D (16)

X
A [0-P

AA)lnO-P
AA)

+

AAj + X
B

[0-P
BB

)ln(l-P
BB ) + P

BB
inP

6B J

-

(17)

where AG is the free energy of copolymeri zation , AE„ is the

enthalpy of copolymeri zation , ASg is the entropy of

sequence length distribution in the copolymer, and N is

the total number of monomeric units. and X
B

are the

mole fractions of A and B units, respectively. A E

.

B
repre-

AG/N
0

- 2X
A

(1-P AA )AE AB
- R

PAAlnP
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sents the energy of formation of A-B or B-A bond, as follows

^AB = F
AB " ] /2 (E

AA * E
BB ) ( 18)

where E
AB is the average energy content of heterogeneous

bonds. The total energy of reacti on , A£
R

, is equal to the

product of AEAB and the total number of heterogeneous A-B

linkages. Thus,

*h " 2 W-hA)A h6 (19)

Under equilibrium condition, the free energy of co-

polymerization is minimum. Thus, equation (17) is dif-

ferentiated with respect to P
AA and set equal to zero. Afts

proper substitution and rearrangement of terms, the followin

expression is obtained:

(P
AAP

BB )/(P
AB P

3A) = exp (2AE
AB

/RT) = Q ....(20)

In a random copolymer, the probability of occurrence

of a given type of monomer unit is independent of its near-

est neighbor and Z\E AB
is equal to zero. Therefore, Q is

equal to one in random copolymer. Q increases without

limit for block copolymer and it approaches zero for an

alternating copolymer.

Among the techniques of characterization of copoly-

mers, the following have been applied to determine the

sequence length distribution in copolyes ters : (1) melting

point depression; 10,59
(2) NMR spectra; 12 ' 5T ~ 52

a nd

(3 ) turb i d i me tri c titration.
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Melting Point Depression of Copolyester . Random

copolymers show a greater melting point depression than block

copolymers when the composition is varied. The theoretical

derivation of Flory's melting point depression equation for

copolymer assumed that there is only one type of crystal-

lizable unit, A
66

. The approach taken in the derivation

is to find an expression for the probability of finding a

given A unit located in a sequence of m units long in the

molten state, and to set this expression equal to the pro-

bability of finding the same sequence length of A units in •

the noncrystalline region of the copolymer at equilibrium.

The final expression obtained is,

O/TJ - (1/Tm°) = - (R/Hu) lnP
AA (21)

where Tm and Tm° are the equilibrium melting points of the

copolymer and crystalline homopolymer, respectively. Hu is

the heat of fusion per mole repeating unit of the crystal-

line homopolymer. P^ is the propagation probability of A

units.

The mole fraction of A units, X^, is equal to P in

random copolymer. Because P^^ is larger than X. in a

block copolymer, the melting point depression in block co-

polymer is less than that of the random copolymer. in

alternating copolymer is larger than its P..,

12 5 5?
NMR Spe ctr a. Murano and coworkers ' studied the

difference in the NMR spectra of a series of random copoly-
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esters and block copolyes ters . NMR spectra of polyethyl-
ene terephthalate/sebacate) copolyester showed three diffe-

rent methylene proton absorptions for the glycol residues

in this copolyester due to three different environments of

the glycol residues in the polymer chains. That is, the

ethylene glycol units can be arranged in the following

ways :

(1) between two tereph thai i c acid residues,

C00CH
2

CH
2

00C

T-G-T

(2) between two sebasic acid residues,

^-(CH
2 ) 8

Cd0CH
2

CH
2

00C(CH
2 ) 8

—
S-G-S

(3) between one terephthalic acid and one sebasic acid

res i dues ,

^^^-C00CH
2

CH
2

00C(CH
2

) 8
-

From the ratios of the intensities of the three different

methylene absorptions, one can determined the average sequence

length of the different repeating units.

1 2 .

Murano introduced a 3 number to describe quanti-

tatively the sequence length distribution of the copoly-

ester. B is defined as follow:

8 * P
TS

+ P
ST (22)

where P
TS

is the probability that a sebacate unit is found

next to a tereph thai ate unit, and P
ST

is the probability that
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a terephthalate unit is found next to a sebacate unit. The

U-G-S obtained from the NMR spectra includes %S-G-T.

Because there are as many T-G-S linkages as there are S-G-T

linkages, the number of T-G-S linkages is equal to one-half

%T-G-S. Thus,

P
TS = %T-G-S/2%T (23)

and

P
SJ

= %T-G-S/2%S
i . (24)

j The derivation of the relationship between %T or %S

and %T-G-T, %T-G-S is similar to the one used in the section

about run number. A more detailed discussion of the above

relationship is given in Chapter IV.

B is equal to one for random copolyester. In the case

of mixture of two homopol yes ters , P
TS

= ?
SJ

= 0, thus, B is

equal to zero. B is equal to two for an alternating copo-

lyester. The block copolyester, therefore, has a B number

in between zero and one.

Turbi di met ri c Titration . Turbi dimetri c titration of

polymer solution involves the precipitation of polymer by

the addition of a non-solvent into the ooivmer solution.

The amount of polymer precipitated from the solution is mea-

sured by the amount of light transmitted by the suspended po-

lymer. The polymer is precipitated at a well defined solvent

composition. The solvent composition required for precipitat-

ing the polymer is determined by the following factors:
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(1) molecular weights of polymer fractions in solution;

(2) the concentration of each species of molecular weight
in solution at the time of precipitation; (3) the type of

polymer; (4) the temperature of the system; and (5) the

solvent-precipitant system. With proper control of the above
factors, turbidimetric titration can provide valuable

information about molecular weight distribution of polymer

and the solubility differences between block copolymer and

random copolymer or mixture of homopolymers

.

Morey and Tamblyn 67 applied turbidimetric titrati on

technique in the quantitative determination of molecular

weight distribution of cellulose acetate-butyrate . The

result obtained was in good agreement with the result

obtained by gravimetric method of analysis. Melville and

coworkers 50 studied the separation of block copolymer of

styrene and methyl methacrylate from random copolymer or

mixture of homopolymers by turbidimetric titration. This

technique was also applied by Smith and coworkers 62 for the

characterization of ci s / trans PCHDT. The separation of the

different species depends on the differences in their solu-

bility.

Morey and Tamblyn"^ described the determination of

molecular weight distribution of polymer by turbidimetric

titration. At constant temperature and with appropriate
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solvent-precipitant system, the volume percent of preci-
pitant at the point of precipitation^, is equal to F(M,C).
The function, F(M,C) is determined experimentally with
different fractions of known molecular weights and concen-
tration. For cellulose ace tate-bu tyrate system, the parti-
cular relationship is as follow:

V = klog C + f(M) (25)

where k is equal to -3.2 and f( M ) is a function of molecular
weight. Determination of V at various polymer concentration

with known molecular weights enables logC to be plotted

against V. The slope of such a plot gives the value of k

and the intercept on the V axis (at log C equal to zero)

gives the value of f(M) for a given molecular weight. A ca-

libration curve for the relationship between f(M) and mole-

cular weight is then prepared. The key to the determinat-

ion of molecular weight distribution is given by the fol-

lowing equations:

Wr =AT/(1-10 V/k
(100-V)/(100-V-AV)) ....(26)

Wr(l-V/100) = (1/C) 10
(V " f(M))/k

(27)

where Wr is the weight fraction of the rth species, AT is

the change in percent turbidity, and is the amount of

precipitant added after each reading of light transmission.

The relationship between turbidity, £, and the inten-

sity of light transmitted, I, by the suspended polymer in a
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cell of path length, L, is given by the equation shown as

f ol 1 ow

:

t = (1/L) ln(I
0

/I) (28)

where I
Q

is the incident light intensity. Because the pur-

pose of the optical measurement is to provide a number pro-

portional to the percent of material thrown out of solution

it is important to convert the recorded turbidity to percent

turbidity. The optical density at complete precipitation is

defined as 100% turbidity. Furthermore, the % turbidity

has to be corrected to some fixed initial concentration,

because of dilution effect upon the addition of precipitant,

by multiplying the observed value by the term (V +V)V .

s s

V
s

is the volume of polymer solution before titration.

The application of equations (26), (27) and the cali-

bration curve for the relationship between f(M) and mole-

cular weights enables one to plot a differential molecular

weight distribution curve.

The increase in turbidity can be used as a measure

of the amount of polymer precipitated only wl.en the fol-

lowing conditions are satisfied: (1) the correction for

dilution can be made on the basis of Beer's law; (2) all

the precipitates are of identical size and there is no agglo

me rat ion or coagulation of the particles; and (3) swelling

of the particles should not affect very much the scattering

power per gram of precipitate. In order to satisfy the
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above conditions, the following experimental precautions
have to be exercised: (1) solvent and precipitant should

have nearly the same refractive index, but different from

the polymer's refractive index, (2) coagulation of the par-

ticles should be avoided by proper stirring, right choice

of solvent-precipitant system, and the use of dilute solu-

tion, (3) adequate temperature control, (4) slow rate of add-

ition of the non-solvent, and (5) effect of particle swel-

ling on the scattering power of the precipitate should be

minimized by the proper choice of the solvent-precipitant

system. It is very important that the solvent-precipitant

system chosen should give a good separation on the basis of

molecular weight in the determination of molecular weight

distribution.
m

For the analysis of block copolymer, the

solvent-precipitant system chosen should give initial preci-

pitation point that is dependent on the sequence length

differences of the copolymers, but independent of the mole-

cular weight differences.

The techniques of cnaracte ri zati on mentioned above are

very important in the study of crystallization-induced

reaction in copolyes ters , because the net result of the

reaction is a change in sequence length distribution of the

copol yes te rs

.
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CHAPTER II

EXPERIMENTAL

Purification of Reagents

Cis 1 ,4-Cycl ohexyl enedimethyl ene Glycol . Cis 1 ,4-

cycl ohexyl enedimethyl ene glycol supplied by Tennessee Eastman

Company was 91 percent pure. Pure ci_s 1 ,4-cycl ohexyl enedi -

methylene glycol was obtained by two recrys tall i zati ons of

the supplied material as follows: 200 g of 91 percent cis-

1 ,4-cycl ohexyl enedimethyl ene glycol was dissolved in 2 1 of

distilled ethyl acetate. Crystallization was induced by sic;;

cooling accompanied by generous seeding with 98-100 percent

pure c i s compound (also supplied by Tennessee Eastman

Company) and scratching the wall of the container. Too rapid

cooling caused the material to form an oil. Once crystalli-

zation was well underway, the mixture was cooled to -10°C in

an ice-salt bath. The snow white crystals were collected by

suction filtration and immediately washed by .1 1 of ice-cold

purified pentane. Failure to wash the crystals with pentane

resulted in surface softenina caused by crystal warminq and

redissolving in residual ethyl acetate. The crystals were

recrys tal 1 i zed for the second time following the same pro-

cedure. After the second recrys tal 1 i zati on . the crystals



48

were dried in the vacuum oven at room temperature overnight.
The purity of the crystals were analyzed by gas chromato-

graphy to be higher than 99% pure.

Trans
1 ,4-Cyclohexvl enedimethvlene Glycol. The proce-

dure for purification of trans 1 ,4-cycl ohexyl enedimethyl ene

glycol is the same as that of described above for crystal-

lization of the cj_s_ isomer. The material supplied by

Tennessee Eastman Company contained 95% percent trans isomer.

The trans material did not have as great a tendency to form

an oil as the ci s isomer. The compound was recrys tal 1 i zed

two times. Purity of the crystals were analyzed by gas

chromatography to be higher than 99% pure.

Dimethyl Tereph thai ate . 40 g of dimethyl terephtha-

late(Eastman Chemical Company) was dissolved in 600 ml of

boiling absolute ethanol . The solution was cooled to room

temperature then stored in the refrigerator overnight to

permit crystallization. The crystals were collected by

suction filtration and washed with ice-cold absolute ethanol

and dried in the vacuum over at room temperature for 24 hr.

Tereph thai oyl Chloride .
1 00 g of tereph thai oyl

chloride (Eastman Chemical Company) was dissolved in 700 ml

dry hexane with heating. The solution was cooled to room

temperature so that terephthal oyl chloride could crystal-

lized out. The crystals were collected by suction filtration,

washed with dry hexane and dried in the vacuum oven at room
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temperature for 24 hr.

Ethylene Glycol
. Metallic sodium was dissolved in

ethylene glycol (1 g/100 ml) (Eastman Chemical Company), and

the mixture was refluxed under a nitrogen atmosphere for

an hour in a one-neck round-bottom flask equipped with a

refluxing condenser. The mixture was then distilled under

vacuum, and ethylene glycol was collected.

Dimethyl 2-Meth,yl succi nate . Dimethy l 2-methyl succi -

nate (Eastman Chemical Company) was mixed with 10 percent of

anhydrous magnesium sulfate and distilled under vacuum.

Pentane

.

Pentane (Eastman Chemical Company) was mixed

and stirred with a 10 percent solution of concentrated

sulfuric acid several times until the acid layer was only

very lightly colored. The organic layer was transfered

into a one-neck round-bottom flask, 5 percent phosphorous

pentoxide was added, and distillation was conducted under

a nitrogen atmosphere using a two-foot packed column.

Hexane . The same procedure described above for pentane

was followed for the purification of hexane (Eastman

Chemical Company)

Ethyl Acetate . Ethyl acetate (Eastman Chemical Com-

pany) was mixed with 5 percent phosphorous pentoxide and

distilled under atmospheric pressure.

Methanol. Commercial methanol was shaken with KOH
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pellets, filtered and distilled.

gC-Chloronaphthalene and Nitrobenzene . c<-Chl oronaph-

thalene was obtained from Fisher Scientific Company, while

nitrobenzene was obtained from Eastman Chemical Company.

The chemicals were each mixed with 10 percent (wt/vol) an-

hydrous magnesium sulfate, stored overnight, and distilled

under vacuum.

1,1,2,2 Tetrachl oroethane and Phenol . Both of these

were U,S
.

P
. grade obtained from the Fisher Scientific

Company, and each was used without further purification.

Melt Poly condensation

Poly (ci s/trans 1 ,4-Cycl ohexyl enedimethyl ene Terephtha -

late). Copolyesters were prepared by copolycondensation

in the melt from different ratios of ci s and trans 1,4-

cycl ohexyl enedi methyl ene glycol with dimethyl terephtha-

late. A detailed description for the preparation of 70 per-

cent trans poly ( 1 ,4-cyc 1 ohexyl enedi me thy 1 ene tereph thai ate|

PCHDT, is given here. The temperature and time of reaction

for the preparation of copolyesters with ci s / trans ratios

other than 30/70 is shown in Table 3.

In a 100 ml resin flask provided with a stirrer, a

nitrogen inlet tube and a short distilling head leading to

a condenser and a receiver, 7.76 g (4 x 10 mole) of

_ o

dimethyl tereph thai ate and 12.68 g (8.8 x 10 mole) of 70



TABLE 3

REACTION CONDITIONS FOR MELT POLYCONDENSATION
OF CIS/TRANS PCHDT

Feed Comp
[% Trans

chdm7~

First Stage
(N

2
Atmosphere)

0 200

9 200

20 200

30 200

40 200

50 200

60 200

80 200

100 200

Time
(hr)

3

3

3

3

3

3

3

3

3

Second Stage
(1 mm Hg Vacuum)

Temp
(°C)

Time
(hr)

260 1-1/2

265 1-1/2

274 1-1/2

274 1-1/2

275 1-1/2

283 1-1/2

293 1-1/2

305 1-1/2

310 1-1/2
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percent trans 1 ,4-cycl ohexyl enedimethyl ene glycol, CMDM

,

were heated in the presence of one percent (by weight of

dimethyl tereph thai ate ) titanium te trabu toxi de (Eastman

Chemical Company) as catalyst at 200°C for 3 hr. A sand

bath was used for heating the flask. In this first stage,

methanol was distilled off. The reaction mixture was then

heated to 300°C (or }0°C - 20°C) above the melting point

of the polymer in other cases) under a vacuum of at least

1 mm Hg for 1-1/2 hr. During this period, 1 ,4-cycl ohexy-

lenedimethylene glycol was distilled off and the molecular

weight of the copolyester was increased. The heating

period of the reaction mixture while under vacuum could be

shortened if lower molecular weight copolyesters were

desired.

Poly (Ethyl ene Terephthalate/2-methylsuccinate ). Only

the preparation of the 70 percent terephthal ate copolyester

will be illustrated here. Copolyesters with terephthal ate

contents other than 70 percent were prepared according to

the temperature and time shown in Table 4.

In a 100 ml resin flask provided with a stirrer, a

nitrogen inlet tube and a short distilling head leading to

a condenser and receiver, 12 g (6.18 x 10" mole) of dimethyl

tereph thai ate and 4.24 g (2.65 x 10 mole) of dimethyl 2-

methyl succinate were mixed with 13.7 g (2.21 x 10 mole) of

ethylene glycol. The mixture was heated in the presence of
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one percent (by weight of total diester) titanium tetra-

butoxide as catalyst at 200°C for 3 hr under a nitrogen

atmosphere. After the methanol was distilled off, the

reaction mixture was heated to 230°C under 0.1 mm Hg for

5 hr. The flask was removed from the sand bath and the poly-

mer was removed.

Solid-State Pol y condensa t i on

Poly (cis/trans 1 ,4 -cycl ohexyl ened i methyl ene Tereph-

thal ate ) .
Only the preparation of the 70 percent trans co-

polyester is described here. The procedure is divided

into three phases. The first phase is the preparation of

low molecular-weight prepolyruer, followed by pulverization

of the product to pass through a 20 mesh screen. A Wiley

mill was used for pulverizing the polymer. Finally, the

powdered prepolymer is polymerized in the solid-state under

high vacuum.

In a 100 ml resin flask provided with a stirrer,

nitrogen inlet tube and a short distilling head leading to

a condenser and receiver, 7.76 g (4 x 10 mole) of dimethyl

_ o
tereph thai ate and 12.68 (8.8 x 10 " mole) of 70 percent

trans CHDM were heated for 2 hr at 200°C in the presence of

one percent (by weight of dimethyl terephthal ate ) of titanium

tetrabutoxide as catalyst. After most of methanol was

distilled off, the mixture was heated under one mm Hg at



FIGURE I
-

FLUIDIZED - BED COLUMNREACTORFOR
SOLID STATE POLYGONDENSAT I ON
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300°C for 10 min until the prepolymer formed has an inherent

viscosity of about; 0.1-0.45 dl/g. This prepolymer was

cooled and removed from the flask. The prepolymer was

pulverized by a Wiley mill to pass through a 20 mesh screen.

The prepolymer was then transfered into a fluidized bed

column used for polymerization, provided with a side arm for

the removal of diol and a stopper on top for removal of the

polymer. The diagram of the apparatus for solid-state poly-

condensation is shown in Figure 1.. Heated purified nitrogen

gas was intorduced from the lower part of the column and

flowed upward through the fritted glass filter . The commer-

cial nitrogen gas was passed through a molecular seive

column and a cuprous oxide column to remove moisture and

oxygen before flowing into the polymerization column.

The fluidized-bed column was half immersed in the sand

bath and heated at 230°C for 15 min. It was then followed

by an hour heating at 260°C and 30 min at 290°C. The temper-

ature outside the column was about 15°C higher than the

inside temperature. Under these conditions, the prepolymer

was believed to rearrange by exter -interchange reaction. The

mixture was then heated at 250 C for 3 hr under 0.1 mm Hg,

in order to increase the molecular weight.

The temperature and time of reaction involved in the

three phases of preparation of copolyesters of other compo-

sition is presented in Table 5.
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Crystal! i zati on- Induced Re action

One gram of copolyester prepared by melt polyconden-

sation and without prior removal of the ester-interchange

catalyst was placed in a 250 ml erlenmeyer flask. The

flask was heated under a continous flow of nitrogen, at a

temperature of 10°C below the melting point of the initial

polymer. Reaction times from 30 min to 30 hr were chosen

Aliquots were removed at different time interval and,

were characterized.

Preparation of Block Copolyester

Poly ( Ci s/Trans-1 ,4-Cycl ohexy 1 enedimethyl ene Tereph -

thalate) Block Copolymer . Block copolyester with various

ci s / trans were prepared from preformed polyester of the

pure ci s and trans glycols with terephthaloyl cnlcride.

The weight-average molecular weight of ci s and trans PCHDT

used were 6,325 and 3,750 respectively. Block copolyester

with three different trans content were prepared: 70 percent

trans ; 50 percent tran s ; and 9 percent trans . Only the

preparation of 70 percent trans block copolyester is des-

cribed here.

In a three-neck 50 ml flask provided with a reflux

condenser, a Ca CI
2

tube, and a thermometer, 0.7 g (0.373

mole) of pure tran s PCHDT was dissolved first with heating

at 200°C in 20 ml of distilled oC -chl oronaphthal ene

.
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Stirring was effected with a magnetic stirrer. The trans

glycol polyester took a longer heating time at a higher

temperature to dissolve than the cis glycol polyester. To

avoid transes teri f i cati on between trans and c_i_s_ PCHDT

during the dissolution process, the trans PCHDT was dissolved

first. The temperature was lowered to 170°C, and 0.3g (0.095

mmole) of pure c_i_s_ PCHDT was added and dissolved. 0 . 095 g

(0.467 mmole) of recrys tal 1 i zed tereph thai oyl chloride and

0.074g (0.934 mmole) of pyridine (an HC1 acceptor) were added

to the polymer solution. The entire mixture was then heated

at 170°C with stirring for 3 hr. The hot solution was

poured into 300 ml methanol to precipitate the copolyester.

The precipitate after being washed three times with 300 ml

of boiling methanol, was dried in the vacuum oven at 40°C

ove rn i gh t

.

Pol y ( Ethyl ene Terephthal ate/2-Methyl succi nate ) Block

Copolymers . The number average molecular weights of PET

and PEMS homopol yes te rs used are 3,084 and 1,482 respectively.

Four different feed composition were used: (1) 70 percent

PET, (2) 50 percent PET; (3) 40 percent PET; and (4) 15

percent PET.

The procedure is the same as the one described in the

previous section for the preparation of poly

(

ci

s

/ trans 1,4-

cycl ohexyl enedimethyl ene terephthal ate )bl ock copolymer,

except that nitrobenzene was used as the solvent instead of
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oC-chloronaphthalene. Dissolution and reaction were carried

out at 170°C for 3 hr.

Characterization of Polyesters

Inherent Viscosity Measurement . Inherent viscosities,

inn were determ ined using a Cannon-Ubel oi de viscometer #D180

on dilute polymer solution (0.25g/100 ml solvent). The

solvent was a mixture of 3:2 by weight of phenol: 1,1,2,2

tetrachl oroethane. Efflux time was measured at 25°C. The

inherent viscosity was calculated using the following

equations:

ftrel - t/t
0

#inh = (lnJj
pel

)/C

where , is the relative viscosity, t and t are the flow

time, in seconds, through the viscometer of dilute polymer

solution and of pure solvent, respectively. C is the poly-

mer concentration in g/100 ml of solvent. The unit f° r ^i nn

is in dl /g .

Weight-average molecular weights of PCHDT and PET were

calculated from inherent viscosity using the rel at ions hi p

shown below:

(1) For PET : )? inh
= 4. 63 x 10" 4

x (Iw)
0 ' 68

(2) For PCHDT :7i inh
= 4.98 x 10" 4

x (Mw)
0 ' 73

Since the polymer samples were not fractionated, it was
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assumed that Mw = 2 Mn

.

Number-average molecular weights of poly (ethyl ene 2-

methylsuccinate) were determined uzing a Hewlett Packard

Vapor Pressure Osmometer Model 302 operated at 37°C in

benzene solution. The measurements were done by Mr. Charles

Meade of the University of Massachusetts Mi croanaly ti cal

Labora tory

.

Calorimetric Measurement . The melting points and heats

of fusion were determined using a Perkin Elmer Differential

Scanning Calorimeter DSC-1B. 2-5 mg samples used were in

powder form which passed through 20 mesh screen. The poly-

mer was pulverized using a Wiley mill. The samples were

sealed in aluminum sample pan for DSC. A heating rate of

10°C/rnin was used in all measurements. The melting point

was assigned to the temperature where the transition peak

comes back to the base line. The heat of fusion was deter-

mined by measuring the area under the endothermic peak and

using the heat of fusion of benzoic acid, 33.9 cal/g, as a

calibration standard. The heat of fusion of the polymer

was calculated using the following equations:
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= diLp litl) (m) * (s) (M') )nntn
( 2 )

(H
0 ) (T) (M)

heat of fusion per gram of tereph tha 1 a te repeat

unit of the copolyester

heat of fusion per gram of repeat unit of PET,

32.2 c a 1 /

g

heat of fusion per gram of benzoic acid, 33.9

cal/g .

area per gram under the endothermic peak of the

copolyester.

area per gram under the endothermic peak of benzoic

acid.

recorder range used in recording the endothermic

peak of copolyester.

recorder range used in recording the endothermic

peak of benzoic acid.

mole percent of tereph thai ate units in the copo-

lyexter

.

mole percent of 2-methyl succi nate units in the

copo 1 yes te r

.

molecular weight of ethylene tereph thai ate repeat-

ing unit, 192.

molecular weight of ethylene 2-methyl succi nate

repeating unit, 158.
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FIGURE 3 -SAMPLE CELL FOR TURBIDITY

MEASUREMENT
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%X
C = percent crys tal 1 i n i ty of the copolyester, poly

(ethylene tereph thai ate/ 2-me thy 1 succinate) .

Turbidimetric Titration. The turbidity point of a poly-

mer solution on addition of a nonsolvent was determined with

a Scattermaster Model III light scattering instrument

manufactured by Manufacturers Engineering and Equipment Cor-

poration. The light source was a mercury discharge lamp,

type AH-3. A 546 mjLL wavel eng th filter was used in the

determination. The sample cell compartment was modified to

fit the solution cell and all the connections to the constant

temperature bath. An illustration of the apparatus is shown

in Figure 2 and 3.

Polymer solution with a concentration of 0.05 g/lOOg

of solvent was used in all measurements. The solvents used

was a mixture of 3:2 by weight phenol: 1,1,2,2 tetrachloro-

ethane, and 2 percent of oC-pinene was added as an anti-

oxidant. 75 ml of polymer solution was filtered and trans-

fere d into the sample cell. Methanol, the precipitant, was

added to the solution from a microburette in 1 ml amounts.

The rate of stirring was about 200 rev/min. The temperature

was maintained at 25°C, and the percent light transmitted

was recorded after the detector needle had stabilized. The

point at which the percent light transmission started to

decrease suddently was defined as the turbidity point, as

shown in Figure 4.
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Gas Chromatographic Analyse A V arian Aerograph Gas

Chromatograph Series 1520 was used in the determination of

the purity of reagents and in the analysis of the cjs/trans
glycol content of alcoholysis product of poly (1,4-cyclo-

hexylenedirnethylene te reph th a 1 a te ) standard sample. The

column used was made of 20 ft 1/4" copper tubing containing

5 percent carbowax 20M on Chromosorb G AW-DMSCsupport.

Determination of the Composition of Pol yfcis /Trans 1 ,4-

Cyclohexylenedi methyle ne Tereph thai a te K The composition

of cj_s/ trans PCHDT copolyester was determined from the r J M

R

spectra, through the aid of a calibration curve. Two samples

consisting of 70% trans and 10% trans PCHDT were used in the

determination of the calibration curve. The composition of

the standard samples were determined by GC analysis of their

base catalyzed alcoholysis products.

Into a 100 ml one-necked round-bottom flask provided

with a reflux condenser, one gram of the standard PCHDT

sample was mixed with 50 ml of 1/2NK0H in ehtanol solution.

Stirring was effected with a magnetic stirrer. The mixture

was heated at reflux for 100 nr. The insoluble acid salt

was removed by filtration and the filtrate was made more

concentrated by evaporation of ethanol until the total

volume of the solution was about 10 ml. 5 ml of this solu-

tion was injected into the GC column for the analysis of

c i s/ t rans ratio of 1 ,4-cycl ohexyl enedimethyl ene glycol. The
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operating conditions employed in the GC analysis were:

(1) Injection temperature = 250°C

(2) Detector temperature = 250°C

(3) Column temperature = 190°C

(4) Helium flow rate = 40 ml/min

(5) T.C. filament current = 150 mAmp.

(6) Column = carbowax 20M on Chromosorb G AW-DMCS.

The composition of the copolymer was then determined from

the ratio of the areas under c_i_s_ and t rans glycol peaks as

recorded from the Varian Aerograph Gas Chromatograph Series

1 520.

The NMR spectra of 0.1 g of polymer consisting of

various proportion of the standard PCHDT samples, in 1 ml

tri f 1 uoraace ti c acid were recorded at 37°C using a Varian

A-60 NMR Spectrometer. The NMR spectra of PCHUT copoly-

esters were given in Chapter III. The areas under the c i s

ring protons absorption at 8.7 X and under the methylene

protons absorption at 6 T were cut-off and weighed. Then

a calibration curve showing the relationship between the

ratio of the weighed areas and the composition of the

standard mixture of copolymers was prepared. Subsequent

analysis of PCHDT copolymer composition was based on this

calibration curve and the determination of the above said

areas which were obtained from the NMR spectra.
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Determination of Composition and Sequence Length

Distribution of Pol

v

( Ethyl ene -Te reph thai ate/ 2-Methvl succi nate )

0.1 g of PETMS copolymer was dissolved in 1 ml trifluoro-

acetic acid. The NMR spectra were recorded using Varian A-60

NMR Spectrometer at 37°C.

Sequence lengths and compositons of poly (ethyl ene

terephthal ate/2-methyl succi nate) were calculated using the

equations given in Chapter IV. The areas under the different

types of methylene protons absorptions were cut-off and

weighed. A detailed discussion on the interpretation of the

NMR spectra is also given in Chapter IV.

IR Study . 10 mg of polymer powder was mixed with 100

mg KBr in a mortar and ground with a pestle until a homo-

genous mixture was obtained. A small quantity of the mixture

was trans fe red into a Wilkes mini IR cell and pressed in

order to form a clear disc. IR spectra were recorded using

a Perkin-Elmer Grating IR Spectrometer Model 257.
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CHAPTER III

CRYSTALLIZATION-INDUCED REACTION OF CIS/ TRANS

POLY ( 1 ,4-CYCLOHEXYLENEDI METHYLENE TEREPHTHALATE)

INTRODUCTION

The preparation of ci s/ trans poly ( 1 ,4-cycl ohexyl ene-

dimethylene terephthal ate) , PCHDT, was first reported by

Kibler and coworkers 70
. It is a copolyester formed by poly

condensation of dimethyl terephthal ate with cj_s_ and trans

1 ,4-cycl ohexylenedi methanol

.

CH
3

00C COOCH3+2 H0CH
2

CH
2

0H
Catalyst

N

HOCH.<i

Ci s /Trans

CH
2

00C

Ci s /Trans

^^)-C00CH
2
"^s\cH

2
0H + 2 CH

3
0H

C i s / T r a n s

n H0CH
2 YO^y-CH 2

00C
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Catalyst

Vacuum

CH S CH
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+ n H0CH-\ S )-CH o 0H
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Schulken and coworkers 71
reported that an increase i n

the melting point of the 70% trans PCHDT occurs upon heating

the melt polymerized copolyester at 10°C below its melting

point in the presence of an es te r- i n te rchan ge catalyst. It

was suggested in their paper that a block copolyester was

formed by the heating process instead of just an improved

crystal formation. Kibler and coworkers 50
also found that

solid state polycondensa ti on to form the copolyester could

also lead to a higher melting product than that obtained by

the melt polycondensa ti on . In the present study, we proposed

that the formation of higher melting product in the former

case, at least, was a result of cry s tal 1 i zati on- i nduced

reac ti on

.

Factors that affect the proposed crystallization-

induced reaction of this copolyester have been explored,

including polymer molecular weight, reaction temperature and

catalyst. Results from DSC studies and tu rb i d i me tri

c

titrations for determination of solubility differences are

discussed in the next two sections.

RESULTS AND DISCUSSIONS

DSC Study

A differential scanning calorimeter (DSC) is used very

72-73
often for studying thermal properties of polymers,

especially in the determination of melting point, crystalli-
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Figure 5- MELTINGPOINT -COMPOSITION RELATIONSHIP
OF CIS/TRANS PCHDT

O MELT P0LY£0NDENSA7!0N PRODUCT(RANDOM)
B SOLID STATEPOLYGONDENSAT I OM PRODUCT
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zation temperature, heat of fusion ( for calculation of the

degree of crystal 1 i ni ty) , and glass transition temperature.

As indicated in the Experimental section, two types

of polycondensati on processes were used to prepare the copo-

lyesters of PCHDT. Copolyesters of various ratio of ci_s_

and trans content were prepared by these processes.

Melt Polycondensati on .

The melting poi nt-composi tion rel ationshi p of melt-

polymerized copolyesters was shown in Figure 5. The melting

point of the melt-polymerized copolymer increases contin-

uously with increasing trans content, from 245°C to 340°C

corresponding to the melting points of pure ci s and trans

PCHDT, respectively. Unlike most copolymers, there is no

minimum or eutectic melting point for the copolyesters.

The regular and continuous variation of melting points

of the copolymers accompanying the variation in the composi-

tion, from pure c i s to pure trans PCHDT, indicates the

occurrence of isomorphism phenomenon among the monomeric

74
units. Natta and coworkers defined isomorphism phe-

nomenon in macromol ecul es as the possi tn 1 i ty of modifying

the crystalline lattice of a polymer, owing to the presence

in the chain of monomeric units of different types, without

destroying crystallinity itself. This causes only the

continuous and regular variations of some parameters of the

crystalline lattice, accompanied by continuous and regular
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variations of other physical properties. Thus, the mono-

meric units comprising the polymer chain can cocry s tal 1 i ze

in the same crystal lattice. If isomorphism between the two

kinds of monomeric units does not take place, the melting

points of the copolymers should decrease rapidly in accor-

dance with Flory's equation of melting point depression in

copolymers. This non - i somorphous behavior in copolymers is

shown by po 1 y ( ethyl ene terephthal ate/adi pate ) and polyeth-

ylene terephthal ate/sebacate) ,

59 Their melting point-com-

position curve had a V-shape with a eutectic point.

The continuous and regular variation of melting point

with composition is generally accepted as a criterion for

isomorphism. Other copolymers which show isomorphous behav-

ior are: po 1 y ( hexame thyl ene adi pam'i de/ terephthal ami de ),
75

copolyamide prepared from heptame thy 1 ene diamine and bis-

(3-ami no-propy 1 )ether with adipic acid/ 6 copolyamide pre-

pared from caprolactam and p-ami nomethyl cycl ohexy 1 carboxyl i

c

acid,
77

and isotactic styrene-O-f 1 uorostyrene copolymer.
74

Another criterion of isomorphism is the regular and

continuous variation crystal lattice constants, in the

directions normal to the chain axis, with composition. This

behavior was observed in isotactic styrene-O-fluorostyrene

7 A 7 8 7 8
copolymer and in ci s / trans PCHDT . Boye studied the

X-ray diffraction patterns of ci s / trans PCHDT and found a

continuous distortion of the crystal lattice from the cj_s_
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into that of the trans crystal structure with increasing

concentration of the trans isomer.

The unit cell of the trans PCHDT is triclinic and has

the following dimensions: a = 6.37 8,- b= 6.63 A, c= 14.2 A,

K- 89.35°, ^=47.10° and jf-l 14.36°. The unit cell of the

cj_s_ PCHDT is also triclinic and has the following dimension"
o o o

a = 6.02 A, b = 6.01 A, c = 13.7 A,<* = 89. 14°, fi= 53.08°,

and 1 = 112.49°. The repeat period for the trans isomer
0 o

is 14.2 A, while that for the cj_s_ isomer is only 13.7 A.

This similarity in the crystal structure and the almost

equal repeat period of cj_s_ and trans PCHDT was thought as

the reason for the isomorphous behavior of ci s and trans

PCHDT.

The compositions of the copolyesters were determined

by the N MR method described in the Experimental section.

The composition of the standard samples which were used in

the construction of the calibration curve in the NMR method

were determined by GC analysis of their alcoholysis pro-

ducts. The standard samples consisted of 70% trans and 10%

trans PCHDT. The retention time of the trans glycol was 30

min while that of the ci s isomer was 35 min.

Figure 6 shows the NMR spectra of the ci s and trans

glycol. The absorption peaks of the cyciohexane ring pro-

tons, 8^-9.6^ , was narrower in the ci s isomer as compared

to those in the trans isomer. The same was observed in the
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FIGURE 6-A NMR SPECTRUMOF 90% CIS 1,4 CYCLOHEXYLENE-
DIMETHYLENE GL v COL

FIGURE 6-B NMR SPECTRUMOF 70% TRANS 1.4 CYCLO'iEXYLEN'E-
DI METHYLENE GLYCOL
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case of the copolymers, as shown in the Appendix. The nar-

rower ring protons absorption in the cjj_ isomer is due to

the rapid chair-chair i n terconvers i on of the ring which

makes all the ring protons magnitically equivalent. Boye

also reported that the cyclohexane ring in trans PCHDT is in

the chair form. This 1,4 trans substituted cyclohexane ring

is a rigid chair configuration and has difficulty to under-

go a chair-chair i n terconvers i on process. The axial and

equatorial protons of the trans ring are , therefore , non-

equivalent and exhibit broad multi-peaks. This explanation

is in agreement with other workers' result on the study of

1,4 substituted cyclohexane compounds.

Musher and Richards 79 reported that NMR spectra of

trans decalin has a multiplicity of peaks in the ring proton

absorption, while the ci s compound has only one single peak.

They asserted that rapid chair-chair interconversion of the

rings, in c i s decalin, makes the protons magnetically indis-

8 0tinguishable. Browstein and Miller showed the same effect

for ci s 4-methy 1 cycl ohexanol and ci s 1 ,4-dimethyl cycl o-

8

1

hexane. Jensen and coworkers studied the NMR spectrum

of cyclohexane as a function of temperature. They found

that while there is only one resonance peak at -50°C, there

are two well resolved peaks at -70°C. They interpreted these

peaks as being due to the two types of protons in the chair

ring--axial and equatorial protons. Above -50°C, the
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chair-chair i nterconversi on is rapid such that the axial

and equatorial ring protons become magnetically equivalent.

But at -70 C, the i n terconver s i on rate is slow and the

magnetic environment of the axial and equatorial protons is

different. Thus, two absorption peaks were observed for

cyclohexane protons at -70°C or below. It is generally agreed

that chair-chair i nterconvers i on is the mechanism of flexi-

bility which makes all the ring protons magnetically equi-

valent in cj_s_ 1,4 di subs ti tuted cyclohexane.

Solid-State Polycondensation .

The melting points of solid-state polymerized copoly-

esters are also shown in Figure 5. Copolyesters with greater

than 40% trans contents had higher melting points than melt-

polymerized samples of the same coposition. For example,

the melting points of 70% trans PCHDT was 296°C for the melt

polymerized sample and 318°C for the solid-state polymerized

sample. On the other hand, solid-state polymerized sample

with less than 40% trans contents did not show higher melt-

ing point than the corresponding copolyesters prepared in the

melt, because the temperature employed in the first stage of

of phase 3 in the solid state polycondensation is too low for

the effective rearrangement of the block sequences. The

melting points shown in Figure 6 represent the first cycle

DSC melting points.
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There is a possibility that the different thermal

histories involved in the preparation of these copolyesters

could result to this difference in melting point between

solid-state polymerized samples and melt polymerized samples.

It is, therefore, interesting to look at the second cycle

DSC melting point after the copolyester was melted and cooled

to room temperature. But before this was done, the ester-

interchange catalyst was first deactivated by heating the

polymer powder with steam at 1 50° C for two hours. The

second cycle melting points of some solid-state polymerized

samples, including the result on 70% trans PCHDT prepared by

mel t-polycondensati on were shown in Table 6.

The second cycle melting point of 70% trans PCHDT

prepared by solid-state pol ycondensati on was 31 2° C , and it

is still higher than the melting point of the nelt-poly-

merized sample with 70% trans contents, 296°C. This result

on 70% trans PCHDT agrees with the findings of Schulken

and coworkers.''
1

TU £ . . , . , ...
The first and second cycle melting points

of 50% trans PCHDT were the same. In contrast, the second

cycle melting point of 80% trans PCHDT decreased to 311 C,

while the melt-polymerized sample with 30% trans contents had

a melting point at 310°C.

o0
Kibler and coworkers claimed that solid-state poly-

condensation in two stages of ci s/ trans PCHDT contain ing at
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TABLE 6

SECONDCYCLE MELTING POINTS OF SOME C I S /TRANS PCHDT
PREPAREDBY SOLID-STATE POLYCONDENSATION

% Trans First Cycle Second Cycle Melting Point
Melting Point Melting Point Random Copolymer

80 339°C 311°C 310°C

70 320 312 296

50 300 300 282

TABLE 7

MELTING POINTS OF CIS/TRAMS PCHDT
PREPARED BY VARIOUS TECHNIQUES

Melting Point (°C)

% Trans

Mel t

Polycond

.

Solid C ry s t .
-

State Induced
Block

Polycond

.

0 245 245 245 245

5 250 250 ; 285 246

50 282 296 320 305

70 296 320 324 305

100 339 339 339 339

a Melting point was measured after precipitation.
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least 60% trans isomer produced block copo lyes ters

.

Therefore, this big decrease in the second cycle melting

point of 80% trans PCHDT can be explained by the random

rearrangement of the block sequences during fusion at the

high melting point of 80% trans PCHDT (339°C). This fusion

temperature is so high that the random redistribution process

as mentioned by Challa in Chapter I, has an increased

reaction rate.

This random redistribution process of block copolymer

during fusion at high temperature was also observed by

8 2Kiyotsukuri and coworkers when block copolyester-ami de of

PET and nylon 66 was subjected to successive fusion-cooling

cycles in the DTA cell. The melting and crystallization peaks

were shifted to lower temperature. ' The random rearrangement

of PCHDT block sequences, however, was not signficant at 300°C.

Thus, the first and second cycle melting point of 50% trans

PCHDT were the same. The higher melting points of solid-

state polycondensati on products of ci s / trans PCHDT with

greater than 40% trans contents indicate the formation of a

block copopyester.

The procedure of solid-state polycondensati on for the

preparation of ci s / trans PCHDT described by Kibler and co-

workers in the patent consisted of two stages. Solid-

state polycondensati on was conducted using the oligomers of

ci s/trans PCHDT as starting materials.. The inherent vis-
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cosity of the starting materials in 3:2 by weight of phenol:

1,1,2,2 tetrachloroethane at 25°C was in the range of about

0.1 to 0.45 dl/g. The first stage involved heating the

starting materials under inert atmosphere at a temperature

above 170°C but about 35° to 100°C below the normally

expected melting point of the copolyester, obtained by melt

polymerization. The heating at the desired temperature was

maintained for at least 1-1/2 hours. It is also in the first

stage that a higher melting product is obtained as a result

of the rearrangement of prepolymer to a block prepolymer.

The second stage involved heating the block prepolymer at a

temperature at least 20°C below the melting point of the block

prepolymer under vacuum or a continous flow of heated Np gas

until the desired molecular weight is obtained.

The procedure described in the first stage is quite

the same as the procedure for crystallization-induced

reaction, described in the Experimental section. Therefore,

one should expect that the products obtained by solid-state

polycondensa t i on of c is / trans PCHDT in two stages are block

copolyes ters , just like the products of crystallization-

induced reaction. They also have lower solubility than the

random copolyes ters . The results on turbi dimetri c titration

is given in a later section.
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The reactions between end groups and ester-linkages in

molten-state pol y condens a ti on are also involved in solid-

state polycondensation. Solid-state polyconde nsati on also

involves the diffusional process of the by-products through

the solid polymer and the gas film surrounding the solid

surface. Thus, the rate in solid-state polycondensation is

affected by particle size and geometry, crystallinity of

the initial reactants, and temperature, because they affect

the diffusion rate of the by-products, essential for high

molecular weight formation. Chang 43 reported that the rate

in solid-state polycondensation of PET was increased with

decrease in particle size and decrease in degree of crystal-

linity of initial oligomers. Polymer degradation is also

minimized if not totally prevented by solid-state poly-

merization. Bamford 44 reported that polymerization rate

decreased with increasing thickness of the particle layer.

In most cases, solid-state polycondensation is con-

ducted in f 1 u i d i zed-bed column using heated inert gas to

remove the volatile by-product. The employment of a fluid-

ized-bed column does not change the chemical reaction

mechanism but it increases the rate of diffusion of by-

products. Thus the use of a fl ui di zed-bed reactor eliminates

the effect of the thickness of particle layer on the reaction

rate. Each particle is suspended by the heated inert gas

and the taster escape of volatile by-products is effected.
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It also avoided the development of hot spot in the reactor

due to uneven heat transfer, because each suspended particle

is heated uniformly by the fluidizing inert gas. Furthermore,

it provides a better temperature control of the reaction.

A detail description of solid-state polycondensation was also

given in Chapter I.

Cry stall ization-Induced Reaction .

Figure 7 shows the melting points of the copolymers

after heat treatment below their melting points in the

presence of ester-interchange catalyst. The melting points

are the first cycle melting points. The melting points of

melt polymerized copolyesters are replotted in Figure 7 for

comparison. The treated samples shall henceforth be referred

to as crystallization-induced reaction products. The

melting points of crystallization-induced reaction products

with 70% trans , 50% trans and 5% trans contents were higher

than the melting points for melt polymerized samples.

The other samples whicn were block copolyesters cf 70%

trans , 50% trans and 5% trans contents were prepared by

condensation of homcpo
1 ymers of ci s and trans PCHOT with

tereph thai oy 1 chloride. The weight-average molecular

weight calculated from inherent viscosity measurement, as

described in the Experimental section, were 6 , 325 for ci s

PCHDT and 3,750 for the trans PCHDT. The condition used
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for joining the ci_s_ and trans PCHDT was chosen in order not

to cause transes te ri f i ca ti on reactions of the ester linkages

during coupling. Melting points of the samples were deter-

mined after they were precipitated and dried. The melting

points are also shown in Figure 7.

These samples were block copolyesters containing long

sequences of trans and ci s repeating units. Samples contain-

ing 50% trans and 70% trans had melting points above the

curve representing the melting points of melt polymerized

samples. Only the 5% trans block copolyester had a melt-

ing point below this curve. Note that these block copoly-

esters do not have the same thermal histories as the other

copolyesters in Figure 7. The lower melting point of 5%

copolyester could be due to less perfect crystal formation.

Table 7 shows the melting points as a function of composition

and methods of preparation of the copolyesters. A better

comparison can be obtained by providing the same thermal

history for each sample.

The melting points obtained from the DSC study of c i s /

trans PCHDT, cannot be used in Florys' equation for melting

P
point depression in copolymer, 1/T - 1/T° = - jp- InP^ ,

to arrive at the value of the propagation probability P
fl

,

because the isomeric repeating units are cocrystall i zable

and the melting points obtained are not the equilibrium

melting points required in the equation. Nevertheless, the
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increase in melting point after the heat treatment can be

taken as a qualitative indication of block copolyester forma-

tion, although the formation of an improved crystal due to

annealing could also cause the melting point to increase.

To resolve this uncertainty about block formation

versus annealing, two approaches were taken. First, the

products of the crys tal 1 i zati on- i nduced reaciton were

dissolved in tri f 1 uoroace ti c acid and precipitated, in order

to erase any previous thermal history and to deactivate

the catalyst. The latter treatment is important to prevent

reorganization of the copolymer on melting. Another sample

which had not undergone c rys ta 1 1 i zati on - i nduced reaction

was also dissolved and precipitated. Then, all samples

were given the same thermal treatment at 125°C for 6 hours,

low enough that no thermal transesteri fi cation could take

place and after which a comparison was made on their res-

pective melting points. The results of the above treatment

are shown in Table 8. The crys tal 1 i zati on- i nduced reaction

products still possessed higher melting points in all cases.

The DSC thermograms of the precipitated samples are shown in

Figure 8-10. In Table 8, the melting point of crystal-

lization-induced reaction product with 70% trans contents

was 293°C, while the melting point of melt-polymerized

samples with70% trans content was 280°C. After precipitation

the melting point of crystallization-induced reaction
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product with 5% trans contents was 245°C. This is almost

equal to the melting point of the block copolyester with 5%

trans content-reported in the previous section as 246°C. The

mel t-polyrneri zed sample with 5% trans content melted at 242°C

The results obtained in this section showed, therefore, that

the comparison of melting points between block copolyester

and melt-polymerized or random copolyester in Figure 7 is

not accurate for 5% trans PCHDT, because they do not have

the same thermal history before the melting points were

de termi ned

.

If the formation of improved crystal is the reason for

the increase in melting point, then all the melting points

should have been the same after repreci pi tati on and annealing

in the absence of catalyst. The preservation of a higher

melting points of crys tal 1 i zati on- i nduced reaction products

even after the solution and deactivation processes could

only have been caused by a change in copolyester structure.

It involved presumably a change from a random to a block

copolyester, because the melt polymerized sample is consi-

dered to be random copolyester.

Furthermore, examination of the crystallization peak

in Figure 8-10 reveals that the heat-treated polymers (after

repreci pi tati on ) crystallized at higher temperature than the

original melt polymerized sample when cooled from the melt.
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Kiyotsukuri and coworkers 82
reported that when block co P oly-

ester-amide of PET and nylon 66 subjected to successive

fusion-cooling cycle in the DTA cell, the position of the

crystallization peak in cooling from the melt shifted to

lower temperature, as a result of the shortening of the

block lengths. Aggarwal 83
also reported that isotactic

propylene oxide polymers with long s tereosequence length

crystallized at higher temperature when cooled from the melt

than those polymers with shorter s tereosequence length.

Thus, in the present case with cis / trans PCHDT, the higher

crystallization temperature of the crystallization-induced

reaction products as compared to the random copolyester,

indicates that the copolyester obtained after heat treatment

has a block structure.

The second approach in differentiating block formation

versus annealing effect was to find other properties which

would reflect a change in copolymer structure and be inde-

pendent of any contribution from improved crystal formation.

One such method is turbi dimetri c tritration for the determi-

nation of copolymer's solubility. This subject will be dis-

cussed in a later section.

Effect of Molecular Weight and Temperature . Two

samples containing 60% trans of different molecular weights

were prepared by melt po 1 ycondens a t i or. . These were subjected

to crystallization-induced reactions at two different
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TABLE 9

EFFECT OF MOLECULARWEIGHT AND REACTION TEMPERATUREON
CRYSTALLIZATION-INDUCED REACTION OF 60% TRANS PCHDt"

Catalyst Added
After

Pol ymer i za ti on

Temp.
( C)

Ti me
I hr )

Melting Point(°C) After
React i on

inn u,J4b

Mw = 7,800

Y) — n 7 o n
'Mnh

- °' 729

Mw = 21 ,700

None 260 2 303 289

2% MgO 260 2 303 289

2% Sb
2

0
3

260 2 303 289

None 285 2 316 300

2% MgO 285 2 317 300

2% Sb
2

0
3

285 2 315 300

2% CaO 285 2 311 302

3 0
Initial melting point is 2 89 C.

]% titanium tetrabutoxide was used as polycondensation
catalys t

.
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temperatures for two hours. The results are listed in Table

9. The low molecular weight sample attained a higher

melting point after the treatment at 260°C for two hours.

The melting point of low molecular weight sample

(MW = 7,800) increased from 289°C to 303°C, an increment of

14°C, whi^ie the high molecular weight sample (MW =21 ,700)

showed no change in melting point at this temperature of

treatment. Heat treatment at 280°C for two hours increased

the melting point of low molecular weight sample from

289°C to 316°C, an increment of 27°C. The high molecular

weight samples' melting point, however, increased by 11°C

only. Adding more catalyst to the polymer powder did not

have any significant effect on the melting point if the ca-

talyst was insoluble in the polymer.

There is a limit to the temperature of heat treatment

that can be used without causing degradation of the polymer.

This limitation is shown in Table 10 for 70% trans PCHDT,

whereby heating the polymer at 325°C for 1-1/2 hours caused

a drop in degree of crys tall i ni ty . Table 12 shows that

heating 5% trans PCHDT at 250°C for 11 hours decreased the

melting point from 280° to 265°C and accompanied by the

decrease in degree of crys tall i ni ty

.

Effect of Reaction Time. The data in Table 10-12

indicate the effect of reaction time on melting point and

crystal 1 inity of the 70% trans , 50% trans and 5% trans
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TABLE 10

PROGRESSOF CRYSTALLIZATION- INDUCED REACTION
OF 70% TRANS RANDOMPCHDT

Reaction Time Melting Relative
Jgmp. (hr) Point Cry s tal 1 i n i ty
( C)

(

6
C) (DSC)

285 0 296 1.00

285 1/2 321 1.61

285 1 321 1.76

285 1-1/2 322 1.93

285 2 324 1.91

325 1-1/2 329 0.96

1% titanium te trabutoxi de was used as catalyst.



98

TABLE 11

PROGRESSOF CRYSTALLI ZATI ON- INDUCED REACTION
OF 50% TRANS RANDOMPCHDT

React i on
Temp.
rc

Ti me
(hr)

Mel ti ng
Point

(

6
C)

Rel ati ve
Crystal 1 i ni ty

(DSC)

250
250
250
250

0
1

2

10

282
309
313
320

1 .00
3.42
3. 59
5.05

1% titanium tetrabu toxi de was used as catalyst

TABLE 12

PROGRESSOF CRYSTALLI ZATION- I NDUCEDREACTION
OF 5% TRANS RANDOMPCHDT

Reac ti on
Temp

.

(

S
c)

Ti me
(hr)

Me 1 1 i ng
Poi nt

(

A
c)

Rel at i ve
Crys tal 1 i n i ty

(DSC)

220
220
220
220
220
250

0

1

2

3

19
11

249
267
276
280
285
265

1 .00
1 .23
1 .33
1 .45
1 .66
0.62

Q
l% titanium tetrabu toxi de was used as catalyst.
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copolyesters prepared by melt polymerization. Time zero

refers to the time when the flask containing the polymer

powder was transfered to the cons tant- temperature bath.

Table 8 contains the results for the 70% trans PCHDT copo-

lymer having weight-average molecular weight, Mw = 7,370.

Increasing the time of heat treatment increased both the

melting point and degree of crystallinity. Figure 11-13

show the DSC thermograms for these samples.

The mechanism of rearrangement of the repeat units in

crystallization-induced reaction is presumably a series of

transes teri f i ca ti on reactions involving polymer hydroxy end-

groups with internal ester linkages along the chain except

the last unit. Decreasing the molecular weight which means

increasing the concentration of chain ends, therefore,

should increase the rate of the crystallization-induced

reaction. This consideration explained the results shown

in Table 9, whereby increasing the molecular weight retards

the crys tal 1 i zati on- i nduced reaction as reflected by smaller

rise in melting point.

It is most likely that the ester-interchange reactions

take place in the amorphous phase and it involved crystal-

lization during reaction. The process involved in crystal-

lization-induced reaction is analogous to the concept of

4 8
crystallization during polymerization. Wunderlich' has
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summarized a number of step-growth polymerization in the

solid-state that can be characterized by crystallization

during polymerization. In the case of solid-state poly-

condensation of PET and nylon 66, the reaction may be of

the successive polymerization and crystallization type.

The end groups which react are probably in the amorphous

phase, and the crys tal 1 i zabl e segments are removed from

possible ester-interchange reaction. Further polymeri-

zation can only occur in the amorphous regions and with

shorter chain molecules, thus, a longer chain length and

broader molecular weight distribution can be expected in

this process. Cha reported the molecular weight distri-

bution of PET from solid-state pol y condensa ti on was, indeed

broader than what is obtained from melt polymerization of

PET. However, the Mw/Mn ratio was not given and a different

molecular weight distribution was indicated by the pyro-

lysis behavior of the polymer. A similar result was also

84reported by Zimmerman in the solid-state polymerisation

of nylon 66. The ratio of weight-average molecular weight

Mw to number-average molecular weight iMn obtained was 2.20.

The consideration cited above has given support to

the validity of the concept of crys tal i i zati on- i nduced

reaction. It also suggests that when a certain level of

of crys tal 1 i ni ty is reached, the crystallization-induced

reaction could be hindered or terminated due to decrease in
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the mobility of the chains. It will be difficult for the

polymer end-group to seek for more ester-linkages joining

crystal 1 i zable units in its neighborhood. On the other

hand, increasing the temperature enhances chain mobility and

should facilitate crys tal 1 i za ti on- i ndu ced reaction. The

use of too high reaction temperature has to be avoided

because of polymer degradation.

IR spectra of PCHDT copolyesters are shown in the

Appendix. The spectra showed no change in the functional

groups after crystallization-induced reaction.

Turbi dimetri c Titration

Turbi dimetri c titration of dilute polymer solutions

involves the precipitation of the polymer by the addition of

a non-solvent. The amount of polymer precipitated at any

particular concentration of the solvent can be determined

by measuring the decrease in light transmission caused by

the suspended polymer. Morey and Tamblyn applied this

technique of characterization in the study of molecular weight

distribution of cellulose acetate-bu tyrate polymer. A

detailed description of this technique has been presented

in Chapter 1. This technique was later used by Melville and

Stead
68

for the analysis of block copolymer of s tyrenemethy i

-

methacrylate and mixture of the homopolymers . It is, so far,

a very good qualitative tool for demonstrating the presence
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of block and graft copolymers. The fractionation of the

different components is governed by their different solu-

bility properties.

85Mark has suggested that the solubility of random

copolymer is essentially the mean of the solubility of the

parent homopol ymers , while the solubility of block and graft

copolymers can be overlapping with the solubilities of both

homopolymers
.

In a copolymer solution, po 1 yme r- po 1 yme

r

interaction as well as polymer-solvent interaction are

important. Accordingly, solvents for block copolymers can

be divided into two categories; (1) selective solvents and

(2) nonselective solvents.

Selective solvents are good solvents for one type of

polymer sequence but poor solvents. or nonsolvents for the

other type of sequence. nonselective solvents are good

solvents for the entire polymer molecule. Stable polymer

emulsions as colloidal sols can be prepared by using

selective solvents. The insoluble polymer sequence can

form the core of a micelle while it is held in solution by

the soluble part.

Polymer-polymer interaction is very important in

solution using nonselective solvents. This interaction

which in most cases, is repulsive in nature explains why

block or graft copolymers can exhibit colloidal properties

even in nonselective solvents. A repulsive polymer-polymer
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interaction could also cause an expansion of the average poly-

mer dimension in copolymer over those of the parent homo-

polymers. This behavior explains the difference in solubi-

lity between random copolymer and block copolymer in non-

selective solvents for there is an increase in the repulsive

contact points in random copolymer compared to block copo-
o c

lymer. Molau has written a review on the solution behavior

of block and graft copolymer.

The solution behavior of copolymer can be put to

useful application in the separation of block copolymer from

random copolymer. The use of tu rb i d i me tri c titration for the

separation of block copolymer from random copolymer is one

of these applications and it requires that solvent-non-solvent

pairs only sensitive to difference in sequence length and

not sensitive to changes in molecular weight had to be chosen.

One of the most important requirements for obtaining repro-

ducible results in turb i di me t ri c titration is the prevention

of coagulation. This can be accomplished by slow addition

of the non-solvent and continous stirring below a certain

critical maximum speed. Too rapid stirring promotes coa-

gulation. In the present study the non-solvent was added

in one ml intervals and the rate of stirring was about 200

re v/mi n

.

Kibler and coworkers reported the use of 3:2 by weight

of phenol: 1,1,2,2 tetrachl oroethane as solvent and methanol
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TABLE 13

TURBIDITY POINT VERSUS INHERENT
OF RANDOMPCHDT

VISCOSITY

f""v _ iPercent Trans
Con ten t

I nheren

t

Vi scos i ty
Turbidity Point

( ml Methanol

)

0 0.297 26

70 0.330 36

70 0.729 37

100 0.203 18

TABLE 14

TURBIDITY POINTS OF CIS / TRANS PCHDT
PREPAREDBY VARIOUS TECHNIQUES

Percent

Turbidity Point
(ml Methanol

)

Trans
Me-1

1

Pol ycond

.

Sol id
State

Cry s t .

-

Induced
Block

P o 1 y c o n d .

0 26 26 26 26

5 30 27 25 25

50 41 29 33 33

70 37 33 29 31

100 18 . 18 18 18



108



109

as the non-solvent in the turbi di metri c titration of cis/

trans PCHDT copolyester to distinguish the block copolymer

from the random copolymer. A test of this solvent-non-

solvent pair is shown in Table 13. The initial concentration

of polymer solution was 0.05% by weight and the turbidity

point was expressed in terms of ml of methanol added. Two

random copolyesters containing 70% trans isomer of different

molecular weights gave almost the same turbidity point.

70% trans random PCHDT with inherent viscosity of 0.330 had a

turbidity point at 36 ml, and another random copolyester of

the same composition with inherent viscosity of 0.729 had a

turbidity point at 37 ml. The turbidity points of ci s and

trans PCHDT homopolymers were 26 ml. and 18 ml, respectively.

The results showed that the sol vent-nonsol vent pair chosen

can be used to distinguish a block copolymer from a random

copolymer

.

Figure 14 shows the turbidity point-composition rela-

tionship of ci s / trans PCHDT. The turbidity points for melt

polymerized samples (random copolyesters) fall on a curve

with a maximum at about 50% trans contents, while the tur-

bidity points for the solid- state polymerized samples, the

crystallization-induced reaction products and the coupled

block copolyester all fell below this curve. Table 8 tests

the turbidity points as a function of composition and
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methods of preparation.

The results above confirm that crystallization-induced

reaction products are block copolyesters because they have

almost the same solubility as the coupled block copolyesters.

This conclusion is supported by the results obtained by

87Schlick and Levy from their study about the effect of

block sequence length of styrene - isoprene copolymer an

their turbidity point. They had prepared a number of block

copolymers of styrene- i soprene with various block sequence

lengths of the same composition and found that the turbi-

dity point increases with decreasing block sequence lengths.

The solvent used was toluene while the non-solvent was

isooctane. The turbidity point of 1 }JQQ
S 450QQ I 34000 S 45000

^
1 7000 ^cck copolymer was 57% isooctane and the turbidity

point of I
1 1 300 s 22500 1

1 1 300 S 22500 ! 22800 S 22500 1
1 1 300

^22500 *11300 b ^ ock copolymer was 68% isooctane. However,

there was no precipitation when random copolymer solution

was titrated. The subscripts represent the molecular weights

of each block sequeDce.

Another method that can be used to distinguish block

copolymer from random copolymer is to investigate the sequence

distribution within the copolymer structure by some means

such as high resolution NMR spectroscopy, but it is unfor-

tunate that the copolyester of cis/t rans PCHDT does not

give NMR spectra with features that can be used for average
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sequence length determination, unlike the copolyester,

polyethylene terephthal ate/2-me thy 1 succinate) , which is

described in the next chapter.

Summary

Ci s/ trans PCHDT copolymers obtained by solid-state poly-

condensation and crystallization-induced reaction had block

structures. These structures are characterized by higher

melting points higher crystallization temperatures, and lower

solubilities in 3:2 by weight of phenol: 1,1,2,2 tetrachlo-

roethane than the corresponding random copolyester prepared

by melt polycondensation. Crystallization-induced reaction

rate increased with decreased molecular weight of the initial

random copolymer presumably due to the increased concentra-

tion of polymer end-groups. Crystallization- induced reaction

of random copolyester also provides block copolyester with

higher degree of crys tal 1 i n i ty . The solid-state polycon-

densation process which was described by Kibler and coworkers

also apparently involved c rys tal 1 i za ti on- i ndu ced reaction in

one of the intermediate stages.
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CHAPTER IV

CRYSTALLIZATION-INDUCED REACTION OF

POLY(ETHYLENE TE REPHTHALATE/ 2 -METHYLSUCCIN ATE

)

Introducti on

Poly(ethylene tereph thai ate/ 2. -me thy 1 succi nate ) is a

copolyester prepared by pol ycondens at i on of ethylene glycol

with a mixture of dimethyl tereph thai ate and dimethyl 2-

methyl succi nate . The structure of the copolyester is as

f ol 1 ows

:

0CH
2

CH
2

00C 0CH
2

CH
2

OOCCH
2

CHC0

3

This is an example of a copolyester where only one type of

repeating unit is capable of crystallizing, the ethylene

terephthal ate unit. The homopolyes ter of pol y (ethyl ene

2-methyl succi nate ) is an amorphous polyester. The melting

point of the copolymer pol y ( ethyl ene succi nate/2-methyl

-

8 8
succinate) was investigated by Doak and Campbell. The

repeat unit of ethylene 2-methyl succi nate is non-crystalline

due both to its asymmetrical structure and the possibility

of a head-to-head and head-to-tail orientation in the chain

backbone

.
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A particular advantage of this type of aromatic-alipha-

tic copolyester, as far as characterization is concerned,

lies in the interpretation of its NMR spectra which allows

a quantitative determination of average sequence length

and degree of randomness of the copolyester.

Random copolyester were prepared by melt copolycon-

densation and then subjected to crystallization-induced

reactions at different temperature and catalyst concentra-

tions as before. DSC and NMR studies were carried out on

the products to determine changes in the average sequence

length. Preparation of this copolyester by solid-state

polycondensati on was not performed, because it was already

established in the previous chapter that the solid-state

pol ycondens a ti on of copolyester in two stages, as described

by Kibler and coworkers, involved crystallization-induced

reaction process in one of the intermediate stages. The

work reported in the previous chapter showed only a quali-

tative indication of the proposed increase in average se-

quence length during the crystallization-induced reaction

process, while this present study placed the reorganization

of the sequences on a quantitative basis. Owing to the low

rate of reaction with high molecular weight copolyester, at

the temperatures possible with this polymer, only random

copolyesters with inherent viscosities less than 0.4 dl/g

were used for the treatments.
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Results and Discussion

DSC Study

Four random copolyesters were prepared with different

catalyst concentrations for this investigation. Each of

these were subjected to crystallization-induced reaction

processes for various lengths of time, and the products

were dissolved in tri f 1 uoroace ti c acid and repreci pi tated to

deactivate the catalyst and erase the previous thermal

history. The repreci pi tated products were annealed at

115°C for five hours to enhance the crys tal 1 i n i ty content

so that the DSC instrument could better detect the endother-

mic melting peak. The melting points and percent crystal -

linity as a function of treatment conditions are collected

in Tables 1 5 to 1 8.

Table 15 shows that the melting point of a 12% tereph-

thalate copolyester containing one percent catalyst upon

being subjected to the crystallization-induced reorganiza-

tion process increased from 208°C to 221 °C after 10 hours

of heating at 205°C under nitrogen atmosphere. Another

sample with 7 2.3% tereph thai ate contents and 3% catalyst had

an initial melting point of 217°C, and the results of the

thermal treatment on it are shewn also in Table 16- This

difference in the initial melting points between the two

samples of almost equal composition can be explained by
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TABLE 15

EFFECT OF CRYSTALL I ZATI ON- I NDUCED REACTION ON THE
PHYSICAL PROPERTIES OF PET/MS COPOLYESTER

WITH 1% CATALYST

React

.

Cond

.

Percent
PET

P
TT Mel ti ng

Point
(*C)

Melting 6

Poi nt
(

B
c)

Percent
Crys t

.

(DSC)
Temp

.

(

5
c)

Ti me
(hr)

205 0 72.0 0.749 208 233 18.5
205 10 70.7 .748 221 232 20.4
205 20 70.8 .749 223 232 23.2

Titanium tetrabutoxi de is the catalyst, and samples
were precipitated and crystallized at 115 C for 5 hours.

Melting point calculated assuming random copolyester.

TABLE 16

EFFECT OF CRYSTALLIZATION -INDUCED REACTION ON THE
PHYSICAL PROPERTIES OF PET/ MS COPOLYESTER

WITH 3% CATALYST

React. Cond

.

Percent P
TT

M.P.
(

d
c)

Calc.
b

N
inh

Percen t

Temp

.

Ti me
(hr)

PET M.P.
(

6
c)

Cryst.
(DSC)

205
205
205
205

0

10
20
30

72.3
71 .6
72.6
73.6

0.752
.764
.775
. 776

217
222
225
225

233
233
234
235

0.165
.658
.769

23.4
26.6
30.0
26.0

a Titanium tetrabutoxi de is the catglyst, and samples

were precipitated and crystallized at 115 C for 5 hours.

Melting point calculated assuming random copolyester.
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TABLE 17

EFFECT OF CRYSTALLIZATION-INDUCED REACTION ON THE
PHYSICAL PROPERTIES OF PET/MS COPOLYESTER

WITH 1% CATALYST

React

.

Cond

.

Percent P TT Mel ti ng
Point
(

b
c)

Mel ting b

Point
Calc. (°C)

Percent
Crys t

.

(DSC)
Temp

.

(

8
c)

T i me
(hr)

220 0 78.5 0.810 228 240 13.9
220 10 78.2 .812 237 239 25.7
220 20 79.4 .827 238 241 28. 7

220 30 81 . 3 .852 237 242 24.8

a Titanium tetrabutoxide is the catalyst, and the
samples were precipitated and crystallized at 115 C for 5 hr.

Melting point calculated assuming random copolyester.

TABLE 18

EFFECT OF CRYSTALLIZATION-INDUCED REACTION ON THE
PHYSICAL PROPERTIES OF PET/MS COPOLYESTER

WITH 3% CATALYST

React

.

Cond.
Percent P

TT
M.P. Calc. ™inh Percent

Temp

.

(

5
c)

Time
(hr)

PET (

6
c) M.P.

(°0
Cryst.

(DSC)

220
220
220

0

10
20

75.1
78. 1

79.3

0.779
.812
.825

224
232
232

236
239
240

0. 188
.338
.601

31 .6
27.7
27.9

a Titanium tetrabutoxide is the catalyst, and samples

were precipitated and crystallized at 115 C for 5 hr.

Melting point calculated assuming random copolyester.
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the difference in their sequence length distribution. After

10 hours of heating, the melting point of the latter

increased from 217°C to 222°C.

Furthermore, the inherent viscosity of the copolyester

increased from 0.165 dl/g to 0.658 dl/g. This corresponds

to an increase in the weight-average molecular weight from

5,600 to 33,400. The continuous flow of nitrogen gas during

the process of crystallization-induced reaction must have

caused this increase in the molecular weight of the copoly-

ester through further polymerization.

It is to be noted that the higher melting point of the

reaction product is not a consequence of this rise in the

molecular weight of the copolyester, because the molecular

weight of the initial random copolyester was most likely

above the level whereby the melting point becomes invariant

of molecular weight. The increase in the melting points of

of the reaction products is believed instead to be a conse-

quence of a change in the sequence length distribution of

the copolymer, from random to block copolyester. Edgar and

59Ellery reported that the number-average molecular weight

above which the melting point of the copolymer of PET with

aliphatic polyester becomes invariant to be 2,000-3,000. In

the present case, the weight-average molecular weights of

the random copolyesters were calculated from their inherent

viscosities to be 5,600-6,750.
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Together with this increase in the melting point, one

can also observed an increase in the degree of crystal 1 1ni ty
of the copolymer. Table 15 reveals that the percent cryst-

allinity increased from 18.5% to 23.2%. A similar trend was

also observed in the second sample where the percent cryst-

allinity increased from 23.4% to 30.0%. However, the per-

cent crystallinity decreased by 4% after 30 hr of heating at

205°C. This decrease is attributed to a slight degradation

of the copolyester.

The results obtained from the crystallization-induced

reaction of 78.5% terephthal ate copolyester with 1% catalyst

and 75.1% terephthal ate copolyester with 3% catalyst are

presented in Table 17-18. The melting point of the sample

with 1% catalyst shown in Table 17, increased from 228°C to

238°C after 20 hours heating at 220°C. On the other hand,

the melting point of the polymer shown in Table 18 increased

from 224°C to 232°C after the same treatment as above.

Hence, there does not appear to be any direct correlation

between the catalyst concentration (1-3%) and the final

melting point of the copolyester after the rearrangement

process from this limited amount of information.

The melting points of random ccpolyesters containing

the same composition were calculated from Flory's equation

of melting point depression of copolymers and the results

are also presented in Table 15-18. The calculated melting
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points represent equilibrium melting points. The difference

of the final melting point and initial melting point due to

composition variation, if it were a random copolyester, was

smaller than the observed difference. Thus, the higher

melting points of the crystallization-induced reaction

product can again be considered to be a consequence of

changes in sequence length distribution during the rearrange-

ment process.

Figure 15 shows the melting point-composition rela-

tionship of poly (ethyl ene tereph thai ate/2-methyl succi nate )

.

The melting points of the block copolyesters prepared from

the corresponding homopol yes ters with tereph thai oyl chloride

showed practically no decrease with increasing amounts of

ethyl ene-2-methyl succi nate units incorporated into the chain.

This behavior of the melting point was observed in block co-

polyester with ethyl ene-2-methyl succi nate contents as high

as 50%. This type of melting point-composition relationship

was also reported by Iwakawa and coworkers J
an block copo-

lyesters of PET with poly (ethyl ene succinate) and other

aliphatic polyester, a nd it is characteristic of block

copolyester with very long block sequence lengths. In this

regard , Figure ; 28 .shows the effect of P
TT

on the melting point

Of the copolymer, as calculated from Flory's equation of

melting point depression in copolymer to show the effect of

averaae block size on this property.



FIGURE 16 NMR SPECTRUMOF POLY ( ETHYLENE TEREPHTHALATE

)

FIGURE 17 NMR SPECTRUMOF POLY ( ETHYLENE 2 -METHYLSUCCI NATE

)
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FIGURE 18 NMR SPECTRUMOF POLY ( ETHYLENE TEREPHTHALATE/
2-METHYLSUCCINATE) WITH 72% PET.



TABLE 19

ASSIGNMENTS OF PROTON SIGNALS AND THEIR CHEMICAL SHIFTS
IN THE N MR SPECTRA OF PET/MS COPOLYESTERS

Polyester Protons Attached
to Benzene Nucleus

( t ppm)

Protons of
Glycol Residue

( T PPm)

Protons of
A 1 i p h a t i c

Chain( Z ppm)

TGT TGS SGS

PET 2.23 5.53

PEMS 5.91 7.0-9.3

PET/MS 2.23 5.53 5.70 5.91
i

7.0-9.3
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The higher melting temperature and higher degree of

crystallinities of the crystallization-induced reaction

products over the initial random copolyester, even after

the previous thermal history was erased, is presumably

due to the presence of block structures as a result of the

rearrangement process. A quantitative investigation of

the average sequence lengths of these copolyester will be

presented in the next section.

I
Nuclear Magnetic Resonance (NMR Spectroscopy has been

an indispensable tool for the study of average sequence

length in vinyl copolymers and s tereosequence length in

stereoregul ar polymers. Recently, Murano and coworkers 12

reported the determination of average sequence length of

copolyester by NMR method. The technique depends upon the

differences in chemical shifts of protons caused by dif-

ferences in their chemical environment.

Figure 16-18 shows the N MR spectra of PET, polyethy-

lene 2-methyl succinate), and poly (ethyl ene terephthal ate/

2-methyl succi nate ) , and the chemical shifts of the protons

in these polymers are listed in Table 13. The ethylene

glycol residue in the copolymer can be arranged in the fol-

lowing three types of dyads:
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(1) between two terephthalic acid residues:

C00CH
2

CH
2

00C

T-G-T

(2) between two 2 -methyl s ucc i n i c acid residues:

^-CH-CH 9 C00CH9 CH9 00CCH-CHo
—

J
S-G-S 3

(3) between a terephthalic acid and a 2-methyl succinic

acid re s i due s :

COOCHgCHgOOCCHgCH

—

v / CH~

T-G-S J

The protons of ethylene glycol residues in PET show a

single peak with chemical shift of 5.53^, while the corres-

ponding absorption for these protons in pol y ( e thy 1 ene 2-

methyl s ucci nate ) is 5.9lf. The copolyester shows three

peaks for the ethylene glycol protons, owing to the exist-

ence of the three types of placement for the ethylene glycol

residues. The two peaks at both sides correspond to ethyl-

ene groups situated between the same type of ester groups,

because the chemical shifts coincide with those of the

ethylene proton signal i n the homopolyes ters . The central

peak corresponds to ethylene group situated between two dif-

ferent ester groups and represents the he terol i nkages , T-G-S

,

in the copolyester.

The average sequence length of the copolymer can be

obtained using the following treatment.
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Firstly the compositions of the copolymers should

agree with the following equalities:

T = T-G-S/2 + T-G-T (1

)

S . « T-G-S/2 + S-G-S (2)

where T and S are the mole fraction of terephthal ate and 2-

methy 1 succi nate repeating units, respectively. T-G-S

represents the ratio of the intensity of the absorption of

ethylene glycol residue protons situated between two dir

ffarent ester groups to the total absorption of all of the

ethylene glycol residue protons in the NMR spectrum. Similar

ly, T-G-T and S-G-S are the ratios of absorption intensities

of glycol protons between terephthal ate units and between 2-

methyl succi nate units, respectively, to the total intensity

of the glycol -res i due protons peaks.

For sequence length distribution calculations, the

probability of finding a T unit next to an S unit, in Pcyi

is given as f ol 1 ows

:

P
$T

=T-G-S/2S (3)

Similarly, the probability of finding an S unit next to a T

unit, P -]-<;, is expressed as follows:

2T

so that:

P
TT

P TS =1 (5)

P + P =1 (6)K
ST

K
SS

v 1
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The number everage sequence length of T units (LnT) and S

units (TnS) are then as follows:

r " T =T^ S =-p^ (7)

r " S " T^TS (8)

In the literature the type of sequence distributions

have been indicated in a number of ways. Murano defined

B as an index of randomness which is given by the relation-

ship:

" P
ST

+ P
TS

In a random copolyester, the probability of occurrence of T

units and S units is, by definition, independent of what-

ever the preceeding unit is. Therefore, P
JT

= P
ST , p $s

=

P
TS , and B =1. In a mixture of homopol yes ters , B= 0, and

for completely alternating copolyester B = 2. If B is less

than one, the copolyester is a block copolyester with the

average block length increasing as B approaches zero.

The analysis given above can be extended to determine

either the fraction of T units that are situated in between

two other T units ( fjjj
j

; or between an S unit and another

T unit (Fyj^)l or in between two S units ( f
sts)*

^' ne re ^ a "

tionships are:

Fm = (-^ T
)

2
(10)

_ (T-G-T)(T-G-S /2) (u)
TTS ^2

UVJ

F STS
= (T. G-S)

2 /4(T) 2
(12)
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Harwood introduced the run number, R, to express the

randomness of copolymer so that in the present case R is

equal to percent T-G-S linkages. For random copolymer:

R A = 2(%T)( %S)
frandom 100 v' 3 )

Therefore, when the observed run number is less than R
random

as calculated from the composition of the copolymer, it

suggests that the polymer is a block copolyester. When the

observed R value is greater than R random> it suggests that

the polymer is a copolyester with alternating tendency.

Another parameter used to describe the degree of

randomness is the Q number introduced by Theil, and defined

as f o 1 1 ows ;

q .
( R

TT> < P
SS>

((P
TS )

(P
ST ))

Q is equal to one for a random copolymer, and it approaches

zero when copolymer shows a strong alternating tendency.

Q increases without limit when the copolymer becomes ordered

in blocks. Use of the parameter Q has an advantage over

that of B, in that Q is independent of changes in composition

A detailed discussion of Q and R values were presented in

Chapter 1

.

Using the relationship described above, the average

sequence length and degree of randomness of the crystalli-

zation-induced reaction products could be determined. The
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results obtained from repreci pi tated samples are tabulated

in Table 2q-21.

Table 20 shows that after 20 hours reaction time, the

Q number of the 72% PET copolyester with 1% catalyst

increased from 1.63 to 1.93. The average sequence length of

terephthalate units (TnT) in the above copolyester increased

by a very insignificant amount, from 3.99 to 4.00. However,

raising the catalyst concentration to 3% resulted in a

larger increase in Q number, from 1.63 to 2.32, and (LnT),

from 4.03 to 4.45, for the same time of treatment. Also

shown in this Table are the differences between the observed

R and the value of R random calculated by assuming a random

copolyester of the same composition. A greater decrease in

the observed R number was observed on increasing the catalyst

concentration, which indicates a greater decrease in T-G-S,

he tero linkage concentration.

Table 21 shows the results taken from samples which

had an initial PET content of about 75% - 78%. These copo-

lymers have higher initial melting points than the samples

shown in Table 20, and were chosen so that a higher reaction

temperature could be used for the cry s tal 1 i z a t i on - i nduced

reaction treatments. The TnT of 78.5% PET copolyester with

1% catalyst showed an increase of 0.50 after 20 hours, from

5.28 to 5.78. On the other hand, the LnT of 75.1% PET co-

polyester with 3% catalyst showed a larger increase of 1.19,
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HOURS

Figure 19 - Q vs. REACTION PERIOD OF CRYSTALLIZATION -

INDUCED REACTION(PET /MS COPOLYESTER

AT 205 °C WITH DIFFERENT CATALYST

CONCENTRATION)
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78.5% PET
1% CATALYST
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3% CATALYST
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Figure 20—Q vs. REACTION PERIOD OF CRYSTALLIZATION

INDUCED REACTION(PET/MS COPOLYESTER

AT 220 °C WITH DIFFERENT CATALYST

CONCENTRATION)
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from 4.53 to 5.72, under the same condition of treatment.

Figure 19 and 20 show the increase in Q with reaction

time and catalyst concentration. The Q value increased to

a greater extent on increasing the catalyst content.

However Q leveled off at long reaction times. All the other

listing %TGT, %TGS, %SGS, P
TS , P$T ,

Fm,
F^, and F

$TS
were included in the Appendix.

There was a slight variation in the copol yes ter '

s

composition as a function of increasing time of heating in

the results of precipitated and non-precipitated samples.

The results obtained from non-precipitated samples are

included in the Appendix. The slight increase of PET con-

tent of the copolyester resulting from extended time of

reaction can be explained by the occurrence of slight degra-

dation. Since the aliphatic residue is less thermally sta-

ble, it will degrade first and leave a higher PET content.

It is also possible that during es ter- i n te rchange reaction,

short aliphatic chains were formed and were volatilized in

the stream of nitrogen gas.

The PET content of a given sample when determined

after precipitation was higher than the results obtained

before precipitation. This difference in the composition

could be due to fractionation during repreci p i ta ti on whereby

very low molecular weight polymers with hiqn ethylene

2-methyl s ucci nate content were removed. Therefore, the
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slight variation in the composition of the copolyesters
could be due both to slight degration of the copolymer during
long period of heating and fractionation during reprecipita-

ti on

.

Table 22 shows the parameters describing the random-

ness of the block copolyesters obtained from reaction of

two different type of homopolyesters with terepthaloyl

chloride. R,B, and Q values are very much different from

those shown in Table 20-21, and they indicate the presence

of long sequences of repeating units.

The net result of c ry s ta 1 1 i za t i o n - i nduced reaction is

the transformation of a random copolymer to a block copolymer

This change is shown by the variation of the different para-

meters describing the degree of randomness of the copolymer.

The direction of the reaction is toward the formation of

block copolyester.

Summary

The crystallization-induced reaction of poly (ethyl ene

terephthal ate/2-methyl succinate) through ester-interchange

reorganization of the repeating units resulted to the

observed increases in melting points, degree of crystal ii-

nity, and the average sequence lengths of the terephthal ate

units. The results obtained on the average sequence lengths

and melting points of the samples after repreci pi tati on
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indicated that simple annealing with the formation of

improved crystal is not the reason for the increase in the

melting points of the polymers. Increasing the catalyst

concentration and reaction temperature had accelerated the

rate of change of the average sequence length.

There was also an increase in the molecular weight of

the copolyester when the crystallization-induced reaction

was carried out with continuous flow of nitrogen gas, and

a slight degradation of the copolyester was observed after

long period of heating.
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CHAPTER

SUMMARY

Poly

(

Cis / Trans 1 ,4-Cycl ohexyl enedimethyl ene Te reph thai ate

)

The melting points of the solid-state pol ycondensati on

products of poly ( ci s / trans 1 ,4-cyclohex.ylenedimethylene

terephthal ate ) with trans content higher than 40% were higher

than those of the melt polymerized products by 10°C to 30°C.

The c i s and trans repeating units are cocry s tal 1 i z abl e in

the same crystal lattice in this copolymer, as reported also

by other workers, and no eutectic point was exhibited in

the melting point-composition relationship of the copoly-

ester

.

Cry s tal 1 i za t i on - i nduced reactions carried out on melt

polycondensation products with 5% trans , 50% trans , and

70% trans contents caused an increase in both the melting

points and the percent crys tal 1 i ni ti es of these copoly-

esters and a decrease in their solubilities in 3:2 by weight

phenol : 1 ,1 ,2 ,2 te trachl oroethane . The solubility of the

polymer was determined by turbi dimetri c titration of the

polymer solution using methanol as the prec i pi tatnt
.

The

crystallization-induced reactions were conducted in an

inert atmosphere and at temperature of at least 10°C below

the initial melting points of the copolymers. The reaction
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temperature used was from 220°C to 285°C. Increasing the

molecular weight of the initial random copolyester caused a

smaller rise in the final melting point. However, the use

of higher reaction temperature caused a larger increase in

the final melting point.

Poly (Ethylene Te reph thai ate/2 -Me thy 1 succi nate)

Crystallization-induced reactions of random poly(ethyl

ene tereph thai ate/2-methyl succi nate ) of about 72% to 78%

ethylene terephtha 1 ate content effected an increase in the

melting points of the copolymers by at least 10°C and an

increase in the average sequence length of ethylene tere-

phthalate repeating units by about 10%-20%. The averace

sequence lengths were determined from the NMR spectra of

the copolymer. An increase in the percent crys tal 1 i n i ty

of the copolyesters was also observed as a result of this

reaction. The rate of increase in the average sequence

length was accelerated with increasing catalyst concentra-

tions and higher reaction temperature. However, when the

reactions were carried out under a continuous, flow of

nitrogen gas, an increase in the weight-average molecular

weights was also observed. The reaction temperature used

was from 205°C to 220°C.
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CHAPTER VI

SUGGESTIONS FOR FUTURE WORK I
The results of the crys tal 1 i zati on- i nduced reaction

of poly (ethyl ene terephthal ate/2-methyl succinate) showed

that the Q value ( measure of randomness) leveled off after

20 hours and the average sequence length of ethylene tere-

phthalate repeating unit increased only by 1.19 from 4.53 to

5.72. It would be very interesting to find other means of

increasing still further the values obtained. This may be

accomplished by forming an amorphous phase that is stable at

temperature up to 10 C below the melting point of the ran-

dom copolyester and without crystallizing. The presence of

this stable amorphous phase would provide more mobility to

the reacting groups. The small percentage of crystalline

material present would exert little obstacle for the reac-

ting groups to come in contact with each other. A method

for producing this special type of amorphous phase was

reported by Barkey. ' It involved the crystallization of

PET oligomers in thin layer having a thickness of from 5 mm

to about 35 mm and under controlled temperature. The temper-

ature of the layer was reduced to 125°C in about one minute

to five minutes from the time the layer of molten oligomer

was cast.
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Alternatively, the crystallization-induced reaction
could also be conducted on a gel system. Solvents would be

chosen such that the random copolyester forms a gel while
the block copolyester separates out as a precipitate.

• Another suggestion that calls for further work is to

investigate the effect of the crystallization-induced reac-

tion on the molecular weight distribution and the variation

of average sequence length in the fractionated samples rather

than in the bulk sample. Determination of the average

sequence length of fractionated samples after the reaction

would show how the increase in sequence length is distrib-

uted according to polymer size and would lead to a better

demonstration of the effectiveness of crystallization-

induced reaction in the formation of block copolyester from

random copolyester.
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APPENDIX
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Fioure 21 —TURBIDIMETRICTITRATION CURVE OF 100%
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40 -

20

(A)— BLOCK COPOLYESTEP
(Bl— .RANDOM COPOLYESTEP
(C) - SOLID STATE POLYMERIZEDPRODUCT
(D) - CRYSTALLIZATION -INDUCED REACTION PRODUCT

10 20 30

ml CH30H
40 50 60 70

Figure 2 2 -TURBIDiMETRIC TITRATION CURVE OF50%TRAMS

PCHDT
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J l J I I L
10 20 30 40 50 60

ml CHOH

Figure 23 -TURB1D1METRICTITRATION CURVEOF 5%TRANS

PCHDT v ...
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(A)- MELT POLYMERIZED
PRODUCT

(8)- 10 hR AT 205° C

fC) -20 HR AT 205 °C

5ppm (5) 4pprn (5 )

Figure 24 —ETHYLENE GLYCOLPROTONRESONANCE
SPECTRA OF 72% PET WITH !% CATALYST
(AFTER PRECIPITATION)
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(A) -MELT POLYMERIZEDPRODUCT

(B) - 10 HR AT 205° C

(C) - 20 HR AT 205° C

5ppm($) 4ppm(6) 4.5ppm(6)

Figure 25 —ETHYLENE GLYCOL PROTONRESONANCE
SPECTRA Or 72.3% PET WITH 3%CATALYST

(AFTER PRECIPITATION)
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(A) -MELT POLYMERIZED
PRODUCT

( B) -10 HR AT 205°C

( C) -20 HR AT205° C

(A)

5ppm(6

)

4ppm(6

)

Figure 26 -ETHYLENE GLYCOLPROTONRESONANCE
SPECTRAOF 78.5% PET WITH 1% CATALYST

(AFTER PRECIPITATION)
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(AFTER PRECIPITATION)
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FIGURE 29-A GC ANALYSIS OF ALCOHOLYSIS PRODUCTOF )0% TRANS
POLY (

1
,4 -CYCLOHEXYLENEDIN ETHYLENE TEREPHTHALATE

)

FIGURE 29-B GC ANALYSIS OF ALCOHOLYSIS PRODUCTOF 70% TRANS
POLYO,4-CYCLOMEXYLENEDI METHYLENETEREPHTHALATE)
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FIGURE 30 NMR SPECTRUMOF C_I_S POLY ( 1 ,4 -CYCLOHEXYLENE

-

DIMETHYLENE TE REPHTHALATE

)

JUL

n

V
Z7L

FIGURE 31 NMR SPECTRUMOF 90?£ C_I_S POLY ( i , 4- CYCLOHEXYLENE-

D I METHYLENE T E REPHTHALATE

)
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FIGURE 32 NMR SPECTRUMOF 50% CIS POLY ( 1 ,4-CYCLOHEXYL^NE-
DIMETHYLENE TEREPHTHALATE)

FIGURE 33 NMR SPECTRUMOF 70% TRANS_ POLY( 1 ,4-CYCLO-
HEXYLENED I METHYLENE TEREPHTHALATE

)
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