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Studies of the Molecular Dynamics, Transport
Properties, and Thermal Degradation of PVC

Abstract

This thesis concentrates on three main areas of research in the field of poly(vinyl

chlorid.:). PVC: (1) microstructure detennination and local chain motions of PVC in a

plasticiz.:d system. (2) penneability of pve and plasticized PVC to gases. and

(3) computer modeling of the thennal degradation of PVC.

A quantitative carbon-13 NMR spectrurn of PVC in 1.1.2.2-tetrachloroethane-d2

(TCE-dû was recorded. Theoretical predictions using Bemoullian statistics pennitted the

reassignment of severa! resonances. Carbon-13 spin-Iattice relaxation limes and NOE

values were measured as a function of temperature at two magnetic fields for pve in two

solvents. di-butyl phthalate (DBP) .md TCE-d2' The difference found in the simulation

parameters. from the Dejean-Lauprêtre-Monnerie model. for pve in the two solvents

were rationalized by assuming a specific interaction between DBP and the eHel group of

PVC and to the relative solvent quality.

The penneability coefficients. p. of pve films to oxygen were measured as a

function of temperature and plasticizer type and concentration. The plasticizers used were

di-(2-ethylhexyl) phthalate (DOP). tri-butyl phosphate (TBP). and a binary mixture of the

two with a concentration of lPooP = 0.6. The eff'ect of plastiCÏzer type on the penneation

coefficients of oxygen followed the n'end: P(TBP) > P(lPooP =0.6) > P(DOP). Arrhenius

plots of the penneability coefficients showed that the unplasticized and plasticized pve
films of low concentration of plasticizer (%Ias < 0.2) displayed a discrete change in the

slope. in the vicinity of the glass transition temperature. that reflected changes in the

activation energy for penneation. In addition. the penneation and diffusion coefficients of

oxygen and hydrogen chloride gases in an unplasticized pve film were measured as a

function of temperature. The penneation coefficient of hydrogen chloride gas, at a given

temperature, was ca. 80 limes highcr than that for oxygen and the diffusivity ca. 8 limes

lower. The activation energies for diffusion above the Tg were about 47% larger than
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those bclow the Tg and were accounted for by the ratio of the thermal expansion

coefficients of PVC above and bc!ow the Tg. The acùvaùon energic.~ fur diffu.'ion werc

found to he smaller for 02 than HCl which was ju.~ùlicd l'rom dirrercnec.~ in thcir

molecular diarneters. The activalCd entropic.~ for diffu~;oc. lor both gases. werc lower in

the glassy state as comparcd with the rubbcry siate. Thc.~e rcsulL~ suggest that the

increa.~e in segmental mobility of the polymer chains above the Tg incrcasc.~ the diffu.,i,;ty

as weil as the zon.:. of activation for diffu.~ion lcading to the incrcase in ooth energy and

entropy of activation.

A computer program has becn writlen which simulatc.~. acconling to Bemoullian

Slatistics. the relative handedness of successive monomer uniL~ during polymeri7.aùon and

calculates the probabilities of configurational sequences before and after a spccilied

degradation mechanism. At levels of degradation that arc accc.~sible to cxpcrimental

verification by solution NMR (<2%). the changes in i~olacticity that arc pred'::'ed by thc.~e

simulations are at (or under) the limits of cxperirnental error. Furthermore. the

simulations indicate that for the degradation to result in double bond lcngths that

correspond to experimentally dett.'tTIlined values requires that the dehydrochlorination a1so

include sorne alactic and syndiotaetic sequences which. in tum. n..-duces the changes in

Prom. As a result il is unlikely that direct verification of the prefcrential initiation of

degradation at isolactic sequences can he achieved by NMR teChniquc.~.
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Etude du mouvement moléculaire, des propriétés
de transport, et de la dégradation thermique du

PCV

Résumé

Cette thèse se concentre sur trois domaines de recherche du polychlorure de

vinyle. PCV: (1) la détermination de la microstructure et les mouvements locaux d'une

chaine de PCV dans un système plastifié. (2) la perméabilité des gaz dans le PCV et les

PCV plastifiés. et (3) la simulation par ordinateur de la dégradation thermique du PCV.

Des spectres RMN13C quantitatifs ont été obtenus pour le PCV dans le

tetrachlorure-I.I.2.2 d'éthane deutéré (ETC-d:z) avec une résolution uniquement

augmentée. Les calculs statistiques de Bernoulli ont permis une réévaluation de certaines

résonnances. Le temps de relaxation spin-réseau et le facteur d'intensification

d'Overhauser ont été mesurés en fonction de la température dans deux champs

magnétiques pour le PCV en solution dans le dibutyl phthalate (DBP) et l' ETC-d2' La

différence dans les paramètres de simulations. d'après le modèle de Dejean-Lauprêtre­

Monnerie. provient d'une intéraction spécifique entre le solvant DBP et le groupe CHCl du

PVC et de l'effet la qualité du solvant utilisé.

Les coefficients de perméabilités. p. de l'oxygène dans des pellicules de PCV ont

été mesurés en fonction de la température. du type de plastifiant, et de leur concentration.

Les plastifiallts utilisés etaient di(éthyl-2-hexyl) phthalate (DOP). tributyle phosphate.
(TBP). et un mélange des deux à concentration de ~p =0.6. L'effet du type de

plastifiant sur les coefficients de perméabilité de l'oxygène suivent l'ordre: P(TBP) >
P(~p =0.6) > P(DOP). La courbe d'Arrhénius des coefficients de perméabilité pour

des systèmes plastifiés .:t neil plastifiés indique. à basse concentration de plastifiant
(~Ias < 0.2). un changement de pente dans les environs de la transition vitreuse indiquant

un changement dans l'énergie.- d'activation. Les coefficients de perméabilité et de diffusion

de l'oxygène et du gaz hydrochlorique ont aussi été mesurés en fonction de la température.

Le coefficient de perméabilité du gaz hydrochlorique. à n'importe quelle temperature. est
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80 fois plus haut que œlui de l'oxy;;~ne. tandis que celui de la diffu.~ion est l\ fois plu.~ ha.~.

L'énergie d'activation pour la ditTu.~ion à des températures plu.~ hautes que la transition

vitreuse est 47% plus élevée que œil.: à dc.~ to:mpér.ltures inférieurc.~ à la tmnsition

vitreuse. La différence e.';t reliée au L ..tio dc.~ coefticienl~ d'<:xpansion thermique du PCV

au dc.~sus et en dc.o;sous de la transition vitreuse. Les énergies d'activatrion pour la

diffusion sont plus petites pour l'oxyg~ne que pour le gaz hydroehlorique. Celle différenœ

est reliée aux différents diam~trc.~ moléculairc.~. L'entropie d'activation pour la ditl'u.~ion

des deux gaz est plus basse pour l'état vitreux que pour l'état éla.~tique. Ces ré.~:Jltal~

suggi::rent que l'augmentation de mobilité dans les chaînc.~ du polym~re. aux tempér.lturc.~

plus élevées que celle de la tmnsition vitreuse. augmente la diffu.~ion ainsi que la lone

d'activation pour la diffusion. qui elle entraine une augmentation de l'entropie ct l'énergie

d'activation.

Un logiciel à été développé pour simulé. d'apr~s lc.~ stati~tiques de Bernoulli. la

polymérisation des chaînes de PCV et calculer les probabilités conligumtionellc.~ avant ct

apres une dégradation spécifique. Aux niveaux des dégradations qui sont accc.~siblesà la

vérification par RMN en solution (<2%). les changemenl~ dans les séquences isotactiquc.~

prédits par ces simulations sont dans les limites permises de l'incertitude <:Xjl<.'rimentale.

De plus, les simulations indiquent que pour obtenir des séquences dégradéc.~ qui sont

observables par détermination expérimentale, il est nécessaire d'inclure les séquencc.~

syndiotactiques et atactiques lors de l'élimination de l'hydrochlorure. Ces séquencc.~

permenent ainsi de réduire les changements dans la valeur Pmm' Donc, l'observation de

l'initiation préférentielle de dégradation des séquences isotactiques ne peut être accomplie

parRMN.
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magnetic moment
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friction constant for atom i in the mobile unit

density of the diluent at 25 oC

root mean square of the relative deviations belWeen the

experimental and calculated Tl and NOE values

average correlation rime that defines the center of the distribution
of correlation rimes in the log-X2 moèel

molecular correlation time

harmonic mean correlation rime

correlation rime for the overall tumbling of the entire polymer chain

correlation rime for an isolated transition

correlation lime for a correlated pair transition

correlation lime for the librational motion

the angle of rotation about each bond of the chain

volume fraction of components 1and 2

volume fraction of DOP in a binary mixture of DOP and TBP

Flory-Huggins interaCtion parameter

13C and IH Larmor frequencies
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Abbreviations

Ar argon

AT acquisition lime

AfD analog 10 digital

CED cohesive energy density of the polymer

chIorine-c

metbane
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• CO carbon monoxidc

C02 carbon dioxidc

CSA chcmical shift anisotropy

DCB dichlorobenzenc

DD dipole-dipolc interaction

DP dcgree of polymerization

DBP di-butyl phthalate

DLM Dejean. Lauprêtre, and Monnerie conformational model

OOA di-octyl adipate

DOP di-octyl phthalate

H2 hydrogen

He helium

H20 water

HWH Hall, Weber, and Helfand conformational model

• IR infrared spectroscopy

JS Jones and Stockmayer conformational model

Kr krypton

NMR nuclear magnetic resonance

nt number of transients

NOE nuclear Overhauser effect

N2 nitrogen

Ne necn

Nl4 ammonia

Û2 oxygen

PEMA poly(ethyl methacrylate)

PMA poly(methyl acrylate)

PVA poly(vinyl acetate)

PVC poly(vinyl ch1oride)

• RD the total time between sequences or the recovery delay (= W + Al)
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• SC scalar coupling

SR spin rotation

THF tetrahydrofuran

TBP tri-butyI phosphate

TCE 1,I,2,2-tettachloroethane

TCP tri-cresyl phosphate

TMS tetramethylsilane

STP standard temperaturc and pressure

VCM vinyl chloride monomer

l3C carbon-13 nucleus

%deg pereentdegradation
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CHAPTERI
INTRODUCTION TO POLY(VINYL

CHLORIDE)

1.1 GENERAL

Polymerization of vinyl chloride by free-radical initiation generates poly(vinyl

chloride), pye, which is converted by compounding and fabrication into a great variety of

plastic articles and devices. The polymer alone is difficult to process (it cannot be molded

without thermal decomposition) and the resulting products are rigid and unusually tough.

However, its response to ready chemical additives bas permitted the generation of both

rigid and flexible products which, in turn, bas allowed pye to become a worldwide,

multibillion-pound indUStry.

The twO major drawbacks that are inherent to pye are (1) its vulnerability to

photo and thermal degradation; and (2) its rigid and tough characteristics which severely

limit the useful end-products, except when plasticizers are added. In contrast to the

orderly technical development of other polymers, pye bas developed in a largely

unplanned fashion. Only in recent years have scientific efforts been made in developing an

understanding of the fonnulations and fabrication of pye. The two main areas of

research that fonn the basis of this thesis are: (1) the plasticization of pye which includes

studies on the chain local motions of pye in a plasticizer and the diffusion of gases

through pye and plasticized pye films; and (2) the photo and thermal degradation of
pye.

When a small amount of plasticizer is added to pye, the resin can be molded to

fonn semi-rigid to vety flexible products, depending on the amount of plasticizer added.

Henee, a plasticizer is incorporated into a resin to increase its workability and its

flexibility. As a result the physical properties of the polymer are altered tremendously.

For example, the glass transition temperature is lowered and the pcrmeation coefficient,

i.e.. the raie al which a gas that can pass through the resin, is increased. This property bas

vety important industrial applications. For example, the controlled permeation of oxygen

through a film is vital if it is to be used as a food packaging material (topic of Chapler 3).

The compatibility of pye with plasticizers is not well understood at the molecular level.
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interactions. the functional group of pve whieh is actually interaeting with the plastici:rer

has been a marrer of eontroversy (topie of ehapter 2).

The thermal and photo degradation of pve bas been eonsidered by most experts

to be a major disadvantage of this material. Upon exposure to temperatures as low as 100

to 120 °e, it undergoes a degradation reaction that results in the release of hydrogen

ehloride gas and the formation of long polyene sequences. This instability is surprising

because low-molecular-weight mode! eompounds for pve are relatively stable organie

eompounds. Hence. over the years many studies have been made to develop a better

understanding of the reason for its poor thermal stability (topie of Chapter 4).

Prior to probing further into the problems and advancements in these areas of

research, a brief snmmary of the historical aspects of pve, the role of pve in the market.

environmental and safety issues. and the struCture of pve will be presented.

1.1.1 Historical Aspects ofPVC

The vinyl ehloride monomer (VCM) was first synthesized by von Liebig :md

Regnault in 1835. It was about forty years later that Banmann diseovered that when vinyl

chlorïde is exposed to sunlight a white solid (pve) is formed. From the early 1900's to

about the mid 1930's severa! discoveries were made, e.g., (1) the production of VeM by

the addition of hydrogen ehloride to acetylene; (2) the use of organie peroxides to initiate

the polyrneriZl!lion Jo pve; (3) the use of plasticizers, by Simon, who noted that boiling

pve in trî-cresyl phosphate (TCP) or di-butyl phthalate (DBP) produeed a highly elastie

polymer; and (4) the stabilization of pve with earth soaps. However, it was not until

1936 that Union Carbide opened the first pve homopolymer plant. Its great demand

during World War II for use as wire insulation in military applications further enhanced

the success ofPVC. By 1950 five U.S companies were producing pve and this increased

to 20 by the 1960's. Today, it is bas become an international multibillion-pound business.

1.1.2 Role of PVC in the Market

Even though an sorts of problems have beset the pve industry, for instance, the

finding that VCM vapor may cause liver cancer, it is still among the most frequcndy used
thermoplastics. A recent survey indicates, Table Ll, that in the U.S. lI1lIIket pve ranked

thiId among major plastics in temIS of pounds of resin sold in the yeu 1993. Building and

construetion applications overshadow other pve uses, accounting for œarly 70% of its

use, fonowed by consumer and instïtutional. pacJcaging. and electricaI and e1ectronic
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Table 1.1

Volume, in billion pounds, of major plastics used in U.s. for various

applications in 1993 (from Chemical and Engineering News l ).

Plastic

Low-density polyethylen&

High-density polyethylene

Polyvinyl ch10ride

Polypropylene

Polystyrene

Thennoplastic polyester

aLow density and linear low density polyethylene

Volume

11.50

9.38

9.17

8.15

5.15

2.17

•

•

applications at about 7% each. The current growth of PVC consumption is attributed

mainly to construction codes that have alIowed its use in place of copper or cast iron

pipes.

1.1.3 Environmental and Safety Aspects

A major problem that the PVC industry faœd in the early 1970'5 resulted from .

studies which indieateci that inhalation of vinyl chloride vapors could cause rare

angiosarcoma liver cancer. PVC makers were forced to lower substantially (1 ppm limit)

the residual VCM in the resin, which they did efficiently.

Today, the new battIe over the future of PVC is the global debate conceming the

industrial use of ch10rine, i.e., is PVC a po1ymer that is generaling an ecological lime

bomb that should be bannM or are the hazaIds overstated (or at Ieast unproven) 50 that a. .
ban is unwarranted. These issues were most reœntly. debated in Toronto by Fred Krause,

director and in charge of environmenlal solutions for the PVC-supplier Geen Co., and

Charlie Cray, a midwest taxies campaigner for the advocacy group Greenpeace.2 The

major point that was addressed was the dioxin levels that are emitted when PVC is fed

inta incinerators. Due to a limiœd number of studies, the debate did not resolve anything

nor was it expected ta. What it did was bring forth the environmentaI issues 50 that the

indusuy can better address tbis matter. Undoubœdly tbis will continue to be a major issue
ofdebate in the foreseeabte future.
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1.2 STRUCTURE OF PVC

1.2.1 Particle Morphology

Poly(vinyl chloride) is polymerized from vinyl chloride through a fn:c-radical

mechanism. generally !'Iy suspension or emulsion polymeri7.ation methods. It is insoluhle in

its monomer and preeipitates from the monomer phase at about 0.1 % conversion.,,4 This

phase separation affects both the polymerization kinetics and particle morphology of the

!eSÎn.

The aggregation process within the monomer plays an important mie in

establishing the morphological character of the resin. Knowledge of the particle structure

is important in both rigid and flexible pve applications. In the case of l1exihle pve.
which is pertinent to this study, the particles must he capable of ingesting large quantities

of plasticizer during powder mixing. The particle structure, undoubtedly, plays a major

mie in this plasticizer uptake_ A summary of the nomenclature often found in the

literature to descrihe the pve particle regions along with a description of their origin i~

given in Table 1.2.5,6

The average grain size of pve resins normally manufacturcd is hetwecn 50 and

250 !J.IIl in diameter. A sliced pve particle shows that the interior comprises

agglomerates of many small, ca. 1 !J.IIl. particles called primary particles. It is the space

hetween these primary particles that gives pve its pomsity, which in tum allows it to he

easily compounded with pIasticizers, stabilizers. and lubricants.

1.2.2 Polymer Chain Structure

A variety of analytical techniques have bcen employed to study the effects of

polymerization conditions on the polymer chain structure. At the molecular level,

poly(vinyl chloride) can he depicted as having the following chemical structure:

~ yi ~ yi ~ yi
I-C-C~C-C~C-C-X

1 1 lin 1 1
H H H H H H

(Scheme 1.1)

•
This representation implies that alI chains are initiated by an active site 1, with the

monomer units placed in a head-to-tail arrangement and terminated by a species X. As it
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• Table 1.2

Poly(vinyl chloride) nomenclature used ta describe the particle regions.

Tenn Size (fun) Origîn or description

Microdomain 0.Q1-o.02 Aggregation of about 50 polymer chains

(OCCUIS at < 1% conversion).

Domain 0.1-0.2 Aggregation of about 1000 micro-domains

10 fonn the nucleus of the primary particle.

Primary particle 0.6-0.8 Growth of a domain that is formed at low

conversions ( < 2%).

Agglomerate 1-10 Fonned during the early stages of

polymerization by aggregation of primary

particles (occurs at4-10% conversion).

Subgraïn 10-150 Growth of the agglometates. Polymerized

monomer droplet.

Grain 50-250 VISible, free-flowing powder that is made

• up of more than one subgrain.

will become apparent later. this simple representation does not ponray accurately the

aetual situation in vinyl cbloride polymerizations. During the past decade, extensive

efforts have been made to better understand the cbemical structure of the PVC chain.

Studies in the areas of thermal stability and stereoregularity have played major roles in

sbedding new light on the structure of PVc.

(Scheme 1.2)

•

1.2.2.1 Cluzin Defea Sites

In the last twenty years, a vast amount ofevidence bas been accumulated about the

defect structures of pvC. 1bese studies involved the reduetive dehydrocblorination of

PVC. followed by 13(: NMR analysis of the resulting polyethylene. The following

structures have been reported:

(1) CbIoromethyl branches. in the range of 2 ta 4 per 1000 monomer units7•9

H
1

_CH2-CHCI-C-CH2-CHCI_
1
CH2CI
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• (2) Saturated end groups. of about 0.8 100.9 per molecuJ.:7.1~

_CH -CH-CH
2 1 1 2

CI CI

(3) Unsaturated end groups. with a 0.7 content per molecule7.11

(Scheme 1.3)

(Scheme 1.4)

(4) Longer branches consisting of butyl (1.8 branches per 1000 monomer units) and long­

chain branches (0.6 branches per 1000 monomer units).13 The question of whether branch

points have a tertiary hydrogen (Scheme 1.5(a» or tertiary chlorine (Scheme 1.5(b» has

been the subject of some controversy. From the work of Hjertherg and Sorvik9 it now

seems to he reso1ved in favor of tertiary chlorine.

•
~

- CHCI-C-CHCI-CH
2

_
1 .
H

a)

~
_CH2-C-CH2-CHCI_ (Scheme 1.5)

1
CI

bl

(5) In colDIlletcial manufactw:ing of PVC, complete elimination of oxygen is difficult As

a consequence, the oxygen interaets with the growing po1ymer radical to form an internaI

caIbonyl structure.

(6) In Scheme 1.4, a representation of unsaturated end groups is given. However.

unsaturation can aIso occur along the chain. The chIorine adjacent to the double bond is

termed an allylic chIorine. Studies have shown that PVC cont:lins hetween 0.1 and 0.2

intemal double bonds per l000monomer units.14-17

1.2.2.2 Introduction ID Taeticity (Configurations)

The strneture in Scheme 1.1 is a simple planar representation of the three­

dimensional PVC structure. As is discussed in detaillater, the addition of each monomer

occurs in a manner such that there is Cree rotation around the tr:m!inal caIbon-carbon

bond. As a consequence, the polymer chain can take on severa1 possible contiguralions.

Before discussing these contiguralions, a general introduction to stereoregularity is

desirable. This will not only develop a cIearer understanding of stereoregularity, but is

essential background ta ChapterS 2 and 4.



7

In this section. a statistical description of stereoregularity is given. The discussion

of stereoregularity includes references to the application of high resolution nuclear

magnetic resonance (NMR) techniques for the quantitative determination of

configurational sequence distributions which cao he used !O test theoretical predictions. A

brief review is also give!1 on the following topies: Elementary statistical analysis

(probability); Bemoullian statisties: average lengths and size distributions of isotactic and

syndiotaetic sequences.

1.2.2.2.1 Nomenclature and ApplicalÎon ofNMR ta Synthetic Vznylic Polymers

The use of 1H NMR in studying srereoehemical configurations was pioneered and

developed to a high degree of sophistication by Bovey and his colleagues.I8-20 In the last

!wo decades. this has been facilitated by ttemendous advancements in the development of

superconducting magnets with increased lield 5trength as weil as of new techniques21.2J•

sucb as 13(: and 2D NMR. The theory of NMR is discussed in detail in Chaprer 2.

For this discussion, the polymerization of a monosubstimted vinyl monomer will he

considered:

•
H R
'\. /
c-c

/ '\.
H H

(Scheme 1.6)

For vinyl chloride monomèr R =a. Assuming only a bead-to-tail addition, the monomer

cao anach ta the growing chain with either of!Wo forms of relative bandedness.

+

H R
'\. /
c-c

/ '\.
H H

R R. 1 . 1'.... .. ...

/c, c
Cll:z CH2

(1)

(II)

(Scheme 1.7)

In Sc:beme 1.7 structures (1) and (JI) will not superimpose; benœ they are nonequivalent

structures. Although the methine carbon atoms are not truly asymmetric centers. and are

more accuraœly described as pseudoasymmetric. the differenœ is found in the



slereochemical configuration of these carbon atoms because they provide a local

symmelIy.

Tacticity is the term used te describe this stereochemical regularity. The three

possible configurations of a monosubstituted vinyl polymer chain are most readily sc:.:n

when the molecule is drawn in its fuIlyextended (ail trans) planar zigzag conformation. as

shown in Figure 1.1. Depending on whether the substitute R group of successive repeat

units lies on the same sille, altemating sides or at random with respect to the backbone.

these configurations are called isotaetic. syndiotaetic. or atactic. respectively.

In discussing taeticity Olt a molecular leveI. it bas become conventional to refer to

two. three. four or five monomer units on a polymer chain as a dyad. triad. tetrad. or
pentad. respectively. In addition. a dyad is designated racemic (r) if the two repeat uniL~

have opposite configurations. or meso (m) if the configurations are the same. Thi~

terminology is best conveyed by focusing artention on the methylene group of the vinyl

polymer. When this group lies in a plane of symmetty in an isotactic chain it detines a

meso structure

• +~-+
H

m

(Scheme 1.8)

On the other band, a CH2 group that lies in syndiotaetic environment is defined as a

racemic structure

R H

+r-+H R
r

(Scheme 1.9)

'e

Becanse of the two-fold axis of symmetty of the r-dyad, the methylene protons are

magneticallyequivalent, i.e•• they resonate at the same frequency and appear as a singlet in
a IH NMR. spectrum. In the m-dyad, wbich lacks an axis of symmetty. the two methylene

protons are in different cbemical environments and consequenùy show different chemical

shifts. Furthermore. due te strong geminal coupling each of the two protons will split the

resonance of the other into a doublet. In addition to this coupling there is aIso vicinal

coupling that malœs the proton spectrum considerably more complex.24
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R
1
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•
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1
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R

R

1
1

R

1
1

1
1

R

1
1

R

1
1

R

1
1

R
Cc) atactic

R

•
Figure 1.1. Isotaetic (a). syndiotaetic (b). and ataetic (c) configurations

of a monosubstimted vinyl polymer.
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In a triad attention is focused on the central methine which has two neighboring

monomer units. These neighboring monomers can he of the same or opposite

configurations. It follows that in a triad the following possibilities exist:

(1) An isotaetic triad (=) that is generated by two successive mesa additions:

(Scheme 1.10)

m m

(2) A syndiotaetic triad (rr) that is generated by two successive racemic additions:

(3) An ataetic triad that is generated by opposite additions. i.e.• a meso followed by a

racemic addition (mr). or a racemic followed by a mesa addition (rrn):•

#t+-î-
R

r r

#f++H R

(Scheme 1.11)

R H

++~++1 (Scheme 1.12)

R R

m r r m

•

In an NMR experiment, the two ataetic triads. mr and rm. are indistinguishable.

bence a single peak is observed and their probabilities are grouped together. Table 1.3

shows the various distinguishable stereocbemical sequences for the methylene (dyad and

tetrad) and the methine groups (triads and pentads). As a result of improved NMR

teChniques and instrument design. resolution of resonances cOlTesponding to longer

configurational seqnences. e.g•• hexads and heptads, bas become possible.21,23 Although

protons initially served as the spin probe in NMR studies of polymers, the spectra suffered
from extensive IH_IH spin-spin couplïng-and a narrow dispersion of chemical shifts which

resulted in extensive overIapping of resonances belonging to different stereosequences.

Consequently, 13C NMR spectroscopy, which does not suffer from thcse shortcomings,
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Table 1.3• Designation and Bernoullian probabilities for dyad, triad, tetrad and pentad
sequences (from Bovey24).

methine {CH) methylene (CHz)

Designation Bemoullian Designation Bemoullian

Probabilitv Probabilitv

Triad mm P 2 Dyad m Pmm

mr+rm 2PmPr r Pr

rr P 2r

Pentad mmmm p4 Tetrad mmm P 3m m

mmmr+rmmm 2Pm3Pr mmr+rmm 2Pm2Pr

rmmr p 2p 2 rmr PmPr 2m r

mmrm+mrmm 2Pm3Pr mnn Pm2Pr

mmrr+rrmm 2P 2p 2 rrm+mrr 2PmPr2m r

rmrm+mrmr 2Pm2pi rrr Pr3

• rmrr+rrmr 2PmPr3

pm2pr2mrrm

rrrm+mrrr 2PmPr3

rrrr p4r

•

bas become the method of choiœ for determining the microstructure of synthetic

polymers.25,26 Its sensitivity to molecular structure can he demonstrated by the 75.4 MHz

13C spectnJm of PVC. Figure 1.2, where heptad fine structure is observed in the methine

region and an six tetrad resonances are observed in the Methylene region. Provided that

the peaks in the NMR spectnJm of a polymer can he assigned· to the various

configuralional sequences, the areas under the peaks can then he nieasured by integration

or deconvolution to detennine their relative abundances (fractions). These fractions

provide a measure of the probabilities of configuralional sequences and can he used in

conjunction with statistical models 10 gain insight into the propagation merl!anism of

polymerization. Before discussing such models a brief introduction to elemenœry

statistics is wammted.
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Figure 1.2. Expanded portion of the methine (CH) and Methylene (CH:z)

regions of a proton-decoupled carbon-13 NMR spectrum of 5% (wtlv)

poly(vinyl chloride) in l,l,2,2-tetraehloroethane-d2 recorded at a magnetic
field of75.4 MHz and a temperature of 114 oc.
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1.2.2.2.2 Elemenrary Staristical Analysis (Probabiliry)

Probability is best introduced by considering the numher of possible outeomes for.

a given situation. The simplest way te visualize this is to consider the tossing of a

balanced coin. For example. in tossing a single coin. there are two possible outcomes ­

either a head (H) or a tail (T). In tossing two coins. there are four possible outeomes ­

TI. TH, Hf. HH. In general. the number of possible outeomes in tossing n coins. where

n is greater than or equal to 1. is given by 2D•

The probability of any particular outeome is given by the reciprocal of the total

number of outeomes. i.e.• II2D. For example. in tossing two coins the probability of any

particular outeome. HH. Hf. TH. or TI. is ':14. This probability can aIso he obtained by

applying the multiplication theorem of probability which states that the probability of the

joint occurrence of two or more independent events is the product of their separate

probabilities. i.e.. the probability of obtaining two heads (HH). PHH• is given by the

probability that the first coin will he heads. PH' multiplied by the probability that the

second coin will he heads. i.e.. PHH =(PH)(PH> =(Ih)(lh) =\4.

Another approach to calculating probabilities. which is particularly useful in

computer simulations is to take into consideration the relative frequencies. i.e:. if n trials

are made and a given event occurs r times. then the relative frequency is given by r/n. For

reasonably high values of n, the~ve frequency can he considered as a good estimate of

the probability P. where P is detined as the limit approached by the relative frequency as n

approaches intinityP

1.2.2.23 Bemollllian Statistics

The two mathematical mode1s used most frequently to descrihe a stochastic

process. such as the distribution of configurational sequences in a polymerie chain, are the

Bernoulli-trial and Markov chain models.28 For simplicity only the Bernoulli model will he

considered in this discussion. In this mode!. the probability of various outeomes at a

particular step in the process is independent of what bas occurred previously and does not

affect what happens later. The bm'ding of a polymer chain by Bernoulli-trial steps can he

described as a process of reaching into a large jar containing balls marlœd with one of the

two configurations. meso (m) or racemic (r). Hence the probabilities are similar to thase

described in tlipping a coin, except that this may he an unfair coin sinœ the number ratio

of the two types of ba1ls need not he unity.
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The probability of generating a mesa sequence when a new monomer is added Hl

the chain is generally denoted as Pm' Since there are ooly two possible outcomes. ID or r.

it follows that Pm + Pr = 1. As discussed above. for a triad sequence therc are four
possible outeomes: mm, mr. rm and rr. Since the mr and rm triads are indistinguishable

in an NMR experiment. their probabilities are grouped tàgether. thereforc. the

probabilities of the mm, mr. and rr triads are given by Pm2. 2PmP1"' and pl. respectively.

These probabilities are obtained by application of the multiplicati?n theorem of probability.

wbich bas also been applied to calculate the relative concentrations of the longer

configurational sequences shown in Table 1.3. These relations are best represented by

plotting the nonna1ized probability of the n-ad as a function of Pm' as shown in Figures 1.3

and 1.4 for triad and tetrad sequences. respectively.29 A polymer confonns to Bemoullian

statistics when the isotaetic (mm), syndiotaetic (rr). and ataetic (mr) triad probabilities. as

obtained from the relative areas of the appropriate peaks of an NMR spectrum, lie on a

single vertical !ine in Figure 1.3, i.e., they correspond te a single value of Pm'

1.0 ......• ....
'.

~
'.

0.8 .'....=- ....
J:l
CIl ".

J:l .......

e 0.6 ....
".g, ....•.•oc

CIl

;-~""C 0.4- ,/' .•.•.
1 / " .....- / "-
~ 0.2 /

/
/= /

Z /
1

0.0
0.0 02 0.4 0.6

Pm

0.8 1.0

•
Figure 1.3. Norma1ized probabilities, as described in Table 1.3, of

isotaetic, mm (solid line), syndiotaetic, rr (dotted line), and ataetic, mr+rm

(dasbed line) triads as a function of Pm (from BOvey2A).
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• Figure 1.4. Nonnalized tetrad probabilities, solid line for mmm (rrr),

dotted line for rnmr (rrm), and dashed line for mrm (rrnr) sequences, as

described in Table 1.3, as a function of Pm. The bottom scale is used for

sequences in parentheses (from Bovey24).

•

1.2.2.3 Configurational Studies ofpvc
Numerous studies have shown that Cree radical polymerization of poly(vinyl

chloride) generates polymeric chains that confonn to Bemou1lian statistics. In early

studies, hefore the appearance of NMR, the tacticity of PVC was genera11y determined

from infrared spectroscopy using the 1428 cm-1 and 1434 cm-1 bands.311-32 These studies

showed that PVC tends to have a syndiotactic character with Pm values ranging from 0.49
for a polymerization temperature of 90 oC to about 0.20 at -75 oC polymerization

temperature. Nowadays, 13C NMR bas 10tally replaced infrared spectroscopy and, as

discussed above, has become the accepted method for determining taetic struCture because

il is self-ealibrating and it bas a higher sensitivity, allowing higher order stereosequences 10

he observed. Consequently, NMR data have made possible the testing of Bemou1lian and

other statistical models.
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The studies of Carman. eT al. J>->~ were the tirst to correctly assign the

stereosequences of PVC found in a proton-decoupled BC NMR spectrum. Furthennore.
they showed that PVC polymerized by free radical initiation at 50 oC confonns 10

Bemoullian statistics with a Pm value of about 0.45. Later Pham. eT al.>6 used Be NMR

to study the eflèct of polymerization temperature on tacticity. Their resuIL~. shown in

Table 1.4. were in good agreement with the results obtained hy infr.m:d spectroscopy wilh

the exception of polymers polymerized at low temperatures which were round to he less

syndiotactic than indicated by the infrared resuIL~.

Table 1.4

The effect of polymerization temperature on tacticity (from Pham. et aL36).

•

Polymerization Temperature (OC)

55

25

o
-30

-50

-76

Isotactic fraction (PID)

0.45

0.43

0.40

0.36

0.34

0.32

•

ln summary. PVC produced by a free radical polymerization i.ç slightly syndiotactic

and confonns to Bemou1lian Statistics with Pm values between 0.32 and 0.48. depending

on the reaction temperature. An increase in polymeri7.ation temperalure resulLÇ in a lower

syndiotaetic content. Commercial pve that is suspension and mass polymerized in the

usual temperature range of 40 to 70 °e has a Pm value between 0.44 and 0.48.

1.2.2.4 Conformational Analysis ofpvc

To this point the various possible configurations of pve. as represented in Figure

1.1. have been discussed. These representations fail to convey what is perhaps one of the

MOSt significant structural features of a polymerie chain, namely. its ability to assume an

enotmous array of confotmations. This confotmational versatility is a consequence of the

considerable degree of rotational freedom about single bonds on the chain. foor example,

the polymer shown in Figure 1.1 expresses only one confotmation. the fully extended one.

out of a great number of possible ones. An enotmous number of inegu!ar shapes MaY he

reaUzed by perfotming rotations about the bonds of the chain.
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To specify the spatial reiationships between 'he segments of a polymer chain. the
bond lengths. the bond valence angles, eV' and the angle of rotation, $, about each hond in

the chain must be known (see Figure 1.5). For carbon-backbone polymers, ail bond

lengths are generally fixed at 1.54 Â and ail valence angles at 112°. However, the

rotations about the e-e bonds retain a certain degree of freedom in polymers. Studies of

low-molecular-weight compounds have shown the existence of potentia1s hindering

rotations about the chemical bonds. The rotation potential is threefold with three energy
minima at $ = 0°, +120°, and -120°. A rotation angle of 0° is described as a crans (t)

conformation and the angles ±1200 as gauche (g+ and go) conformations. This is more

readily seen in Newman projections as illustrated in Figure 1.6.

Figure 1.5. Schematic representation of a small portion of a simple

singly bonded carbon chain (from Flory3').

For each of the isotaetic and syndiotaetic configurations, there are nine possible

coDformations. However. the number of different coDformations is reduced considerably.

since some of the combinations are the same while others are sterically not possible due to

severe steric bindrance. Initial studies concentrated mainly in determining the poss1ole

structural COIÛormatiOns of pve. From NMR. IR. and dipole moment

stIJdies3M3 severa! authors conc1uded that in the meso dyad the crans-gauche (tg) and

gauche-crans (gr) COIÛormations occur while in the racemic dyad essentia11y only the
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Figure 1.6. Newman projections of a simple bonded carbon chain in the

(a) rrans (ql = 0°), (h) gauche+ (ql = +120°), and (c) gauche- (ql = -120°)

conformations.

rrans-rrans (lt) conformation is allowed. Of the techniques mentioned above, the Most

valuable tool for investigating conformations in PVC bas been vibrational SpeClroSCOpy•

IR studies have established that in the isotaetic, heterotaetic, and syndiotaetic triads the

fonowing conformations are predominant: g+ltg" and g+tg+t (or its mirror image tg+tg+),

mg+, and ltlt, respectively, as shown in Figure 1.7.

C\7 VIC\J

CI,;"~~"lc1

g+llr

CI CI CH2

~
C~ CI

Ig+lg+

CI CI Cl CH2

c0(XZ
tttg+

beterolaclic triIld

CI CI CI

c~H2
IIlt

Figure 1.7. The Most frequent conformations of isotaetic, heterotaetic,

syndiotaetic triads found in PVc.44
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1.3 THERMAL DEGRADATION OF PVC

1.3.1 Introduction

It is well known that poly(vinyl chloride) cannot he processed or put to end use

applications without the incorporation of additives such as stabilizers. plasticizers. anti­

oxidants. etc. Most experts consider the thermal degradation of PVC to he a major

disadvantage of this marerial. Its thermal and photoehemical instability has restricted its

use in manyapplications. Upon exposure to remperatures as low as 100 to 120 cC'5.46. it

undergoes a degradation reaction that releases hydrogen chloride and forms long polyene

sequences of conjugated double bonds. The dehydrochlorination reaction can he

represented as follows:

A few long polyene sequences can make the polymer appear black and result in a

breakdown of its physical properties. i.e.. 10ss of mechanical, electrical. and optical

characteristics. It is generally accepted that polyenes result from a zipper mechanism. i.e.•

the first double bond activates the formation of the second conjugated double bond. and

so on. until long polyenes are formed. The two preferred mechanisms that have been

proposed to account for this zipper reaction are the ion-pair mechanism47-l9 and the free­

radical mechanism 50,51 The ion-pair mechanism is represented in Scheme 1.14 and the

free-radical mechanism in Scheme 1.15.

This instability is surprising because low-molecular-weight model compounds for

PVC. such as 2.4-dichloropentane or 2.4.6-trichloroheptane., are relatively stable organic

compounds (Ha elimination takes place at temperatures above 300 CC) with dehydro­

chlorination rates that are much slower than that those for PVc.45.46.49,52,53 Hence., over

the years many studies hav-- been made to develop a herter understanding of the source of

its poor thermal stability. The twO competing theories that have been proposed to

rationalize the instability of PVC are: (1) Initiation due to the presence of a few abnormal

or irregular sU11etures in the polymer. the so called 1abùe sites'; and (2) initiation due to

the occurrence of some local conformations that are related to isotacticity. Authors do

•

•

H CI
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t
~ yi

-teH=CHt-C-C-fè-C+' + HCI
mil lin

H H H H

•

•

H CI H CI
1 1 1 1

-teH = CHt-C - c-fè - C+.
mil lin

H H H H

1l
H CI-H CI
1 + 1 1

-teH=CHt-C-C-fè-C+'
mil lin

H H H H

(te be repeated) (Scheme 1.14)

20

HCI +
- yI ~ yi

-teH=C~C-C~-C+'
mil lin

H H H H

l

•
~ yi

CI- + -teH=C~C=C~-C+'
mil lin

H H H H

(te be repealed) (Scbeme 1.15)



•

•

21

not agree as to which of the two sites is more important in initialing the zipper reacùon.

Pin poinùng the sites that initiate the dehydrochlorination reacùon could ultimately lead to

an improved and more controlled stabilizaùon of the polymer.

1.3.2 Role of Defect Structures

As discussed previously, numerous studies"7.54-S6 have sought to determine the

irregular structures in a poly(vinyl chloride) chain. These structures, e.g.• head-to-head

structures, branch points containing a terùary chlorine, internaI and chain end unsamranon

(allylic chloride), and groups containing oxygen, some of which were depicted in Schemes

1.2 to 1.5, have been identified as being responsible for the initiation of the

dehydrochlorination reaction. It is important to recognize the difficulty in identifying

which defect structures are responsible for initialing the dehydrochlorination reaction and

to correlare these defect structures with the low thermal stability of PYC. This difficulty

stems from the fact that these defect sites are few and their dependence on the

polymerization conditions jJltimareIy brings about structural changes that differ from

polymer to polymer.57 Therefore, there bas been considerable controversy conceming the

nature, concentration, and relative importance of these irregular structures in the polymer.

For example, Hjertbetg and co-workets9•17,5S have shown that the terùary chlorine is the

most important labile strueture in PYC. On the other hand, MinsJœr, et aL59 have claimed

that intemal,msamration is the most important defect in initiating the thermal degradation

of PVC. The effects of these anomalous structures are many and their discussion is

beyond the scope of this chapter. For a more detailed discussion on the structural defects

and their origin reference can he made ta the review article by Braun and Bezdadea 60

1.3.3 Role of Tactic:ity

Recendy, strong support bas developed for the existence of tandom dehydto­

chlorination, i.e., initiation at local conformations in stereosequences which were
previously considered as normal units.58.6.064 The recent systematic studies of Millan and

co-wodtCl:s6H5, on the influence of taeticity on the thermal degradation of PYC brought

ta light the possibility that such normal structures are responsible for initiating the

dehydrochlorination reaction. From their work, which is reviewed in detail in Chapter 4,

these anthOtS concluded that the labile structures in PYC are chlorine atoms located

mainly at g+ttg' isotaetic triad conformation, shown in Figure 1.7•
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1.4 PLASTICIZATION OF PVC

1.4.1 Introduction

Plasticizers are added to PVC primarily to convert the rigid pvc resin into

workable and flexible compounds that exhibit a wide range of properties with many

versatile applications. One of the main disadvantages of PVC is that when used without

additives it is difficult to process. For example. when a high molecuIar weight PVC

homopolymer is fluxed on a hot roll mill, Olt 160 oC. the resin particles pour unchanged.

like sand. between the rolls. If the temperature is increased. the resin softens and

eventually forros a tough sheet around one of the rolls. While it is softening and "sheeting

out" on the mill, it decomposes to an extent that renders il a worthless. brown to black.

homy to brime. relatively tough plastic. However. if a smal1 amount of plasticizer is

added. the resin softens and fuses onto the roll mill Olt 160 oC. Upon remov:ù. the sheet is

clear. colodess to faint yellow. and semi-rigid to very flexible. depending on the amount of

pIasticizer added.

By definition76 a plasticizer is a material. frequendy solvent-like. that is

incorporated into a resin te increase its workability and its flexibility or distensibility

(elongation). Addition of a piastïcizer may lowerthe melt viscosity. the temperature of

the second-order transition, and the elastic modulus of the plastic.

The Most common pI3sticizers for PVC are esters of' carhoxylic acids or

phosphoric acid. Other types include ethers, hydrocarbons. halogenated hydrocarbons.

polyglycols, and sùlfooamides. In order for a plasticizer to be of industrial importance. the

following properties are essential: (1) compan"bility with the resin, (2) high molecular

weight, 300 to 600 g mol-l, (3) viscosities of 50 to 450 cP. (4) flash points greater than

200 oC. and (5) vapor pressures of Jess than 3.0 torr Olt 200 °C.77 These properties assure

that the plasticizer does not separate from the polymer into a discrete phase. This

separation may be as an "exudation". which is the fonnation of liquid droplets Olt the

surface of the film, and is sometimes called "sweat out". Because of the loss of plasticizer

such separations resuit in the loss of the desired properties of the plastic. Out of the

thousands of paœnted pI3sticizers only a few have good ail-round properties and

sufficiently low production coSts to malœ them useful in industrial applications.
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1.4.2 Compatibility of Plasticizer with Resin

By definition compatibility is the ability of two or more substances to mix with

each other to form a homogeneous composition of useful plastic properties. According to
thermodynamics. two substances will be miscible when the free energy of mixing. ÔGm• is

negative;

ôGm =.MIm - T ôSm (1.1)

•

•

where Mim is the heat of mixing. ôSm the entropy of mixing. and T the temperature.

Application of the theory to real solutions bas 1ed to the formulation of severa! parameters

ta characterlze the compatibility between resin and plasticizer. Of particular importance is

the Flory-Huggins interaCtion parameter. X, which corrects for nonideality of both heat

and entropy of mixing. This interaction parameter is concentration dependent. Values of

X lower !han 0.5 indicate compatibility of high molecular weight polymers with low

mo1ecular weight plastici=.

A simplified teChnique to measure the X parameter for PVC-plasticizer systemS is

the teChnique developed by Anagnostopoulos, et al.78 The method involves determining

optically the temperature at which complete dissolution of a grain of resin in a drop of

plasticizer OCCUIS. This method is described in Chapter 2.

The compatibility between PVC and plastici= is general1y attributed to the

presence of specifie 'interactions, at the mo1ecular leve1, between the plasticizer and the

PVC chain. Infrared spectloscopy studies of ester-containing plastici= with PVC have

strongly suggested that the carbonyl group of the plasticizer is involved in a specific

interaction. However, the functional group of PVC with which it is aetually interaeting is

a matter of controversy. The following specifie interaCtions of the carbonyl group have

been suggesœd: (1) a hydrogen bond with the hydrogen attaehed to the methine

carbon79-83. (2) a hydrogen bond with the hydrogens on the methylene carbon84, and/or (3)

dipoJe.dipole interactions with the chlorine atotn.85-87 These interactions will be further

descn1led in Chapter2.

L4.3 General Theories Conœ.miDg the Mecbanism of Plasticizer Action

Four major theories. the gel, lubticity, mechanistic, and free volume.. have been

proposed to account for the main effects produced by plastici=.sa The lubricity theory

views the resistance of a polymer to deformation tu be a result of intermolecu1ar friction.

i.e.. the plasticizer acts as a lubricant Which facilitates the movement of the polymer
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chains. The gel theory. wlùch applies to the amorphous portion of the resin. assumes thal

the chains form a three dimensional honeycomb structure. or gel. The plasticizer breaks

the points of anachment by selectively solvating the polymers at these poinl~.

More realistically. the mechanistic theory assumes that plasticizers of different

typeS are attraeted to polymer chain sites by forces of different magnirude and none of

them are bound permanently. Rather. there is a continuous exchange whereby one

plasticizer molecule becomes anached to a given active group to he dislodged and

replaced by another.

The free volume theory gained much attention because il added a mathematical

perspective to plasticization and clarified the mechanisms of the earlier theories. This

theory assumes there is nothing but free space between atoms and molecules. Thus. any

material is composed of space occupied by the atoms. the "occupied volume". and

unoccupied space, the "free volume". The total volume of a plasticizer or a polymer

increases with temperature. Since no mass is added. this increase is the result of an

increase in free volume. Other factors affect the free volume, e.g.• the free volume of a

polymer increases with inereasing molecular motion. decreasing molecular weight. and

addition of small molecules with flexible ends.

A molecule cannot move into a new position unless it finds sufficient free volume

to accommodate the movement of a molecule or chain segmenl Inereasing the free

volume ofa polymer results in plasticization. i.e•• its glass transition temperature. modulus

and tensile strength decrease while its elongation and impact strength increase. Free

volume bas been measured and used in thermodynamic equations. The most important

application of the theory in polymer science bas been to explain the lowering of the glass

tranSition by a plasticizer. This application has become standard material in almost all

introductory polymer science books and is discussed below.

1.4.4 Effect on Physical Properties

The effect that a plasticizer bas on the physical properties of the plastic depends

mainly on LWO important factors: (1) the type of plasticizer used and (2) its concentration.

Of the many properties89 that are altered by the addition of a plasticizer. only the glass

tranSition temperature and the diffusion coefficients are considered in this thesis.

1.4.4.1 Glass transition temperatuTe

In generaI. plasticizers lower the glass tranSition temperature Tg more !han the

flow temperature. Tflow; therefore. the overall effect is that the e1astomeric range between

\
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Tg and TroOW is increascd. The fII'st theory of the Tg of polymers was based on the

concept of free volume. which was developed by Eyring and others9().92 and was

successfullyapplied by Flory and FOX.93 The rubber-to-glass transition occurs at what bas

becn called an 'iso-free volume' condition. i.e.• at the Tg and temperatures helow the Tg.

the free volume is as~~umed to he constant and the same for ail polymers.

As noted above. the most important application of the theory has been to explain

the lowering of the glass transition by a plasticizer. The plastici:zer is generally ccimposed

of molecules that are much smaller than the polymer. Hence. the free volume of the

plasticizer. relative to that of the polymer. is large. As a result, the addition of small

amounts of plastici:zer gives a large excess free volume and can lower the Tg by 40 to

5" oC.

The theoretical treatment of Kelly and Bueche94 which describes the compositional

dependence of Tg fur polymer-diluent systems is based on the hypothesis that the

fractional free volume of the binary mixture (1) is given by the weighted sum of the

fractional free volumes of the pure components. fi.

(1.2)

where <l>i is the concentration (volume fraction) of the components and 1'1 and f2 at any

temperature T are given by:

(1.3)

(l.4)

•

where fgi are the fractional free volumes of pure components at their respective glass

transition teInperature Tgi (assumed to he 0.025) and âlXj are the coefficients of thermal

expansion. Substiroting equations (1.3) and (1.4) inta eq. (1.2). the total fractional free

volume of the mixture (f) becomes:

At T =Tg (for the mixture), fbecomes 0.025 and rearrangement of eq. (1.5) leads to
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(1.6)
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On this basis. the glass transiùon temperature of the mixture can he predicted hy cq. (1.6).

for any volume fracùon of plasùcizer under the condiùon that the Tg and /la of the pure

components are known. This treatment bas been used with a considerahle. hut not

universal. degree of success. From a theoreùcal point of view. there arc severa! other

factors that should he taken inoo consideraùon. such as the polymer-plasticizer specitie

interacùons and excess volumes of mixing. Other equations that takc thesc factors into

account have been proposed and are described elsewhere.9s

1.4.4.2 The permeabi/ity ofpvc to gases

The complete process of a gas diffusing through a solid is termed permeaùon. and

the property of the solid which permits this is its permeability. Gas molecules ditTusing

through a polymeric solid may he visnalimJ as jumping inoo holes which form and

disappear as a result of t.'le thermal motion of polymer segments. The addition of a

plasticizer increases the free volume of the system ailowing the permeant to diffuse at a

faster rate. Therefore. as the concentration of plasticizer increases the permeability

coefficient of the polymer also increases. In addition. the permeability of PVC varies

considerably depending on the structure of plasticizer used. For example, Deeg and

Frosch96 slUdied the permeability of PVC plasticized with tri-cresyl phosphate (TCP).

methyl phthalyl ethyl glycolate. di-2-ethylhexyl phthalate (DOP). and tri-ethylene glycol

di-(2-ethyl butyrate) and showed that: (1) ail four plasticizers inereased the water

permeability of the resin. and (2) of the four, the resin plasticized with TCP gave the

lowest permeability while the PVC containing tri-ethylene glycol di(2-ethyl butyrate) lead

10 the highest permeability.

Above the Tg. the free volume of PVC and plasticized PVC increases with

temperature and as a consequence so do the permeation rates of gases and vapors. Using

PVC films plasticized with various concentrations of DOP, Lelchuk and Sed1is97 studied

their permeability to water as a function of temperature. These workers showed that

above the Tg the activation energy for permeation was much higher than that helow the

Tg. A similar study was performed by Eustache and Jacquot98 where the permeation of

carbon dioxide (CCV and oxygen (CV through a plasticized PVC was slUdied as a

function of temperature. They found that permeability, at a given temperature. was higher

for CÛ2, than Û2,. In addition, the activation energy for permeation above the Tg was
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much higher than !hat below Tg and the breaks in the permeability curves for both C02
and Û2 were slighùy above 52 oC. which is close to the glass transiùon temperature of the

fJ1m as detennined by tradiùonal methods. These studies repon a higher barrier to

diffusion above the Tg. suggesùng the involvement of segmental moùons. contrary to ooly

vibraùonal motions below the Tg.

The effect of the glass transition temperature on the transpon properties of gases

in polymers bas been studied previously. In 1954. Meares99 was the tirst to measure gas

transpon parameœrs in a polymer above and below the glass transition temperature. He

measured the sorption of a number of gases in poly(vinyl acetate). both direcùy and from

the quotient of permeation and diffusion coefficients. For all the gases investigated. a

change of slope in the Arrhenius plots was observed at the glass transition temperature.

suggesùng that the activation energies in the glassy state differed from those in the rubbery

State. For the larger gas mo1ecules. a somewhat flatter part of the curve was found in the

vicinity of the Tg. However. similar measurements were later repeated by Stannen and

Wùliams100 and ooly a clean break was observed. The activation energies calculated from

the Arrhenius plot of the data were always higher above the glass transition temperature.

At !bat lime the data could not be readily explained. Therefore, explanations for the data

in bis pioneering work were based on. the presumption that the mechanism for the

diffusion ofsmall molecules was different in the two states.

Meares suggested that the measured sorption and diffusion properties reflected

cbanges in the segmental mobility nf the polymer chains as the Tg was traversed. Based

on the experimental activation energies for diffusion and heats of solution in the two

regions and application of the activation zone theory. Meares99•I01 proposed the following

idealized concept of the gaseous diffusion and sorption process in polymers. In !he

rubbery state gas molecules which dissolve in the polymer must create their own holes by

separating the intelchain contacts. The penetrant then diffuses along the cylindrical voids

!hat are created by the synchronized rotation of the polymer segments about the backbone

ÎlOnds. In the glassy state, the gas sorbs and diffuses between holes which already exist in

the polymer malrix due ta the disordered ammgement of chains. This mode of diffusion,

unlilœ that for the rubbery state, does not create long cavities. bence, the zone of chain

activation is much larger in the rubbery state, Above the T8' the heat of solution for the

sorption of gases must include a heat of interaction between the penetrant and polymer.

In addition it must include the energy for 5eparating the polymer clmins. an endothermic

process. Therefore. the sum accounts for the observed endothetmic or slightly exothermic
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heats of solution. Diffusion in the rubbery state requires a larger zone of activation. which

is consistent with the observation that the energy of activation is higher above the Tg.

Michaels. er aL 102.103 observed similar behavior for the sorption and diffusion data

of He. Û2, N2• Ar. CÛ2. and Cf4 in poly(ethylene terephthalate). i.e.• a break was
observed in the Arrhenius plot at the glass transition temperature. ca. 67 oC. and the

activation energy for diffusion in the rubbery state was greater !han for that in the glassy

state. Barrer. er aL 104 studied the sorption and diffusion of H2 and Ne in PVC tilms.

unplasticized and plasticized with tri-cresyl phosphate. Changes in the slopes of the

Arrhenius plots were observed for the diffusion of both gases in the unplasticized and

p1asticized films. at the respective glass transition temperatures.

In 1961. Kumins and RotemanlOS reported data for the diffusion of severa! gases

through vinyl chIoride-viny1 acetate copolymer films. The main goal of their work was to

study the effect of penetrant diameter on the nature of the discontinuity of the Arrhenius

plots at Tg. Of the gases studied. He. H2• Ne. Nf4. 0". CO. CÛ2. Kr. and water vapor.

only CÛ2 and H20 displayed a change in slope at the Tg. Their work suggested that a

critical zone of activation size is necessary to observe the break in the Arrhenius plots. In

other words. penetrant molecules smaller !han this zone obey the same mechanism both in

the robbery and glassy states. Stannett and WiDiamslOO extended the work on the etl"ect of

penetrant size by studying the transport properties of various gases in poly(ethyl

methacrylate). PEMA, membranes. A break was not observee! in the Arrhenius plots of

the transport properties. even for 131:ge penetrants. In c~llaborationwith Tikhomirov and

Hopfenbergl06 these workers extended their study further. by studying the diffusion

properties of gases in unplasticized PVC films. They found that PVC exhibited

transiti9nal behavior that was dependent upon penetrant size. Of the gases studied. He.

Ne, N2' Û2, CÛ2. Cf4. Kr. and Ar. the break in the Arrhenius plot was only found for the

larger penetrants. i.e.. Ar and Kr. Burgess. Hopfenberg. and StannettlO7 smdied the

permeabùity. diffusivity. and solubility of He, Ne. Ar. and Kr in poly(methyl acrylate).

PMA, and poly(vinyl acetate). PVA. and found that the activation energies for diffusion.

for all four gages, were higher above Tg !han below.

From this short literature survey. it is evident that based on the presence or

absence of a break in the Arrhenius plots. three typeS of polymers with different transport

behavior exist: (1) Po1ymers which display a break for all penetrants; (2) polymers that

display a break for penetrants of size above a certain critical diameter; (3) polymers "that

do not display this effect with any gas penetrants. A detailed description of the diffusion

proc:eo..s of gases through PVC film.>, wbich includes definitions and basic equations.
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measurements and calculations. temperature and concentration dependence. effects of

penetrant size and shape. and models for diffusion is the main topic of Chapter 3.

1.5 PRESENT INVESTIGATION

In the present investigation, three main areas of research in PVC are addressed.

These include studies on (1) the microstructure determination and dynamics of PVC in a

plasticizer and in a non interaeting solvent (Chapter 2)., (2) the diffusion of gases thro!lgh

PVC and plasticized PVC films (Chapter 3). and (3) a computer simulation of the thermal

degradation of PVC (Chapœr 4).

1.5.1 Microstructure Determination and Dynamics of PVC in a

Plasticizer and Non Interaeting Solvent

The plasticization of PVC is imPOrtant fIom an academie as well as an industrial

point of view. As discussed previously. primary plasticizers are used extensively to

convett the rigid pve resin inta workable and flexible compounds that exhibit a wide

range of properties depending on the type and concentration of plasticizer. Although the

teehnology of p1asticization is well developedI08,I09. the mPrllanism of plasticization of

pve and its interaCtions with the plasticizer are not well understood at the molecular

level. In this study. described in Chapter 2, the microstructure and dynamics of pve in a

plasticizer (di-butyl pbtbalare. DBP) were determined by carbon-13 NMR spectroscopy.

For comparison, a parallel study was made for solutions of pve in a non-inreracting

solvent (1.1,2,2-retraebloroethane-d2' TCE-d:z). wbich may give some insigbt inta the

specifie interaCtions between plasticizer and pve. The goal was to obtain, fIom NMR

studies, a moIecular description of the effects of plasticization on the motions of PVC.

1.5.2 Dift'usion ofBCl and O2 Gases Through Plasticized PVC Films

The penneabiJjty of pve increases as a consequence of the incorporation of

plasticizer inta the resin matrix. This easy control of oxygen permeation bas major

advanlage especially in meat packaging. where the bigh penneability of plasticized pve
lœeps the red color of meat two to three days longer than in other packaging marerials.

However. diffusion of gases is not only important in the performance of the final produCts

but also in the choice of processing methods and conditions. For example, a slow

diffusion rate of hydrogen chloride can Iead to auto-eatalysis of the thermal

degradation.lIO Althougb pve is one of the mast ftequently used polymexs. relatively few



•

•

•

JO

investigations have been carried out on the transport propcrties of small gas molecules

through a PVC film. In Chapter 3 a detailed examination is presented of (1) the

dependence on temperature and plasticizer type and concentration of the pcrrneation of

oxygen through PVC films: (2) the temperature dependence of the permeability. diffusion.

and solubility coefficients of oxygen and hydrogen chloride ga.~e..~ in rigid PVC. In the

former study the plasticizers used were binary mixtures of di-(2-cthylhexyl) phthalate.

OOP. and tri-butyI phosphate. TBP. with concentrations of cl>oop =O. cl>oop =0.6. and
cl>oop = 1.0. The temperature range used provided data above and helow the gla.,,~

transition temperature of PVC.

1.5.3 Computer Simulations of the Thermal Degradation Process

Recent studies of the dehydrochlorination of PVC in the solid state otlèr

convincing indirect evidence in suppon of a mechanism that involves initiation at local

configurations in stereosequences which were previously considered to he normal unil~.

Indeed. attempts have been made. using NMR. to verify such a mechanism by direct

measurements of the changes in tacticity that resuit from the degradation. 111 In this study.

descn1led in Chapter 4. resuits are reported from computer simulations that use Monte

Carlo methods to simuiate preferential degradation at isotactic sequence..~ of various

minimum lengths. The predicted changes in tacticity are then compared to (1) the

experimentai results obtained by 13C NMR spectroscopy measuremenl~ of thennaIly

degraded PVC in solution and (2) the tacticity changes reported by MilIan. et aL III and

VeIazquezll2 for the thermal degradation of PVC in the solid state. Such studics give

insight into the roIe that taeticity piays in the initiation of the dehydrochlorination reaction

at the moIecuiar leveL
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CHAPTER2

CARBON-13 NUCLEAR MAGNETIC
RELAXATIONS AND CHAIN LOCAL

MOTIONS OF POLY(VINYL CHLORIDE) IN
DI-BUTYL PHTHALATE AND

TETRACHLOROETHANESOLUTIONS

2.1 INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy is one of the most effective and

powerful methods employed in polymer science to study the structure and dynamics of the

polymer chain. bath in solution and in the solid state. In the solid state. the resonances are

quite broad due to the relativeiy slow motions of the chains which cause the dipole-dipole

(DD) interaction to be Static and the chemical shift anisotropy (CSA) no longer averages

to its isotropic value. By comparison, in solution the chain :notions are fast enough .to

elimjnate such effects and spectra with cIearly resolved resonances can be obtained for

sttuetuIally distinct nuclei. 'Ibis chapter deals with the use of solution ~

spectroscopy. specifically 13(: NMR, to investigate the structure and dynamics of PVC.

The detaïled struetural infonnation obtained for polymers in solution makes it by far the

method of choice to detennine microstructure. In the study of dynamies, solid state and

solution NMR bath offer unique advantages. Since synthetic polymers are useful mainly

because of theii physical and mechanical properties in the solid state, studying the

dynamics in the same state can be justifiably argued as having greater practical importance.

On the other band, dilute solution measurements offer their own advantage in the sense

that interehain entanglements are alleviated thus aIlowing the roles played by

intramolecular steric effects and solvent viscosity to be elucidated.

The most fw:tdamental and usuaIly the first inform2tÎon that is sought in a polymer

is its microstructure. The concepts re1ated to the configurational placement of monomer

units in a polymer chain are fundamental to an unclerstanding of its physical properties.

Until the development of techniques of high resolution NMR, there were no methods.

aside from i:;l'3Y diffraction studies (only applicable to stereoregular. crystallizable
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polymers). for direct experimental detennination cf polymer microstructure. The advent

of proton-dccoupled spectra recorded in the Fourier-transfonn mode has quickly made

13e NMR spectroscopy the method of choice for detennining the microstructure of

polymers.

In recent years carbon-13 nuclear magnetic relaxations have hccn employed in

observing molccular motion and understanding the complex dynamic problems presented

by polymer chains. The main advantage of this method is that it providcs detailed

infonnation on molecular motion at the atomic leve\. Segmental motions play an

important role since they influence many macroscopic properties of polymeric systems. ln

particular. the effcct of the chemical structure of polymers cn their viscous or viscoelastic

response is controlled by charaCteristics of their segmental dynamics. such as frequency.

activation energy. erc. Severa! reviews l -5 are available which describe the various models

developed for the interpretation of nuclear spin relaxation data for polymers in solution.

Initial auempts to quantitative!y interpret polymer dynamics led to the use of

distribution models. especially the so-called log-X2 distribution of Schaefer.6 This model

utilizes a broad asymmetric distribution of correlation times for the molccular motions.

with a tail towards the high end of the scale; however. it lacks a detailed insight into the

nature of the chain motions. More promising models have been developed which are

based on a molecular description of segmental motions. These include the three-bond

jump model developed by Jones and Stockmayer7 OS mode!) and the confonnational

jump model of Hal\, Weber. and Helfand8•9 (HWH model). Lately Dejean. Lauprêtre. and

Monnerie10 (DLM mode!) modified the HWH model by taking into consideration a fast

libration of the e-H vectors in addition to segmental motion.

On the basis of relaxation data for pve in di-butyl phthalate (DBP) and in 1.1.2.2­

tetrachloroethane-d2 (TCE-d2> obtained in this study. a critical evaluation of these four

models is made regarding their ability to describe the local motions of the pve chain. In

addition. a comparison of the dynamics of pve in the IWO solvents is made in search of

discernible differences in local motion. apart from the effccts of solvent viscosity.

The goals of this study were to investigate the microstructure of pve and to

obtain insight into the chain local motions of pve dissolved in DBP. The latter studies

are important from an academic as weil as an industria1 point of view since phthalates are

used extensively as primary plasticizers. to conven the rigid pve resin into workable and

flexible compounds that exhibit a wide range of properties <iepending on the type and

concentration of plasticizer. Although the technology of plasticization is weil

deVe!c>pedll.12. the mechanjsm of plasticization of pve and its interactions with the
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plasticizer are not weil understood at the molecular level For comparison. a paralld study

was made for solutions of PVC in TCE-d2•

2.2 'l'HEORETICAL BACKGROUND

The purpose of this section is to provide a brief introduction to: Cl) the physics and

measurements of the nuclear magnetic resonance (NMR), and (2) the use of carbon-13

nuclear relaxation parameters to study macromolecu1ar dynamics. Part 1 provides a basis

for understanding two applications of major intere5t of polymer NMR spectroscopy: (1)

the determination of microstructure using 13C NMR spectroscopy and (2) the use of l3C

relaxation parame:ers for smdying the chain local motions of synthetic polymers. For a

deeper understanding and appreciation of the NMR phenomenon. the reader is encouraged

to consult a number of text books and review articles.I3-20

2.2.1 Basic NMR Theory

2.2J.l Nuclear Spin and Magnetk Moment

Ooly atomic nuclei possessing a nuclear spin angular-momentum quantum number

(or simply nuclear spin). 1, that is detennined by the number of protons and neutrons. are

suitable probes for nuclear magnetic resonance spectroscopy. As a result of this spin a
nucleus possesses angular momentum. M, given by I(h/27t). where h is Planck's constant,

and a magnetic moment, J.I., which is taken par3I1el to the augular momentum vector. The

ratio of the magnetic moment to the angular momentum is called the magnetogyric ratio.

Y. an:! is given by

'1 =..!!:.. =22tJ1.
M hl

(2.1)

•

This ratio is characteristic for a given nucleus. as shown in Table 2.1 for nuclei of major

intere5t to polymer NMR spectroseopy.

Two approaches are used to describe the interaction of the magnetic moment with
an applied magnetic field: (a) The quantum mechanical and (b) the classical trelitIIIent.

Each bas its advantages and is used accordingly in describing the various NMR
lechniques.
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Table 2.1

Natura1 abundance, spin quantum nwnber (1), resonance frequency (vo) in a 1

T field, and magnetogyric ratio (y) of nuclei of major interest 10 polymer NMR

spectroscopy.:1

Isotope

IH

2H

l3e
14N

ISN

19F

29Si
31p

Abundanœ

(%)

99.9844

0.0156

1.108

99.635

0.365

100
4.7

100

Vo
(MHz)

42.577

6.536

10.705

3.076

4.315

40.055

8.460

17.235

1

112

1

112

1

112

112

112

112

267.43

41.05

67.24

19.32

-27.102

251.59

-53.14

108.25

•
2.2J.2 Qrumtum MecJuuùcal Description ofNMR

Elementary quantum aeannent of nuclear spin predicts that the magnetic nucleus

bas 21+1 distinct spin states in which the component of angular momentum will have

values from +1 to -1 in integral or half-integral multiples of hl2lt. In the absence of an

external magnetic field, the various spin states are degenerate. However, when placed in a

magnetic field Bo the interaetion of /.:. and Bo removes the degeneracy and results in 21+1

equally spaced nucIear spin energy levels with separation -
(2.2)

•

referred 10 as the nucIear Zeeman splitting. This is shown schematically in Figure 2.1 for

nuclei with a spin 1 = l/2, e.g., proton (1H) or carbon (13C), that are characterized by two

magnetic states, m = +112 and m = -112. The energy Ievels may be thought of as arising

from different orientations of J.L with respect to the external magnetic field Bo. i.e., in the

direction of the field vector Bo (+112) and in the opposite direction (-112). The direct

relationship between âE and the magnetic field strength is illustrated in Figure 2.2, where

the energy separation is p10tted at six commonly employed commercial speclIOmeter field

strengths.
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• The relative population of the upper and lower states is given hy a Boltzmann

distribution:

N+ (âE) (2!!Bo)N_ = exp -kbT =exp - kbT (2.3)

•

where N+ and K are the populations of the upper and lower states. respectively. and kb is

Boltzmann's constant. The population difference is dependent on both the magnetic field

strength and the properties of the nuclear species under observation. There is a small

excess population of spins ir. the 10wer state. For example. for protons at room

temperatUre in a 2.34 T field. this excess is ca. 1.6 X 10-5• i.e.. for every million spins in

the upper state there is an excess of 16 spins in the 10wer energy state. For an assemblage

of nuclei. this difference in spin population leads to a bulk magnetization which can be

measured directly.

The basis of NMR experiments is to induce transitions between adjacent spin states

by absorption and emission of energy quanta. This is accomplished by applying an

altemating magnetic field BI orthogonal to the static field with a radio frequency Vt equaI

to the frequency of radiation required to induce transitions between adjacent spin states•

Voo known as the Larmor frequency. This frequency cao be obtained by substituting the

relation âE = hvO into eq. (2.2)

.,
vo=-80 (Hz)

22t
or (2.4)

As seen from this equation. the Larmor frequency is proportional to the magnetic field

strength, BOo and the magnetogyric ratio, which is a characteristic propeny of the nucleus.

For typical laboratory magnetic fields, Vo is in the radio frequency range, e.g.. ma~tic

field strengths of 1-11.75 T correspond to Vo = 42-500 MHz, for proton resonance. The

Larmor frequency of common nuclei, in a 1T magnetic field, are shown in Table 2.1.

2.2.1.3 C1IlSsiCtIl MecIumictzl Description ofNMR

Accon:ling to the classical theory of electromagnetism, in a magnetic field the

magnetic moment experiences a torque that tends to tip the moment toward BO; however,

the angle ebetween the moment and BO does not change becanse it is counterbaJanœrl by

the rate of change of its angular momentum. This causes the magnetic moment to precess
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about the direction of th~ field vector Bo• as indicated by the path traced out by the end of
the vector !.l in Figure 2.3. This figure depiclS the nuclear precession in a perpendicular

x.y.z coordinate system where the direction of the field vector Bo is defined along the z

axis.

z

v.

x

Figure 2.3. Nuclear magnetic moment !.l in the presence of an applied

magœtic field Ba acting along the z-axis of the coordinate system.

The frequency of precession is the Larmor frequency vQ> as described previously

by eq. (2.2). Thus. the nuclear moment pœcesses about BO with a frequency that is
proportional to the magnetic field strength and the magnetogyric ratio. A significant

feature of eq. (2.2) is that the frequency is independent of the angle e. On the other band,

the energy of the spin system is given by

(2.5)

•

which depends on the angle e. When a smaIl magnetic field BI is placed orthogonal to BQ>

and is made to rotate about Ba at a frequency Vo (see Figure 2.3). the angle e cao be

changed because !.l expetiences the combined effects of Bo and BI' Under these

conditions, energy is absorbed from the BI field iota the nuclear spin system. However. if
BI rotates at a frequency other than Vo then it will be in and out phase with 14 and no net

energy will be absorbed. Hence, the absorption of energy is a resonance phenomenon that

is sharply tuned ta the precession frequency of the observable nucleus.
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Therefore, by v:uying the frequency of BI through the Lannor frequency, energy
from BI will he transferred to the spinning nucleus tipping the precession angle e to a new

angle closer to the x-y plane. 11ùs will cause the magnetic moment to have a larger

component along the x·y plane which can he detected by placing a receiver coi! in this

plane. 11ùs component will he a rotating magnetic field which will induce a current in the

receiver coi! which can he amplified and plotted, indicating that resonance has occurred.

Nuclear magnetic resonance experiments can he simplified by considering a

rotating frame of reference rather !han a fixed laboratory frame of reference. In a rotaùng

reference frame, the x and y axes rotate about the z axis at the Lannor frequency, thus

producing a x',y',z' coordinate system. The effect is to produce a standing picture where

the magnetization Mo. at equilibrium. is directed along the z' axis and perpendicular to ;c',

as shown in Figure 2.4a. The BI vector now rotates with the x' axis and its frequency

det1ects the Mo vector along the y'·z' plane (Figure 2.4b). hence building up the transverse

magnetization My'. The angle of det1ection, e. through which the magnetization Mo is

tipped from the field or z'·axis. depends upon the duration of the radio frequency

irradiation, lp. called the pulse width, given ?y

(2.6)

The radiation can he kept on long enough such !hat the magnetization Mo is deflected by

90° or'lT12 radians (Figure 2.4c) thus causing all the magnetization to lie along the y' axis.

i.e•• My' = Mo- The term used for such a pulse is a 90° or 'lT12 pulse. Since it is more

convenient to discuss NMR experiments in the rotating frame, the axis primes will he

dropped and, for the remainder of the teltt, le, y and z refer to the rotating rather than the

laboratory reference frame.

2.2.1.4 Rehaatiml ofNuckar Spins

The relative populations of spins. as described by the Boltzmann distribution given

by eq. (2.3). may he eqn ali'D'1i or inverted upon application of an appropriate pulse of rf

energy. Rela:ration from upper 1evel spin states to their lower energy 1evel is made

possible because each spin is not completely isolated from the rest of the molecules in the

samp1e, ca11ed the lattice The spins and the lattice may he thought as separate systemS

that are wealdy coupled, thus providing a means by which thermal energy can be

eTChanged. Molecu1ar motions of neighboring nuclei in the lattice proville the mechanism
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Figure 2.4. Influence of an altemating magnetic field BIon the motion

of the magnetization vector Mo. in a rotating coordinate system. at (a)
equih"brium. (h) stan of deflection, and (c) 90° deflection (n/2 pulse)

\I- RE_LAXA__T_IO_N ..J/
•

a)

NMR

b) c)

for transfening thermal ene.rgy between the spins and their surroundings. These motions
generate fillCtllating magr.œtic fields that have a broad range of frequencies and. relative to
the obsetved nucleus. axe nearly random. Components of the fiuetuating magnetic fields

that have a frequency va and lie orthogonal to the applied field Ba will, liiœ BI, induce
transitions between the magnetic energy levels of the observed nuclei.

The process of retuming from an excited State to the equih"brium state is termed
spin-lattice relaxation, characterized by a time Tl which is the time required for the spin
populations to be relaxcd by a factor of e. For liquids Tl is usually in the range 10-2 to
l()2 s. Spin-lattice relaxation produces a change in energy by which the magnetic

moments with components along the Ba field are redistributed. Since it is associated with
a decay of the macroscopic nuclear moment along the direction of the applied field, Tl is
often caIled the longitudinal relaxation time.
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A second mode by which nuclear magnetic moments may interaet is shown in

Figure 2.5. As the pair of magnetic moments precess about the axis of the Bo field eaeh

will have a rotating component in the x-y plane and a static component along Bo. If the

rotating components of both nuclear moments preœss at the same frequency this will

constitute the right son of field to induce a transition and result in a spin exchange. Such

mutual spin exchange or flip-flop occurs without any change in the overall energy of the

system but clearly shonens the Iifelimes of the interacting spins. This causes a broadening

of the resonance of similar magnitude 10 the dipolar broadening. Both effects are included

in the characteristic lime T2 which describes the spin-spin relaxation. The time T2 is also

referred to as the transverse relaxation time because it is concemed with the rate of change

of magnetization in the x-y plane which is transVerse ta the direction of the BO tield.

Bo

•

•

Figure 2.5. Interaction between a pair of precessing nuclear moments

via the rotating component of their nuclear moments, a, resuIting in a spin

exchange.

2.2J.5 Chemù:Dl Shift

NMR is a usefuI spectroscopie tooi for the study of molecu1ar stru..-nJre because

even for nuclei of the same type resonance occurs at s1ightly different frequencies

depending on the chemical environment. Different resonance frequencies result from

changes. in the electroDic environment about each nucleus. wbîch may shield (greater

electron density) or deshield the nucleus re1aIive ta the applied magnetic fie1d thus
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requiring a slightly lower or higher. respectively. value of Vo to achieve resonanœ. For

example. protons attaehed to or near electronegative groups such as halogens. OH. OR.

Co,R, and OCOR experience a lower density of shielding electrons and resonate at a

higher frequency. When these protons are removed from such groups and placed into a

hydrocarbon chain they will resonate at a lower frequency. Such variations are termed

chemica1 shifts and are customarily reported relative to the resonance of tetramethylsilane

(TMS) where the chemiC"l shifts of both the lH and l3C nuclei are taken as zero. The

chemical shift is expressed in pans per million (ppm) of the total appiied magnetic field.

Because of the direct relation between Vo and BO (eq. (2.2» this conveniently allows the

chemical shift to have a constant value that is independent of the radio frequency and the

magnetic field that the NMR spectrometer employs.

For proton chemical shifts in organic compounds. the total range is only of the

order of 10 ppm. that is about 1 kHz in a magnetic field of 2.34 T. On the othe>: hand.

13C nuclei have a range that is much greater (over 200 ppm). which is one of the.principal

reasons that 13C NMR has received great attention in the study of structure of polymers.

2.2J.6 Nuclear Coupling

In addition to the slight correction of electronic screening of the local field, each

. nucleus will aIso experienœ the effects of its magnetic neighbors. Two important modes

of nuclear spin-spin coupling are dipolar and scalar coupling.

In dipolar coupling. a local field, Bloc> is produced by a proton dïrectiy attaehed to

a 13Cnucleus which is given by

(2.7)

where ± sign indieates that the local magnetic field may add to or subtraet from BQ>

depending whether the magnetic dipole of the neighboring nucleus is aligned with or
against the magnetic field, rC-H is the 13C-H intemuclear distance, and eC_H is the angle of

the 13C-H bond with the magnetic field, as shown in Figure 2.6. This form of spin-spin

coupling broadens the resonance line of a nucleus. In polymer samples. wbich are in the

glassy sure. a snmmarion over many values of 9c.H and rC-H is obtained and resu!ts in a

dipolar broadening of many kHz. However. as the rate of molecular motion begins to

exceecI the linewidth, i.e., the C-H vectors assume an angles in a lime shorrer than the

dipolar coupling, the resonance begins to narrow.
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Figure 2.6. A 13C-H bond of intemuclear distance rC_H making an angle

eC_H with the magnetic field.

The second mode by which magnetic nuclei may traIISII1Ït inform:ltion conceming

spin states is through the interVening covalent bonds. If a nucleus of spin 112 bas n

equivalently c~upled neighbOIS. also of spin 1/2, its resonance will be split into n+l peaks•
The value n+1c01TeSponds to the number of spin states of the neighboring group of spins.

i.e.. for a single neighboring spin, the probabilities of finding it with (m =+112) or against

(m = -112) Bo are nearly equal. Simple statistical considerations describe the intensities of

the peaks which are proportional to the coefficients of the binomial expansion. For two

neighboring spins. the observed resonance is split into a 1:2:1 triplet (++. +-(-+). and -­

spin orientations). The strength of the coupling is expressed in Hz and denoted by J.

Nuclear coupling between 13(; nucIei and directly bonded protons is strong and in the

range of 125-250 Hz. The splitting of the resonance ~ sometimes he1pful in making

resonance assignments but usually complicaœs the specttum and is undesirable.

2.2.1.7 Decoupling in I3e Speel1'a

The 13C isotope bas a nalllr31 abondance of only 1.1% and is referred to as a 'rare'

spin. 'Ibis relatively low nalllr31 abllndance assures that the 13C spectrum of a low

molecnlar weight compound can be co!lSidered as a mixture of molecules each containing

a single 13C atom. In other words. in unenriched samples coupling between adjacent

carbons is rare. However. substantial coupling OCCUIS between carbons and their attaehed

hydrogens as wen as more distant hydrogens, which malœs the 13(; spectta of organic

molecules .quite complex. 'Ibis problem is readi1y solved by decoupling the proton spins
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from the carbon spins. which is accomplished by irradiating the entire range of 1H

chemical shifts in the fonn of white noise such that al! of th~ proton lines are decoupled at

once. In addiüon to the collapse of mulüplets from the l3C-1H coupling. there is a

substanûal increase in the signal. This effect is caused by the transfer of spin polarization

to the carbons during the decoupling process and is tenned the nuclear Overhauser effecr.

or NOE. which will he discussed in detaillalt.'l'.

The absence of coupling hetween adjacent carbons and decoupling of proton spins

from carbon spins are tiJr.her important advantages of using l3C NMR as opposed to IH

NMR. These advantages have made l3C NMR spectroscopy the method of choice for

detennining the structure and studying the local motions of syntheüc polymers.

2.2.2 Carbon-13 Nuclear Relaxation Parameters

2.2.2.1 Description ofSpin-Lattice and Spin-Spin Re'argtjon

With the aid of magneüc energy levels. a brief qualitative description of the

relaxation processes was given in section 2.2.1.4. In this section. the use of magneüc

Vt:CtOrs wiJl he employed te fonnalize these processes.

After applicaûon of a 90° pulse, the recovery processes regenerate the nuclear spin

equilibrium .stite wbich is chaIacterized by the re-establishment of equih"briurn

magœlization Mo along the z-axïs and complete absence of the transVerse magneûzation

(My = 0). i.e.. in going from Figures 2.4c to 2.4a. The spin-lattice relaxation time TI

governs the return of the magneûzation along the z-axis, Mz. whiIe the spin-spin relaxation

time T2 governs the return of the x.y magneûzation, M.t}" to its equilibrium value of zero.

Tbese relaxation processes are best described in a rt,>tating coordinate system, as shown in

f.1igure 2.7.

The spin-spin relaxation (Figures 2.7b-e) is the decay of the transVerse

magnetization My which is assumed te occur continuously as a single exponential

dMy _ My-----
dt T2

(2.8)

•
'The preœssïng magnetic vecters lose their phase coherence and re-adopt the regular

distribution over the preœssion cone. This process cao he characterized by a time
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• 1
Spin-Iatlice
relaxation

Spin-spin relaxation

•

Figure 2.7. Magnetization 'Yeetor, in a rotaling coordinate system. at a) equilibrium. b)

after application of a 'It!2 pulse, b) to e) during spin-spin relaxation, i.e., the decay of the

transVerse magnetization, and f) to g) during spin-lanice relaxation, i.e.. re-establishment

ofequilibrium magnetization along the z-axis.
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constant T2 of the exponential decay of the nuclear induction CUITent as recorded by the

receiver of an NMR ~"ectrometer. Thus. the spin-spin relaxation rime T2 indicates the

rime required for the nuclear induction cUITent to drop ta 36.8% (lie) of its original value.

During spin-lattice relaxation. the nuck:ar spins in the excited state retum to the

more stable state. The Boltzmann distribution of nuclear spins. which was disrupted by

excitation. is re-established and the magnetization along the z-axis resumes its equilibrium

value Mo- This process is depicted schematically in Figures 2.7f-g and can be described by

~-
dt

(2.9)

•

•

where the spin-lattice relaxation is assumed as a continuous incrcase in the magnetization

along the z-axis, Mz. to the equilibrium value Mo with a time CODStant TI' the spin-lattice

relaxation time. Physically. TI represents the time that is required after the perturbation to

recover l-lle. or 63.2 %. of the magnetization lost as a result of the perturbation.

For a given type of nucleus. the spin-spin and spin-lattice relaxations cau proceed

at different rates. In the solid state or with macromolecules in solution, the spin-lattice

relaxation is slower than the spin-spin relaxation, Le., TI> T2' In smal1 and medium sized

mo1ecules in solution, bath processes proceed at the same rate, Le.• TI = T2' The spin­

spin relaxation time cau Ile obtained as the invexse of the liDewidth; however, labaratary

field inhomogeneity conttibutes to line broadening making it difficult to measure T2

acc:urately. Therefore. the relaxation parameters that will Ile considered in this study are

TI and NOE.

2.2.2.2 Measurement ofSpin-1qttjce Reltrcation Time

The most frequently employed method for measuring spin-lattice relaxation times

is the 'inve%Sion recovery method'. In this method, the spin-lattice relaxation is initiated by

a pulse whose duration is snfficiently long to rotate the magnetization through 1800
• or 1t

radians, which inverts the B,J!tzmann distribution of nuclear spins and hence the

magnetization from its equih"brium value Mo- ACter a perfect 1t pulse. al1 the magnetization

lies along the z-axis, bence no signal appears on the receiver coil. To monitor the

magnetization, a 1rl2 pulse is applied which rotates the remaining z magnetization onto the

Yaxis producing a signal of amplitude A that depends on the magnitude of the remaining z
magne'izarion. If the 1rl2 pulse is applied immei!iate1y after the 1t pulse. the magnetization
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Figure 2.8. Vector diagram of the inversion recovery pulse sequence.21

will not have recovered to any signiticant extent, hence the ml:gnetization will lie along the

-y axis thus producing an inverted signal, Figures 2.8b-c. If. in a separate experiment, a

slighùy longer delay is applied, the magnetization will have recovered to a point just below

the origin, thus after application of a W2 pulse a S!J]aller but still invetted signal will be

produced, Figures 2.8d-e. If a slighùy longer delay lime is chosen prior to the W2 pulse.

the magnetization will pass through the origin thereby generating a +y n:agnetization and

hence a positive signal. Figures 2.8f-g. Choosing a snfficiently long delay between pulses

will allow the magnerizarion to be relaxed to ilS equi1ibrium value ofMa. Figures 2.8h-i.

By running a series of separate experimenlS in which the delay limes are varied, a

magnetization anywhere between -Mo to Mo can be produced, corresponding to specua
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with a signal amplitude ranging from -A". to +A"., as shown in Figure 2.9 for a series of

proton-decoupled I3C spectra of the meLhine and methylene regions of PVC in TCE-d2

with dclay times ranging from 0.01 to 2.5 s rccorded with the sample at a temperature of

101°C and a magnetic field strength of 75.4 MHz. The pulse sequence for such

cxpcrirnents can he written as:

(1t-td -1t/2-AT - W)nt
(2.10)

•

•

where td is the operator controlled deJay time, AT is the acquisition time. W is a suitable

waiting time hefore the sequence is repeated. and nt denoles the number of transients or

repetitions. This sequence is reprcsented schematically in Figure 2.10. If the total time

hetween sequences or the rccovery delay (= W + AT) is sufficiently long,;::: ST]. to allow

the magnetization to recover fully to its equilibrium value !ben the time-dependent signal,

can he described by:

(2.11)

Data reduction can he achieved in two ways: (1) semilogarithmic plot or (2) an iterative

exponential fiL

2.2.2.3 Meclumism of l3e Spin-Lattice Relaration

As discussed previously. in spin-lattice-relaxation the spin system retums from a

disturbed state to its equilibrium state by transferring its excitation energy to the

surroundings. The link by which thermal ener..:' is exchanged is provided by LUolecular

motion. Each carbon-13 nucleus experiences flucmating local fields, that originate mainly

in the same molecule. Potentially these fields can deve10p via four mechanisms: (1)

Chemica1 shift anisotropy (CSA) that arises from the anisotropie (i.e.• dircctional) nature

of the magnetic shielding of nuclei; (2) scalar coupling (SC) in which spins of two

proximate nuclei in a molecule w:dergo coupling; (3) spin rotation (SR) that originales

from the fact that molecules are rotating charge systems; and (4) dipole-dipole interaction

(DO) whereby ea5~ nuclear spin generales a local magnetic field. as descrïbed fonnally by

( 'l 7) ".'eq. _. .

For carbon-13 nuclei in organic :nolecules. especially those linked to protons. the

only significant mechanism is the dipole-dipole interaction with neighboring magnetic
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Figure 2.9. A series of proton-decoupled carbon-13 speC1l'a displaying

the effect of altering the operator controlled delay time lei on the signal

amplitude of the methine and methylene regions of PVC in TCE-d2

recorded at a magnetic field strength of 75.4 MHz and at T=101 oC.

712

AT W

Figure 2.10. The inversion recovery pulse sequence, where AT is time

for :he spectrometer to acquire the data and W is a waiting period before

the next sequence is repeated wbich allows the magnetization to reach its

equilibrium value Mo. usually of length equal te STl'
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nuclei. mainly protons. The preponderance of dipole-dipole relaxation relative to olh~r

mechanisms bas been examined previously by Cutnell and GIaseL23 MolecuIar motions

and rotation of the 13C_lH bonds are fast and the orientations of these bonds relative to

BO will be changing constantly. Such constantly imposed magnetic re-orientations

generate fluctuating local fields which, given sufficient strength and frequency. will

contribute to the relaxation of the nuclear spin.

To explore funher the dipolar induced relaxation process. the translationaI and re­

orientational modes of molecular motion must be described formally and in physical terms.

Due to the compIexity of the random process. it is not possible to describe all of these

processes in causal terms and one must resort to a statistical description of the motion.24

A description of such random lime processes is best giv-.:n through the medium of time­

correlation functions25 that describe the persistence of con-clation in a sequence of time­

ordered events. Assuming that the molecules cao be de:;cribed as Brownian particles. the

local dipole field bas the following properties:

1. The average value ofBloc over lime is zero. i.e.•

(B,..(t)} =0.

The Mean square average value ofBloc over time is non-zero. i.e.•

(B;'(t)) *0.

The val~e of Bloc at lime t-+'t does not in any manner depend on the value

at lime t. provided that 't is snfficiently Ion!!. i.e••

(Bloc(t+'t).B,..(t)) =0, atlong 't values.

At snfficiently short 't values, the quantity is expected to have a finite value.

These characteristics are embodied mathematically in the so-called time-dependeu.

correlation function G(t) of Bloc which, at a reference lime of zero, is given by the

ensemble average

(2.12)

The lime dependence is produced by the natural molecular motion in the system.

Qualitatively, this function describes the persistence of a dynamical property before being

averaged ta zero by molecular motions and is panicularly usefuI for describing wealdy

coupled systems. as is the case for a nucIear spin system and its lattice.26 In other words,

this function describes the lime scaIe for decay of inherent motional arder in the system.
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InfoMlation on the molecular system depends on the value of G(t). and as G(t) decays

towards zero so does the knowledge of the dynamical processes.~4 In simplistic œrms.

G(t) provides information conceming the orientation of a collection of inll:muckar vectors
- in particular the 13C_1H internuclear vector - in the laboratory frarne.~7

Since the time correlation function embodies an of the information about

mechanisms and rates of motions. obtaining this function is crucial for a quantitative

interpretation of the relaxation data. The Fourier transformation of G(t). the spectral
density function J(CI)). given by.

+-
J(CI)) = JG(t)eilDt dt

-00

(2.13)

•

•

provides a means of characterizing the frequency distribution and magnirude of the

fluctuations in Bloc- Thus. J(CI)) simply represents a transformation from the time to the

frequency domain and may be thought of as the power available, at a frequency CIl, to relax

the spins in question. IfG(t) decays to zero quickly. information about the system is lost

quickly and the frequency spectrum is narrow. i.e•• molecules have only a short memory of

their previous state of motion. However. if G(t) decays slowly information persists and

the frequency spectrum is broad.24

2.2.2.4 QlUIIIIUm.Mec1umù:al Tretltment ofBloc

We now focus our attention on the derivation of expressions for the Tl and NOE

of a 13C nucleus relaxing purely by a dipolar interaction with a proton. For a more

detailed and rigorous treatiDent, reference cau be made to the .: ~cellent review article of

the theory of 13C relaxation by Lyerla and Levy.211 Since spin-lattice relaxation involves

the transition between energy leveI$ brought about by a fluctuating magnetic field, such

that Bloc « BOo the spin-lattice process cau lx; treated via time-dependent pertu-,,·,tion

theory. Figure 2.11 shows the energy leve1s and associated transition probabilitie.s ,or a

13C-IH dipolar relaxation mechaniS'IL The IH spectrum consists of a doublet from the

corresponding 1,3 and 2,4 transitions, where relaxation is characterized by the single

quantum transition probability WlH' Sïmilarly. the 13C spectrum consists of a doublet



57

+-

•

++

Figure 2.11. Energy level diagram for a two-spin system, 13e and IH,

with transition probabilities denoted as Wi , where i refers to the total

change in spin quantum number and the first sign of a particular state
denotes the spin of IH. . .

corresponding to the transitions 1,2 and 3,4 with a transition probability Wle. Wo is a

zero-quantum process arising from a mutual spin t1ip and W2 is a aouble quantum process

which corresponds to the simultaneOus relaxation of bath spins.

Taking into consideration the properties of Bloc and the tteatmeDt of an a-+13
transition, the transition probability W~ is given as

(2.14)-
which by analogy to eq. (2.13) is equal to J~(O>ap). Bence, the transition probability

W~ is directly re1ated to the specttal density function al frequency~ and this relation is

the link betweeIi Tl and infClmlation conœming molecular dynamics For a dipolar
merhanism. the perturbing Harnjltonian can be written as a product of a spin oper...or and
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second-order spherical harmOlÙCS thus allowing the detennination of the transition

probabilities. specified in Figure 2.11.

Wo =-!... K2Jo(mH-mç)
20

WIC = ~K
2
JI (mç)

WIH = ~K
2
JI (mH)

Wz =~KzJZ(mH+mç)10

(2.15)

where me and CI>H are the 13C and IH Larmor frequencies. respectively. the subscript for

each J refers to the total change in spin quantum number upon a transition.

K='YH'YCII/~-H where 'Ye and 'YH are the magnetogyric ratios of 13C and IH nuclei.

re~..peetively. re-H is the C-H internuclear distance. and 11 = hl27t where h is Planck's

constant.

lbrough the differential equation describing the rate at which the z-magnetization

for a l3C nucleus approaches its equilibrium value in a two spin system. Solomon29 bas
shown that under random noise proton decoupling conditions. the 13C spin-lattice

relaxation rate is given by

1
-=WO+2WIC+WZ
Tl

(2.16)

Solving the differential equation under steady state conditions leads to the familiar nuclear

Overhauser enhancement value

(2.17)

By substituting the various transition probabilities, described by eq. (2.15). into the

expressions for Tl (eq. (2.16)) and NOE (eq. (2.17)). the spin-lattice relay ation rime and

the nuclear Overhauser enhancement can Ile expressed in ternIS of the spectral density

function, Ji(Clli). and in the SI system30,31 they are given as follows:
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where Ilo is the vacuum magnetic penneability and nH is the numher of directly bonded

protons.

2.2.2.5 Experimental Approach

l'hus far it bas been shown that a random process is best described by the lime­

correlation function whose Fourier transformation is the specttal density function. In

addition. the transition probabilities that in tum determine the value:. of Tl and NOE are

also directly related to the specttal density function. l'herefore. obtaining the specttal

density. aclUally its Fourier inverse. the correlation function. is the ullimate objecti'le of

relaxation slUdies. Unfortunately. at a given magnetic field strength, measurements of

relaxation parameters respond to vallles of J(oo) at a limited numher of frequencies. Hence

it is impractical to obtain J(oo) over a wide frequency range and in sufficient detail to

derive G(t). Under these circumstances, the most promising approach is to:

(1 j Derive an adjustable form of the correlation function based on a physically

reasonable dynamical model for the polymer molecule;

(2) measure severa! relaxation parameters at different resonance frequencies so that

J(oo) can he sampled discretely at severa! frequencies giving some insight into the

form of G(t); and

(3) use the experimental data as a sound basis for critically testing the theories of

polymer chain motions.

This approach is useful in severa! ways: (1) By ~uggesting a functional form of the

correlation î.mction, experimental data can he tilted and relevant parameters can he

extracted; and (2) a good fit of the data to the theoretical mode! serves as an experimental

verification of the proposed mechanism.
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2.2.2.6 Models

Single correlation time mode!. The simplesl mode! views the polymer chain as a

rigid sphere immersed in a viscous continuum. The macromoh:cuh: reorientales hy small.

random diffusive jumps. i.e.• by isotropie rotaùonal diffusion. The ùme correlaùon

function. or the loss of memory of the previous motional stale. is a single exponenùal

function of time decaying with a time constant. 'tç. the molecular correlaùon lime

(2.20)

The correlation lime may be thought of as the lime involved betwecn diffusive sleps in the

state of motion of the molecule. Substituting eq. (2.20) inlo eq. (2.13) and integrating

yields the familiar expression for the spectral density

With a quick g1ance at this equation three characœristics of J(CiI) readily become apparent:

(1) It reaches a maximum value when Cil = 0; (2) in the range Cil « l/'tc. it i~

approximately constant; and (3) it decreases with increasing frequency as Cil -+ I/'tç.

Additionally. the condition mat
•

_ 'te
J(CiI) = 2 2

1+Ci1 'te

00

fJ(CiI)dCil = 7t/2
o

(2.21 )

(2.22)

•

indicates mat me total spectral density is constant and independent of 'tç. In other words.

variation in 'tç does not change me available molecular power, it merely changes the

distribution of me spectral density over me frequency spectrum. This is convcnicntly

displayed in Figure 2.12 which shows me spectral density function as a funcùon of

resonance frequency for three values of 'te:

(1) At large values of 'te. corresponding to slow motions that are gcnerally found in

large molecules, stiff chains, or viscous solvcnts;

(2) at small 'te values corresponding to fast motions such as mosc found in small

molecules. or very flexible chains; and

(3) an intermediate case whcn 'te == 1ICllQ. where CiIQ is the resonance frequcncy of the

observed nucleus.
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Sbort 'te(Cllo < lI'te)
I-----+t-----+----.....::.

Q)

Figure 2.12. The spectral deDsity function (motional frequency) as
function of frequency for three values of the correlation lime 'te, long,

medium, and short(~ corresponds to the nuclear Larmor frequency).

As discussed previously, for an efficient spin-lattice relaxation sufficient power
must Ile avaùable at the Larmor frequency. In the case where the correlation lime is long,
the component at~ is weak, as is readi1y seen from the dashed verticalline seen in Figure

2.12. In the short 'te case, the frequency spectrum is broad and none of the components is

very intense. Whereas at intennediale correlation limes, the resonance component is

mamn1Jl!1. This result indieates that the Tl will Ile relalively small or a minimum at the
intennediate case, where 'te == l/~ and large for the relalively short and long correlation
limes, i.e.. 'he value ofT1as a function of 'te goes through a minimum.

For the single rotalional model, Tl and NOE values cao Ile calculated by

substituting the corresponding spectral density function, descnèed by eq. (2.21), into

equations (2.18) and (2.19), respectively. As shown in Figure 2.13, a plot of the Tl
values, calculaœd for a magnetic field strength of50.3 MHz. as a function of 'te illustrateS

that the Tl does indeed go through a minimum. This:5gure also illustrates the behavior of
the NOE as function of'te. It shows that at short correlation limes, i.e., fast motions, the

NOE has a maximum valne of 2.988 and as molecnlar motions become slow it decreases

very sharply in the vicinity of the Tl minimum, reaching its minimum value which is
slightly1aIgerthan unity (1.154).
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Figure 2.13. CaL.."U1ated Tl and NOE curves. using the single com:lation
model, for a l3e nucleus reJaxed. via the dipolar relaxation mecbaniS1D. by

a single directly bonded proton al magnetic field strength of 503 MHz.
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Since l i (Cllj). in eq. (2.18). is magneùc field strength dependent il follows that hoth

T! and NOE are also frequency dependenL The frequency dependence of T! and NOE L'

illustrated in Figures 2.14 and 2.15. respecùvely. From Figure 2.14. it L' readily seen that

as the magneùc field strength increases the value ofT! at the minimum increa.'es and shifL'

to smalier values of 'te. Similarly. in the NOE field dependence. the point of inl1ecùon

occurs at smaller values of 'te as the magneùc field sttength is increa.,ed. a.' is shown in

Figure 2.15. At very fast moùons. i.e.• wl1en too'te « I. hetter known a.' the extreme

narro\Ving condiùon. all l i (Ol;) become equal to 'te and the cquation for T! and NOE

simplify to

.!.=n 1: (llohî'a"Yc)'Tac 47tr:3
, C-R

(2.23)

(2.24)

•

Under this condition Tl and NOE become frequency invariant; however. the higher the

magnetic field strength the more rapid is the motion necessary te satisfy Ibis condition.

Due to the constraints imposed on the chain frem its connectivity. it secms

reasonable that the motions that are responsible for the spin-Iattice relaxation are too

complicated ta be described by an isotropie rotational modeL The IWO main pieteS of

evidence that suppon the idea that the segmental or local motions are responsible for the

Tl relaxation as opposed to a simple rotation are: (1) Tl values have been found to he

independent of chain length when the degree of polymerization is higher!han 100;32.33 (2)

fluorescence depolarization experiments that measure directly the autocorrelation function

have unambiguously shawn that experimental data cannot be described by this simple

modeL34.35

In addition to local confonnational changes. a polymer chain can cxpcrience a

variety of motions. such as rotation of the whole chain or tumbling of large segments of

the chain at much lower frequencies !han the backbone local rearrangements. as weil as

motions of pendent groups. e.g.• methyl or phenyL In view of the \Vide variety of motions

\Vith different rates and mechanisms. it is not surprising that eq. (2.20) is an unrealistic

mode! for describing the aetual spectral density function for a flexible polymer chain, as is

weil documented in the literature.'-3.5.36 Nonetheless. 1(00) still bas the fonn of eq. (2.21)
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and the behaviors of Tl and NOE are similar 10 those shown in Figure 2.13. with the

exception that a raised and broadened Tl minimum as weil as hroadened NOE transitions

are generally observed.

Since the models describing segmental dynamics in tle:ùhle polymcr ehains have

been reviewed very comprehensively by Heatleyl.3. only a short description of the model~

and the associated correlation functions and spectral densities are given below.

Log-X2 distribution mode!. The simplest approach to dealing with the complex

motions of a flexible polymeric chain is to analyze th~ experimental data in terms of a

distribution of correlation rimes. With such models one expects that ü the distribution i~

physically reasonable then rrends in the distribution parameters as a function of

temperature. solvent, etc.• can provide some insight regarding the polymcr motions. The

spectral density function. in eq. (2.21). is easily modified to accommodate a distribution of

correlation rimes. (;(1:). for isotropic reorientations. and is given by

For practical purposes. it is convenient to define the density function on a

logarithmic scale because the polymerie motions cover a wide range of frequencies so that

the correlation rime 't generaliy covers severa! orders ofmagnitude. Generally. a variable s

is used which is a function oflag 't. Hence, the distribution function (;(1:) is replaced by

F(s). a density function which is a function of S, i.e.•

•
-- 't

J(oo) = JG('t) 2~ àt
o 1+00

G('t)d't=F(s)ds

(2.25)

(2.26)

•

The function adopted by Schaef~ is an extension of a logarithmic scale of the X2

distribution and hence is referred to as the log-X2 distribution madel The choice of Ibis

function is based on the fact that it bas a skewed distribution with a tail towards longer

correlation rimes. This is in accordance with the argument that polymeric motions should

he dom;nated by high frequency local motions but the final loss of correlation should he

attained by low frequency cooperative motions. The log-X2 distribution is one of the

earliest models used in.interpreting polymerie relaxation data in termS of a distribution of

correlation rimes associated with correIated interactions between repeat UDÏts, as well as

correlation rimes in the exlXeme narrowing region. The norma1iml distribution function is

givenby



• F(s)=_P_(PS),,-t e-PS
r(p)

(2.27)
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where the parameter p is related to the width of the distribution and np) is the gamma

funetion of p and represents a normalization factor. The variable 5 is detïned by

(2.28)

where 't is the average correlation rime that defines the center of the distribution and the

logarithmic bllSe is described by the parameter b.

The effect of the width parameter p on the normaIized distribution funcùon is Dest

illustrated in a plot of F(s) as funcùon of s, shawn in Figure 2.16. At low values of p. the

1.5

-

• 1.0
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li:'

0.5
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0.0 L-L----.jL--~:::::::...::::::::~
o

s

•
Figure 2.16. The log-12 distribution of correlation rimes. F(s). proposed

by Schaefer6. for three values of the width parameter. where the variable s
is definM in eq. (2.28).
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distribution function is asymmetric having :;. greater density for long correlation times. A.,

p increases the distribution becomes narrower. ine\;tably arproaching a ô function as

p~. In facl. when p ~ 100 !bis mode! reduces to the single correlation time model.

The spectral density function for this mode! is given by"

+<0 - s
1-(001)= J F(s)'t(b -1) ds

1 [""J* s *o ., - b-l
(b-l) I+CI>j't [ b-l ]

(2.29)

•

By substituting !bis expression into equations (2.18) and (2.19). TI and NOE can he

numerically calculated as a function of 't. p. and b. Although b is an adjustable pararneter

it is generally fixed at 1000. Therefore, in practice. the 10g-X2 distribution is a (Wo­

parameter modeL Figure 2.17 shows the effect of the 10g-X2 distribution of correlation

limes on Tl for (wo values of the width parameter p. i.e.• for a narrow (p = 100 and

b = 1000) and a wider (p = 8 and b = 1000) distribution. For the narrow distribution. the

calculation yields a Tl curve that is identical with the prediction of the single correlation

modeL On the other band, the distribution that is relatively broad yields a shal\ower.

flatter. and asymmetric Tl curve. In addition. there is an upward shift of about 30 ms in

the Tl minimum. Examp1es of calculated NOE Values as a function of log(~) for four

values of the width parameter are shown in Figure 2.18. As seen from these plots. for

p < 20 and ~ < 10.9• the NOE values can Ile substantially less !han the theoretical

maximum of 2.988 and the NOE shows a more graduai dependence on 't.

In 5'J1TIm ary. as the width of the distribiltion increases. i.e.• as p decreases. the TI

minimum is raised and broadened. The NOE shows a more graduai dependence on 't and

bas a value that is substantially Jess !han the theoretical maximum of 2.988. which is in fact

the behavior displayed by most polymeric systems. As discussed previously. the major

drawback of the use of distribution functions is that they are curve-fitting techniques and

lack detailed insig!lt into the nature of chain motions. More attractive theories based on a

molecular description ofsegmental motions have been developed.

Although it bas been shown that conformational jumps are responsible for the local

chain dynamics, the precise nature of these jumps remains to Ile delined. Initially. when
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Figure 2.17. Plots of calcuIated TI, for a 13C nucleus with a single

attached proton aI a magnetic field strength of 22.6 MHz, for two values of

the width parameter of the log-:x:2 distribution model. i.e.• a narrow (p =
100 and b =1(00) and wider (p =8 and b =1(00) distribution.6
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Figure 2.18. Sample calculatiODS of the nuclear Overhauser

enbancement. NOE, at a magnetic field strength of 22.6 MHz, for four

values of the width parameter P of the log-:x:2 distribution model.6
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confonnational transitions of a 11e."<ible chain were considered one was faced with the

conceptual difficulty that when a rotation is restrictt.'li about a single hond without any

confonnational changes occurring in the remainder of the chain. then a large part of the
chain must move through the "liscous medium with a prohibitively large dissipation of

energy. as shown in Figure 2.19a. Intuitivcly. this difficulty was circumventcd hy

suggesting37-11 that (wo rotations OCCIl:" simultaneously so that only a small portion of the

chain moves through the medium (Figure 2.19b). TIùs is ofœn referred to as a 'crankshaft­

Iike motion'.

\

1
\
\

....

Figure 2.19. Schematic representation of (wo possible confonnational

transitions that can occur in a polymer chain: (a) a single rotation about a

single bond in the backbone; (b) a crankshaft-Iike motion which is

characterized by the simultaneous rotation about (Wo bonds in such a

manner that the chain ends remain undisturbed during the transition.42

Later, Helfand"3 cJassifiM segmental motions of polymers into three general types.

that differed according to the rclative positions in the initial and final states of the taiIs

attaebed to the mobile segment:

Type 1 morion: Type 1 motions are characterized by the fact that they leave the taiIs.

attaehed on either side of the segment undergoing the motion, in the same position during

the transition, i.e., transitions of the 'crankshaft' type. The confonnational changes that

occur in such a transition are illustrated in Figure 2.20 where a short sequence located in

the middIe of the polymer chain that bas an initial confortnation of Pttg+nQ will, at the end

of the transition, have the confortnational sequence Pg+rg-rg+Q, whete r and g denote

'trans' and 'gauche' bond confortnations. respectiveIy. and P and Q denote the taiIs on

either side of the sequence~oing the transition.
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Figure 2.20. Schematic representation of a typical type 1 trar.sition. i.e.•

a three bond motion which is characterized by the confonnational sequence

transition: Pttg+nQ ~ Pg+rg'rg+Q.

Type 2 motion. In this motion the chain ends suffer a translational motion such that the

angular orientation of the two is unaffected. Two examples of this motion which.

according to computer simulations. occur readily are illustrated in Figure 2,21 and are

known as gauche migration, Pg+nQ ~ Pttg+Q'. and pair gauche production.

PmQ ~ Pg+tg·Q'.

Type 3 motion. A type 3 motion alters the orientation of one tail relative to the other. Le.•

the orientation of P relative to Q changes. A simple example is a single bond rotation

which can he characterized with the following conformational sequence reaction.

PtQ~ Pg+Q'.

Intuitively. one would expect type 1 transitions to he most favored SÜ1ce these

minimize solvent friction. Using a modification of Kramer's theory of the rate of passage

over a potential batrier. E*. Helfand bas shown that the diffusion-controlled rate constant

<kcV for a type 1 transition, is given by

•
(2.30)
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(a)

(b)

Figure 2.21. Schematic representation of two examples of a lype 2

tranSition, (a) a gauche migration. Pg+nQ : Pttg+Q'. and (h) a pair

gauche production. PmQ : Pg+tg'"Q'.

where Sï. is the friction constant for atem i in the mcbile unit located al a distance fi from

the rotation axis. lXA and lXB are quadIatic force constants in the initial and final states.

respectively. kB is Boltzmann's constant and T is the temperature. Increasing the number

of bonds that undergo a tranSition will increase E'" whereas an increase in the size of the

kinetic unit will increase the frictional forces between the kinetic unit and viscous medium..

i.e.. the l !;II\. Assuming that Sï. is proportionalta the solvenrviscosity. and lXA' aB and

E'" are independent of solvent, eq. (2.30) indiC3tes that kci oc: 11.1 and since 't oc: kci·1 il

follows that Tl oc: 11,1. Although the concept of type 1 transitions was originally intended

ta apply to conformalional tranSitions of polymers in the bulle, it was later used in

consideration of the conformational mobility of flexibJe.cl1ain molecules in highly dilute

solutions. As a matter of fact, type 1 transitions formed the basis of the early models of

polymer motion for relaxation analysis.

Jones-Stockmayer (JS) mode!. The JS mode! originates from the general

"tetrahedra1 or diamond lattice" model first proposed by Valeur and collaboratars (VJGM
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mode!)..... The VJGM mode! is bascd on thrcc and four-bond motions. i.e.. "crankshaft"

motions which are allowcd to occur in a polyrncr chain embcddcd in a retrahedral lattice.
-t -+ -+ -+

where cach bond can occupy one of the four directions. a, b. c ,or d. as shown in

Figure 2.22. .6,s a result of the chain connectivity and the restriction imposed by the

lattice. i.e.• "oin::idence of the bonds with the direction of the latrice. the slTlallest group

that can move is comnoscd of thrcc bonds and corresponds to a g+ -> g" confonnational• <-

change. In renns of the evolution of the onentation of the vectors, the orientation of the

first and third bonds have been inrerchanged.

8

1

Figure 2.22. Representation of a thrcc-bond motion of a chain

embeddcd on a diamond lattice. This motion corresponds to a g+ -> g­
<-

nfi 'alhan th~ll' ...co onnatlon c georto e.o owmgevolutlon b,a,c;:: c,a,b of the

orientation vectors of the bonds 3-4-5-6 ~ 3-4'-5'-6.

In solving the lattice equation wbich describes the thrcc-bond motion, Valeur, et

al.... uscd a continuous limit approximation that led to an expression with an unrealistic

infinite slope of the resulting lime cotrelation fonction at t = 0 and a slow decay,

proportional to ~112 at long limes. Jones and Stoekmayer7 overcame these shorteomings



• hy introducing an arbitrary truncation of the confonnaùonal coupling of the molion along

the chain. According to this re fmerl mode!. in the absence of overall tumhling and internai

rC'tations of pendent groups. the correlaùon funcùon is given hy a discrete distrihuùon of

exponential functions. i.e.•

5

G(t) = I,Bkexp(-t/'tk)
k=l

and the spectral density function by

(2.31)

(2.32)

•
('t0-1= w3 Àsc; s == (lI1tl+l)12

The values of Àsc anc;l <3Jc are found from the sharp cut-off solution of the three-bond jump

equation as

G 1 2 s~l9 -n (.:.;(2:..;,;1--:--",1>",-7I:IJ",-)k=-+-.L. e ~cos -
S S '1=1 2s

(2.33)

(2.34)

•

The two adjustable parameters in this mode! are w3. the characteristic frequency or rate of

OCCUIreIIce of a three bond jump. that is usually expressed as the harmonic mean

correlation time, 'th = (2w3)-1, and lI1Jl, the number of bonds involved in the cooperative

motion, or the quantity, 2mb - 1, wbich stands for the chain segment expressed in bonds

that are coupled to the central bonds. No com:lated motions are assumerl outside that

segment. The parameter 2mb - 1 represents the breadth of the distribution of correlation

times and ensures the aforementioned trancation.

Although the displacement of the chain ends involved in a type 2 motion malœs it

Jess favorable than a type 1 motion, a smaller activation energy is associated with the
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rOmler. In facto the activation energy for a type 2 motion is only slighùy greatt:r than the
barrier st:parating the !fanS and gauche States (ca. 10 kJ mol-!VS.SO Even though a type 1

motion does not induce any displacement of the ends of the sequenc<:: undergoing the

motion. hence the viscous friction j,; limited to the group of moving atoms and is very

weak, it does however. require the simultaneous orientational change of (WO bonds. This

implies that (WO energy barriers have to he crossed corresponding to an activation energy

ca. 20 kJ mol'!, Ù., twice the energy barrier for the trans-gauche transition.

Based on experimental findings'2.5~·S7 and theoretical calculationsSll-61, the

existence of crankshaft-like motions bas been questioned. For example, experimental data

obtained by Morawetz and co-workers-'2.:'6.S7 showed that the temperature dependence of

excimer fluorescence in polymeric systems is virtually identical to that in their small

molecule analogs. containing the same chromophore, proving that confomlational

transitions of polymer chains cannot involve (WO simultaneous rotations. Funhemlore,

observed activation energies are considerably lower than those expected for crankshaft­

like motions.SI That is, assuming that the activation energy for correlation rimes or the

apparent activation energy can he written as Ea = E* + ~, where ~ is the viscosity

activation energy of the solvent. observed values of E* were found to he about

10kJ mol-1which is more consistent with just one rotation abo~t a single bond.62

HalI-Weber-Helfand (HWH) mode!. At that rime, (wo issues had to be

resolved. FlISÙy. it appears that the possibility of (wo simultaneous hindered rotations has

to he excluded. Secondly. a single bond rotation is difficult to justify since the attaehed

end would undergo a 1arge swinging motion thus creating an enormous frictional

lt:SÎStance which would cause the rate of the motion to he exceedingly slow and dependent

on the chain length, in contradiction te the experimental faet that relaxation rimes are

independent of molecular weight. To obtain some insight concerning these problems.

theoretical calculations and kinetic theory analysis of conformarional transitions were

performed.

The .-theoretical calculations. in the form of Brownian motion computer

simulations. by Helfand, Wasserman, and WeberS8,S9. showed that the rate-controlling Step

is the surmounting of a single internal rotational barrier with an activation energy

approltimately equal to one barrier height between the trans and gauche states. These

simulations also revealed another important feature: following the transition of a single

bond there is a strong increase in the transition rate of its second neighbor bond. The

transitions desctibed previously as the gauche migration and gauche production., as shoWIi

in Figure 2.21. were found to dominate. accounting for about 80% of all of the pair



• transitions. Sine.: these frequently ohserved pair transitions can occur withollt invnlving

the rotation of the emire chain end. hut only a small translation nf part of lhc ch:lÎn enù.

this greatly redue.:s the liictional resistance.

In addition. kinetic theory analysis hy Skolnick and Hc1fanùotl n:wakd that thc

reaction coordinate is always a localized mode. i.e.. as rotation of thc lirSl hond nccurs thl'

movement of the remote carhon atoms falls off exponemially with dislance along the

chain. Therefore. individual transitions are justilied hy the fact that tbey are accompanied

hy librational t1uctuations in neighhoring hond~. which are denicd in a strict lanice mndel.

in such a manner as to localize the motion. In pair transitions. hefore the distortion ha.~

had an opponunity to spread. the counter-rotation of the second-ncighhor hond is hrought

to the point of its own transition. as the flfst transforming bond continues to the bollom of

its new conformational energy weil. Sincc the activation energy is one harrier height. this

suggests that the IWO processes occur in a coherent, sequential fashion.

Hall. Weber. and Helfand8•9 used this information to deve!op a mode! which takes

into accounl correlated pair transitions and isolated transitions occurring with correlation

limes 'tl and 't0' respectively. The pair transitions ensure the propagation along the chain.

while isolated. i.e.• single bond transitions. are responsible for damping. Analytically. the

motions are represented by the following correlation function

G(t) =exp(-t/ 'to)exp(-t/'tl)IO(-t/'tl) (2.35)

where ID is the modified Bessel function of order zero. Fourier tr'.II1sformation yie!d~ the

following spectral density function

where
1 2 2a=-+---Q)
't~ 'tO't1 i

and

•
Dejean-Laupretre-Monnerie (DLM) model. While the HWH model

represented a significant advance in describing polymer chain local motions. in many cases

it undereslimated the value of TI at the minimum. Furthermore. it could not account for

the different local dynamics observed at different carbon sites of a polymer chain.63 The

model proposed by Dejean. Lauprêtre. and Monnerie (DLM)IO is a clever modification of
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the HWH model which corrects for these deficiencies by introducing an additional

independent motion with a correlation rime that differs from the correlation rime for

orientational diffusion along the chain. This motion is superimposed on the backbone

rearrangement and has been attributed to molecular librations. of limited extent. of the

C-H vector inside a cone of half angle. el. the axis of which is the rest position of the C-H

bond (Figure 2.23). This type of librarional motion which must he faster. as supported by

results derived from fluorescence anisotropy decay64 and NMR6S.66, and more local than

the orientarional diffusion along the chain. has been described independently by

Howarth.67

\--i----­
\
\
\
\
\

\1
\ 1
\1

13

"c/c"c/
Figure 2.23. Depietion of the hllrarional motion as described in terms of

a random. anisotropie fast reorientarion of the C-H vector. with a
characteristic coaelation lime -2. inside a cone of balf-angle. St. the axis of

which is the rest position of 13C-1H bond.

Henee. in this model the local chain motions eonsist of conformational jumps and

bond librations. Assuming that these motions occur independently. Dejean-Lauprêtre­

Monnerie1o used the HWH coaelation function ta descrihe the effect of eonformational

jumps and the Howarth description of bond libration, to obtain the following eoaelation

funClion

G(t) = (l-A)exp(-tl 'to)exp(-tl 'tl) Io(-tl'tÛ+Aexp(-t/'tÛ (2.37)
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where 'tz is the correlation rime for the librational motion. 't\ and 'ta are the correlation

rimes for pair transitions and isolated tranSiuons. respectively. as descrihcd previously for

the HWH model. and

(2.38)

The Fourier transfonn of eq. (2.37) yields the following composite spectral density

J () l-A A't 2
jOli V-: + ~2

(u+iIW2 l+Oli'S
(2.39)

•

e.

where the parameters u and ~ have been defined in the HWH modeL

These authors have shown that the height of the Tl minimum is highly dependent

on the conic halfangle, i.e., as the half angle increases the Tl minimum increases in value.

In addition, the 'tl!'tz ratio influences only the Tl values in the long tenu or slow motion

part of the curve, i.e., a smaller ratio produces a broaderTl curve.

2.3 EXPERIMENTAL SECTION

2.3.1 Polymer

The poly(vinyl chIoride) used in this study was an Esso 366 indusnial resin for- -
which the following cb.aracœristics )Vere quoted: Mn =46 000; Mw =83 QOO; density =
139 g an-3 and ['Ill = 0.98 dL gol in chIorobenzene at 25 oC. The glass transition

temperatttre, TI' as detetmined by a Perlcin Elmer DSC-2C was 87 oc. Prior to use the

PVC sample was dissolved in 1HF and precipitated with cold methanol in orcier to remove

impurities and low molecular weight species. Previous stucfies68.69 by l3C NMR indicated

that it is an essentiaDy ataetie polymer with Pm =0.45, as detennined from the methine

triad sequence distn"burion.

2.3.2 Viscosity

VlSCOSÎty measurements were caIried out by means of calibrated Ubbelodhe-type

viscometers having various capillaIy sires (SGA Scienrific Ine.) immersed in a
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thennostated water bath. regulated to :!:O.02 oC. Dilute solutions of PVC in DBP (0.06 tO

0.20 g dL-!) and in TCE (0.04 to 0.20 g dL-!) were prepared with solvents purchased

l'rom Aldrich Co. AIl viscosity measurements were repeated at least twice. The effect of

concentration on the viscosity of dilute polymer solutions was described by Huggins:7o

(2.40)

and by Kraemer:71

(2.41)

where 11sp is the specific viscosity. 11r is the relative viscosity. and c is the concentrati·)n in

g dL-l. The values ofinuinsic viscosity. [11]. Huggins. kH' and Kraemer. kK' constants for
PVC in DBP and for PVC in TCE at 30.0 oc, were obtairied from the intercept and slope

of plots of 11sr1c and 1n(11r)/c as a function of c. As se:n from Figure 2.24. the Huggins

and Kraemer plots for PVC in DBP have a common y-intercept that corresponds to an

intrinsic viscosity of 0.89 dL g-l. Similarly. for PVC in TeE. [11] was found to he

0.74 dL g-l. Intrinsic viscosities along with values of kH and kK as well as activation

energies for the solvent viscosity. Bq. obtained from the slopes of the plots of ln (11) as a

function of ltr (Figure 2.25). are listed in Table 2.2.

2.3.3 Determination ofInteraction Parameter

Apparatus: The apparams used in this study was a modified version of that described

previously.72,73 The viewing apparams consisted of a Leitz HM-LUX binocuJar light

microscope equipped with a polarizerlanalyser accessory that was used at 250X

magnification. A DC-powered fiber optic light source was used for transmittance

illumination. In addition, the optical microscope was equipped with a high-speed response

silicon photodiode with a photosensitive effective surface area of 1.6 mm2 and a spectral
response range hetween 320 and 730 nm (peak wavelength at 560±20 nm). The

photodiode analog signal was conditioned using a non-inverting operational amplifier

circuit, converted to digital format via a Techmar AID boani, and the data were acquired

with an AT computer using a Pascal prograD) specifically wtitten for this application. A
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Figure 2.24. Plots of l1sp1c (open symbols) and In(l1r)/c (closed

symbols) as a function of concentration. c. for the determination of

Huggins and Kraemers coefficients for PVC in DBP (circle) and TCE
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Figure 2.2S. Arrhenius plot for the detennination of activation energy of

solvent viscosity. Eq. for DBP (circle) and TCE (triangle).•
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Table 2.2

Experimental values ofintrinsic viscosity, [11], Huggins, kH, and Kraemer,

kK, constants for PVC in D;;'P and PVC in TCE at 30.0 oC as weil as

activation energies for the solvent viscosity, Eq.

Solvent

DBP

TCE

[11] (dL g-I)

0.89

0.74

0.36

0.74

-0.13

0.19

24.2 (24)

10.2 (12)

•

a Values in parcntheses correspond to literature values of Eq for DBp74 and TCE.75

Meuler FP52 hOl stage with an FP5 temperature controller was used to heat the samples.

al a constanl heating rale. in the temperature range beLWeen 30 and 120°C. Temperature

calibration was performed using thermometric standards.

Method: The method employed to determine the Flory-Huggins interaction parameter of

PVC with DBP and TCE is a variation76 of the technique described by Anagnostopoulos.

et aL77. and involves the microdetermination of the temperature at which a PVC particle in

exccss plasticizer undergoes an apparent phase change. The particle was observed

through the microscope. with the polars positioned at ca. 15° from cross polarization.

while the temperature was raised from 30 oC. at a constant heating rate of 1°C/min, until

an apparent phase change occurred. Within this temperature region. the photodiode

detected the total light transmitted through a fixed viewing area including a single PVC

particle in exccss solvent. An AT computer recorded ail changes in totallight transmitted.

thus aIlowing a reproducible determination of the temperature range in which the phase

change occurred. The observed change was a1ways graduai. occurring over several

degrees.

A typical photodiode respot'.se curve of the light transmitted through a fixed

viewing area that includes a PVC particle in DBP is presented in Figure 2.26.

Superimposed on it are photomicrographs of the PVC particle that show the physical

changes that occur as the temperature is raised from 30 to 95 oC. at a heating rate of

1.0 oC/min. A sudden. sharp increase in light transmission is observed in the region

beLWeen 70 and 85 oc. It is apparent from photographs d and e that this change ret1ects

an expansion. as weil as an increase in the clarity. of the PVC particle. However. it still
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Figure 2.26. A typical photodiode Iight transmission curve for a single

PVC particle in DBP recorded at a heating rate of 1°C/min.

Superimposed are photomicrographs of the PVC particle at selected
temperatureS of a) 35. b) 57. c) 60. d) 70. and e) 81°C.
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retains ilS distinct outline. The shape of the light transmission curve suZgeslS the

occurrence of a phase change that can he characterized by three temperatures: The onset

(T~. the mid-point (T,,) and the fmal (Tf) temperatures.

Deternùnation of Interaction Parameter: The calcul3tion of the FIOI'Y-Huggins
interaction parameter. X. for the PVC-plasticizer systems is based on FIory's78 theory of

the melting point depression for a polymer-diluent system that was adapted to the

microteehnique by Anagnostopoulos. et al77 From FIory's theory

(2.42)

•

where, r,:, is the melting temperature of the pure polymer. Tm is the melting temperature

of the mixtW'e, âHu is the molar heat of fusion of a polymer repeat unit, Vu and V} are the

molar volumes at Tm of the polymer repeat unit and diluent, respectively. and <!lI is the

volume fraction of the diluent. With the assumption that the volume fraction of polymer

in excess plasticizer is negligJ.o1e, i.e.. cjI} =1. and substiOltion of the values for Miu' Vu

and r,:,. 656 cal mol-l•44.6 cm3 and 449 K, respectively. into eq. (2.42) yields

-.!..= 0.002226 + O.I351(I-X)
Tm VI

The molar volume of the diluent cau be calculated using the relation

(2.43)

(2.44)

where Ml is the molecular weight, cxI is the coefficient of thermal expansion, and p is the

density. at 2S oc, for the diluent. Using the final temperature. Tc. as the apparent melting

temperature, in conjunction with the molar volumes determined from eq. (2.44). the X

parameters for the PVC/diluent systems were calcu1ated using eq. (2.43) and are given in
Table 2.3.
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Table 2.3

Apparent melting temperatures and X values for various PVC/solvent systems

at a heating rate of 1°C/min.

Solvent

DBP

TCE

277.9

109.4

81

56

-0.23

+0.34

•

."

2.3.4 NMR Experiments

In the NMR experimenlS. me polymer was studied as 5% w/v solutions in bom

DBP (Aldrich Co.) and TCE-d2 (MSD Isotopes). The lock signal for me PYC solution Ùl

me protonated DBP solvent was obtained eimer by using an extemal tube containing a

solution of DBP in TCE-d2. or by placing a co-axial tube containing deuterated solvent

inside the 10 mm tube. No differences in relaxation parameters were observed using mese

two techniques.

Carbon-13 spin-lattice limes. Tl, and nuclear Overhauser enhanœment, NOE.

values were measured using Yarïan XL-200 and XL-300 spectrometers operating at 50.3

and 75.4 MHz, respectively. for me carbon nucleus. The temperature was controlled to

within ±O.5 oC as indicated by a precalibratecl copper-constantan mermocouple in me

probe insert. Spin-lattice relaxation limes were measured by the standard inversion

recovery meÙlod, eq. (2.10). with a repetition lime longer than STl' A total of 500-2000

transients, depending on solvent and temperature. was accumulated for each set of 12-14

"arrayed" tel values. Values of Tl were detetmîned by a Ùlree parameter nonlinear

procedure with an rms uncettainty of less than ±S'li>. The l3C NOE experiments were

carried out by reverse gated decoupling. at "1eaSt Ùlree experiments being perfonned at

each temperature. Delays of at least 10 limes the longest Tl were used between me 90°

pulses.

The quantitative carbon-13 NMR spectrum of PVC in TCE-d2 was recorded on a

Varian XL-300 at a temperature of 114 oc. Instrument conditions used to record me

spectrum in Figure 1.2 were: speclIal width 16 501 Hz, acquisition lime 3.9 sec. 18.5 Ils

(90") pulse, 12 416 transients, and NOE suppressed by gated decoupling. Chemical shifts
were measured relative to the solvent peak and converted to ô(TMS) according to the

relationship S(TMS) = ô(TCE) + 75.50 ppm.
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2.3.5 Numerical Analysis

The correlation rimes were calculated using a modifieej79.80 version of the

MOLDYN81 program which includes the JS. HWH. and DLM motional models.

ExperimentaI relaxation data (TI and NOE values) for the methine. CH. and/or methylene.

CH2. carbons of PYC. determined at both field strengths for a given temperature. were

usee! as the input data. Using a Simplex routine. the best fit relaxation data were

calculated by varying one or more simulation parameters. depending on the modeI. until

the target function. Fd• descnèed by eq. (2.42) as the sum of the squares of the relative

deviations between the experimentaI and calculated TI and NOE values was a minimum

(2.42)

•
where S = TI and/or NOE, and n represents the number of experimentaI relaxation

parameters. Throughout this discussion differences between the experimentaI and

calculated values are described by the funetion, a. defined as the root mean square of the

relative deviations,

a= .JFd
D

(2.43)

The inilial calculations, using the log-X2 distribution, were performed by entering

the relaxation data for the methine carb~n, determined at bath field Strengths, f~r the

temperature where the TI exhibits a minimum value. The optimum correlation time 't was
determined by varying the distribution width p, in steps of unity, until a minimum F value

was obtained. The methylene relaxation data were then calcu1ated using the optimized

values of 't and p calculated from the data for the methine carbon. In the HWH and JS

models, the TI and NOE values of the CH and CH2 carbons, for bath field strengths at a

temperature corresponding to the TI minimum, were entered simultaneously through a

geometty file that included a nonbanded dipolar relaxation mPclJanism. In the HWH

model, 'ta and 'tl were optimized simultaneously, wbile for the J5 model w3 was oprimized

while the parameter 2mb - 1was varied manually in steps of unity until a minimum F value

was obtained. No significant deviati.ons between experimentaI and calculated relaxation
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data were found when the data for CH and CH2 carbons were entered separ.llcly or using

a geometry fùe which embodied nonbondcd l3c_tH dipolar inter.lctions.

For the DLM model. relaxation data for the CH carbon at the minimum of the plot

of TI as a function of Irr were uscd as input values and the optimi7.cd values for the

correlation lime for cooperative motion 1:1 and the angle SOl (half angle of the libr.ltional

motion of the C-H vector for the carbon in the methine group) were determined by

varying 'tof1:1 and 1:1/1:2 manually in steps of 1 and JO unilS. respectivcly. until a minimum

F value was obtaincd. The factors SOl' 'tof1:I- and 1:1/1:2 were then kept constant over the

whole temperature range while 1:1 was optimized. The half anglc. S0l2- of the C-H vector

for the CH2 carbon was calculated from experimental relaxation data at the minimum and

1:1' 'tof1:1' and 1:1/1:2 values from the CH carbon. Calculations of the TI and NOE values

for the CH2 carbon at both field strengths over the whole temperature range were

performcd by entering the angle S0l2 and the 1:1' 'tof1:1' and 1:1/1:2 pararneters obtaincd for

the CH carbon at a given temperature.

2.4 RESULTS AND DISCUSSION

2.4.1 Microstructure Determination

Figure 1.2 shows expandcd portions and stereosequence assignmenl~ of the

methine and methylene regions of a carbon-13 spectrum of PVC in TCE.d2 recordcd at a
magnetic field strength of 75.4 MHz and at a temperature of 114 oC. As reported earlier

by others82.S3. both the methine and methylene regions exhibit tacticity effects.

Examination of the methine carbon signal reveals that peaks for all ten possible pcntads

are present with sorne heptad fine structure. In the methylene region. peak.~ for the six

possible tetrads are visible with sorne hexad fine structure.

Table 2.4 gives the 13C chemical shifts of the methine and methylene resonances.

their respective experimental relative areas and calculated relative areas assuming

Bernoul1ian statistics with Pm =0.431. Good agreement between observed and calculated

areas indicates that the stereoehemistry of the propagation step conforms to Bernoullian

Statistics. The assignments Qf the peaks were. with a few exceptions. obtained from a

study of Elgert, et aL84, in which was reported a 13C NMR spectrum of PVC in 1,4­

dioxane-dg recorded at a magnetic field strength of 125.8 MHz and a temperature of

97 oC. The differences in the stereosequence assignments are based on twO exceptions:
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Table 2.4

Carbon.13 chemical shifta assignments, and observed and calculated

relative areas for poIy(vinyl chloride} in TCE-d2 at a magnetic field of 75.4 .

MHz and at a temperature of 114 oC.

•

Assignment

rmrrmr

rmrnnm
=rnnm
rrrnnm
rrrrmr
rnrrnnm
rnrrrmr

rrrr
nunrm
=rr

rrrnrrnr
r=

==mrmrnun
rmrr

IlIIIIllIll\

xnmmr

=
rrr

rmr

rrm
mmmrm
xnmmrr
rnunrm
=

IlIllIIll

58.72

58.67

58.61

58.56

58.48

57.75

57.63

57.57

56.89

56.74

56.58

49.14

48.73

48.34

47.77

47.71

47.58

46.92

Obs. rel. area

0.024

0.025

0.112

0.061

0.101

0.220

0.065

0.206

0.039

0.086

0.060

0.176

0.137

0.281

0.094

0.117

0.117

0.077

Cal.b rel. area

0.019

0.029

0.102

0.068

0.105

0.211

0.068

0.211

0.035

0.091

0.060

0.184

0.140

0.279

0.091

0.120

0.106

0.080

•
a measured relative to solvent peak and convened to 8(TMS) acconiing to the

relationship ô(1MS) = S(TCE) +75.50 ppm.

b assuming Bemoullian statistics with Pm = 0.431.
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(1) Due to the use of a l:igher magnetic field and a different solvent. EIgen. et al. ohtaim:d

a higher qt:ality spectrum whereby higher order stereosequences were observed: (2) large

deviations between experimental and calculated peak areas and a recent·~ assignment of

poly(vinyl chloride) based on a ID-INADEQUATE spectrum led to the reassignment of

severa! peaks.

The discrepancies that arise from differences in spectral quality are the mmrnm and

mmmr peaks located at 56.89 and 56.74 ppm. respectively. For these peaks EIgen. et al.

observed a higher order of slereosequences. For the mmrnm peak they observed al! three

possible mmrnm centered heptads and. beginning from the downfield peak. assigned them to

IILUILILLIur, ItilttllLIltLlLr, and ItLltllllIlllUltL For the mmmr peak [wo clearly resolved peaks were

observed and were assigned to the following combinations of mmmr centered heptads:

nnmmrr + mmmmrr and rmmmrrn + mmmmrm.

The second exception, which is more serious, deals with the assignments of severa]

peaks. Firstly, in the methylene region all six possible tetrads are observed with a small

shoulder peak at 47.77 ppm indicating hexad fine structure. This peak was also observed

by Egen, et aL, but they made no attempt to assign il. According to the calculated

relative areas the peaks at 47.77 and 47.71 ppm can he assigned as mmmrm + xmmry and

ymmrx + rmmrr, respectively, where x is either an mor r placement and y is dependent

on the x placement, taking an opposite designation, i.e., if x = m then y = r. L'1 other

words, the stereosequences rmmrm and mmmrr are interchangeable since it is not possible

by this method (Bemoullian statistics) to unambiguously assign resonance signaIs with
equal numbe!s of m and r monomer placements. However, recent 13C NMR chemical

shift assignmenrs of poly(vinyl chloride), by Nakayama, et aL85, based on carbon-carbon

connectivities~ by a 2D-INADEQUATE ~-pectrum, attributed the peaks at 47.77
and 47.71 ppm to mmmrm + mmmrr and rmmrm + rmmrr, respectively. Since the

method of the ID experiment is correct, this assignment bas been used in this study also.

As shown in Table 2.4, excellent agreement hetween calculated and experimental area is
.obtained for this assignment, i.e., deviations of only 0.003 for bath peaks.

Secondly, the peaks 10cated at 57.63 and 57.57 ppm have been assigned by Egen,

et aL, as mmrr and =, respectively. They reported that the calculated peak areas are

0.100 and 0.183, assuming a Pm value of 0.423. With this Pm value the calculated areas

should he 0.119 and 0.163. A comparison of the cotreetly calculated areas with their
reported experimental areas of0.087 and 0.204 corresponds ta even iarger deviations than

those reported. i.e., 0.032 compared ta a reported deviation of0.013 for the peak at 57.63
ppm and 0.041 compared to 0.021 for the peak at 57.57 ppm. The corresponding
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experimental relative peak areas obtained in the present study are 0.065 and 0.206 which

strongly suggests that these peaks share the heptad fine structure containing mmrr or

rmrm centers. Since these centers contain the same number of m and r placements it is

not possible to unambiguously assign these peaks. However. 2D experiments have shown
that the peak at 57.63 ppm contains rmrm centered heptads. Based on these arguments.

the peaks at 57.63 and 57.57 ppm have been reassigned to rrmrmr + rrmrmm and

= + mrmrrnm + rmrr. respectively. As shown in Table 2.4. this assignment yields

deviations between calculated and experimentaI areas of 0.003 and 0.005 for the peak at

57.63 and 57.57 ppm. respectively.

The methine peak at 57.75 ppm with its two neighboring peaks. one downfield and

one upfield, appearing only as shoulders. have been assigned to a combination of the

mmrm and mmrr pentads. whereas. Eigen, et al. observed three resolved peaks which•

. beginning from the downfield peak, were assigned to rnmmrmm + =. rmmrmm +
= + mrmrrnm + =. and rrmrmr + rrmrmm heptads. It is certain

that the rmrm centered heptads should he mmrr cenœrs. In addition. attempts to perform

deconvolution of the resonance observed at 57.75 ppm. inte three peaks yielded peaks

with areas of 0.032. 0.149. and 0.039. When these areas are compared to their caIculated

values of 0.039. 0.104. and 0.068. assuming a Pm = 0.431. considerable clis;;i~~~ ':'

oblained, especiaIly for the last two peaks. This may he due either te improper assignment

or inaccurate deconvolution of the peak$, the latter being more probable since the peaks in

this region appear as smaIl shoulders.

2.4.2 Relaxation Studies

Figure 227 shows a series of proten-decoupled 13C NMR spectra of a 5%

solution of PVC in TCE-d2 reeorded at a field strength of 75.4 MHz in the temperature

range -19 to 114 oC. At aIl temperatures taeticity effects are apparent for both the

methine and methylene carbons. At the 10wer temperature (T<20) the molecular motions

are not ~~ enough to dfective1y average out the line broadening resulting from dipolar

interaction and chemica! shift anisotropy. In this temperature range, the Iines are much

broader wbich is evidence for an increase in the naturaI line width (lhtTV of the carbon­

13 nuclei. As the temperature is increased, the peaks become much sharper. improving
resolution and aIlowing finer microstructure te he observed.
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Although the chemical shifts of the stereosequences of the methine resonance are

unaffected by changes in temperature. those of the methylene resonances show a defuùte

temperature dependence. i.e.• as the temperature is increased both m and r centered

tetrads are shifted downfield. Also the chemical shift differences between the m-centered

tetrads decreases almost equally. whereas the r-centered tetrads show an unequal

decrease as the temperature is increased. As the temperature is increased. the combination

of these effects results in increases in the chemical shift differences between rrr and rmr.

rrm and mmr. and mrm and mmm. while decreasing the chemical shift differences between

rmr and rrm. and mmr and mrI!I. The most pronounced decrease is displayed by the

mmr and mrm peaks. such that at T = 61 °e these peaks are weil resolved and at

T = 114 °e the mrm peak appears as a shoulder of the mmr peak.

Since no dependence of Tl values on stereosequences was found in either solvent

and overlapping peaks were observed at low temperatureS. the average values of Tl and

NOE for the methine and methyIene resonances are reported. Table 2.5 summarizes the

Tl and NOE values for the methine and methylene carbons ofpve in DBP and TCE-d2 as

a function of temperature as determined at the IwO magnetic fields. Plots of Tl and NOE

values as a function of 1fl'. shown in Figure 2.28 for pve in DBP and in Figure 2.29 for

pve in TCE-d2. display. as discussed previously. live characteristics that are commonly

observed in the relaxation data for polymerie materials: (1) As the temperature decreases

the Tl values decrease monolOnically. in both fields. reaching a minimum which is

followed by. an increase in Tl with further decrease in temperature; (2) At a given

temperature, Tl values increase with inaeasing magnetic field. The difference in Tl

values between the IwO magnetic fields becomes more pronounced as the temperature

decreases (slow motion regime); (3) The NOE values decrease with increasing magnetic

field at ail temperatureS; (4) Bath the NOE and Tl transitions are much broader than for

smaIl molecules; (5) Ar. high temperamres (ex:tlem~ narrowing condition). the NOE

values are substantial1y less than the theoretical maximum and a residual NOE is observed

at low temperamres (slow motion regïme).

An inœresting feature of the data in Table 2.5 is that the ratio of Tl values of the

01 and 012 groups. TI(CH)II't(œ2>. as determined in both magnetic fields. in both

solvenlS is fairly constant at 1.80 :l: 0.04 throughout the temperature range studied. This

value is different from the value 2 wbich is ex:pecœd from the number of directly bonded

protons and suggeslS different local motions for the e-H intemucJear vectors lIS$ociared

with the 01 and 012 groups.
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Figure 2.28. Carbon-13 spin-1atlice relaxation limes, Tl, and NOE

values for me:tbjne (ciIcle) and methylene (triangle) caxbons of PVC in

DBP as a funClion of reciprocal temperawre al field strengths of503 (solid
symbols) and 75.4 MHz (open symbols). The solid lines represent the best

fit values calculated by the DLM model
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In modeling the dynamics of pve two types of motion are considered: (1) The

overaII tumbling of the entire. or large segments. of the chain. and (2) segmental backbone

rcarrangements. Assuming that these motions act as independent sources of motional

modulation of the dipole-dipole interaction. the composite autocorrelation function can he

written as a product of the correlation functions associated with each motion. In the event

that the overall motion is much slower than the chain local motions. which is usually the

case for sufficiently high molecular weight polymers. it makes a negligible contribution to

the relaxation of the backbone carbons.

The correlation lime for the overaII tumbling of the entire pve chain. 'tR. at

infinite dilution can be eslimated from knowledge of the molecular weight. Mw. and the

inuinsic viscosity. [11). of the polymer solution in a given solvent with viscosity 110 through

the hydrodynamic equation86•87

(2.44)

•

•

This calculation gives correlation limes of 2.5 X 10-5 s for pve in DBP and 2.4 X 10-6 s

in TeE. at 30 °e. Such long correlation limes guarantee that the local segmental motions

are the major source of relaxation for the protonated carbons of pve in both solvents.

Backbone ream.ngement is the second type of motion that modulates dipolar

interaction which, as discussed previously, can he modeled by the log-X2 distribution.

HWH, JS, and DLM correlation functions. These four models are evaluated below as to

their ability to describe the local motions of the pve chain.

2.4.2.1 Comparison of Relamtion DaIa QI the Tl Minimum with Predictions of

MotiolUll Models

The first criterion for the validity of any model is the existence of a good fit of the

relaxation data at the minimum of the curve of Tl plotted as a function of 1fT. This

minimum occurs at temperatures of 61 and 20 °e for pve in DBP (Figure 2.28) and pve

in TeE-d2 (Figure 2.29), respectively. Table 2.6 shows the experimentaIly determined

relaxation data for pve in DBP and TCE-d2, for the {wo magnetic fields at a temperature

where Tl exhibits a minimum value. and the caIculated relaxation data derived by using

the log-X2, HWH, JS and DLM correIation functions. The simulation parameters for the

four models that best reproduce the relaxation data for both solvents at these temperatures

are summarized in Table 2.7.



• Table 2.6

Experimentai and calculateda Oog-X;:Z. HWH, JS and DLM models) carbon­

13 spin-Iattiœ relaxation times(T1. in ms) and NOE valuesb oC methine and

methylene carboos of PVC in DBP and TCE-d2 for two magnetic fields at a

temperature in which Tl exhibits a oùnimum value.

95

50.3 MHz 75.4 MHz

CH CH2 CH CH2 0'(%)

PVC in DBP. 61°C

Exp't 136 (1.75) 77 (1.72) 202 (1.54) 114 (1.50)

log-X2 135 (1.68) 68 (1.68) 206 (1.61) 103 (1.61) 2.3

HWH 106 (1.82) 54 (1.82) 154 (1.61) 79 (1.61) 6.8

JS 107 (1.83) 55 (1.83) 154 (1.62) 79 (1.62) 6.7

DLM 136 (1.74) 77 (1.74) 202 (1.55) 114 (1.55) 0.4

PVC in TCE-<h. 20 oC

• Exp't 147 (1.72) 81 (1.71) 214 (1.59) 115 (1.58)

'log-X2 143 (1.69) 72 (1.69) 218 (1.63) 109 (1.63) 1.7

HWH 109 (1.91) 56 (1.91) 156 (1.71) 80 (1.71) 7.6

JS 107 (1.81) 55 (1.81) 154 (1.60) 79 (1.60) 7.6

DLM 146 (1.75) 80 (1.75) 215 (1.57) 117 (1.57) 0.5

a Refer ta Table 2.7 for simulation parameters.
b Valnes in parentbeses.

Table 2.7

Simu1ation parameters for the log-X2, HWH, JS and DLM models which

best reprodnœ the relaxation data ofthe CH carbon ofPVC in two solvents

at temperatures corresponding tu the Tl minimum.

10ltl2 HWH JS DLM
Solvent P 't 'G> 't1 2mh-1 'tb ToI't1 'tl/'1:2

(os) (JJs) (DS) (os)

• DBP,61 oC 11 3.125 10 3.215 7 1.20 7 600
TCE-d,. 20 oC 9 3.475 10 UlO2 7 1.25 7 200
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As seen in Table 2.6, for the log-XZ distribution cr values of 2.3 and 1.7% are

obtaincd for PVC in DBP and in TCE-dz, respectively. Although these cr values suggest a

good fit, a doser cxamination reveals that this model is unable to simultaneously account

for the relaxation data of both the CH and CHZ carbons. For exarnple, for PVC in DBP a

distribution width of p = Il yields good agreement between the experimental and

calculated data for the Tl of the CH group whereas the Tl(CHÛ values are

underestimated. On the other hand, a distribution width of p =10 results in a better fit for

the CHZ group at the expense of a worse fit for the CH data. This pattern is also followed

for the relaxation data of PVC in TCE-dz. To obtain a good fit for both the CH and CHz

groups different p values must be used. This corresponds to a slightly different breadth of

correlation times for the CH and CH2 groups, anù is the orny way that this model can

account for the fact that Tl(CH)rr1(CHÛ ratio is less than 2. Although this is not a

recommended method for fitting the data, it does suggest that these groups may be

experiencing different local dynamics. Since this model cannot account for the fact that

the Tl(CH)rr1(CHû ratio is less than 2 and it does not provide a precise description of

the phenomena involved, il will not be investigated further.

The high cr values obtained with the HWH and JS models clearly show that these

are inadequate in describing the segmental motion of PVC. These high cr values arise

from the fact that the HWH and JS models grossly underestimate the value of Tl at the

minimum. It was mainly for this reason that the DLM model was developed.

The DLM model gives an excellent fit (cr = 0.5%) between experimental and

calculated Tl and NOE values for both the CH and CHz groups at both fields, making it

the best model. by far. in describing the dynamics of PVC in the IWO solvents. Hence, this

model will he used for aIl further calcu1ations of the relaxation data over the whole

temperature range.

24.2.2 PVC Motions According to the DLM Model

The best fit to the Tl and NOE data over the whole temperature range for the CH

and CH2 carbons of PVC in DBP and in TCE-d2 are shown graphically in Figures 2.28

and 2.29. respective1y. It is clear from these plots that very good agreement hetween

experimental and calcu1ated values is obtained throughout the entire temperature range by

use of this mode!. As shown in Table 2.7 the values of the fitting parameter 'tl/'tZ88 were
found to he 600 and 200 for PVC in the DBP and TCE-dz solutions. respective1y. These

ratios indieate that the correlation time for h'brational motion of the C-H vector of PVC in



•

•

•

97

DBP is 600 limes shorter !han the correlation lime for diffusive chain motions. whereas in

TCE-d2it is only 200 limes shorter.

The best fit half-angles of the librational motion of the C-H vector for the methine

carbon. 6œ. and methylene carbon. 6œ2' were found to be 27° and 32° for PVC in DBP

and 30° and 33° for PVC in TCE-d2. In both solvents 6œ is less !han 6œ2 which

explains the faet that Tl(CH)tr1(CHV < 2 and supports the previous suggestion that the

C-H internuclear vectors at the methine and methylene groups experienœ different local
dynamics The smaller ~ value for the CH group indieates a greater steric hindrance to

the librational motion of the C-H vector relative to that of the CH2 group. The methine

carbon bas a direcùy attaehed chlorine atom which, because of its size, can physically

restriet the amplitude of the local libration. This observation is in agreement with earlier
findings for pol)'{j3-hydroxybutyrate)so,89 and other polymeric systemsIO•90 that have been

summarized by Monniere.91

As seen above, the half-angle of the C-H vector for the methine carbon is smaller

for PVC in DBP !han in TCE-d2. i.e.• 6œ(in DBP) < 6œ(in TCE-dV. This result is in

agreement with the 1:1/1:2 ratio in the two solvents; in other words. a smaller half-angle

should correspond to a shorter correlation lime for the hllrational motion.

It is of interest to note that the values of6œ2 obtained for PVC in DBP and TCE­

d2 are approximately the same (32° and 33°). wbereas those. for 6œ (27° and 30°) are

quite different. The effects on the quality of the fit for such differences in the librational

angle can be seen by comparing the calculated values of Tl and NOE 'using the DLM

mode! for the two solvents (Table 2.6). Examinarion of these data reveals that the

changes in the half-angles do not affect the NOE values. however the Tl values for the

methine carbon change by ca. 7% wbereas the Tl values for the methylene carbon change

by only ca. 3%. While the pen:ent difference in the Tl values for the methine carbon are
above the usual experimental nncertainty (SS%), that for the methylene carbon is within

1his error limit. A smaller half-angle for the methine group in DBP indicàtes a greater

steric hindrance to the h"brational motion of the C-H vector relative to that of the methine

carbon of PVC in TCE-d2' Such a change in angle could retlect differences in coi!

dimensions, depending on the solvent quality, or a specifie interaetion between DBP and

the CHCl group of PVC. The latter appears to be more lilœly since the former should

affect the angles of the methine and methylene groups equally. The reduetion in 6œ

implies that a greater steric hindranœ is iinposed to the librational motion of the C-H

bond, as might be expeeted from a specifie interaetion between DBP and the chlorine

atom of the PVC chain.
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The compatibility of binary mixtureS of pve and plasticizers is generally attributed

to the presence of a specific interaction between the carbonyl group of the ester and pve.
although the precise nature of this interactions is still a matter of controversy. Infrared

spectroscopy smdies of blends of ester-eontaining polymers with pve or of solutions of

small molecules containing a carbonyl group with pve or low molecular weight

chlorinated molecules have strongly suggested, with general agreement. that the carbonyl

group is involved in a specific interaction. However. there has been some debate as to the

functional group of pve with wbich it is actually interacting. The following specific

interactions of the carbonyl group have been suggested:

(1) A hydrogen bond with the lX-hydrogen92-96. i.e.• the hydrogen attaehed to the methine

carbon.

H-C-H
1

C=O ---- H-C-el

(2) A hydrogen bond with the ~hydrogens97.

C=O --.... H-C-H
1

H-C-el

and (3) A dipole-dipole interaction with the chlorine atOm.98-100

H-C-H
1

C=O --- CI-C-H

A hydrogen bond interaction involves a heavy moiety {DBP) being directly anached to the

proton of the 13C_lH vector (Figure 2.23) resulting in an increase in the half-angle and in

a longer correlation time for the librational motion. wbich is contrary to the experimental

observation of a lower value of eCH and a shorter correlation time (Table 2.7) obtained

for PVC in DBP relative to PVC in TCE-d2 solution. The differences in half-angles are.

however. in keeping with the fonnation of a compiex of the type C=O-···Cl-C. i.e••
between the carbonyl group ofDBP and the chlorine atOm of PVC.

Additional support for tbis type of interaction has reœntly been given by Millan

and co-workers.1OI Using FI1R. spectloscopy'. the molecular interactions of poly(vinyl

chloride) with some solvenlS (cyclohexanone, methyl ethyl ketone and N-methyl­

pyrrolidone). esters (di-octyl phthalate and butyl ~te). and polyesters (poly(ethylene

adipate) and polY(e-eaprolactone» were investigateel. Changes in both the carbonyl

absorption frequencies and the C-Cl stretebing bands of PVC as well as previous
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workl 02.103 on the Ù'ermal degradation of PVC in blends of different compatibility. Ic:d

these workers to suggest an interaction that is of a local conformational nature. i.e.. the
interacting chlorine of PVC is located in a g+ttg- conformation of an -minr- sequence.

The 'ti values derived from fitting the experimental relaxation data for PVC in both

solvents using the DLM model are compiled in Table 2.8. A plot of the logarithm of these

values as a function of 1fT shows linear correlations. in the temperature ranges studied.

yielding apparent activation energies. Ea. of 33.4 and 23.9 kJ mol-I for PVC in DBP and

TCE-d2. respectively. The activation energy. E*. of the conformational transitions

associated with the 'ti correlation lime can be eslimated from the reiation1001

E*=E,.- Eq (2.45)

•

•

where Eq is the activation energy for solvent viscosity. which were found to be 24.2 and

10.2 kJ mol-! for DBP and TCE (Table 2.2). respectiveiy. This leads to values of E* of

9.2 ±0.9 kJ mol-! for PVC in DBP and 13.7 ±0.9 kJ mol-! for PVC in TCE-d2'

The difference in E* for PVC in the two solvents is in agreement with earlier

findings for other polymers reported by Ediger and co-workers. t05.I06 For polyisoprene

and polystyrene they found that the activation energies were higher for El solvents than for

good solvents, and that local segmental dynamics are slower in El solvents. In a El solvent

the polymer coil exists in its unperturbed dimensions, i.e.. long-range forces between

polymer segments which cause the chain to contraet are balanced by an expansion caused

by polymer-solvent interaetiocs. They suggested that the activation energy obtained for

the segmental motions of a polymer in a good solvent represents the "true" activation

energy associated with rotational barriers traversed in a local conformational change. The

local density ofsegments is higher for a polymer in a El solvent which leads ta slower local

dynamics becanse the rigid enviromnent ÎIIh10its local conformational transitions. It also

was pointed out that near the El temperature the local segment concentration changes

significanùy with temperature which adds to the barrier for local chain motions obtained

for a good SOlvenL This is reflected by an increase in the apparent activation energy.

The lower E* value for PVC in DBP than in TCE is consistent with the fact that

DBP is a better solvenL Moreover. the correlation limes, 't!. from the DLM model

descnDing segmental motion (Table 2.8). scaled by the viscosities of the solvent are longer

for TCE than in DBP (Figure 2.30). This is in agreement with increasing local segment

concentration in the poorer TCE solvenL This relative quality of the solvents is also
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Calculated correlation times ('Cl' in 5) using the DLM model ta describe

segmental motion for the backbone carbons ofPVC in DBP and in TCE-d2'

100

PVCin DBP PVC in TCE-d~

Temp(CC)

20

41

61

82

91

114

137

'Cl x 1()9 (s)

6.241

2.411

1.431

0.656

0.472

0.217

0.125

Temp (CC)

-19

-1

20

41

61

81

101

114

'Cl x 109 (s)

6.241

2.186

1.414

0.901

0.423

0.249

0.149

0.109

•
Ea. kJ mol-l 33.4

1015 't". ,S 7.294

corr. coeff. (r) 0.998

a Refer ta Table 2.7 for simulation parameœrs.

b Values in parentheses.

23.9

72.0

0.994

·20

·21

·22

·23

2.4 3.2 3.6 4.0

•
Figure 2.30. A1Tbenius plots of reduced corre1alion times. 'Cl"'. for local

segmental motions of PVC in DBP (circle) and in TCE-d2 (triangle). 'Cl is

expressed in nanoseconds and " in centipoise.
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consistent with the values of the Huggins constant. kH, obtained il' this studv. These are
0.36 and 0.74 for PYC in OBP and TCE. respectively. Polymers in them solutions e:dlibit

values of kH close ta 0.7, whereas in good solvents the values are much lower. 0.2 to

0.4.107 Additional evidence for the solvent quality is offered by apparent melting point

depression measurements77 wbich yielded Flory-Huggins interaction parameters. ;C, of

-0.22 and +0.34 for PYC with DBP and TeE (Table 2.2), respectively.

WhiIe the differences in E* can he accounted for satisfactorily by consideration of

solvent quality, the possibility remains that the nature of the local chain motions is

different in the two solvents. As discussed previously, a type l motion is a crankshaft

conformational motion about two collinear bonds in wbich the positions of the chain ends

remain unchanged during the transition. while a type 2 motion results in a translational

motion of the chain ends, the angular orientation of the two being unaffected."" Although

the displacement of the chain ends involved in a type 2 motion ma.lœs it less favorable than

a type 1 motion. a smaller activation energy is associated with the former. In fact the

activation energy for a type 2 motion is ooly slightly greater than the barrier separating the

trans and gauche stateS (ca. 10 kJ mol-!). A type l motion requires simultaneous

rotations about two coaxial backbone bonds. involving on average two barrier crossings

(ca. 20 kJ mol-Il. i.e•• twice the energy barrier for the trans-gauche transition. The

present experiments yielded an activation energy of 9.2 kJ mol-! for the segmental motion

of pve in DBP. corresponding to a single barrier erossing and indicating that in tbis

solvent type 2 motions predominate The bigher activation energy (13.7 kJ mol-!) for

Pye in TCE opens up the possibility that in !bis solvent type l motion may aiso occur to

some degree. Since type 2 motions involve translation of segment ends. they are expected

to he more difficult for a contraeted coil due to congestion of chain segments than under

conditions where the chain dimensions increase, e.g.• Pye in DBP. The observed

differences in activation energy would then reflect differences in the nature of the chain

motions that result from changes in coil dimensions rather than added hindrance to barrier

erossing due to local chain interactions. In both cases solvent quality is directly involved.

Unfortnnately. there is insufficient evidence to choose hetween these alternative

explanations.

2.5 SUMMARY

A quantitative C3Ibon-13 NMR spectrum of Pye in TCE-d2 was recorded at a

field strength of 75.4 MHz and al a temperature of 114 oC. The methine carbon signal
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displayed a resolution whereby al1 ten possible pentads with sorne heptad fine structure

was observee!. In the methylene region. al1 six tetrads as weil as sorne hexad fine

structure. for the mmr tetrad. were observed. Excellent agreement between observed and

calculated relative areas indicaœs that the sœreochemistry of the propagation step

conforms with Bemoullian statistics with a Pm value of 0.431. Analysis using Bemoullian

statistics along with recently published carbon-13 chemical shift assignments of PVC

based on a 2D NMR spectrwn permïtted a reassignment of severa! resonances. More

specifical1y. in the heterotaetic region of the methine resonance, the peak 57.75 ppm bas

been assigned to ==+ mmrr pentads and those at 57.63 and 57.57 ppm to rrmrmr +
rrmr:mm and == + = + rmrr pentads. respective1y. In the tetrad

assignment, the appearanee of two peaks in the mmr region have been assigned to mmmrm

+ xmmnrr andr=+ rmmrr hexads.

Carbon-13 relaxation data of the methine and methylene carbons of PVC in DBP

and TCE-d2 have been mode1ed by using four different correlation functions describing

segmental motion in polymer chains. Among these the log-X2 failed to account for both

the methine and methylene relaxation data and the JS and HWH mode1s failed to account

for the Tl minimum in the curve ofT1 as a function of ltr. The DLM mode1 proved to he

the superior mode1 and was able to account for the relaxation data of both the methine and

methylene carbons of PVC at both 1ield strengths throughout the temperature range

studied

The simulation parameters from this mode1 were found to differ in the two

solvents. FirstlY. the activation energies for cooperative segmental motion. E*. in the

PVC chain were found to be 9.2 and 13.7 kJ mol-1 in DBP and TCE-d2. respectively. The

differenœ in E* for PVC in the two solvents indicaœs that DBP is a better solvent for

PVC than TeE. Secondly. the half-angle of the C-H vector for the methine carbon is

sma1ler in DBP than in TCE-d:!.. ref1I>.cting a grearer steric hindranee to the librational

motion of this vector in DBP. This is rationalized by assuming a specific interaction

between the carbonyl of the plasticizer and the chlorine atom ofPVC. i.e.• e--o-....Cl-C.
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CHAPTER3

TRANSPORT PROPERTIES OF GASES IN
PLASTICIZED AND UNPLASTICIZED

POLY(VINYL CHLORIDE) FILMS

3.1 INTRODUCTION

3.1.1 Historical aspects

In Ibis section the early history of gas transport studies will he reviewed brietly.

For a more complete description reference may he made to the works of Stannett1 and
Felder and HuvaId.2 The first observations of the transport of gases in membranes were
thase of Graham3 in 1829. He reported that when a wet pig bladder was placed into an
aImospheiè of carbon dioxide it ;nfJated to the bwsting point. In 1831. Mitehell4.5

reported values for the rates of permeation of ten different gases through natural rubber.
The rates varied one hundred foId, carbon monoxide being the slowest and ammonia the

mostrapid.

The next major breakthrough was a remarkable paper by Graham6 in 1866. Many

of bis concepts and ideas are still used tilday. Graham devised an apparatus. having a
vacuum on one side, to measure the gas permeation through a t1at membrane by the
displacement of a mercury column. He postulated that the movement of gases through
polymer membranes occurs by the following process: solution (condensation and mixing)

of the gas at one surface, migration through the membrane to the opposite surface under a

concentration gradient, folll.wed by evaporation of the gas from that surface into the

ambient phase. l'hat was the basis of the so-ca11ed solution-diffusion mode! which, in

varions fol1DS, is still used today. Graham made severa! observations which are still usefu1
and tenable today: (1) Gases which are easily condensable penettate more rapidly: (2)
there is a correlation between the solubility of the gas in rubber and its rate of passage
through the film; (3) the permeability increases with increasing temperature even though
the solubility decreases. which was coIIeCt1y atttibuted to the increasing softness and more
liquïd-like nature of the rubber at high temperatures; and (4) crosslinking of the rubber
reduces lhe sorption and the permeabi1ity of the gas.
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In 1855. Fick proposed his 1aw of mass diffusion which states that the l1ux. F (the

rate at which a substance diffuses through a section of unit area). in a given direction i~

proportional to the concentration gradient. In 1879. WrohlcwskF showed that the

permeation of gases in rubber is proportional to the product of the soluhility and the

diffusion coefficients. In addition. he showed that the solution of gases in ruhher follows

Henry's 1aw and he defined the solubility coeflicient as the amount of gas (in (,'1113 at STP)

that is disso1ved in one cm3 of po1ymer at one atmosphere of pressure. Combining this

obs~rvation with Fick's 1aw. Wrob1ewski showed that the steady state l1ux through a

membrane of ùùckness 1is given by

F =DS(P2 -Pl)
1

(3.1)

•

where D is the diffusion coefficient, S is the solubility coeflicient, and Pl and Pl are the

ambient pressures on the opposite sides of the film.

Although severa! papers appeared after this period. they only provided furmer

suppon of the existing theories. It was not until 1920 that Daynes8 achieved the next

major breakthrough in the field of gas and vapor transpon in po1ymer membranes. He

realized that steady state permeability measurements cou1d only 1ead to the determination

of the product of D and S, and not their separate values. His analyses of the non-steady

state kineties, using a flat membrane, showed that the value of D can he determined hy the

time taken to reach the steady state. Since the product D'S can he obtained l'rom the

steady state rate of permeation and D from the non-steady state. S can also he calculated

readily. This is the so called "time lag" method which is still used today for gas and sorne

vapor transpon studies. This method did not get much attention until it was fully

deve10ped by Barrer9 in 1939. His major contribution was to show that the permeabilities

and diffusivities follow the Arrhenius equation and that the activation energies for both

processes can he determined. It was 1eft to van AmerongenlO in 1946 to show that, for

various gases in rubber. the solubility coefficients measured directly are the same as those

obtained from the quotient of the permeabilities and the time lag di.ffusivities.

Fondamental studies of the transpon properties of gases in po1ymers. rather than

rubbers, hegan in 1954 with the work of Meares.l1 He demonstrated the break in the

Arrhenius plots at the glass transition temperature and speculated on the existence of two

modes of sorption in the glassy state. Subsequently, the need for materials with improved
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penneation p'operties led to an ever increasing number of studies involving various gases

and polymers.

3.1.2 Current research in membrane technology

Today the transport properties of gases and vapors in polymeric materials is a

topic of inœrest in many fields of science and teehnology. The selection or development

of polymeric materials requires knowledge and appreciation of the many factors that affect

the solution and transport behavior. Such studies have gained importance in recent years

due to the accelerating demands related to separation membranes. pharmaceutical

inœrests. diverse applications that require exposure to various environmental agents. and

highly impenneable. selectiveiy permeable or barrier films used for packaging.

In membrane separation. polymers with extended lifetimes which display

selectivity, i.e., different permeability rates for different gases, are Ideal candidates. The

advantages of membrane systemS over conventional methods of separation include low

capital investment, ease of operation, and low energy consumption. Membranes that are

used for gas separation include ceIlu10se derivatives. polyimià;es, polyamides. and

polysu1phones. This technique is relatively young and research in this area is mainly

concemed with improvement of membranes by chemical modification, novel polymers, or .

morphological changes.

Polymer permeability plays many important roles in various areas of

phannaœutical inœrest. These include the uptake of preservatives, such as cleansing and

soaking solutions for soft contact Ienses, tablet coatings, and hemodialysis. In addition to

these applications. a considerable amount of resean:h and development bas been

concemed with the use of polymers as agents for controlling the release of drugs from

various types of fonnuIated produets. e.g., tablets, implants, injectables, and topically

applied adbesive strips.12

Polymeric coatings are widely encountered in a many aspects of life. For example,

they are used for coatings of devices that span the range from the largest bridges and

ships, by paint, to the smaJlest electronic circuits, by speciaJly fonnuIated epoxides and

silicones. The main pnrpose of these coatings is to protect the substrate from various

environmental agents, such as moistnre, oxygen or other gases which cao lead to

degradation and shorten the service lifetime. Unfommate1y, there is no ideal polymeric

coating which excludes an environmenla! agents. Genera11y polymerie coatings transport

liquids, gases, and vapors to a greater or lesser extent and this penneability is one of the
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most imponant factors in determining whether a particular polymer is suitable for a

specific application.13

In the food industry. the packaging material is selected mainly for ilS barrier

properties. The packaging material must provide an environment that is suitable to the

product and maintain an adequate barrier against extemal deteriorative int1uences. Hence.

the package must protect the product against physical hazards and atmospheric

environmental influences, such as raine water vapor. gases. and odors. as to maintain food

quality. Materials are chosen for their resistance to gases and vapors. usually oxygen and

water vapors.14

3.2 'l'HEORETICAL CONSIDERATIONS

3.2.1 Definitions and Basic Equations

The matbematical !henty of diffusion in isotropic substances is based on Fick's ftrst

1aw of diffusion. It states tbat the flux in the x-direction. Fx• wlùch is the amount of

substance diffusing across unit area in unit lime, is proportional to the concentration

gradient, Oc1àx•

EX =-'D(àe/àx)

This 1aw can only he directly applied to the diffusion in the steady state, i.e.. where the

concentration does not vaxy with lime. Non-steady state diffusion can he described by

Fick.'s second 1aw ofdiffusion

(3.3)

This equation describes the IIIIidirectional diffusion in an isotropie continuum where the

diffusion coefficient is independent of le, t or c. Comparable equations and solutions

describing the multidirectional fluxes and cylindrical or spherical geomctries are given in
CranJe's book,15

3.2.2 Measurements and ca!culations

As discussed previously, penDeation through polymers is explained in terms of a

solution-diffnsion model. The penneability coefficient is given as a combination of the



•
112

diffusivity of the gas dissolved in the polymer and its concentrati(\n gradient. which is

re1ated lO the solubility coefficient

A wide variety of teChniques2.16. have been developed to measure these

coefficients. The simplest and most frequendy used teChnique is the "time lag" method.

For a film of area A and thicIcness 1. separating [wo chambers containing the permeation

gas at fixed pressures. the gas will permeate from the high pressure chamber to the low

pressure chamber. The total amount of permeant. Q. that passes through the membrane in

a time t is given by

(3.4)

where cl is the concentration of the permeant in the face adjacent to chamber 1. A plot of

eq. (3.4) shows that there is an initial build-up period but eventually a Iinear reIationship

deveIops as t~. Under these conditions eq. (3.4) simplifies to

(3.5)

which bas an inteIcept on the time-axis known as the time Iag. tl' The diffusion coefficient

cao he evaIuated from the following relation

(3.6)

At snfficiently low penetrant concentration, which is usually the case for

permanent gases. the concentration is propottional to the partial pressure of the gas Pa.

i.e.. c = S Pa. where S is a propottionality constant. called Henry's Iaw solubility

coefficient. In this case. the flux is given by eq. (3.1) and rearrangement of this equation

leads ta the following expression for the total amount of permeant to have passed through

the film after a time t

(3.7)
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Since the permeability coefficient. P. is given as the product of the diffusion and soluhility

coefficients. i.e.•

P=DS (3.8)

•

•

it can he determined from the slope at steady state. as described byeq. (3.7). In addition.

knowledge of P and D permits the solubility coefficient to he calculated readily from the

relation given in eq. (3.8).

3.2.3 Temperature and concentration dependence

The movement of the penetrant can he viewed as a sequence of unit diffusion

jumps during whicb a particle passes over a potential barrier separating one position from

the next. Physic:ally. the unit jump involves a cooperative rearrangement of the penetrant

molec:ule and the SUIIOunding polymer chain segments. The two most important factors

that affect polymer chain segmental motion, .. hence permeation properties. are the

temperature and concentration of sorbed penetrant within the polymer. An increase in

temperature provides energy to the polymer·whicb causes an increase in the segmental

motion. If the temperature range encompasses structural transitions•. such as the glass or

melting transitions. the solution and diffusion processes display further effects.

Furthermore, the presence of sorbed penetrant increases the free volume. Hence.

segmental motions are enhanœd ta the same extent that they would he by a corresponding

inW-.o3Se in temperature and this leads ta an equivalent increase in free volume.

3.2.3.1 Sorption

Sorption is a general tenD. that is used to descrihe the initial penetration and

dispexsal of penetrant molec:ules in a polymerie matrix to form a mixwre. It includes

adsorption, absorption, incorpc·ration inta micro-voids. cluster formation, solvation-shell

formation and other modes of mixing.18 The permeant may undergo severa! modes of

sorption simul1alleOusly. The amount of penetrant sorbed and the mode of sorption in a

polymer are govemed by the thermodynamics of the system, i.e.• sorption depends upon

the enthalpy and entropy ofpolymer-permeant mixing.

Different typeS of sorption behavior have been classified on the basis of the relative

strengths of the inter.lCtions between the polymer and the permeant molec:ules or between

the permeant molec:ules themselves. Three general typeS of sorption isotherms are
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observed in the sorption of gases in polymers: Henry's law sorption. Langmuir-type

sorption. and dual-mode sorption.

The simplest type of sorption. described as a type 1 or Henry's law. arises when

ideal solution behavior occurs. i.e.. when Henry's law is obeyed. Since the polymer­

penetrant and penetrant-penetrant interaCtions are weak, the sorbed gas is said to be

randomly dispersed within the polymer. In this case the solubility coefficient, at a given

temperature. is independent of the sorbent concentration and the sorption isotherm is a

linear relation of concentration with pressure. This behavior is generally observed when

permanent gases are sorbed by rubbery and often glassy polymers. provided that the gas

pressure does not exceed one atmosphere.

The second type of sorption behavior is the Langmuir sorption which is seen when

significant amounts of sorption occur at relatively low pressures. Physically. this

represents sorption in some type of specific site or immobilization of the permeant

molecule in microvoids. Once ail the sires have been filled, a small amount of permeant

begins to dissolve the polymer. The concentration of permeant sorbed in these holes. CH'

is given by the Langmuir equation

•

• ,
CHblraP

l+blraP
(3.9)

,
where Ca is a hole saturation constant and btm is the hole affinity constant.

Dual-mode sorption, which is a combination of Henry's law sorption with that of

the Langmuir type, was first proposed by Michaels. et aL19 Recently. this mode! bas

achieved great attention for its ability to explain the isotherms observed in the sorption of. .
substantially soluble gases in glassy polymers. Initially. the model assumed that the gas
moIecules that are sorbed according to Henry's law are free to move down the

concentration gradient while the remainjng gas molecuIes are immobilized at a lixed

number of adsorption sites or holes within the polymer. The bound and mobile gas
molecules are in equilibrium with the total concentration, C. given by

,
C=Sp+ CHblraP

l+blraP
(3.10)
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This model was subsequenùy modified to allow the immobilized penneant moit:culcs a

Iimited mobility.20.21

The temperature dependence of the sciubility coefficient. of a givcn polymcr­

penetrant system cao be described in the fonn of a van't Hoff relation

8 =80 exphUis IRT) (3.11)

wbich allows the heat of solution. Mis. to be estimated. The heat of solution can be

expressed as

- -
MIs =àHcond + àHt (3.12)

- -
where àHcond is the molar heat of condensation and àHt is the partial molar heat of

mixing.

3.2.3.2 DifJusion andpermeation

The dependence of the diffusivity on sorbed penetrant concentration is empirical

and beyond the scope of tbis study. Suflice it to say that the presence of penneant

molecules within the polymer weakens the interactions between adjacent polymer chains

wbich leads to the commonly observee! effects of plasticization.

As for the temperature dependence, the diffusion and permeability coefficients cao

be described as activated processes and thus an activation energy for diffusion. Ed• and for

permeation. Ep. can be determined from an Arrhenius-type relation9.22.

(3.13)

(3.14)

•

where Do and Po are the pre-exponential factors for diffusion and permeation.

respectively. R is the gas constant, and T the temperature. Using the relation P = DS and

combining equations (3.11), (3.13) and (3.14), it follows that Ep is simply the swn of~

and Mis

(3.15)
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3.2.4 Penetrant Size and Shape

In general. for a series of chemically similar penetrants an increase in size (average

diameter or molar volume) leads to an increase in solubility and a decrease in the diffusion

coefficienl Since the permeability is the product of the two. its variation with size is often

Iess dramatic. However. for permanent gases the solubility often plays a minor role and

penetrant size dependence of the permeation coefficient follows the trends observed for

diffusivity.

Since the interactions between permanent gases and polymers are weak, the main

factor controiling sorption is the ease of condensation of the gas. Numerous

approximately linear relations have been propOsed22-27 to describe the relationship between

log S and either the boiling temperature. Tb. or the critical temperature. Tco or the force
constant in the Lennard-Jones 6-12 potential. Elle. or other parameters which measure the

condensability of a gas or vapor. In the absence of strong specific polymer-gas

interactions. all these parameters increase as the size of the penetrant increases.

The diffusivity has been shown to decrease enormously with increasing permeant

sire. up to ten orders of magnitude for glassy polymers.28 In addition. flattened or

elongated molecules diffuse about 1000 times more rapidly than spherical molecules of

equivalent molecular weighl22,28.29 The higher diffusivity implies that the polymer chains

are disturbed to a lesser extent by anisotropic molecules which can be rationalized by

assuming that the anisotropic molecules diffuse along their narrow axis.

The activation energy for diffusion is found tO be proportional to the penetrant

diameter raised to a power intermediate between one and two. As pointed out by Berens

and Hopfenberg28. this range is partly due to the significant uncertainty and discrepancies

that exist from the choice of method to be used te determine the diameter of the penetranl

Both sorption and diffusion are mor- dependent on penetrant size and shape for

polymer membranes in the glassy state as compared to the rubbery state. This can be

ascribed to a change in the process. i.e.. from a one site generation. above Tg. to an

effective filling of pre-existing sites found in the more rigid glassy polymer.

3.2.5 Models for Diffusion

Over the years a number of theories have been proposed in order to model the

variation of the diffusion coefficient with concentration, temperature. and penetrant size.

These are cast in termS of cither the energy required for a critical volume disturbance or

the availability of a favorable distribution of localiwi excess volume (free volume) to
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allow a diffusive jump. They can be classifiee! as molecular theories or fret: volume

theories. Since thes.: models have been reviewed elsewhereJ°. ooly the main features are

discussed here.

3.2.5.1 Molecular models

In thes.: models statistiea1 mechanics is usee! to ea1culate thermodynarnic

parameters basee! on specifie relative molecular motions of penetrant and polymer.

Relevant structure, energy. volume. and pressure parameters are introduced. It is

proposed !hat the energy of activation for diffusion arises from the need to separate the

polymer mattix sufficiently te allow the penetrant te make a unit diffusional jump.

In Olle of the earlier models. MearesIl considered the activation energy for

diffusion as the energy required to separate. by thermally inducee! segmental motion. four

adjacent and roughly parallel chain segments so as to produce a cylindrical volume

(d2 Â.1rI4. where d is the diameter of the cylinder) with a cross-section that will allow the

penetrant molecuIe to make a unit jump of length Â.. This approach. effectively equates

the activation energy for diffusion with the product of the cohesive energy density of the

polymer. CED. and the activated volume, (1rI4) d2
Î..,

(3.16)

where NA is Avogadro's constant and d can be taken as the collision diameter of the

penetrant molecuIe. This equation correctly describes the size dependence for mest small

molecuIe gas-polymer systemS and allows the calculation of the jump distance Â..

Other molecular theories have been proposed: (1) Brandt3t considered Eci as the

energy required to bend polymer chains and overcome the forces between them so as to
allow the diffusion jump; (2) DiBenedetto and Pau132-35' proposed !hat a gas molecuIe

residing in an equilibrium sorbed cage behaves as a tbree-dimensional harmotlÎc oscillater;

and (3) Pace and Daytner36-40 combiDed the features of thes.: two models and assumed

!hat the penetrant mo1ecuIes move through the polymer maaix along the axis of a tube

fonnee! by four adjacent parallel cbains and periodically executes jumps perpendicular to

this axis. Although the teSU1ting equations correctly describe the variation of Eci with

temperature and permeant size. they incorporate a number of adjustable paramer.ers which

do not have a closely definee! physical meatûng.
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3.2.5.2 Free volume model

The basic idea of this model is that in a polymer-penetrant mixrore the mobilities of

polymer and diffusing molecule are determined primarily by the amount of free volume in

the system. Considering the case of substantial concentrations of penetrant. Fujita41

defmed a mobility for the diffusant molecule. lI1d (= DIRT). which depends on the t~

volume of the system througb a Doolittle type expression

(3.17)

•

•

where f is the fractional free volume of the system. Ao:I is a parameter that is dependem on

the size and shape of the penetrant. and Bd is a parameter that characterizes the efficiency

of use of the available free volume fraction f in the diffusion process.

Molecular models have severa! advantages over the free volume theories. They

are more realistic since they describe specific molecular motions. Furthermore. the

necessary parameters are general1y predietable from the inherent properties of the

penetrant and polyÏner. However. the shortfall of the more recent models is that they

generally have more than one adjustable parameter and the expressions are more complex

50 that they require considerable parameter input.

3.2.6 Present Work

In spite of the fact that PYC is one of the most frequenùy used commercial

plastics, relatively few investigations have been made of the tranSpon properties of gas

molecules through PVC and plasticized PYC films. In this chapter a detailed investigation

is presented of (1) the dependence of the penneability coefficient for the penetration of

oxygen through pve films on temperature and plasticizer concentration. including a

binary lDÎXtUl'e; (2) the temperature dependence of the permeability. diffusion. and

50lubility coefficients of oxygen and hydrogen chIoride gases in pye. The temperature

range was selected such that it provided data above and below the glass transition

temperature.

Such studies are imponant bath from an industrial as weil as an academic point of

view. If films are ta be used for packaging applications often a low diffusion rate of

oxygen is a requirement. especially for food containers. 50 that detrlmental oxidative

changes are Iœpt ta a minimum. However. for pye the easy control of oxygen

peaneation. by addition of plaslicizers, bas a major advantage especially in meat

packaging. where the higb permeability of plasticized pye keeps the red color of meat
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two 10 three days longer than in other packaging materiaL~. But the diffusion of gases i~

not only important in the performance of the linal producL~ but also in the choicc of

proecssing r::"thods and conditions. )=or cxample. a slow diffusion rate of hydmgcn

chloride can lead 10 auto-catalysis of the thermal degradaùon.4~

3.3 EXPERIMENTAL

3.3.1 Materlals

The PVC used L"l this study was an &so 366 commercial rcsin for which tlle

manufacturer quoted characteristics were listed on page 77. Studies by 13C NMR, using a

Varian XL-300 spectrometer. indicated an esselltially atactic polyrncr with Pm = 0.45, as

determined from the metlüne triad sequence distribuùon. The plastici7.ers, tri-butyi

phosphate, TBP. and di-octyl phthalate. DOP. were purchaseèJ from Aldrich. The thermal

stabilizer. T-35 (an..-yl tin mercaptan ester), was obtained from Elf Atochem Canada. lnc.

The gases. hydrogen chloride (semi conductometric grade), extra dry oxygen. and

nitrogen. used in the transpon experimenlS were purchased from Matheson Gas ProduclS.

The extra dry oxygen was used as received. whereas the hydrogen chloride ga.~ was

further purified by removal of water.

3.3.2 Film Preparation

The unplasticized a..,d plasticized PVC films were preparcd in the following

manner: (1) PVC powder and the appropriate amount and type of plasticizer with 1 phr of

T-35 thermal stabilizer was blended for severa! minutes in an industrial Wmen blender:

(2) Further blencling and fusing of the material was obtained by milling the mixture on a

IWO roll mill at a lCmperature of 165 oC for severa! minutes; (3) A small sample was then

compressioit molded to ensure a film of appropriate dimensions. i.e., haV:.ng a surface area

greater !han 5 cm2 and a uniform thickness beIWeen 0.01 and 0.04 cm with a standard

deviation of less than 4%. The film thicknesses were determined with an MDC Series 293

Digimatic rnicrometer with a precision of ± O.OO} mm. The compositions of the ftlms used

in this smdy are given in Table 3.1 along with their glass transition lt.'tItperamres, as

determined by use of a differential scanning calùrimeter (pe!Icin Elmer, Model DSC-2C).

The compression molded films were then annealed at 90 oC for 30 minutes to remove any
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Table 3.1
Glass transition temperature, Tg (in OC), of the various plasticized PVC films

used in the penneation studies, where the concentration of plasticizer is

expressed as a volwne fraction, ~plas.

Plasticizer

none

TBP

DOPrrBP

(~DOP = 0.60)

DOP

o
0.094

0.168

0.407

0.100

0.200

0.402

0.101

0.217

0.400

87

68

48
-11

63

41

-6

65
38

-4

•

residual effeclS due to pressure.43 ACter this thermal treatment. measuremenlS of the

permeation at room temperature. with either gas. were identical before and aiter the

mcasuremenlS at temperatures above the glass transition temperature. i.e.• they did not

exhibit any thermal hysterisis effeclS.

It was found that this method of film preparation yielded the most reliable resullS.

Other methods of film preparation. such as solution casting. yielded variable permeabilities

that depended upon the solvent (poor solvenlS tend to yield films of higher permeability)

and drying technique, as is well documented Ùl the literature.44 Preliminary work with

films cast from tetrahydrofuran ('lHF) solution Ùldicated that extended. harsh thermal

condiûons45 are required to remove the residual solvent. Since such conditions in effect

also resulted Ùl the 10ss of some of the plasticizer. this method was impractical.

3.3.3 Apparatus

Permeation measurements for oxygen gas: A cOulomenic oxygen deteetor (Macon

Modem ContraIs Inc.) ÙlCOrpOrated into a device similar to the Ox-Tran Mode! 100. as

shown in Figure 3.1, was used to detect the amount of oxygen permeating through the

polymer film. This device consisted of a ceIl separated into two chambers by the sample
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Figure 3.1. A simplified diagram of the coulometric system used in the

measw:ement of the transpolt coefficients of oxygen gas.

film. One side of the sample was tlushed continuously with extra dry oxygen. On the

other side, dry nitrogen caxrier gas containing 3% hydrogen swept the permeating oxygen

molecu1es to the sensor. where an electrochemical reaction produced a current which is a

linear function of the mass tlow rate of oxygen into the sensor. The nitrogen gas uscd

contained 3% hydrogen which when passed through a p1atinum eatalyst cansed the

hydrogen to react with any residual oxygen that might have been in the system.
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The operational principles of the sensor are as follows: As an oxygen molecule

enters the sensor it reacts at the surface of the graphite cathode to capture 4 electrons

02 + 2H20 + 4e- ~ 4OH-

The hydroxide ions then reacts at the porous Cd anode to release electrons and form

cadmium hydroxide

2Cd +40H- ~ 2Cd(OHh + 4e-

Since each oxygen molecule causes the transfer of four electrons. one mole of

oxygen is equivalent to four Faradays. From Faraday's relations it can he shown that the

current produced is directly proportional to the rate of oxygen flow entering the sensor_

Hence. the sensor is a constant-eurrent source which can he converted into a d.c. voltage

by placing an ..ppropriate load resistor into the circuit. TIùs yieids a convenient

relationship hetw::en voltage and the transmission rate of oxygen. i.e.• for a 5.03 ohm

resistor a one millivolt reading corresponds to transmisl.ion rate of 100 cc(SlP) m-2 day-1.

Therefore. as oxygen diffuses through the barrier and enters the sensor. the sensor current

rises and finaI1y levels off at a value representative of the equilibrium transmission rate of
oxygen through the barrier. Using the final voltage, V00' and taking into account the area

(5 cm2) and thickness of the film. 1, and the partial pressure of the permeant, Pa. the

permeation coefficient can he calculated from the following relation

(3.18)

•

where V0 corresponds to the blank voltage reading and the constant 2.28 X 10-13 is a

conversion factor that yieids a P value in units of cc(Û2 @ SlP) cm cm-2 s-l Pa-1 when
the values of V00' transmission rate, 1, and Pa are entered with units of mV. cc m-2 day-1.

cm. and ann. respective1y.

Difl'usion studies for oxygen: The above appaxatus was initially designed soleiy for

measurement of a permeation coefficient from the final voltage reading (equilibrium

method). For the purpose of this study it was modified by interfacing it to a computer

equipped with a program that was deve1oped, using Turbo Pascal, to automatica11y

acqlùre the voltage as a function of lime. The signal from the sensor was conditioned by.

firstly. amplifying it from a programmable gain circuitry whose amplifier was built directly

on the AJD board (National Instruments). Secondly. the voltage was converted to digital

format via the AJD board so that the data could be acquired by the computer. Figure 3.2
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shows a typical trace for the permeation of oxygen through a 0.027 cm thick PVC tilin

maintained at a temperature of 92 oC. A~ oxygen diffuses through the \lamer and i~

camed to the sensor by the purge gas. the sensor current ri~es and finally levcl~ off to an

equilibrium value. As will be seen later. both the diffusion and permeation cocflicicnts can

be obtained from this curve (transient method).

-
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Fïgure 3.2. Typical trace of voltage as a function of lime obtained with

a 0.027 cm PVC film at a temperature of92 oC.

•

Diffusion studies for hydrogen chIoride gas: The apparatus used to measure the

transport coefficients of hydrogen chloride gas. shown schematically in Figure 3.3.

incorporated a glass cell that was separated into IWO chambers by the PVC film. The glass

cell was placed into a constant temperature oven and a steady flow of hydrogen chloride

gas passed through the upper chamber while the bottom chamber was continuously purged

with nitrogen. As the hydrogen chloride permeated through the PVC film it was carried

by the nitrogen stream into 100 ml of deionized water. thermostated in a bath at 25.0 OC.

The conductance of the resulting solution was monitored continuously using dipping

platinum electrodes connected to a Mode! 35 conductance meter (YSl Scientific)

interfaced to an Apple n microcomputer. which allowed automatic acquisition and

processing of a large number ofdata points.
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Figure 3.3. A detailed schematic diagram of the experimental assembly

used in the measurement of the transpon coefficients of hydrogen chloride

gas through a pve film.

3.3.4 Experimental Technique

The voltage, in the case of oxygen penneation. or the conductance. in the

permeation experiments with hydrogen chloride, was convened to amount of gas. Q.

which was plotted as fonction of lime (transient method). A typical plot for the amount of

oxygen gas permeating through a pve film is shown in Figure 3.4. From 50ch plots the

diffusion coefficient was calculated using the relation given in eq. (3.6) where the lime lag

tl is taken as the intereept on the lime axis of the extrapolated linear steady state ponion of

the plot, as indicated in Figure 3.4. The permeation coefficient was calculateel, using a

rearranged fonn of the relation given in eq. (3.7). i.e.•

P = (AQ/At) (IIAP.) (3.19)

•
where AQ is the quantity of gas which bas permeated in the lime interval At during steady

state flow (i.e.. the slope of the linear ponion of the plot). A is the effective film area. and

Pa is the partial pressure of permeant. The solubility coefficient was calculated from the

relation given in eq. (3.8) which. assuming thatHemy's Law is obeyed, states that the

solubility coefficient is given as the ratio of the permeability and diffusion coefficients.
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Figure 3.4. Typical plot for the amount of oxygen gas, Q (in an3(@

STP», permealing through a PVC film as fonction of lime at a temperature

of92 oC where q is the lag lime.

3.4 RESULTS AND DISCUSSION

3.4.1 Oxygen Permeation Througb Plasticized PVC Films

•

3.4.1.1 Oxygen pemuuztion results

The permeation coefficients. at various temperatures. for oxygen in the various
PVC films were obtained from the measured values of the equilibrium voltage, V... by use

of eq. (3.18). As an example, Table 3.2 shows these values for the unplasticized PVC in

the temperature range that includes data above and below the glass transition temperature.

Tac data follow a trend that is generally observed. i.e., as the temperature is raised the

permeation coefficients increase. This behaviorcan he «learly seen in Figure 3.5 where the

permeation coefficient P is plotted as a function of temperature. In addition. dùs plot

reveals that the rate of change in the permeation coefficient inaeases dramatically as the

glass transition temperature. ca. 80 oC is traversed.
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Table 3.2• Oxygen permeation coefficient, P (in cc cm cm·2 5.1 Pa·I ), for an unplasticized

PVC lilm at temperatures above and be10w its glass transition temperature.

Temperature PX 1014 Temperature PX 1014

(OC) (OC)

8.0 0.122 74.0 2.05

17.5 0.211 77.0 2.51

25.3 0.342 81.5 3.35

32.4 0.489 84.0 3.99

37.1 0.494 85.1 4.34

46.4 0.777 87.9 5.07

54.0 1.05 90.5 6.08

59.0 1.13 91.5 6.69

65.0 1.60 97.6 9.49
67.4 1.63 102.2 12.8

73.5 2.09

• 14

•
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10 --- •'...
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B •.. 8- •!
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Figure 3.S. The effect of temperature on the permeation coefficient, P.

• of oxygenpassing through an unplasticized PVC film.
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This behavior is not surprising considering the features of the two principal

microstructural condiùons of the polymerie material. i.e.• the glassy and rubhery states. In

the glassy state. pve is hard and brinte. a consequence that is intimately related to the

restricted polymer chain mobility. Rotaùons about the chain axis are limited and moùons

within the structure are largely vibraùonal. In this state the polymer has a very dense

structure with very little internai void space. Therefore. the permeaùon of the gases

through this structure is low. In contrast. a polymer in its rubbery state is generally tough

and t1exible; such properties are associated with freer chain moùon. In this state. the

diffusion process involves larger chain segments due to the internai micromoùons of the

chain rotaùon and tranSlaùon. as weil as vibraùon. Basically. as the temperature i~

increased. or more specifically as the glass transition temperature is traversed. the chain

moùons increase in frequency and amplitude and hence a larger amount of l"ree volume i~

more readily accessible. This aIlows the permeant to diffuse at a fast rate.46

The permeability c;oefficients of oxygen in pve films plasùci7.cd with TBP. a

binary DOPrrBP mixture with concentration (\loop =0.6. and DOP are shown in Figures

3.6. 3.7, and 3.8, respectively, as a function of temperature and plastici7J:r content. For

each film the temperature range was selected such that. whenever possible, it included

temperatures above and be10w the glass tranSition temperature. For comparison, each

figure also includes the permeation data for the unplasticized pve film. These plots

contain a substantial amount of information about the transport properties of plasticized

pve films that is addressed below, i.e., (1) the relationship between the glass transition

temperature and the temperature at which the Arrhenius plots display a break; (2) the

activation energies for permeation; and (3) the dependence of plasticizer type and

concentration.

3.4.1.1.1 Relationship between the glass rransition temperarure and tht'

temperarure at which the Arrhenius plots display a break

As discussed previously in ehapter l, Section 1.4.4.2, the transport behavior of

polymers can be categorized into three typeS: (1) polymers which display a break for ail

penetrants; (2) polymers that display a break for penetrants of size above a certain critical

diameter; (3) polymers that do not display this effect with any gas penetrants. An

explanation that bas been proposed47 for the lack of effect is based on the size of the

penetrants and the relative extent and nature of the change in the coefficients of thermal

expansion above and below the Tg. Kumins and ROteman48 argued that at temperatures
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Figure 3.6. Arrhenius-type plots for the permeation coefficients of

oxygen through PVC films plasticized with TBP. where the symbols

represent different concentration of plasticizer: $plas = 0 (circle).

$plas =0.094 (triangle), $plas = 0.168 (square), $plas = 0.407 (diamond).
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above the Tg the number of holes does not change. only their sire. i.e.• then: is a change in

the amplitude of the segmental oscillations or rotations. For small penetrant molecules

only minor changes should he displayed since the probability of encountering a hole i~

about the same. However. for the larger penetrants molecules. the sire becomes

important and an effect of the glass ttansition temperature can he observed. Stannett and

Wù1iams47 suggested that the difference in the thermal expansion coefficients above and

below the Tg is related to the degree of change in slope in the Arrhenius plots at the Tg.

This is supported by the faet that polymers. such as PEMA. that exhibit a rather small

difference in thermal expansion coefficients do not display a break in the Arrhenius plots

of the transport properties. On the other hand, pve which bas a change of intermediate

value and PVA with a rather larger difference display a break only for larger penetrants.

For the polymer-penetrant systems that display !bis effect, it is generally accepted

that the temperature at which the polymers exhibit a break represents the glass ttansition

temperature. As a matter of fact, in recent studies Campan and co-workers"9 have used

oxygen permeability measurements as a means of determining the glass ttansition
temperature of poly(cyclohexyl acrylate). Their measurements were within ±l oC of the

values obtained by differential scanning calorimetry and specific volume dilatometry.

In !bis study Figures 3.6. 3.7 • and 3.8 show that the unplasticized and plasticized

pve films of low concentration of plasticizer (c!lpias < 0.2) display a discrete change in the

slope, reganlless of the plasticizer system. The temperatures at which a break in the

AIrhenius plots occurs, TbteaJr:. for the various films are given in Table 3.3. A plot of these

temperatures along with the glass transition temperatureS. as measured by ose. as a
function of the weight fraction of plasticizer is shawn in Figure 3.9. This plot also

includes data for the films with volume fraction of plasticizer of about 0.20. Although the

temperature at which the break occurs. at !bis concentration, is difficult ta distinguish in

Figures 3.7 and 3.8. it is readüy apparent in more expanded plots and continues on the

same linear relationship as that for the other plasticized films. The temperature at which

!bis break occurs is consistently lower. by ca. IS oc. !han the glass transition temperature

as determined by ose. This difference may be due ta the different heating rates - for the
ose measurements a heating rate of 20 0C/min was used while the permeation

measw:ements taire severa! hours which corresponds ta a very slow heating. An

altemative exp1analion is that oxygen as a probe molecule, because of its size, deteets

segmental motions ofpve with a shorter number ofunitil !han that observed in differential

scanning calorimetry.
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• Table 3.3

Activation energy for penneation3 , E1> (in kJ moloI ), pre-exponential factora,

Po (in cc cm cm02 sol PaoI ) and temperature at which a break in the

penneation data occurs, Tbreak (in OC) for the various plasticized PVC films,

where the concentration of plasticizer is expressed as a volume fraction, 41plas.

Plastici7..cr 41pla.' Ep Po Tbreak

none 0 34 2.6 X 10.9 75

(69) (5.1 X 10-4)

0.094 31 2.0 X 10.9 55

(55) (1.7 X 10-5)

TBP 0.168 28 2.1 X 10-9 33

(47) (4.3 X 10-6)

0.407 (24) (1.3 X 10-8)

DOPrrBP 0.100 32 3.2 X 10-9 50

(4Ioop = 0.6) (56) (2.3 X 10-5)

0.200 (51) (1.9 X 10-5)

0.402 (37) (1.1 X 10-6)

0.101 35 7.6 X 10-9 48

DOP (58) (4.6 X 10-5)

0.217 {52} (3.1 X 10-5)

0.400 (43) (6.4 X 10-6)

a Values in parentheses correspond to temperatures above the glass transition temperature.

•
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Figure 3.9. Glass transition temperature. Tg. as measured by ose
(dashed lines), and the temperature at which the plots of ln P as a function

of lrr show a break. Tbreak (soUd lines), for pve films plasticizcd with

TBP (circle), a OOPfTBP mixtures with <PooP =0.6 (square), and OOP

(triangle), as a function of weight fraction of plasticizer, wplas.

A very common featureSlJ.58 that is aIso exhibited in Figure 3.9 is that at low

plasticizer concentrations the glass transition decreases linearly as the concentration of

plasticizer increases. A well known measure of plasticizer effectiveness for pve is the

extent to which the glass transition temperature of pve (Tg,PVd is depressed by

incorporation of a given amount of plasticizer. Both the Tg and T!Y.:ak as a function of

weight fraction of plasticizer fit well, with correlation faCters greater !han 0.99, to the

linear equation of MaurilZ and Storey~9-61, i.e..

•
(3.20)
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wherc Tg is the glass transition temperature as mcasured by DSe or the temperature at

",hich a break in the Arrhenius plots occurs. wpla. is the weight fraction of the plasticizer.

and k is the plasticizer efficiency parameter which is uniquely defmed at low-to-moderate

plasticizer concentrations. From DSe mcasuremenL, k values of 303. 286. and 285 °e
were obtained for pye fi1ms plasticized with TBP • a DOPrrBP mixtures with

<l>oop = 0.6. and DOP. respectively. while the permeation mcasurements yielded values of

331.329. and 318 °e. These values follow the trend k(TBP) > k(<I>oop = 0.6) > k(DOP)

which implies that TBP is a more effective plasticizer than DOP.

3.4.1.1.2 Activation energy for permeation

According to eq. (3.14). the slopes and intercepts of the linear portions of the plots

shown in Figures 3.6. 3.7. and 3.8 correspond to the activation energies for permeation.

Ep. and the pre-exponCJ!tial factors. PO' respectively. As dis..:ussed above. for pye fi1ms
with low plasticizer cor.centration (<l>plas < 0.2) there is a discrete change of slope. in the

vicinity of the glass transition temperature which retlects a change in the activation energy

for permcation. The various activation energies and pre-exponential factors are given in

Table 3.3.

The effect of plasticizer type and concentration on the activation energy for

permeation is best seen in Figure 3.10. In all cases. the activation energy above the glass

transition temperature has a greater value than that below the Tg. This difference

dccreases as the concentration of plasticizer increases. At temperatures above the glass

transition temperature, the activation energies decrease monotonically as the concentration

of plasticizer in the film is increased and tends towards a 1imiting value at high plasticizer

concentrations. The :ctivation energies below the Tg appear to dcerease to a lesser extent

with increase in plasticizer concentration except for DOP which indicateS a slight increase.

Above the Tg. differences in activation energies are observed amongst the various

plasticizers and the following trend is ObSer\ied Ep(DOP) > Ep(<I>oop = 0.6) > Ep(TBP).

This trend becomes more pronounced as the plasticizer concentration increases.

The effeets of plasticizer type and concentration on the pre-exponential factor. Po,

shown in Figure 3.11. exhibit similar fcalUres.

Flori3nczyk and Dahlig62 performed similar experiments in whieh the permeability

coefficients ofe~.~ and N2 were determined in the temperature range 22 to 64 °e as
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a function of plasticizer concentration (2.5-35 wt%) for PVC plasticized with di-octyl

adipate (DOA), di-butyl phthalate (DBP), DOP, or TCP. Thus, Ùleir studies were

confinee! to a smaller temperature range and the films usee! were preparee! by casting from

THF/eÙlyl acetate (50/50) solution. In no case can a break he detectee! when their

permeation data are plotted in the form of Arrhenius plots. This can he attributed, in part

to insufficient data, i.e.. the temperature range covered in Ùleir experjments was too
narrow (22-64 OC) and permeation coefficients were measured at only four temperatures

which is often insufficient tu reach Ùle Tg.

Activation energies calculated from the data of FIorianczyk and Dahlig62 are

displayed as a function of plasticizer concentration in Figure 3.12. At low plasticizer

concentrations (< ID wt%), Ep increases as Cplas increases. For Ùle temperature range

usee! in Ùleir study. these activation energies should correspond to values below the glass

transition temperature. provided Ùlat solvent removal is adequate, and are in fair

agreement with present results, as seen by the comparison given in Figure 3.13. However.

Ùlere is no discontinuity with increase in plasticizer concentration in spite of the fact mat
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Figure 3.12. Activation energy. Ep. for permeation of oxygen through

plasticized PVC film as a function of plasticizcr concentration. Cplas.62

DOA(open circle); DOp(fiIled cïrcle); DBP(open triangle); TCP(fiIled

triangle).•
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at plasticizer concentrations >10 wt. % the Ep values must be activation energies abovc

the glass transition temperature. Instead. the values continue to decrease and leveI off ta

about 17 kJ mol,l for ail plasticizer systems. Thesc values of Ep are at least 35 kJ mol,l

lower !han the present results. Furthermore, our results indicate that the activation

energies tend ta leveI off at Ep values that are different for the three plasticizer systems

(Figure 3.10). Although the differences in activation energies can probably be accounted

for. in part, by differences in sample preparation. further work is needed ta determine the

causes. Certainly. a strong case can be made for Ù1e validity of the values ob:ained in the

present study since for the pve film plasticized with DOP the activation energy tends

towards ca. 40 kJ mol,l. compared ta ca. 17 kJ mol,l in the work of Florianczyk and

Dah1ig. which corresponds well ta the activation energy for viscosity lor D0p63. ca. 36 kJ

mol-l . Similarly. for TBp64 the activation energy for viscosity is 15 kJ mol,l. Assuming

that these activation energies are additive. the activation energy for DOPrrBP mixture

with concentration Chlop = 0.6 should he about 28 kJ mol- l • in good agreement with

activation energies obtained in the present study for permeation at high plasticizer

concentrations. This is cxpected if the diffusion of oxygen through a highly plasticized

pve film occurs mainly via the Jeast tortuous path which is the plasticizer matrix.
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3.4.1.1.3 Plasticizer type and concentration dependence

Figures 3.6. 3.7. and 3.8 show that. regardless of the plasùcizer system. the

pcrmcaùon cocftïcienL~ increasc as the concentraÙon of plasùcizer is increased. The effect

of plasùci7cr type on the permeaùon coefficients of oxygen L~ more readily scen by

construcùng plots of ln P as a funcùon of temperature for filrns of similar plasticizer

content. as shown in Figure 3.14 for the plasticized PVC fùms with $pla.. '" 0.4. This

figure reveals the following trend in permeation coefficients: P(TBP) > P($OOp = 0.6) >

P(DOP). In other words. the barrier properties of the plasticized filrns improve as the

concentraùon DOP increases in the plasùcizer mÏXttLi"e.
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Figure 3.14. Arrhenius-type plots for the permeation coefficient of

oxygen through plasticized PVC films of similar plasticizer content

($plas '" 0.4). where the different symbols refer to the plasticizets usee!, i.e.•
TBP (ciI'Cle). a DOPITBP mixture with $DOp =0.6 (square). and DOP

(ttiangle)•
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Because of insufticient experimental data for pla.~ùci...ed lilms of similar

concentraùon. it is not possible 10 deterrnine whether this trend is gener.llly ohsetved at :ùl

plasùcizer concentraùons. However. from the linear porùons of the pIOL~ in Figures 3.6.

3.7. and 3.8. interpolated v:ùues of the perrneaùon coefticient. at a given temper.lture. can

he obtained. Plots of these as a :uncùon of pla.~ùci".erconcentraùon at temperatures of

20 oC and 60 oC. Figure 3.15. reveaI that: (1) the perrneaùon coefticienL~ increa.~e

logarithmically as the concentraùon of plasùcizer is increa.~ed: and (2) the same trend in

plasticizer type is followed. i.e.. P(fBP) > P($OOp = 0.6) > PtDOP). Furtherrnore. at the

higher temperature. T =60 oC. the trend in plasùcizer type is discemib1e only when the

volume fraction of piasùcizer is greater than 0.1. wherea.~. at the low temperature. T = 20

oC. the effect is more pronounced and is obsetved even at low plasùci...cr concentrations.

·26 ~------------------,

·27

-28

·29

~ -30

-31

-32

-33

0.50.40.30.20.1

-34+----r----.---....,..----r--~

0.0

.....

•

Figure 3.15. Plots of the naturallogarithm of the permeation coefficient

of oxygen through plasticized PVC films as a function of volume fracùon

of plasticizer, 1Pp1as' where the different symbols represent the interpolated

values of the different plasticizers used: TBP (circle). $oop =0.6 (square),

DOP (triangle), at temperatures of 20 oC (solld symbols) and 60 oC (open

symbols).
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Although the permeation coefficients of oxygen through plasticized pye films

have been analyzed in some detail. various questions remain. For example. according to

eq. (3.8) the permeation coefficient is given as the product of the diffusion and solubility

coefficients. However. thus far no information is given as ta the relative importance of the

two parameters in the tranSport of oxygen. To investigate these questions. the permeation

apparatus was modified. as discussed in the Experimental section. in order to be able to

measure the diffusion and, from the relation given in eq. (3.8). the solubility coefficients.

As a first approach these coefficients were measured for oxygen through an unplasticized

pye film. Furthermore. the break observed in the Arrhenius-type plots is related to the

size of permeant used. As discussed above. depending on the size of the permeant a break

may or may not be observed. In search for such differences as weil as its importance to

the processing and thermal degradation of pye. hydrogen chloride gas was used as a

second probe molecule.

3.4.2 Transport Properties of Oxygen and Hydrogen Chloride Gases

Througb an Unplasticized PVC Film

3.4.2.1 Permeability coefJidents for Oz and HCl gases determined by the tùne·lag

method

The pèrmeation coefficients of oxygen and hydrogen chloride gases in the

unplasticized pye film were determined. as a func1ion of temperature. from the slope of

the linear portion of the plot of Q as a func1ion of time. as described in the Experimental

section by eq. (3.19). Figure 3.16 shows good agreement between the permeation

coefficients of oxygen as measured by the equilibrium and transient method. When the

data obtained from this transient method. better known as the "time-lag" method, for both

gases are plotted as a function of temperature. Figure 3.17. it is apparent that: (1) for both

gases, as the temperature is increased the permeation coefficients increase; and (2) the

permitivity increases at a raie !bat is substantially bigher as the glass transition is exceeded.

In addition, the permeation coefficient of HCl gas, at a given temperature. is ca. 80 times

bigher !han that for Ûl. For example. the permeability coefficient of Ha. at 89 oC is
38.19 X 10-13 compared ta 0.46 X 10-13 cc cm cm-2 s-l Pa-1 for Ûl.

The permeation coefficients, for bath gases, in the form of an Arrhenius-type plot,

Figure 3.18, display an abrupt change of slope in the vicinity of the glass transition
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temperature. The temperatures at which a break in the plot occurs, TbreaIc:' for the two

gases are given in Table 3.4 along with the activation energies for permeation above and

below the glass transition temperature. What is surprising with these results is that.

although the permeation coefficients a.-e significantly different for the two gases, the

activation energies for permeation are identical. Comparison between the oxygen

permeation results, Ep and Tbreak- from the equilibrium method (Table 3.3) and the

transient method (Table 3.4) reveals that these values agree within experimental error.

•

3.4.2.2 Diffusion coefficienls for O2 and Helgases by the lime-lag method

The diffusion coefficients of oxygen and hydrogen chloride gases at various

temperatures were calculated using the intercept on the time axis that results from the

extrapolation of the linear steady state portion of the plot of Q as a function of time, as

indieated in Figure 3.4, in eq. (3.6). The Arrhenius plot. Figure 3.19, reveals tilat as the

temperature is increased the diffusion coefficients increase, for both gases, with a distinct

change in the slope in the vicinity of the glass transition temperature. Furthermore, the

diffusivity, at a given temperature, is higher for oxygen than for hydrogen chloride.
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Table 3.4

Temperatures at which the Arrhenius plots of the permeation. diffusion. and

sorption coefficients display a break. Tbreak' as weil as their corresponiling

activation energies (in kJ mol-I) and pre-exponential factors for the transport

of oxygen and hydrogen chloride gases through PVC at temperatures above

and below Tgo

Method Gas Activation Energy Pre-exponcnùal factor Tb=k
BelowTg AboveTg BelowTg AhovcTg ("Cl

Û2 34 (34)a 70 (70)a 2.5 X 10-9 4.9 X 10-4 78
Penneation

Ha 33 (29)a 70 (62)a 1.3 X 10-7 4.7 X 10-2 78

Û2 36 (54)b 74 1.0 X 10-2 4.6 X Il),' 78
Diffusion

Ha 44 (63)b 99 3.0 X 10-2 6.3 X Il)6 71

02 -2 -4 2.3 X 10-7 l.l X 10-7 77
Sorption

HCI -15 -37 1.4 X 10-6 5.1 X 10-10 66

a Values in parentheses represent calculated values from Ep = Ed + àHs
b Literature values from TJkhomirov. et aL65 for Û2 and Imoto and Ogo66 for HCI.

The lower diffusivity of HCI compared to Û2 is an expected result that can he

accounted by the differences in the size of the penetrant molecules. as reported by Berens

and Hopfenberg.28 In their study. diffusion coefficients of various CI to C6 organic

vapors. detennined by gravimetric sorption rate measurements67-69. were used in

conjunction with the published data of TJkhomirov, et aL65 on diffusivities of pennanent

gases to show that the diffusivities are a strong function of the molecular size of the

penetrant. That is. the diffusivities for gases in PVC at 30 oC definc a continuous curvc

when plotted as a function of the molar volume constant, by. of the van der Waals
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Figure 3.19. Arrhenius plots of the diffusion coefficient, D (cm2 s-l). for

oxygen (open circle) and hydrogen chioride (solid circle) gases in an

unplasticized PVC film.

equation of state for gases and vapors. as shown in Figure 3.20. The diffusivities (7.42 X
10-10 for Ha and 5.81 X 10-9cm2s-l for Û2 at 30 OC) of the present work closely follow

this continuous curve indicaring that the larger bv constant for Ha (0.04081 L mol-1)70

compared to Û2 (0.03183 L mol-1)'0 leads to a smaller diffusion coefficient. Berens and

Hopfenberg went one step further and showed that despite the uncertainties in penetrant

dimensions. which are related to the method by which they are determined, the diffusivities

decrease exponentially wi~ increasing diameter of the penetrant molecules, Figure 3.21.

The increase in the diffusivity in going from Ha (3.19 À) to Û2 (2.94 À) coincides with

the decrease in moJ.ecuIa.- di3IDeter calculated from the van der Waals constant by, as
described by B3II'OW.71

The temperamres at which a breaks occur in the Arrhenius plot of the diffusion

coefficient, Tbœako for the two gases are given in Table 3.4 along with the activation

energies for diffusion above and below the glass transition temperatUre. For both gases.

the activation energy above the glass transition temperatUre bas a greater value than that

below the Tg. as observed by other workers72• and is considered in detail later. The
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temperature at which a break occurs in the plot of ln 0 as a function of 1fT is 7 oC low~r

for hydrogen chloride than for oxygen. A possible explanation of this effeet is that HCI.

because of its higher solubility. depresses the glass transition temperature of PVC. i.t'.• it

behaves lilœ a plasticizer.

3.4.2.3 Gas sorption resulls for 02 and Hel gases by the lime-lag method

The effects of temperature on the solubilities of Û2 and HCl gases in the

unplasticized compression molded PVC film are shown in the form of Anhenius type plots

in Figure 3.22. At a given temperature. the solubility of HCI is much higher than that of

Û2, probably due to specific interactions with the polymer. The solubilities follow a

similar l1:end. i.e.. as the temperature increases the solubility decreases. indicating a

negative heat of solution. The effect of temperature is more draInatic for the PVC-HCl

system, in keeping with a larger heat of solution as eJtpecœd for specific interactions. The

solubility coefficients. for both gases. display an abrupt cbange of slope in the vicinity of

the glass ttaDSÏtion temperature.
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Figure 3.22. Anbenius plots of the solubility coefficient, S (cc CC'"1

aan-1). for oxygen (open circle) and bydrogen chloride (solid circle) gases

in an unplasticized WC film.•
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The temperamres at wlùch a breaks occur in the plots of ln S as a function of lrr•

Tbreak' are given for the rwo gases in Table 3.4 along with the heats of solution. above: and

œlow the glass tranSition temperature. (Although it is not apparent from Figure 3.22. as

shown. that a break exists in Arrhenius plot for oxygen. it œcomes apparent upon

expansion of the ordinate.) The lower Tbreak observed for the PYC-HCI system compared

to the PYC-Oz system is probably due to the lùgher solubility of HCl, Le.. the: lùgher

solubility of the gas in the polymer increases the free volume of the system mus causing a

decrease in Tg. Tlùs is in keeping with the results of severa! workers who have

observed73- 75 and set out to measure experimentally73.75 depressions in the Tg due to

lùgher absorption of gas.

Table 3.4 aIso sbows that the heats of solution, above and below the Tg. are

negative for bath gases. indicating an exothermic process. However. as seen in this table

the difference œtween the heats of solution, for oxygen, above and œlow the T 0 are quite
e

small. Such a magnimde for 6Hs is typical for processes involving the physica1 sorption

of gases in polymers and rubbers.76 By comparison, the values and differences between

the heats ofsolution above and below the Tg. for HC!, are quite large.

It is generally accepted".78 that the sorption process can be viewed as taking place

in rwo stages: (i) the formation of a hole of molecular size in the polymer. an endothermic

process, and Cu) the transfer of a molecule from the gas phase into the hole with

concomitant interaction with the surrounding segments (condensation). an exothermic

process. !n other words. the heat of solution is the SUIn of the wodi: required to create the

hole to accommodate the penetrant gas and the interaction energy berween r~e gas and the

polymer. The energy required to malte a hole of molecular size in the polymer will depend

upon the molecular volume of the gas and CED of the polymer. The energy evolved in

the second stage is govemed by the strength of van der W: :15 interactions of the sorbed

gas molecules with the surrounding polymer. which increases with the polarizability and

complexity of the gas molecule and is relatîvely insensitive to the derails of the structure of

different polymers.

1bese considerations are clearly reflected in the present data. Since the heats of

solution, for bath gases. above and below the Tg are exothermic. this suggests that the

energy of the second process outweighs that of the first. Furthermore, the heats of

solution ofHC!, below the Tg. are more exothemric !han thase for O:z (Mis =-15 for Ha

and -2 kJ mol-l for 0:2.), The difference in Mis is more pronounced at temperatUres abave

the Tg (Mis = -37 for Ha compared to -4 kJ mol-l for O:z). As expected the energy of

the second stage. which is govemed by Si:rength of van der Waals interactions of the



•
149

sorJed gas molecules with the surrounding polymer. is greater for HCI. which is more

polarizable than Û2' Furthermore. for bot.':I gases the heats of solution are larger above the

Tg.

The lower solubility of oxygen compared to that of hydrogen ';hloricie can he

ratioD3!ized by differences in the Lennard·Jones constant and the critical temperature.

Michaels and Bixler27 proposed a correlation belWeen the solubility coefficient in

polyethylene with the Lennani·Jones force constant. i.e•• S increases as the Lennani-Jones

constant increases. Later. Durrill and Griskey79 and Stern. et aL80 developed correlations

using the critical temperature insteaé of the Lennard-Jones force constant. These

correlations prediet well the sorption dala of the present work. For example. the critical

temperature71 of Û2' 154.4 K. is much lowp..c !han that of HCI. 324.6 K.

3.4.2.4 Activation energies for penneation and diffusion ofO2 and HCI in pvc

As stated previously. the Arrhenius plots of the permeation and diffusion

coefficients. Figures 3.18 and 3.19. respectively. display an abrupt chan~ of·slope. for

both Û2 and Ha. in the vicinity of the glass transition temperature. That is. the diffusion

coefficients are lower below the Tg but not as low as expected from a linear extrapolation

of the plots of ln P as a function of vr from above the Tg. The SaIne bolds true for the

specifie volumes. Sncb a break was not detected by Tikhomirov. et aL65. for the PVC-Û2

~~by~ooand~~~the~COO~

The values ofEp and Eci for both gas:s above and below the Tg. obtained from the

linearportion of the Arrhenius plots in Figures 3.18 and 3.19. along with literature values

are summarized in Table 3.4. Fer both gases the Ed values are about 20 kJ mol'} lower

!han reported previously. This difference may be attributed to. in pan, to differences in

sample preparation. Imooo and Ogo for the PVC-HO system used films that were cast

from THF solution and Tikhomirov. et aL for PVC-Û2' system used commercial

calenderl:d films. On the other band, it also possible that the differences are related to the

smauer temperature range. with fewer data points. explored in the previons studies. In

addition. the data in this Table reveal !bat above the Tg the activation energies. Ep andEd•

are about 50% larger !han those below the Tg. This behavior is predieted by Brandt's

tbeory31 which prediets that the ratio of activation energies for diffusion above and helow

the Tg should he given by

•

• E.t(T> Tg) -O.SCLg
Ed(T<Tg} Ur

(3.2l)
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where a g and CXr are the expansion coefficients in the glassy and rubtery states.
respectively. For poly(vinyl chloride)81 ag is 6.6-7.3 X 10-5 and CXr is 17-17.5 X 10-5.50

that Ed(T>Tg)/Ed(T<Tg) =2.3 - 2.6 is predicted by eq. (3.21) compared to experimental
ratios of the activation energies of 2.05 to 2.25.

As discussed previously. when Henry's law is obeyed Ep is given as a simple sum
of Ed and Mis. eq. (3.15). The values of Ep above and below the Tg for both gases.
obtained by summing Ed and Mis. are aIso given Table 3.4. For Ch these values are in

good agreement with the experimental results; however. for HCl a small deviation is

observecl Perbaps. because of its high solubility. Henry's law does not apply and a

secondary mechan;sm is operative.

The difference in the activation energies for diffusion between Ch and HCl can be

:lCCounted for on the basis of differences in molecular diameter. db- calculated from the

van der Waals constant, bv (2.94 À for Ch and 3.19 À for HCl).82 However. when

Tennard-Jones diameœrs (3.487 À for Ch and 3.305 À for HCl)83 are u!'ed, as proposed

by Berens and Hcpfenberg2S. the opposite effect is observed, i.e.• Ed decreases with the
diameter of penetrant. Berens and Hopfenberg2S combined the data of Berens75-77 for a

number of organic vapors with previously published values for gases65 and demonstrated

that the &:tivation energy for diffusion, below the Tg. increases as the molecular diameter

increases, as shown in Figure 3.23. The~ values for Ch and HCl in the present stlldy
fonow this tren(l when the molecular diameœrs calculated from the van der Waals constant

are used. However. this is by no means universally true. Recenùy. Wachi and co-workers

studied the transport properties of 1-butene84 and °285 in PVC and found a contradiction

to the correlation proposed by Berens and Hopfenberg. i.e.• the activation energies

decreased.with the molecular diameter. Although not discu.< "ed in their paper. this may be

attributed te the shape of the molecule, i.e•• butene is perhaps diffusing along its long axis.

NonetheJess. the purpose of this discussion is to show that, as pointed out by Berens and

Hopfenberg. the limiting factor in cotrelating the activation energies with molecular

diameters is the method used te determine the diameœrs.

From Meares mode!, eq. (3.16). the activation energy for diffusion of Û2 is
expected te be smaJ1er than Ha, simp1y on the basis of the relative values of their collision

diameters (2.94 À for Ch mr-2.19 À for HO).82 This is in agreement with the present
results. as shown in Table 3.4. -As pointed out br Muller. et aL8G. a test of the validity of

eq. (3.16) for a polymer with data for at least two gases is to vetify that the ratio of
molecular d;ameter'l of the twO gases is equal to the ratio of the respective activation

energies and diffusion coefficients, at a given Temperature, as desaibed by eq. (3.22)
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(3.22)

•

These ratios, calculated from the present data, are given in Table 3.5 and suppon the use

of cq. (3.16) for PVC-Hel and PVC-Û2, systems.

From eq. (3.16) the diffusional jump length can be caIcu1ated, provided that the

cohesive energy density of the po1ymer is known. The inœmal pressure, Pi = (dElOVfr.

of the po1ymeris a good estimation of its cohesive energy density.18 The effect of

temperature on -the inœmal pressure87 of PVC was studied by Tunurro and Bianchi."
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Table 3.5

Ratio of molecular diametersa , activation energies and diffusion coefficient of

oxygen and hydrogen chloride in PYC sample.

belowT~
c

aboveTS aboveTS
1.09 1.10 1.16 1.10

a molcculardiameter: db
HQ= 3.19 Â and dbÜ2 = 2.94 Â

1.16

They found that at temperatures below the Tg the internal pressure incn:<>Sed linearly with

tempcrature followed by a sharp rise as the glass transition was traversed. For example.

typical internal pressure values of 234 and 477 J cm-3 were reported for temperatures of

25 and 90 oC. respectively. Based on these values. eq. (3.16) qualitatively indicates that

the activation energy below the Tg should be smaller than Ed above the Tg. in keeping

with the present results. Using this expression and the Pi values. the unit diffusion jump

lengths. Â.. were calcuJated for a temperature below (25 OC) and above (90 OC) the Tg. as

shown in Table 3.6. These results show that the unit diffusion jump length for oxygen,

38 Â. is the same above and below the Tg. By comparison the data for hydrogen cl>!oride

gas show a slight increase of abc.oli 4 Â in gaing from a temperature of 25 to 90 oC.

These values are much longer than the jumps. ca. 2-5 Â. that are thought to produce

diffusion in solu:ion.77

Table 3.6

Activation energies, Ed, pre-exponenti~ factor, DO' entropies of activa~!l'I,

&8*, andjump length, Â, for the ditTusion ofoxygen (02) and bydrogen

chloride (HCI) gases in PYC at a temperature above (90 OC) and below (25 OC)

theTgo

Gas Ed Do À. âS*
kJmol-1 cm2 s-1 Â Jmol-1K-l

<Tg >Tg <Tg >Tg 25°C 90°C 25°C 90°C

Û2 36 74 1.0XIo-2 4.6XI03 38 38 -45 61• Ha 44 99 3.0Xlo-2 63Xl()6 39 43 -37 119

.. /
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3.4.2.5 Pre-exponentialfactor for diffusion, DO'for O2 and HCI in PVC

The interpretation of the constant Do is less complete. The tirst dc:scriptive c:fforts

that are still used today center around the hole theory. popularized by Barrer.K'I The

theory employs the conceptual model of discrete holes. or cavities. dispersed throughout

the polymer matrix. These are created by Brownian movement of the molecular segmenl~

of the polymeric chain. When the flUCtuations are sufficienùy large to create a hole that

cao contain the diffusant. movement occurs. Table 3.4 shows that the Do values are

smaller for Oz man HO. the effect being more pronounced at temperatures above the Tg.

i.e.. Do for HCl is three times larger man Do for Oz at temperatures below the Tg

compared to a difference of three oIders of magnitude above the Tg. A smaller Do value

for Oz, compared to HCI. is consistent with the work of Meares ll who noted that in

polyvinyl acetate the values of Do increased by seven orders of magnitude by increa:.ing

the size of the penetrant from krypton to helium.

Since Oz is a smaller molecule than Ha. the observation that Do increases with the

size of the diffusing molecule implies that the entropy of activation for a ditIusion jump

increases. This reflects the greater disturbance of the surrounding molecules which is

required to free the larger diffusate particles. This is also consistent with the fact that Do

is larger for branched gases man for linear ones, as reported by others.77

By use of the assumption that the activation energy is the energy required to create

a hole of proper dimensions, Glasstone, Laidler. and Eyring90 applied the theory of

absolute reaetion rates to diffusion and showed that Do relates to the entropy of activation

for a diffusionjump, Ml;. through the following relation,

(3.23)

•

where ï.. is the length of a unit diffusion jump. ~ and h are the Boltzma..n and Planck

constants, respectiveiy, T is the temperature. and R is the gas constant. Thus. the

entropies of activation for diffusion may he obtained from the Do values and use of

eq. (3.23). The values in Table 3.6 w~ calet.;.\ated using the appropriate lengths for a

unit diffusion jump, as calr.ulated byeq. (3.16). The values vf Ml;, both above and below

the Tg, 31,~ larger for Ha man for O:z. As mentioned above, this suggests that a greater

disturbance of the surrounding molecules is required to free the larger Ha diffusate

molecu1e.

Below the Tg negative Ml; values are obtained for bath gases. Severa!

authors91-93 have argued that a negative entropy cha.nge should not he consideree! as an
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indication that a more ordered state is obtained as a result of diffusion. Rather, the results

should be considered only in a relative manner and negative values for a given polymer­

gas system should he taken to imply that less disorder is nccessary for diffusion than in a

system for which the entropy change is positive. On this basis, the negative .6.S; values

obtained for both gases for diffusion below the T~ may he interpreted as meaning that less

additional disorder is produced by diffusion than at temperatures above the Tg. This is

cntirely reasonable considering the physical orientation and greater restriction of the chain

motions in the glassy state. Below the transition the polymer consists of regions of

dcnscly packed and arranged chains. separated by less dense regions of disordered chains

which are the 'holes' in which sorption takes place. Presumably. in this state diffusion

occurs through these pre-existing holes. On the other hand. at temperamres above the Tg

the amplitude of the segmental oscillation or rotations of the polymer increases thus

allowing for a larger zone of activation, thereby leading to the observed increase in

enU'opy of activation.

According to Mearesll , .6.S; contains two contributions: one stemming from the

frceing of the gas molccule and the other from the disturbanee of the surrounding polymer.

Meares calculated the entropy of the diffusing molecule from its vibrational frequency. At

300 K• .6.S;gas for hydrogen was found to he -9.2 J mol-l K-I and for argon it was
-32.6 J mol-l K-I. Henee, knowing the .6.S; of the system, the .6.S\xl[ymer for the two

gases were calculated rcadily. The values were 4.2 and 109.6 J mol-l K-I when hydrogen

and argon gases. respectively. were used as the penetrant molecules. It was concludeG

that the diffusion of very small molecules causes little disturbance of the polymeric chains.

whcreas for the larger ones, such as argon, the production of a cavity for diffusion

involves a large zone of activation. In the present smdy• .6.S;gas for Û2 and HCI were

estimated at -28 and -44 J mol-l K-I. Therefore, the entropies of activation of th..

polymeric medium are -17 and 7 J mol-l K-l when oxygen and hydrogen chlcride gases.

respectively. were used as the penetrant molecules. It is clear that in the diffusion of the

smaller oxygen molecule less disturbanee cf !he polymeric chains is œquired for the

production of a cavity.

3.5 SUMMARY

The permeation coefficients of oxygen through PVC and plasticized PVC films

were measured as a function of temperature and plasticizer concentration using an

c:quilibrium method. The plasticizers used were TEP. a binary mixture of DOP and TEP
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with volume fraction 0.6 (<POOP = 0.6). and DOP. Regardless of the pl~~tici7.er system.

the permeahility coefficients increased with plasticizer concentration. The dfeel of

plasticizer type on the permeability coefticients followed the trend: P(TBP) >
P(<POOP =0.6) > P(DOP). In other words. the barrier propenies of the plastici7.ed film.~

improved as the concentration of DOP incre~~ed in the plasticizer mixlure.

Arrhenius plots of the permeability coefficients showed thal the unpl~~tici7.ed and

plasticized PVC fihns with low concentration of plasticizer (<Pplas < 0.2) displayed a

discrele change in the slope. in the vicinity of the glass transition lemper.llure. thal

reflected changes in the activation energy of permeation. The temperature at which a

break in the plots of ln P as a function of Irr occurred for the various films wen:

consistently about 15 oC below their glass transition lemperature mcasured by differential

scanning calorimetry. This deviation was rationalized by differences in the heating rates

used in the two experlments and the possibility that oxygen as a probe molecule, because

of its size. detecLS segmental motions of PVC with a shorter number of units than that

observed by differential scanning calorimetry. In all cases the activation energies were

higher above the glass transition temperature than below the Tg. the difference decreasing

w.th plasticizer concentration. Moreover. for temperatures above the Tg the activation

energies decreased monotonical1y as the concentration of plasticizer was increased and. at

high plasticizer concentrations. appeared to level off towards values corresponding lo the

activation energy of plasticizer viscosity. For the plasticized fihns the activation energies

above the Tg followed the trend: Ep(DOP) > Ep(<PooP =0.6) > Ep(TBP). the !rend

becoming mor,: p;onounced as the plasticizer concentration was increascd.

The permeation appa:atus was modified to accommodate mcasurements using the

"lime lag" method ta enable the permeability as wc.:;. as the ditfusion coefficients of oxygen

in an unplasticized pve film to be mcasured as a function of temperature. In addition.

transpon coefficients were also measured for hydrogen chlorioe gas. The permeation

coefficient of hydrogen chloride gas. at a given temperature, was ca. 80 limes greater than

that for oxygen. but the diffusivity was ca. 8 limes smaller for hydrogen chloride than for

oxygen. Since the permeability is given as the product of diffusion and solubility

coefficients. the higher permeability of HCl in the unplasticized pve film must be due to a

substantially higher solubility of HCI in the polymer. The lower diffusion of hydrogen

chloride compared to oxygen was readily account by differences in the sUe of the

penetrant mo1ecules. The higher solubility of Hel was explained by specific interactions

and iLS inherently higher critical temperature.
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Arrhenius type plC'LS of the permeabilities and diffusivities of both gases showed an

almost discontinuous dependence on temperature characterized by an abrupt change in

slope at the glass transition temperature of PVC. in keeping with discrete changes in

activation energy. Such changes for the PVC-Û2 and PVC-HCI systems have not been

reported previously. The temperature at which this break in the Arrhenius plot of

diffusion coefficients occurred is about 7 oC lower for hyclrogen cblocide than for oxygen.

This difference was attributed to the' higher solubility of HCI in PVC. resulting in a

depression of its glass transition temperature. In other words. HCI behaves like a

plasticizer for PVC.

The heats of solution of both gases. above and below the Tg. were negative

indicating an exothermic process. This suggests that the energy released by the transfer of

a molecule from the gas phase inta a hole with concomitant interactions with the

surrounding segments outweigbs the energy required t~ make a hole of molecular size in

the polymer maaix. The higher heat of solution of HCI compared to Û2 indicates that the

strength of van der Waals bonds formed between the sorbed gas molecules and the PVC

chain is greater for HO than for Û2'

The activation energies for diffusion above the Tg were about 47% larger than

those below the Tg. This conformed to Brandt's theory which relates the ratio of

activation energies for diffusion above and below the Tg to the ratio of thermal expansion

coefficients of the polymer. The activation energies for diffusion were found to be smaller

for Û2 than HO. in lœeping with the differences in their molecular diamerers.

CaJ.cuIateIl. values of the unit diffusion jump length for Û2 and HO above and

below the Tg were found ta be ca. 38 Â. However. Do values. both above and below the

Tg. were larger for HO than Û2 and which ta larger 1lS* values. This reflected a greater

disturba.'ICe of the surrounding molecules to Cree the larger HO diffusate molecule. The

larger IIf.ga'i e f1S* values below the Tg compared to the positive values above the Tg

were interpœted as m...ning that Jess additional disorder is produced by diffusion below

the Tg. This was rationalired by assuming that in the glassy state diffusion occurs through

pre-existing holes. On the other hand, above the Tg the amplitude of the segmental

oscmation or rotations increases to allow for a larger zone of ,ctivation. leading to the

observed increase in enttopy ofactivation.
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CHAPTER4

COMPUTER SIMULATIONS OF
NnCROSTRUCTURALCHANGES

RESULTING FROM THERMAL
DEGRADATION OF POLY(VINYL

CHLORIDE)

4.1 INTRODUCTION

4.1.1 General Considerations of the Thermal Degradation of PVC

Most experts consider the thermal and photoehemical instability of PVC to he a

major disadvantage of this material. As a result, its use bas been restricted in a numher of

applications. As discussed in Chapœr l, upon exposure to œmperatures as low as 100 to

120 °CI.2, this polymer undergoes a degradation reaction that releases hydrochloric acid

and forms long polyene sequences of conjugated double bonds (Scheme 1.13).

The degradation process involves two basic sœps, name1y, initiation and

propagation or build up ofpolyene sequences. It is generally accepted that polyenes result

from a "zipper" mecl!anism, i.e., the first double bond activates the formation of the

second conjugated double bond, and so on, until long polyenes are formed. However,

there is much controversy about the initiation mechanism and over the years many sbldies

have been made to better understand this process. The two competing theories that have

been proposed ta ralionalize the instability of PVC are: (1) the presence of a few abnormal

or iIregula:r structures in the polymer, the so caIled 'labile sites' (Section 1.3.2); and (2) the

occurrence of same local conformations that are related to isotaeticity (Section 1.3.3).

Pinpointing the sites that initiaœ the dehydroch1orination reaction will ultimaœly lead to an

improved and more contro1led stabilization of the po1ymer.

In this chapter only the role of 1abi1e ch10rines located at various configurations

within a specific conformation will be considered as possible initiating·sites. This should in

no way be taken ta imp1y a preference ofone initiating siœ over the other.
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4.1.1.1 RoIe ofTacticity

A~ discusscd in Chapter 1. slrong suppon has developcd recenùy for the exL~tencc

of random dchydrochlorination, i.e., initiation at local conformations which were

previously considered normal unil~.l.7 Initial studies8-'! concentrated, in the main, in

dctermining the structura! conformations of PVC. NMR studies showed that alongside

the normal trans-trans (tt) conformations there erist numerous trans-gauche (tg) and

gauche-trans (gt) linkages. In addition, severa! authors concluded that fOI the meso dyads

the (tg) and (gt) conformations occur while for the racemic dyad essentially only the (tt)

conformation is allowed. However, it was the systematic studies of Millan and co­

workers1l.23 on the influence of tacticity on the thermal degradation of PVC which are

rcsponsible for enlightening and addressing the possibility that such normal structures are

rcsponsible for the initiation of the dehydroclùorination reaction. Their work, which will

he reviewed here, includes studies on; (i) the degradation of PVC samples of different

tacticities; (ü) the degradation of PVC after modification by stereoselective nucleophilic

substitution; (üi) the influence of temperature on the kinetics of degradation and the

polyene distribution in degraded samples; and (iv) changes in the higlùy resolved 13C

NMR spectrum as a result of thermal degradation. Recently, Mi11an. et aL reviewed their

most notable results, published and unpublished.24 The review concluded that "the very

labile structures in PVC are some clùorine atoms located mainly at the normal but little

frequent g+ttg- isotaetic triad conformation".

4.1.2 Review of the Work of Millan and co-workers

In a number of publications1J.lS.18,21, Millan and co-workers have shown that the

rate of thermal degradation of PVC depends on its isotactic content, as shown in Figure
4.1. Since the polymerization of PVC leads to polymers with a Pm value between 0.36 and

0.46, the notation used by Mi11an will also be used hen:, i.e., when Pm =0.46 the polymer

can be considered as "isotaetic", Pm =0.41 as "Bemou1lian" polymer, and Pm =0.36 as a

"syndiotaetic" polymer. According to the data shown in Figure 4.1, the polymer becomes

more stable as the isotactic content increases up to a certain extent beyond which it begins

to lose stability. The minimum in the curve, which corresponds to the most stable

polymer, agrees with the so-called "Bemou1lian" distribution of taeticity. This work

c1early suggests that the instability is associated with the presence of taetic ("isotaetic" or

syndiotactic") units. In addition, the higher slope of the right side of the curve suggests

that this effect is more pronounced for the isotaetic sequences.
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Figure 4.1. Dependence of degradaùon rate on isot:lcùc content of PVC

as reported by Millan, er aL24 (degradaùon experiments performcd in an

inen atmosphere at 180 OC).

Another feature that has been extensively studied by this group is the type and

distribuùon of polyenes formed during the degradaùon. It has becn shown that the

thermal degradaùon of the so-called "isotacùc" and "syndiotaeùc" polymers gives rise to

longer polyene sequences than the "Bernoullian" polymers. However. the "isotacùc"

polymers exhibit a narrow distribuùon in polyene sequence length in which the most

frequent polyenes are between 7 and 9 double bonds. On the other hand. the

"syndiotaeùc" polymers develop a much broader polyene distribuùon with long polyenes.

up to 16 double bonds as weil as shon ones simiIar to those observed for the

"Bernoullian" polymer. They suggested that this indicates the existence of two compeùng

processes; one penains to the dehydrochlorinaùon of the syndiotaeùc sequences and the

other from the remaining parts of the chain that are Bernoullian in character.

From these results they concluded that various taecic sequences. whether isotaeùc

or syndiotaeùc. are involved in an enhanced propagaùon of dehydrochlorinaùon with the

effect being more marlœd for isotacùc sequences. In addiùon. comparison of the
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d.:gradalion ral<:s of th.: "isOLactic" and "syndiOlactic" polymers. shown in Figure 4.1 •

sugg':SL~ thal th.: labil<: sil<:S mUSl bt: r<:1aL<:d lo the iSOLactic structure.

Mor.: conclusiw .:videnœ of the role playcd by iSOLactic triads as initiating sites

was obtaincd from degradation studies of PVC al'ter nucleophilic substitution with sodium

bt:nz':1I.:thio!al<:.16.17,15.27 Thes.: studies showed that: (1) regardless of the expcrimental

conditions. whenever an iSOLactic triad in g+rrg' conformation is present the substitution

reaction occurs cxclLL~ivcIy at the central chlorine atom. More spccifica1ly. carbon-13

NMR studies showcd the mmmmrx hepLad appears to be the only reactive s<'4uence during

the initial stages of substitution (0 to 7%). (2) For a PVC sample with Pm =0.46. the

degradation rate decreascs dramatica1ly with increasing degree of substitution19• up to

about 0.8% conversion, which agrees weil with the content of g+rrg' conformers in the

original polymer. At higher conversions the degradation rate tends to either SLabilize or

decreasc. (3) The polyene distribution resulting from thermal degradation was also found

to bt: strongly dependent upon the degree of substitution. The UV-visible spectra for

degraded PVC samples of various degree of substitution were sirnilar to those observed

with polymers of different Lacticities. For example a 0.8% substituted PVC sample

(Pm =0.46) that was degraded to 0.3% at 180 oC, displayed a UV-visible spectrum similar

to that for the degraded "Bemou11ian" polymer (Pm = 0.41). This suggests that the

disappcarance of the isotactic g+rrg- conformaL:ons. as a consequence of substitution.

causes the polymer to hehave as though it were "Bemou11ian". Such a process accounts

for both the observed increase in thermal stability and the broader polyene distribution.

ln another study28. the kinetics of degradation were studied at temperatures

he!Wcen 110 and 190 oC to obtain furLher support for the existence of !Wo degradation

processes. i.e,. initiation at the labile g+rrg- isotactic conformation or random degradation

at any stable ch10rine atom along the chain. In keeping with the hypothesis. Arrhenius

plots indicated !Wo well differentiated slopes with corresponding activation energies of 29
(at the lower temperatures) and 84 kJ mol-l, Therefore. there appear to he !WO different

initial processes. depending on the reaction temperature. Additionally. it was found that

the break in the Arrhenius plot occurs at a lower temperature for the PVC sample with a

lower isotactic content (Pm = 0.41) compared to the one with a higher isotactic content

(Pm =0.47). This suggests that the low activation energy must correspond to degradation

of labile ch10rines located at g+rrg' isotactic triad conformation.

ln a recent approach. Millan, et aL24 reported some "tentative" tacticity changes as

a result of thermal degradation. The degr.uied PVC sample was dissolved in dioxane so

that highly resolved 13C NMR spectra could he obtained allowing a very acc-.n-ate
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determination not ooly of the =. mr and == triad content but :liso the m:nmm. :n:nmr. and

= pentad content. The reponed areas. integr:lted from the spectra prior to and after

0.8% degradation at 180 oC. are compiled in Table 4.1. These workers daim that lhcre L~

no change in the syndiotaetic or the heterotactic triad content. However. the decrease of

the isotactic triads appears to he appn:.ciable. even though the observed changes lie al the

1imit of experimental uncertainty. For the isotactic pentads. the decrease in the isotactic

triad content is sbaree! by the mrnmr and rmmr pentads while the mmmm pentad n:mains

unchanged. From these reslÙts. and the indications from previous work that the chlorines

located at the -mmr- sequence with a g+rtg' conformation are labile. Millan and co­

workers24 concluded that the labile chlorines are those of the mrnmr and = pentads.

Table 4.1

Tacticity changes in triad and isotactic pentad probabilities as a consequence

ofthennal degradation ofPVC up ta 0.8% at 180 oC as reported by Millan. et

aPi

mm mr rr rnmmm mrnmr =

• initial 0.204 0.493 0.303 0.043 0.098 0.063

degraded 0.197 0.492 0.302 0.043 0.094 0.060

change -.007 -.001 -.001 0 -.004 -.003

•

4.~.3 Present Investigation

In this chapter. computer simulations of the configurational placement of monomer

units in a viny1 polymer chain formed according to Bernotùlian statistics are reponed. The

program then simuiated the dehydrochlorination of randomly selected isotactic

stereosequenœs using varions degradation mecbanisms. These studies were carried out to

determïne the taeticity changes that sbolÙd occur from a theoretical point of view. The

restl1ts were then comparee! to: (1) taeticity changes restl1ting from the thermal

degraclation of PVC in solution; (2) taeticity changes as reported by Velazquez29 and

Millan and co-workers.24



•

•

167

4.2 EXPERIMENTAL

4.2.1 NMR and Degradation Experiments

The poly(vinyl chloride) uscd in this study was an Esso 366 industrial resin with

manufacturer quoted characteristics given on page 77. Prior to use the PVC sample was

dissolvcd in THF and precipitated with cold methanol in order to remove impurities and

low molccular weight species.

Even though. the most common test of heat stability is to measure the amount of

HCl evoJvcd from a known amount of solid sample. in the present experiments the thermal

degradation of the purified PVC sample was studied as a 4% w/w solution in 1.2­

dichlorobenzene-d4' l,2-DCB-d4 (Aldrich Co.). The major disadvantages of solid state

studies are: (1) the HCI released can act as a catalyst30; (2) the ditTusion of HCI away from

the sample is an important complication; (3) the morphology of the resin plays an

important role; and (4) a high degree of degradation leads to cross-1inking that renders the

polymer insoluble, hence useless for solution NMR studies. By comparison. in solution the

polymer chains are presumably further apart such that degradation can occur without

considerable cross-1inking. A1though solution degradation overcomes some of these

complications. the solvent, impurities. and HCl build up in the solution can he important

factors in this method.

The quantitative carbon-13 NMR spectra of non-degraded and degraded PVC in

1,2-DCB-d4 at a temperature of 120 cC were recorded on a Varian Unity 500

spectrometer operating at a frequency of 125.7 MHz for the l3C nucleus. Isotl:ermal

degradation experiments were performed with the sample inside the NMR cavity at a

temperature of 160 cC. The sample was allowed to degrade for a given time after which

the temperature was 10wered to 120 cC for spectral recording and then increased again to

160 cC for further degradation. Instrument conditions used to record the spectra were:
spectral width 30 000 Hz, 15 I!S (9OC

) puIse, acquisition time of 1.08 sec. delay time of

5.5 sec, and 9 600 transients. The delay time was chosen such that the total delay time

(acquisition time plus delay time) COrres?üllded to value greater man STl' The TI values

for the methine and methylene carbons ""ere found to œ0.66 and 0.35 sec, respcctiv::1y.

as measured by the inversion recovery metho-i
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4.2.2 Description of Computer Simulation Program

The simulations were made using a Pascal program which u~e.' Montc Carlo

methods to simulate first the polymerization of vinyl chloridc to producc a PVC ,,1'

specified Pm and then its random dehydrochlorination. according to spcl'ilied pararnctcrs.

Specifically. it perforrns the following main tasks:

(1) It generates Bemoullian chains according to entered values of Pm' the dcgn:e of

polymE'!ÎZation. DP. and the number of molecules. N.

(2) It determines the dyad. triad. tetrad and pentad probabilities.

(3) It counts the number of isotactic and syndiotaetic sequences containing exactly ni

and Ds repeat units. respectively.

(4) According to entered values of a minimum isotactic length. ni. and percent

degradation. it randomly locates and degrades isotactic sequences that contain 11; or

higher repeat units.

(5) It ca1culates average values of the dyad. triad, tetrad and pentad probabilities after

the degradation.

(6) It counts the number of double bonds of various sequence lengths (n" repeat units)

and calcuI.ates the average double bond length that resulted from degradation.

As shown in Appendix A, the program consists of fifteen sections: the main body

and fourteen procedures. Its logic is hetter understood by following the program structure

illustrated by the flowchan shown in Figure 4.2. The program commences by allowing the

user to enter the desired value of Pm. the degree of polymerization, DP. and the number of

molecules. N. to he generated, the percent degradation. %deg. and :lie minimum isotaetic

length to he degraded, ni. Random numbers ranging from 0 lo l are then generated and.

according to the entered Pm value, are rounded off to integral values of 0 or l and stored

in a one-dimensional array called configuration. This mimics a polymerization reaction

where a 0 denotes a unit in the chain with one configuration and a l denotes a unit of thl.'

opposite configuration. The random number generator continues until the designated

degree of polymerization bas been attained Once the chain bas been polymerized to the

desired degree of polymerization. the contents of the array configuration are examined

and, accordingly. the character m or r is stored in a new one-dimensional array called

conliguratiolLm_r. Whether a unit will he designated as an m or r sequence is hetter

understood by considering the chain in terms of doublets. Since two adjacent units of a

doublet are said to fonn a meso configuration if both units have the same handedness.
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units of IWO adjacent zeros (00) or ones (II) are desigr.al~'d as an m conligur.llion

(isotactic sequence). Similarly. units of opposite handedness. (01) or (10). arc designaled

as an r configuration (syndiotactic sequence). Il should ht: nOled thal the arr.lY

configuration_m_r will have one less element than the array configuration.

The program then examines the array configuration 10 tind isotactic sequences

equal to or greater !han the minimum limit set by the user. These units are degrnded hy

replacing the numerical values by the number 2. Oegrndation continues until the desircd

percent degradation. aIso entered by the user. has been attained. The contents of the array

configuration are examined and. accordingly. the character In, r or = is in a one­

dimensional array calIed configuration_m_r. The contents of this array are exarnined and

the number dyads and distinguishable trlads. tetrnds. and pentads are counted as weil as

the number of double bonds containing exactly Il: repeat units.

The main program continues to calI these procedures until the specüied numht:r of

molecuIes have been generated. The summations of aIl dyad and distinguishable trlad.

tetrad, and pentad sequences are then passed to the procedure AVERAGE_PROBABIL1TIES

wbich caIcuIates and prin:s out the average values (or relative frequencies) of the various

stereosequences hefore and afœr degradation. The total number of isotactic. syndiotaedc.

and double bond sequences containing exactly n repeat units are then printed OUl

4.3 RESULTS AND DISCUSSION

4.3.1 Verification that Computer Simulation Results Confoml to

Bemoulljan Statistics

The program was tested stringently for effects of sample size on the conformation

to BemouIIian statistics. FirstlY. appropriate values for the degree of polymerization and

the number of molecules had to he chosen 50 as to avoid the effects of sample size and

chain-end effects. After careful anaIysis of the results it was found31 that the effect of

sample size could be conveniently eliminaterl by lœeping the product of OP and number of

molecules (DP lt N) to a value of 1 000 000. Although tbis value appears bigh one bas to

take into account the Pm depen1ienCY. i.e.. the more the Pm' value deviates from

randomness (Pm =0.5). the larger the produet must he. For example, for a Pm value of O.S

the product OP lt N must be greater !han SO 000. whereas. for Pm = 0.9 the product must

he greater tIian 400 000.
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Secondly. the data l'rom the computer simulation were tested te veritY that it

conformed to Bemoullian statistics. This was achieved by collecting data. relative

frequency of dyad. triad. tetrad. and pentad sequences as weIl as the total numher of

isotactic and syndiotaetic sequences containing n ulÛts. for various values of Pm (0.1. 0.2.

0.4. 0.5. 0.6. 0.8. and 0.9) and by keeping the numher of molecules and the degree of

polymerization (OP) at a fixed value of 1 000. For the available data. the following three

tests are a good criteria for assessing Bemoullian statistics:

(1) The average probabilities can he used to construct plots of normalized dyad. triad.

tetrad. and pentad probabilities as a function of Pm' Good agreement between theory

(solid lines) and simulation (points) was obtained. as shown in Figures 4.3 and 4.4

for triad and tetrad probabilities. respectively.32

1.0 0 isotadic (mm)
0 syndiotactic (rr)

0.8 .6- atadic (mr+rm)• b---.=
0.6III.=

CI..=-
'l:I 0.4III
1:-'l:I
l\l 02--IIIe..
CI

0.0Z
0.0 02 0.4 0.6 0.8 1.0

Pm

•

Figure 4.3. Normalimi probabilities of isotactic (Il1llI). syndiotactic

(rr). ,and atactic (mr+rm) triads as a function of Pm' The solid curves are

tbeoretical, as descn1led in Table 1.3. and the points are obtained from the

computer simulation.
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Figure 4.4. Normalized tetrad probabilities as a function of Prn' The

solid curves are theoretical. as described in Table 1.3. and the points arc

obtained from the computer sùnulation. The bottom sca1e is used for

sequences in parentheses.

(4.1)

(2) If the number of isotactic sequences containing Ilï isotactic repeat units. Nn;. and the

number of syndiotactic sequences containing Ils syndiotaetic repeat units. Nns' are

known for all values of n; and Ils. then the average lengths of isotactic. <Ilj>. and

syndiotactic; <J1s>. sequences can he obtained from the following relations

I,NIIJ (DI)
< Dt >= ...n-;;:.I"---__

I,NIIJ
n=1

•
(4.2)
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lbrough various J'I'lathemaùcal manipuiaùonsll it can be shown that

(4.3)

(4.4)

Substitution of the isotactic and syndiotaetic triad probabilities, Le. Pmm =P1/ and

Prr =Pr 2, inta equations (4.3) and (4.4), yields the following simple relaùons:

<ni >=I/Pr

<ns >=I/pm

(4.5)

(4.6)

uSing data from the computer simulation, the ca\culated average lengths of isotactic

and syndiotaetic sequences from equations (4.1), (4.3), and (4.5) and equations (4.2),

(4.4), and (4.6), respectively, are shown in Table 4.2 which dispiay excellent

agreement, usually ta the third decimal place.

Table 4.2

Calculated average lengths ofisotactic (equatiODS (4.1), (4.3), and (4.5)) and

syndiotactic (equatiODS (4.2), (4.4), and (4.6») sequences of a polymer chain for

various values of PDl"

. <11;> <li.>

P- ea. (4.1) ea. (4.3) ea. (4.5) ea. (4.2) ea.(4.4) ea. (4.6)

0.1 1.112 1.112 1.111 9.956 10.046 10.033

0.2 1.245 1.246 1.248 4.996 5.017 5.028
0.4 1.670 1.671 1.668 2.497 2.500 2.496
0.5 2.000 2.002 2.002 1.997 1.999 1.998
0.6 2.498 2.500 2.502 1.663 1.664 1.666
0.8 4.961 4.981 4.977 . 1.252 1.253 1.252
0.9 9.907 9.998 9380 1.113 1.113 1.111
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(3) The expressions given above descrihe only the average sc:quence lengths. A more

complete description should include the numher and weight fractions of all isotacùc

and syndiotaetic sequence lengths. The calculation of the numher fracùon

(probability) of an isot:lctic sequence of a given length. using the ID and r notaùon"'.

is a straightforward application of the multiplication theorem of probabilities once it

is recognized that a isotaetic block sequence must he terminated at both ends by a

syndiotaetic dyad. i.e.• r(m)Dir. Hence. the numher fraction. N(ni). and weight

fraction. W(llï). of isotaetic sequences containing exactly ni units are given by

(4.7)

and

(4.8)

•
Sïmilar arguments can he used to derive equations for the syndiotaetic sequence

Iengths. The effect of V3I}'ÏI1g llï and Pm on the number and weight fraction of

isotaetic sequences is best illustrated by constructing plots of as function of ni for Pm

values of 0.1. 0.5. and 0~9. as shown in Figures 4.5 and 4.6. respectively. The solid

lines represent theoretical curves as described by equations (4.7) and (4.8) and the

points are simula~onvalues that were converted to number fractions bi' use of

N(Dt) = NIIt1vtot,dyads

and weight fractions by use of

(4.9)

(4.10)

Once again excellent agreement is displayed hetween theoretical values and values

obtaiDed from the computer simulation. These plots show that the number fraction

decreases monotonically with llï while the weight fraction goes through a maximum.

In both cases. the. effect of increasing Pm is to broaden the distributions and to

produce longer isotaetic sequences.
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Figure 4.5. The number fraction of isotactic sequences. N(n;). as a

function of the length of isotactic sequences for Pm values of 0.1 (circle).

0.5 (square). and 0.9 (triangle). The solid curves are theoretical and the

points are obtained from the computer simulation.
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Figure 4.6. The weight fraction of isotactic sequences. W(n;). as a
function of the length of isotactic sequences for Pm values of 0.1 (circle).

0.5 (square), and 0.9 (triangle). The solid curves are theoretical and the

points are obtained from the computer simulation. The vertical dashed

lines represent the average length of isotactic sequence, <n;>. as described

byeq. (4.5).•
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4.3.2 Tacticity Changes Resulting from Thermal Degradation of PVC

4.3.2.1 NMR

In me present wode. me mermal degradation of PVC was studied in solution ramer

!han in me solid state. The sample. a 4% w/w of PVC in 1,2-DCB-d4• was degraded at

T=160 oC for various times (4. 8. 14 and 20 hours) inside me NMR C:lvity and the ~-pectra

were recorded at T=120 oC. Figure 4.7 shows a typical l3C NMR spectrum of me

methine and memylene carbons of me PVC sample prior to degradation as recorded at a

magnetic field strength of 125.7 MHz. The assignrnent of me various stereosequences.

wim me exception of severa! minor resolution effects. are siInilar to mose given in Figure
1.2 (Chapter 1). for PVC in TCE-d2 that was recorded at a lower temperature (114 OC)

and a 10wer magnetic field strength (75.4 MHz). The major differences are mainly a

consequence of me different solvent used wim minor effects due to me differences in

tem~ and magnetic field strength. The effect of solvent on me stereosequence is

more pronounced in the methylene carbon. as observed by omer workers.35037 For

example. in the methylene region not only is there reversai of me mrm and mmr tetrads but

me isotaetic tettad (mmm) is clearly resolved into all Ù1ree isotactic hexads. mmmmm.
=, and rmnunr. Whereas, the methine carbon displays only a slightly retter

resolution in the syndiotaetic and ataetic triads. Although higher Stereosequences

(pentads) are observed, the peaks are not clearly resolved.

The areas for the methine carbon stereQsequences, for both degraded and non­

degraded pve samples, were carefully determined using the NMR integrator and a curve

analysis program purchased from lande! Scientific (peakFit). For the curve analysis

program. the best fits were obtained by use of a Voigt line shape. An example of Ù1ÏS fit is

displayed in Figure 4.8 for the non-degraded pve sample. In all cases. the calcu1ated .

results obtained by addition of constituent peaks are in excellent agreement with me

experimental points (t2 > 0.9994). The experimental relative areas. as determined by bom

methods, for the non-degraded pve sample and the 4, 8, 14, and 20 hours degraded

samples are given in Tables 43 to 4.7, respectîvely. These data reveal no significant

differences between the two methods of area determination.

Prior to discussing the taeticity changes that occurred to the pve sample as a

consequence of thermal degradation, tests were made for confonnity to Bernou1lian

statistics. This was acl1ilMd by comparing the experimental areas with calcu1ated values

of the relative areas which are also given in the tables. These values were calculated

assuming Bernoullian statistics with a Pm value as determined by the following relation
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Figure 4.7. Expanded portion of the methine (CH) and methylene (CH:z)

region of a proton-decoupled carbon-13 NMR spectrum of 4% (wtIwt)

poly(vinyl chloride) in 1,2-dichlorobenzene-<4 recorded at a magnetic field
of 125.7 MHz and at a temperature of 120 oc.
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Figure 4.8. Typical diagram showing the deconvolution of the

syndiotaetic (=), ataetic (mr), and isotaetic (1IUIl) stereosequences of the

me:tbjne Iegion of PVC. The points represent the expetimental data and

the solid line the fitted results from the constituent peaks (damed line)•
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• Table 4.3

Experimental intensities, as detennined by the NMR integrator (lNMR) and

curve analysis procram (ICA)' and calculateda) !ntensities of the methine

stereosequences of non-degraded PVC sample.

Assignment INMR INMR IcA IcA
(Exp.) (Cale.) (Exp.) (Cale.)

rr 0.315 0.319 0.315 0.317

mr 0.498 0.492 0.497 0.492

mm 0.187 0.190 0.189 0.191

mrnmrn 0.036 0.036 0.036 0.037

mrnmr 0.090 0.093 0.089 0.094

rmrnr 0.061 0.060 0.064 0.061

a) Assuming Bemoullian statisties with Pm = 0.436 for data using the NMR

integrator and Pm = 0.437 for data obtained from the eurve analysis program.

Table 4.4

Experimenta! intensities, as detennined by the NMR integrator (lNMR) and curve

analysis program (IÇA), and calculateda) intensities of the methine stereosequences

of PVC after 4 hours of thermal degradation at a temperature of 160 oc.
Assignment INMR INMR IcA IcA

(Exp.) (Cale.) (Exp.) (Cale.)

rr 0.314 0.317 0.313 0.316

mr 0.497 0.492 0.497 0.492

mm 0.189 0.191 0.190 0.192

mrnmrn 0.037 0.037 0.037 0.037
mrnmr 0.091 0.094 0.094 0.095
rmrnr 0.061 0.061 0.059 0.061

a)Assuming Bemoullian statistics with Pm =0.437 for data using the NMR

• integrator and Pm =0.438 for data obtained !rom the curve analysis program.
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Table 4.5

Experimental intensities, as determined by the NMR int.:grator (lNMR) and curve

anaIysis program 0cA), and calculateda) intensities of the methine stereosequences
ofPVC after 8 hours of thermal degradation at a temperature of 160 oC.

Assigmnent INMR INMR IrA IrA
(Exp.) (Cale.) (Exp.) (Cale.)

rr 0.316 0.319 0.316 0.317

mr 0.497 0.492 0.495 0.492

mm 0.187 0.190 0.190 0.191

rnmrnm 0.036 0.036 0.035 0.037

mmmr 0.092 0.093 0.094 0.094

rrnmr 0.059 0.060 0.061 0.061

a)Assuming Bemoullian statistics with Pm = 0.436 for data using the NMR

integrator and Pm =0.437 for data obtained from the eurve analysis progt:lm.

Table 4.6

Experimental intensities, as determined by the NMR integrator (lmm) and curve

anaIysis program 0cA), and calculateda) intensities of the methine stereosequences

ofPVC after 14hours of thermal degradation a18 temperature ofl60 oc.

Assigmnent INMR INMR Ic.A Ic.A
(Exp.) (Cale.) (Exp.) (Cale.)

rr 0.315 0.318 0.314 0.316

mr 0.498 0.492 0.498 0.492

mm 0.187 0.190 0.189 0.192

rnmrnm 0.036 0.036 0.036 0.037

mmmr 0.091 0.093 0.092 0.094

rrnmr 0.061 0.060 0.060 0.061

a)Assuming Bemoullian Statistics with Pm = 0.436 for data using the NMR

integrator and Pm =0.438 for data obtained from the curve analysis program.
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Table 4.7

ExperimentaI intensities, as detennined by the l'i"r.1R integrator (lNMR) and curve

anaIysis program (ICA)' and calculateda) intensities of the methine stereosequences

ofpve aCter 20 hours of thermal degradation at a temperature of 160 oC.

Assignment INMR INMR IcA IcA
(Exp.) (Calc.) (Exp.) (Calc.)

rr 0.319 0.322 0.315 0.318

mr 0.497 0.491 0.497 0.492

mm 0.184 0.187 0.188 0.191

mmmm 0.036 0.035 0.D35 0.036

mmmr 0.089 0.092 0.091 0.094

rmmr 0.060 0.060 0.062 0.061

a)Assuming Bemoullian statistics with Pm = 0.433 for data using the NMR

integrator and Pm =0.437 for data obtained from the curve analysis program.

Pm =(mm)+1/2(mr) (4.11)

•

The excellent agreement between experimental and calculated intensities, to the third

decimal place, confirms that this polymer conforms to Bemoullian statistics, as bas been

observed by other workers.29,38 Further suppon that the polymer conforms to Bemoullian

Statistics is the fact that the ratio 4(mm)(rr)/(mr)2 == 1. Using the intensities obtained

from the NMR integrator and curve analysis program, these ratios for the non-degraded

pve sample were found 10 be 0.95.

As seen in Tables 4.3 to 4.7, the taeticity changes .;. lt occurred as a consequence

of thermal degradation are small, generally lying within the differences between

experimental and calculated intensities. For example, for the data determined by the NMR

integrator, the differences between non-degraded pve and the sample that was degraded

for 20 hours were -0.003, -0.001, +0.004 for the mm, mr, and rr triad probabilities,

respectively, and 0, -0.001, and -0.001 for the Iml1IllIll, mmmr, and rmmr isotactic centered

pentad probabilities. Even when the taeticity changes are p10ned as a function of

degradation time, the variation in the slope for the mmmr pentad, for example, is in

disagreement between the two methods of area determination. These plots, of the triads
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and isolactic centered penlads. for areas detennined by the NMR integrator. arc shown in

Figures 4.9 and 4.10. respectively. and for areas detennined by the curve analysis program

in Figures 4.11 and 4.12. with their appropriate slopes given in Table 4.8. The data

revea1. for both methods. that the mm triad decreases while the rnr and rr triad

probabilities increase. However. for the isolactic centered pentad.~ the data as detennined

by the NMR integrator indicates a decrease in all threc stereosequences. whereas. data
from the curve analysis program indicates that the mmmr stereosequence should increa.~e.

In conclusion it is apparent that the tacticity changes that occur as a consequence

of thermal degradation are small and fall witbin the limits of experimental error. To probe

further inta !bis matter. computer simulations were carried out by selectively degrading

isolactic units and noting changes in these stereosequences.

4.3.2.2 Computer simulations ofselective degradation ofisouzetic units

Computer simulated degradations were carried out by selectively degrading

isotactic units of a minimum lengtb and noting the changes in stereosequences before and

after degradation. The initial chains were simulated in such a manner as to mimic the

properties of a typica1 commercial PVC sample (e.g•• Esso 366 industrial resin) with

OP = 600 and Pm = 0.45.

In the fust set of simulations. degradation of the isotactic sequences was

unconstrained by the sequence lengtb. The program randomly selected a site for

elimination to occur provided it appeared in an isotactic (m) environmenl, irrespective of

lengtb. The elimination proceeded in both directions from the random site and was

tenninated when it encountered a syndiotaetic dyad (r). In other words. this is equivalent

ta a random degradation of isotactic sequences of any lengtb. Typica1 results are shown in

Figure 4.13. which shows a plot of the difference in probabilities for the triad

srereosequences. P(degraded) - P(non-degraded). as a function of the percent degradation.

The most striking feature is that in spite of the selective elimination of isotactic sequences
the relative changes in the probabilities of the mm triad sequence are smalL For example.

even at 10% degradation the changes in the mm probabilities are ca. 0.01. Furtbermore.

for !bis type of degradation mechanism, the probabilities of bath isotactic (mm) and ataetic

(mr) triads decrease while the syndiotaetic triads (rr) aetually increase.
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• Table 4.8

Slopesa) obtained from plots of triad and isotactic centered pentad

probabilities, measured using the NMR integrator (NMR) or curve analysis

program (CA), as a fonction of degradation time.

187

Stereoseguence NMR CA

mm -0.00017 OO7סס.0-

mr OO2סס.0+ OO3סס.0+

rr +0.0019 OO2סס.0+

mrnmrn OO2סס.0- OO6סס.0-

mrnmr OO5סס.0- OO2סס.0+

rmrnr OO3סס.0- -0.00004

a) A negative slope indicates a decrease in Ùle stereosequence probability.
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Figure 4.13. Changes in triad probabilities, mm (square), mr (ciIcle), and

rr (triangle), resulting from the e!iminaliOD of isotactic dyads and longer

sequences. as a function of percent degradation.
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At fust this is an unexpected result. i.e.• if the simulation degrades only isotacùc

units. why should there he any changes in the atactic and syndiotacùc triads? By deliniùon

and according to the constraints chosen for the simulation. each isotactic sequence i~

terminated by a syndiotaetic dyad at both ends. As a result of the climination of the

isotactic units these syndiotaetic dyads loose their designation. For example. the

degradation of an isotaetic triad shown in Figure 4.14 results in the clirnination of two

meso and [wo racemic dyads. However. as a result of the decrease in the total numher of

dyads. the values of Pm and Pr remain unchanged. For the triads a total of live

stereosequences are lost. i.e.. xr. rm. mm. rnr. and nt, where x can he either an ID or r.

For simplicity. if Pm = 0.5 the [wo xr triads will on average correspond to one

syndiotaetic (rr) and one ataetic (rm) triad. Therefore. selective degradation of isotactic

triads involves the removal of 1 mm. 3 rnr. and 1 rr sequences. i.e.• when the d= in

total number of triads is taken inta account it results in an increase in Pmm and Prr and a

decrease in Pmr- Similar considerations cao be made for the selective elimination of longer

•
~......... x
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r
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m
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m

I~

CI

r

CI

x

Stlrr '*'CI......... x
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o o o o
CI

x

•
Figure 4.14. A simplified schematic diagram of the dehydrochlorination

reaction of an isotaetic triad (mm) sequence in PVC. where m denotes a

meso dyad, r denotes a raœmic dyad, x cao he either an m or r dyad, and

odenotes an assignment that differs from the rroIr assignments.
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isotaetic units. These results are swnmarized in Table 4.9 for the changes in dyad and
triad probabilities for the selective degradation of isotactic dyads (rmr), triads (rmmr).

tetrads (rmmmr). pentads (11l!l!U!4Ilr)" hexads (.L.i!gI4@4!Lr), or heptads (1.1IglQlQI4!U!tr). The

data reveal that there is a tuming point in trends for the degradation of isotactic tetrads.

i.e., bath Pm and Pmm begin to decrease, Pr and Prr have commenced to increase while

Pmr remains invariant. however, begins to increase for degradation of isotactic pentads

andabove.

Table 4.9

Changes"l in dyad and triad probabilities as a consequence of degrading

isotactic units of exact Iength.

Units Pm
degraded

rmr +

= =
rmmmr

"nUXWilur• LumWWUltr

=
+
+
+

PlllIlI Pmr Prr

+ =
+ +.

= +

+ +

+ +

•

LllWWillUliLur + + +
a) 'Ibe changes in probability are denoted by +, -. or = which indieates an increase.

decrease, or identical probabilities, respectively,

With this information at band, the computer simulated results cao be more readily

understood. Obviously. the results of the computer simulation that were presented above

refer ta a somewbat more complicated situalion. For example, thè Pm value was not 0.5

nor was the simulated degradalion restricted to isotaetic units of a specific length. Hence,

as shown in Figure 4.13. the tandom degradalion of isotaetic sequences of any length

results in a decrease in Pmm and Pmr while P= increases. Comparison of these changes

with the pœdictions given in Table 4.9 suggests that this type of bebavior corresponds. on

the average, ta degtadation of isotaetic units between triads and tetrads. Indeed, the

resulling average double bond length was computed ta be 3.3.

Changes in the triad stereosequences resulling from computer simulations of

degradalion meebanisms that involve the degradalion of isotaetic units greater than or

equaI ta triads. tetrads and pentads are shown in Figures 4.15. 4.16. and 4.17.
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sequences, as a function of percent degradation.

respectively. It sbould be noted that in Figure 4.17 .the percent degradation, unlike

Figures 4.13, 4.15, and 4.16, does not exceed four percent because statistically not all

chains have isotactic units of snfficïent length to cause a higber degradation. These plots

display severa! features and trends that need te be brought forth. FIIStly, for mecbanisms

involving the degradation of isotactic units, im:spective of minimum length, the value of

Pmm decreases while the value of Prr increases. Second1y, the value of Pmr which

decreased for random e1iminarion of dyads and higher sequences (Figure 4.13) commences

te incIease for degradatiODS involving isotactic triads and above (Figure 4.15). Thirdly,

the changes that occur are smal1, e.g., a 2% degradation. for degradation of isotaetic

pentads and higher sequences, results in a change in the mm triad that is less than 0.008

(the value decreases as the minimum isotactic length decreases).

Similar plots were consttucted, Figures 4.18 to 4.21, for the changes in the pentad
stereosequences with isotactic centered triads, i.e., II111Il1Il1I, nmunr, and = pentads.
These plots reveal that for degradatioDS involving isotactic dyads, Figure 4.18, and triads,

Figure 4.19, all three isotactic pentads decrease with percent degradation. However, for



• 0.02 T""--------------,

192

-]
'Ë
~• -0.02-

i
l
~ -0.04-

la 12 14864

-0.06 +-~...~...~._~_r_~,......-,..........-j
a

PerœntdegradalioD

•
Figure 4.18. Changes in the isotacIic pentad probabiliIies. mmmm

(square), = (circle), and = (triangle), afler aegradaIion of isotaeIic

dyads and longer sequences, as a functi.on of percent degradaIion•

0.02 T""--------------,

j
i3
~• -0.02

i
1
~ -0.04·

la 12 148642

-0.06 +-~...~"T'"""~._~_r_~,......-,..........-j
a

•
Pen:eDtclegradalioD

Figure 4.19. Changes in the isotacti.c pentad probabiliti.es, 111llIlllI1l

(square),= (circle), and == (triangle), after degradaIion of isotacti.c

triads and longer sequences, as a functi.on of percent degradation.



193

10 12 14864

-ll.06 +-~"T'"""~"T'"""-_r_-r_..--,....._~,....._.........j

o

0.02..,....--------------,

L-~~
0.00

•

PercmtdegradatlOD

•
Figure 4.20. Changes in the isotactic pentad probabilities. lllIllIlUll

(square), = (ciIcle), and = (ttiangle). after degradation of isotactic

tetrads and longer sequences, as a function of percent degradation.

0.004 ..,....---------------,

0'002~~~
0.000

~
oS -ll.002
ii:
•i -ll.004

i -ll.006

~ -ll.008

.(l.010

4321
-ll.012 +--~--.-~-_r_--.-...,..-----l

o

Figure 4.21. Changes in the isotactic pentad probabilities, lllIllIlUll

(square),= (ciIcle), and = (ttiangle), after degradation of isotactic

pentads and longer sequences, as a functiOD of pen:ent degradatïon.



•
194

degradation involving isotactic tetrads and above. the = pentad inl·reases. These

trends are more readily seen and adclitiona! infollOation is revea!ed by combining these

plots as shown in Figure 4.22. T.lese graphs revea! that in each of the simulations.

regardless of minimum sequence length. the probability of lllIllIlI1'l\ sequences dimini~hes

with increased extent of degradation. However. a greater decrease is observed as the

minimum sequence length for degradation increases. A similar pattern is seen for the

= sequences up to a minimum specification of tetrads; the reduction in PIl\lNl\r is less

0.02
mmmm

0.00

.0.02

.0.04

~ 0.0:-; mmmr;:• ë 0.00e
Il.

i .0.0:

'i
~ .0.04
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o.œ nnmr

8 2 4 , a 18 t2 14

Percent degtadatioo

Figure 4.22. The effects of changes in minimum isotaetic sequence

leogth on the changes in various pentad probabilities: dyads and longer

(cin:le), triads and longer (square), tetrads and longer (triangle), pentads

and longer (diamond).
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when the minimum sequence length is a pentad !han when it is a tetr2d. For degradation

involving isolactic dyads and uiads. the value of Prmmr decreases. However. when the

minimum length corresponds to tetrads and longer. the probability of the = pentad

shows a sharp increase as a result of degradation and then remains relatively unchanged

for pentads and longer. This is as expected, since they are of shorter length than the

specified minimum.

4.3.2.3 Comparison ofexperimental and simuùztion results

From the experimental degradation results of PVC in the present study. it was

concluded that the taeticity changes that occurred as a consequence of thermal

degradation were quite small and within or at the limit of experimental uncertainty. For

the triad probabilities. taeticity changes of less !han 0.004 were observed and about 0.001

for the pentad stereosequences. Taking inta account that the extent of degradation was at

most 2%. it is now obvions from the computer simulations that such degradations should

correspond ta small taeticity changes.

Nonetheless. comparisons can be made between the trends observed in the

computer simu1ated degradations and experimental degradations. which are conveniently

swnmarized in Table 4.10. For the triad changes. these trends suggest that the observed

expe:timental changes can be justified by assuming a mechanism in which isotactic triads

Table 4.10

Computer simulated changesa> in triad and pentad probabilities as a

consequence orclegrading isotadic unies above a minimum limit a10ng with

experimentaBy observed changes.

Units

degxaded

IlUlI mr rr mmmm mmrnr =

•

dyad +
triad + +
tettad + +
pentad + +
expe:timental + + -/+
results

a)An inaease in probability is denoted by a + sign and a decrease by a - sign.

+
+



•

•

•

196

and higher sequences are degraded. Funhermore. the compurer simulared results revt:al

that an increase in the rnmmr pentad is not possible with this type of degradaùon

mechanism. as was reporred for the data measured by the curve analysis program.

Therefore. assuming that the rnmmr pentad decreases (NMR inregrator result) then a

possible mechanism is degradation of isotaetic dyads or triads.

Recently. Millan. et aL24 reporred some "rentative" tacticity changes as a result of

thermal degradation in the solid state. The degraded pve sainple was dissolved in

dioxane thus obtaining a highly resolved 13e NMR specttum that ailowed them to very

accurately determine not only the mm, = and rr ttiad content but aIso the mmmm. mmmr.
and = pentad content. The reporred areas as integrated from the spectra prior to and

ailer a 0.8% degradation at 180 °e were shown previously in Table 4.1. These workers

claim that neither the syndiotaetic nor the heterotactic ttiads change. However. the

decrease in the isotactic ttiad appears to he appreciable even if the observed changes lie at

the limit of experimental uncertainty. For the changes in the isotactic pentads. the

decrease in the isotactic ttiad content is shared by the rnmmr and = pentads while the

= pentad rem-ins IIDchanged. From these results and the indication from previous

work that the chlorines located at the -mmr- sequence with a g+rrg' conformation are

labile, they concluded that the labile chlorines are thase of the rnmmr and = pentads.

To generaœ data which could he meaningfully compared to those of Millan. et

aL'Z4. computer simulations of similar extent of degradation (0.85 to 1.01%) were

performed. The results for the selective degradation of isotactic dyads. ttiads. tetrads. and

pentads and above (Table 4.11) indicate that: (1) the changes ÙI the ttiad probabilities are

smaIl and become measurable after degradation of isotactic ttiads and higher sequences.
(2) The large decrease in the mm ttiad (-0.007) reported by Millan. et aL is not possible for

this type of degradation mechanism For the simulated results. the largest decrease in the

mm ttiad was -0.0042. which was obtained for the degradation of isotactic pentads and

bigber sequences. However. for this degradation mechanism the ataetic and syndiotaetic

ttiads should increase. in contradiction with their results. (3) For the pentad probabilities.

a decrease in all three pentads is only possible when isotaetic units of smaller lenglh (dyads

or ttiads and above) are degraded. For the degradation of higher isotaetic units (tetrad or

pentads and above). the rmmr shows signs of an increase. Furthermore. for neither

degradation mechanism does the= pentad remain constant while the rnmmr and rmmr

decrease. as reported by Millan, et aL
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• Table 4.11

Computer simulated tacticity changes in triad and isotactic pentad

probabilities as a result of degrading isotactic units above a RÛnimum length

Stereosequence non-degraded degraded difference

0.92% degradation of isotaetic dyads and above

Pmr 0.4951 0.4944 -0.0007

PllIIll 0.2024 0.2016 -0.0008

Prr 03025 0.3040 +0.0015

PllIIllllIIll 0.0409 0.0407 -0.0002

Pmmmr 0.1001 0.0998 -0.0003

PJVUUr 0.0613 0.0612 -0.0001

1.00% degradation of isotaetic triads and above

Pmr 0.4948 0.4952 +0.0004

PllIIll 0.2025 0.2003 -0.0022

Prr 03026 03045 +0.0019

PllIIllllIIll 0.0411 0.0404 -0.0007

Pmmmr 0.1003 0.0991 -0.0012• Pwur 0.0612 0.0608 -0.0004

0.85% degradation of isotaetic tetrads and above

Pmr 0.4951 0.4962 +0.0011
PllIIll 0.2025 0.1997 -0.0028

P= 03024 03042 +0.0018
Pmmmm 0.0411 0.0398 -0.0013

Pmmmr 0.1002 0.0981 -0.0021

PJU®r 0.0612 0.0618 +0.0006

. 1.01% degrnrl!!!ion of isotaetic pentads and above

Pmr 0.4953 0.4972 +0.0019
PlllIll 0.2025 0.1983 -0.0042

P= 03022 03045 +0.0023
Pmmmm 0.0408 0.0380 -0.0028

Pmmmr 0.1003 0.0983 -0.0020
Prmmr 0.0613 0.0620 +0.0007

•
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Obviously there are two possible explanations to this discrepanl'Y: (1) th.: r.:suIL~ of

Mil\an. et al. are witbin experimental uncenainty and they have r.:pon.:d trends that are

perhaps erroneous: or (2) the degradation mechanism chosen for the simulation docs nOl

accurately reflect the events that occur experim.:ntally. Undouht.:dly. th.: latt.:r possihility

is true since it is weil known l'rom UV-visihk spectra that th.: av.:r.lg.: douhle hond

sequences should contain between 7 and 9 double honds."4 Th.: average douhle bond

sequence obtained in the simulation results for the degradation of dyads. triads. tetrad and

pentads and higher sequences contained 3.3. 4.2. 5.1. and 6.1 douhl.: hond~. respectively.

However. il should he pointed out that although th.: averag.: douhle hond sequ.:nc<:s an:

not in agreement, this type of degradation mechanism produces the largest changes in the

mm triad.

To justify this point, the computer simulation program was modified to perform

simulated degradations via two other mechanisms: (1) locating isotactic sequenc.:s abov.: a

minimum length and degrading eight units heginning at the mmr sequence (Tahle 4.12);

(2) locating isotactic sequences above a minimum length and degrading eight uniL~

heginning at the center of the isotactic sequence and degrading equally in both directions

(Table 4.13). These degradation mechanisms are closer to the proposed mechanism of

Millan, et al.. i.e.• degradation is initiated at an -mmr- sequence. and a little more reali~tic

since it takes into account the observed average double bond sequence length.39 Even

though a higher extent of degradation (1.33%) was obtained using these mechanisms. a

comparison of these results (Tables 4.12 an 4.13) with those l'rom the degradation

mechanism involving the degradation of isotactic units OIùy (Table 4.11) indicates smaller

relative changes. This might he expected since these longer sequences inevitably includ.: r

placements. Secondly. the observed trends are the same. Therefore. it can he concluded

that the results reponed by Millan, et aL cannot he matehed by the present simulated

degradation mechanisms and are perhaps not accurate since they lie witbin experimental

uncerlainty.

Previously. Velazquez29 in this laboratory followed the changes in taeticity during

the degradation reaction of a PVC sample heated under vacuum at 150 oC. The

experimental triad and pentad probabilities at various degradation limes. Table 4.14. werc

calculated from the metbine carbon region of a l3C NMR spectrum recorded at a

magnetic field strength of 75.4 MHz. From these data • the author concluded that the

isotactic (mm) and heterotactic (mr) triads decreased while the syndiotaetic (rr) triads



• Table 4.12

Compute!" simulated tacticity changes in triad and isotactic pentad
probabilities by locating isotactic units above a minimum length and

degrading eight units beginning at an rnrnr sequence

Stereoseguence non-degraded degraded difference

location of isotaetic triads and above with a 1.34% degradation

199

Prnr
Prnrn

Prr
Prnrnrnrn
Prnrnrnr

Prnunr

0.4948 0.4950 +0.0002

0.2022 0.2007 -0.0015

0.3031 0.3044 +0.0013

0.0409 0.0406 -0.0003

0.0999 0.0990 -0.0009

0.0613 0.0610 -0.0003

location of isotaetic tetrads and above with a 1.34% degradation

•

Prnr 0.4947 0.4955 +0.0008

Prnrn 0.2019 0.1993 -0.0026

Prr 0.3034 0.3052 +0.0018

Prnrnrnrn 0.0410 0.0398 -0.0012

Prnrnrnr 0.0997 0.0976 -0.0021

Pnnrnr 0.0613 0.0618 +0.0005

location of isotactic pentads and above with a 1.34% degradation

Prnr 0.4954 0.4972 +0.0018

Prnm 0.2018 0.1983 -0.0035

Prr 0.3029 0.3045 +0.0016

Prnrnrnrn 0.0406 0.0381 -0.0025

Prnrnrnr 0.0997 0.0977 -0.0020

Prmmr 0.0616 0.0621 +0.0005
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Table 4.13

Computer simulated tacticity changes in triad and isotactic pentad

probabilities as a consequence of degrading eight units beginning at the center

of an isotactic sequence and degrading equally in bath directions

Stereoseguence non-degraded dcgradcd diffcrcncc

locaùon of isotacùc triads and abovc with a 1.33% dcgr.ldaüon

•

Pmmr

Pmr
Prom

Prr
Pmmmm
Pmrnmr
Prmmr

0.4944 0.4947 +O.!XX)3

0.2028 0.2011 -0.0016

0.3028 0.3041 +0.(X113

0.0411 0.0406 -0.11005

0.1005 0.0996 -0.0008

0.0613 0.0609 -0.0(X)3

locaùon of isotacùc tetrads and above with a 1.33% dcgradaüon

0.4945 0.4955 +0.0010

0.2021 0.1993 -0.0028

0.3034 0.3052 +0.0018

0.0410 0.0398 -0.0012

0.1000 0.0979 -0.0022

0.0611 0.0617 +0.0006

locaùon of ÎSotacùc pentads and above with a 1.33% degradaùon

0.4948 0.4966 +0.0018

0.2022 0.1982 -0.0040

0.3030 0.3053 +0.0022

0.0407 0.0380 -0.0027

0.1001 0.0981 -0.0020

0.0614 0.0621 +0.0007



•

•

•

201

Table 4.14

Tacticity changes in triad and isotactic pentad probabilities during thermal

degndation ofPVC at 150 oC as reported by Velazquez29

Tune mm rnr rr mmmm mmmr rmmr

(min)

0 0.200 0.494 0.306 0.056 0.085 0.059

15 0.199 0.491 0.310 0.052 0.084 0.064

150 0.195 0.484 0.321 0.046 0.087 0.062

180 0.188 0.472 0.340 0.044 0.085 0.059

decreased wbile the syncliotaetic (rr) triads increased. For the pentad probabilities. the

mmmm pentad da.-reased wbile the mmmr and rmmr stereosequences remained essentially

IIDchanged.

The changes. reported by Velazquez29• in the experimental triad and pentad

probabilities are quite large. For example, for the 180 minutes degraclation lime. the

changes in the lI'IIll, rnr. rr triads. and mmmm pentad are -0.012, -0.022, +0.034. and

-0.012, respectiveIy. As seen from the computer simuIations. such large changes in

taeticity require a Iarge extent of degracla:ion (>5%) where the polymer forms crosslinks

and no longer amenable to solution studies. 1beref0re, these resuIts should be looked at

with caution. A possible explanation of such Iarge differences is that the c1ata were

caIculated using the NMR. integrator and the spectra were recorded with an instrument

having 10wer magnetic field strength effectively leading to a larger experimental

UDCertainty. This is readily seen by examining c10seIy the expetiniental probabilities. i.e.•

from the triad probabilities a Pm value of 0.447 is obtained, hence the caIcu1ated values of

the lI1ll'III1ll\ and mmmr pentads are 0.040 and 0.099. respectiveIy. This corresponds to

differences between caIculated and experimental values of 0.016 and 0.014. which are

quite large when compared to the differences of the present results or those of MilIan, et

al

4.4 SUMMARY

In this chapter. studies that probe into the thermal degraclation !DP1:hanism of PVC

at the mo1ecuIar 1eveI have been presented. Such attempts proved to .be unsuccessful

because the taeticity changes were smaII and cither within or at the Iimit of experimental

UDCertainty. To better undemanci the taeticity changes that cau occur from a theoretical
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point of view. a computer program was written that uses Monte Carlo methods to

simulate the relative handedness of successive monomer WlilS as they appear a10ng a

Bernoullian polymer chain.

Computer simulated degradations were. tïrsùy. carried out by selectively degrading

isotactic units above a given minimum length in PVC chains of similar properties to the

Esso 366 sample, i.e.• DP = 600 and Pm = 0.45. The resulting changes in slereosequences

were noted. As a consequence of this type of degrad:l.tion mechanism. the value of Pnun

decreased while the value of Prr increased, independenùy of the minimum length of the

isotactic unit. By comparison, the changes in Pmr were sensitive to the length of the

isotactic unit that was degraded, i.e.. for degradations involving short isot:lctic WlÎlS

(dyads) Pmr decreased while for higher isotactic units (above triads) it increased. For

degradations where the minimum isotaetic units were dyads or triads. all three pent:ld

stereosequences. IlIllIIIIIll, mmmr. and =. decreased with extent degradation. However.

for degradations involving isotactic tetrads and above, the = pentad began to increase.

In addition, the most striking feature is that, regardless of the minimum length of isotaetic

sequences to be degraded, the resulting changes in the probabilities are very small. at the

levels of degradation (<2%) that are aITeSsible to experimental verification using solution

NMR. For example at a 2% extent of degradation for the mechanism involving

degradation of isotactic pentads and higher sequences the resulting changes in the nun triad

is Jess than 0.008 (the value decreases as the minimum isotactic length decreases).

The simulation results were compared with experimental ones obtained in the

present study (solution degradations) and with the wode of Velazquez29 and Mil\an, et

aL24 It was concluded that for sma\l extents of degradation that are experimentally

anainable for PVC. the taeticity changes are quite sma\l and within or at the limit of

experimental Wlcertainty.

From experimaltal findings it appears that the degradation of purely isotaetic

sequences does not represent accurately the mecl18nism for the degradation PVC. The

computer simulation program was therefore modified to take into accOWlt the 7 to 9

average double bond length found in tbermally degraded PVC. The results from these

simulations indieated similar trends but the changes in taeticity were. as suspected, much

lower. From this stUdy it can be concluded that, firstly. in order to observe changes in

taeticity a higher extent of degradation must be attained Second1y. a more realistic

meebanism should be considered whereby not only the average double bond sequence

length is talœn into account but the distribution of double bonds as obtained from UV­

visible experlmenlS. In addition, the meebanism should also incorporate not only initiation
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al the -mm::- sequence bUl also random degradaùon due lO iniùaùon of other labile

chIorines.
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CHAPTER5

CONTRIBUTIONS TO ORIGINAL
KNOWLEDGE AND SUGGESTIONS FOR

FUTUREWORK

5.1 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

ln this thesis contributions were made to a better understanding at the molccular

level of two fundamental aspects of PVC, namely, the plasticization and the thermal

degradation of PVC. "This included studies in: (1) the microstructure determination and

chain local motions of PVC in a plasticizer by carbon-13 NMR spectroscopy: (2) the

diffusion of gases through PVC and plasticized PVC films: and (3) computer simulations

of the thermal degradation of PVC. Pertinent results and the contributions to original

knowledge are summarized below.

5.1.1 Microstructure Determination and Carbon-13 Nuclear Magnetic

Relaxations and Chain Local Motions of PVC in DBP and TCE

It is weIl known that the relative peak positions of the various stereosequences in

carbon-13 NMR spectra of PVC are solvent dependent. The microstructure of PVC in a

solvent, 1,1,2,2-tetrachloroethane-d2 (TCE-dV' that was not previously studied, was

determined from a quantitative 13C NMR spectrum. With this solvent, the resolution of

the methine carbon signal was such that an ten possible pentads, as weil as sorne heptad

fine structure, were observed. In the methylene region, an six tetrads as weil as sorne

hexad fine structure, for the mmr tetrad, were observed. Analysis using Bemoullian

statistics and recent carbon-13 chemical shift assignments of PVC based on a 2D NMR

spectrum permitted a reassignment of severa! resonances.

Carbon-13 spin-lattice relaxation limes and NOE values for PVC were measured

as a function of temperature at two magnetic fields for the first lime using two solvents,

di-butyl phthalate (OBP) and TCE-d2. The relaxation data were interpreted in terms of

chainJocal motions by using various models to describe the dynamics. "This analysis-_.. ,

yielded the following resu1ts:
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(1) Among the various models used to test the relaxation data, it was found that the

Dejean-Lauprêtre-Monnerie (DLM) correlation function is the most appropriate in

describing the chain segmental motions of PVC.

(2) The simulation parameters obtained from the best fit to this model were found ta

differ for PVC in the two solvents. i.e.• the half-angles of the librational motion of

the C-H vector for the methine carbon were found to he 27° and 30° in DBP and

in TCE-d2. respectively. This was used to develop an argument for a specific

interaction hetween the carbonyl group of the DBP and the chlorine on the

methine carbon of PVC, hence partly resolving the controversy as to which

functional group of PVC is actually interacting with the plasticizer site.

(3) The activation energies for cooperative segmental motions were found to he

9.2 kJ mol-! for PVC in DBP as comparee! to 13.7 kJ mol-! when the polymer is in

the TCE-d2 solvent. This difference was attributed to effects that arise from the

relative solvent quality. i.e.. the local density of segments is higher when the
polymer is dissolved in a e solvent, TCE-d2. and this leads to slower local

dynamics because the rigid environment inhibits local conformational transitions

comparee! to DBP, which is a good solvent for PVC.

5.1.2 Penneation of O2 Gas through Plasticized pve and Transport

Properties of Hel and Oz Gases Through Rigid pve Films

The permeability coefficients of plasticized PVC films were measured for the

permeation of oxygen where the plasticizers used were DOP, TBP. and for the tirst rime a

DOPITBP mixture with $oop =0.6. The permeabilities were measured as a function of

temperature and plasticizer concentration. The following observations were made:

(l) The effect of plasticizer type on the permeation coefficients of oxygen followed the
trend: P{TBP} > P($oop = 0.6} > P(DOP}.

(2) Arrhenius plots of the permeation coefficients showed that the unplasticized and

plasticized PVC films of low concentration of plasticizer (1Pp1as < 0.2) displayed a

discrete change in the slope, in the vicinity of the glass transition temperature. that

ret1ected changes in the activation energy of permeation. The activation energies

above the glass transition temperature were greater than those below the Tg.

Furthermore. as the concentration of plasticizer in the film was increased the

activation energies above the Tg decreased monotonically and leveled off to value
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that corresponded to the activaticll energy associated with the plasùcizer viscosity•

a feature that was not previously reported.

For the second part of this study. the instrument was moditit:d so as to provide

data which pennitted the permeability coefficient to he separated ioto the diffusion and

solubility coefficients. The temperature dependence of the permeability. diffusion. and

solubility coefficients of oxygen and hydrogen chloride gases in rigid. molded PVC film

were determined. The results showed that:

(1) The penneation coefficient of hydrogen chloride gas. at a given temperature. is ca.

80 times higher than that for oxygen and the diffusivity ca. 8 times lower. This

reflects a higher solubility for Ha. as a result of strong van der Waals interactions

withPVC.

(2) The permeabilities and diffusivities of both gases showed an almost disconùnuous

dependence on temperature characterized by an abrupt change in slope at the glass

transition temperarore of PVC that results in diserete changes in activation energy.

The activation energies for diffusion were found to he smaller for O:! than HCl. as

expected from differences in their molecular diameters. Furthermore. the

activation energies for diffusion above the Tg are about 47% larger than those

below the Tg; this cao he accounted for on the basis of the ratio of the thermal

expansion coefficients of PVC above and below the Tg. These results suggest that

the increase in segmental mobility of the polymer chains at temperatures above the

Tg increases the diffusivity as weil as the zone of activation for diffusion leading to

the increase in bath energy and entropy of activation.

5.1.3 Computer Simulations of the Thermal Degradation Proœss

An original computer program was written which simuIates. according to

Bemou1lian statistics, the relative handedness of successive monomer units during

polymerization and calcu1ates the probabilities of configurational sequences before and

after a specifjed degradalion mecbanism

Computer simu1ated degradalions were. firstly. carried out by selective

dehydrochlorination of isotaetic tmits of length greater than or equal to a specified

minimum length. This type of degradation mechanism showed that:

(1) For the triads. the value "f Pmm decreased while the value of Prr inereases.
independently of the minimum length of the isotaetic unit. By comparison. the

changes in Pmr are sensitive to the length of the isotaetic unit that is degraded, i.e..
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for degradations involving short isotactic units (dyads) the Prnr decreases while for

longer isotaetic units (above triads) it increases.

(2) For isotaetic-centered pentads, the three stereosequences mmmm. mmmr, and rrnmr

all decreased in percentage with extent degradation when it was restricted to

isotactic units of dyads and triads as the minimum isotactic length. However, for

degradations involving isotaetic tetrads and above. the rrnmr pentad began to

increase. The most striking feature is that the changes in sequence population are

smal\., e.g.. a 2% degradation with degradation of isotaetic pentads and above

results in a change in the mm triad fraction that is less than 0.008 (the value

decreases as the minimum isotaetic length decreases).

(3) The results of the simulations were compared with experimental results of the

present study (solution degradations), the work of Millan. et aL, and Velazquez.

In an three comparison it was concluded that for the extent of degradation, at

1eve1s that are accesSJllle to experimental verification by solution NMR (<2%), the

taeticity changes are quite small and within or at the limit of experimental

uncertainty.

It was realized that the dehydrochlorination of purely isotactic sequences does not

accurate1y simuiate the mer:banism for the degradation mechanism ofPVC in that it fails to

produce average double bond length in accord with experimentally determined values (7

ta 9 bonds). Thus the computer simulation program was modified in such a manner that

polyene sequences of expected length were produced. However. this requires that the

dehydrochlorination also inclode some ataetic and SYndiotaetic sequences. As suspected,

this left the trends unchanged but the changes in taeticity as were much lower. From this

study it was concluded that:

(1) Direct observation changes in taeticity by 13C NMR requires that a higher extent

ofdegradation he amined !han is experimentally possible.

(2) A more realistic mecbanism shOuld he considered whereby not ooly the average

double bond length is taken inta account but the distribution of double bonds as

obtained from UV-visible experiments Furthermore. the mecbanism should also

incotporate not on1y initiation at the -mmr- sequence but also random

degradation due ta initiation ofother labile chlorines as is well docwnented.



210

• 5.2 SUGGESTIONS FOR FUTURE WORK

5.2.1 Carbon-13 Nuclear Magnetic Relaxations and Chain Local

Motions of PVC

After submitting the results in Chapter 2 for publication it was suggested1 that

another possibility exists in describing the results. This suggestion deals with the non­

applicability of Kramers' theory in the high friction limit2•3 for polymcrs without large and

rigid side groups. That is the activation energies for conformational transitions. E*.

derived from eq. (2.45) are based on Kramers' theory. This theory assumes that the

correlation lime for conformationai transitions is inversely proportional to the rate

constant for isomerization which ailows the temperature and viscosity dependence of the

correlation lime te he predicted by

*'te=A''1e(E IRT) (5.1)

where the pre-factor A is a visCcs1ty independent constant. This equation predict.~ a Iinear

dependence oflog(tc) vs.log(Tl) with aslope equai to one. Substituting into eq. (5.1) the

temperature dependence of the solvent viscosity as described by an Arrhenius type relation

where A' is a constant. Hence, the experimental (apparent) activation energy obtained

from a plot of ln(te) as a function of lIT is the SUIn of the barrier for conformationai

transitions and the activation energy for the viscous fiow as described by eq. (2.45). Any

deviation from linearity in the log(te) versus 10g(Tl) plot indicates that Kramers'

expression, eq (5.3), is insufficient in describing the experimental relaxation rates. Ediger

and co-worlœrs suggested the foUowing empirical relation

•

leads to

A
, (E*+F..q/RT)

'te = 'Ile

A
, a (E*+F..q/RT)

'te = 'Il e

(5.2)

(5.3)

(5.4)



•
211

The exponent lX takes values in the range 0.1 ta 1. Hence. the apparent activation energy

is given as

*Ea =E +aE'Il (5.4)

•

•

The correlation limes from the DLM model yield lX = 0.73 and E* = 16.5 kJ mol-I •

However. to test this more solvents have to· be nied of various solvent quality and

viscosity.

5.2.2 Transport Properties of Gases Through Plasticized PVC Films

As described in Chapter 3. the oxygen permeation apparatus was modified to allow

the detennination of both the permeation and diffusion coefficients. This in tum opens up

the possibiIity of a more complete analysis of the transport properties of films. Plasticized

PVC films cao be smdied by varying the type and concentration of the plasticizer.

Furthermore, the dual-mode sorption bas recently achieved great attention in its

ability to explain the isotbetms observed in the sorption of substantially soluble gases in

glassy polymers. Sorption isotherms of various gases cao be obtained in order to test the

validity of this mode! with rigid and plasticized PVC films.

5.2.3 Computer Simulations of the Thermal Degradation Proœss

Jndeed, further improvements in the quality of the NMR data, either by devising a

means of extending the accessible range of dehydrochlorination or by obtaining improved

spectral resolution, cao perhaps solve this di1emma However. there are inherent

limitations to the changes in the values Pmm' Prr and Pmr These limitations are
iDtrinsicaUy linked to the statistical distributions of configurational sequences in a

Bemoullian polymer. To obtain experimentally accessible changes in PIIlIIl requires the

exclusive degradation of isotaetic sequences. However. there are not enougb isotaetic

sequences of l"Jfljcient length to yield the experimentally determined double bond

sequence lengths. For degradation to result in double bond lengths that correspond to

experimentally deteJmined values requires the dehydrochlorination also include some

ataetic and syndiotaetic sequences whicb, in tum, reduces the changes in Pmm' Therefore,

it is possl"ble that confianarion of the role of taeticity in the thermal degradation by NMR

methods MaY be unwammted.

RealiZÙ!g that the degradation of purely isotaetic sequences is not an aceurate

med!anism for the degradation med!anism of PVC. the computer simulation program
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should be modified to take into aeeount not only the average douhle hond length hut the

distribution of double bonds as obtained from l'V-vi~ihle expcrimenL~ in thermally

degraded PVC. Secondly. the meehanism should a!so incorporatc not only initiation at th.:

-rnrnr- sequence but also random degradation duc to initiation of other lahik chlorin.:.~ as

i~ weil documented.

5.3 REFERENCES AND NOTES
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(1992).
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APPENDIXA

PROGRAM PVCDEG:

CONST

MAJCDEG_POLYM= 1000:

TIPE

TIPEOFARRAy = ARRAY[l..MAXJ)EG_POLYM] OF INrEGER:

TIPEOFARRAY~= ARRAY[l..MAX....DEG_POLYM] OF CHAR:

VAR
CONFIGURATION :TIPEOFARRAY:

CONFIGURATION>I...R: TIPEOFARRAY_M..R:

COUNTM.

COUNTR.

TOTAL_COUNTM.

TOTAL_COUNTR.

COUNTJ)OUBLE.-BONDS : ARRAY[1•.MAX....DEG_POLYM] OF REAl.;

NUMBER..OF_Mo

NUMBER..OF....R.
NUMBER..OF..MRs.

COUNTMM.

COUNTRR.

COUNTMR.

COUNTMMM,

COONTMMR.

COUNTMRR.

COUNTMRM,

COONmMR.

COUNTRRR.

COUNl'MMMM,

COUNTMMMR.

COUNTMMRM,

COtJNI'MMRR.

COUNTMRMR.

COUNTMRRM,

COUNIMRRR.
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COUNl"RMMR.

COUNTRMRR.

COUNTRRRR.

TCOUNT.

STOPPER.

STOP_PRlNT : REAL;

L

J.

K :INTEGER:

COUNTMOLECULES.

MOLECULES : INTEGER;

T_CHECKCOUNT.

CHECIŒR.

DEGJ'OLYM,

FRAcnON..DEGRADATEO.

roTAL..FRAcnON.

AVG..DEGRAD•

FAVORABIUl'Y.

SUM..m.

SUM.J.

SUM..mr.

SOM..mm.

SOM..rr.
SOM mmm

SOM mmmm
SUM mmmr.

SOM..mmtm
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SUM..mm.

SUM..rmmr.

SUM..=.

SUM_rrtr.

SUMDJ1l,

SUMDJ.

SUMD..mr.

SUMDJDIIl,

SUMD.,;r.

SUMD-=

SUMD..mmr.

SUMDJIl11D.

SUMD....anr.

SUMD..uur.

SUMD..m.

SUMDJIIIIIDlr.

SUMD mmnn.

SUMD....JIlI=.

SUMD....mnor.

SUMD..mmn.

SUMD...mm.

SUMDJDIDlf.

SUMDJDUT.

SUMD...mr.

lOTALDYADS,

lOTALTRIADS.

lOTALTETRADS.

iOTALPSNrADS.

lOT.&LDYADSJ>.

lOTALTRIADSJ>.

lOTALTETRADSJ>.

lOTALPENTADSJ>.

lllCIIl.double..boDds.

avs.-boDds : REAL:
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(----------------------------------------------------------------------)
( THE FOLLOWING PROCEDURE PRUITS OUT ;.. BOX OF .;STE!USKS ;..ROUND THE

ARE;.. SPECI~~ED BY TWO POINTS, (xl,yl) to (x2,y2l

•
•

•
•

•

•

(-------------------------------------------------------_ .._------------)
procedure puUn_box(xl.yl,x2.y2 : inœger);

var

index, i : integer;

begin

for index := yi 10 y2 do

begin

Ü «(mdex =yi) or ( index = y2»

men

fori:= XllOx2 do

begin

gotoxy("l,index);

wnte('*');

end

cise

begin

gotoxy(xl,indcx);

write('*');

gOlO1tY<x2 index);

wnte('*');

end

end

eDd;{endof pwcedwc puLin...box}

(----------------------------------------------------------------------)
( THE FOLLOWING PROCEDURE PRUlTS A MESSAGE TO THE USER AND WAITS FOR ).

{ HIM/BER TC STRIlŒ THE ENTER KEY IN ORDER TC CONTINUE }

{----------------------------------------------------------------------}
procedure waiVor_user;
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var

index : inlCger,

begin

dclay(lSOO);

for index := 1 10 SO do

begin

gotoxy(20,2S);

cIreol;

gotoxy(20,2S);

wrilC('<Slrikc the ENTER key 10 continue>');

end;

readIn;

(----------------------------------------------------------------------)
( TIIE FOLLOWING PROCEDURE PRINTS TIIE TITLE PAGE FOR TIIE PROGRAM )

(----------------------------------------------------------------------)
Procedure til1e,.page_inlroduetion;

var

index : integer;

begin

dclay(lS00);

for index ;= 110 11 do

begin

gotoxy(2*index - l, index);

write('COMPUI'ER GENERA1ED POLY(VINYL) cm.ORIDE');

golOXy(21-indcx)*2+ l, 22-index);

write('COMPUI'ER GENERA1ED POLY(VINYL) cm.ORIDE');

delay(I00);

end;

delay(SOO);

for index := 110 10 do

begin
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gOloxy(2*index-1.index);

cIreol;

gOlOxy«2Q-index)*2 + 1. 22-index);

cIreol;

delay(lOO);

end;

gOlOxy(21.13);

write('V'iRrITEN BY ; lbeodore Radiolis};

gOIOxy(21.15);

write('VersioD 2.0 (1990));

puUn...box(l5.9.65.17); {CALLS PROCEDURE TO PUT lNFO lN BOX}

waîLfor_user. {CALLS PROCEDURE TO WAIT FOR USER TO

STRIKE niE ENTER KEY }

end; {End proc:cdure title..pagC_introduetiOD}

{----------------------------------------------------------------------}
{ THE FOLLOWING PROCEDURE INITIALIZES THE RELEVANT COUNTERS }

{----------------------------------------------------------------------}
PROCEDURE~COUNTERS;

BEGIN

SOMJn := 0; SUMOJD := 0;

SUM....r := 0; SUMOJ := 0;

SUM...mr := 0; SUMOJDI':= 0;

S~ :=0; SUMO_mm :=0;. .
SUM..tr := 0; SUMOJI":= 0;

SOM mmm:= 0; SUMOJDIDDI:= 0;

SUM...mmr:=O; SUMO....mmr:=O;

SUM....mrm := 0; SUMOJIIIII1:= 0;

SUMJmr:= 0; SUMO..rmr:= 0;

SUM....mrr:= 0; SUMO..mrr:= 0;

SUMJrr:= 0; SUMOJ!r:= 0;

SUM mmmm:= 0: SUMO mmmm := 0:

SOM mmmr := 0; SUMOJIIIIIIIII" := 0;

SUM....mmm1 := 0; SUMO_mml!J! := 0;

SUM...mnur:= 0; SUMO..,.IDDln":= 0;
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SUM-=:= 0; SUMD-=:= 0;

SUM..mmn := 0; SUMD-=:= 0;

SUM..mm:= 0; SUMD_=:= 0;

SUM..nnmr := 0; SUMD..nnmr:= 0;

SUMJD]n" := 0; SUMD_=:= 0;

SUMJM := 0; SUMDJM:= 0;

TOTALYRACI10N:= 0;

FOR] := 11'0 ROUND(DEGJ'QLYM) DO

BEGIN

TOTAL_COUNTM[J] := 0;

1'OTAL_COUl'"iR[J] := 0;

COUNTJ)OUBLE_BONDS[J] := 0;

END;

END;

{----------------------------------------------------------------------}
{ TIlE FOLLOWING PROCEDURE ASKS TIlE OPERATOR TO INPUT TIlE FOLLOWING }

{ PARAMETERS: (1) NtlMBER OF MOLECULES, }

{ (2) DEGREES OF POLYMERIZATION }

( (3) TIlEORETICAL Pm, }

( (4) PERCENT DEGRADATION, AND }

( (5) MINIMllM ISOTACTIC LENG'I'H TC BE DEGRADED. }

{----------------------------------------------------------------------}
PROCEDURE SET_PVCJNFO:

VAR

DUMMY : REAL:

BEGIN

REPEAT

O.RSCR:
PUT_IN_BOX(S.lo,7O,14);

GOTOXY(lO,12);

WRlTE('HOW MANY PVC MOLECULES WOULD YOU L11Œ1'0 GENERATE? ');

READLN(DUMMY);

MOLECULES := ROUND(DUMMY)

UNTlL «DUMMY =- 1) AND (DUMMY <= 30000»;
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URSCR;

P1JON_BOX(5.10.75.14);

(J()11)}C1(10.12):

WRl1E('ENTER TIŒ DEGREES OF POLYMERlZATION FOR pve (1011)

',MAX..DEG..PQLYM,' ) ');

READLN(DEG_POLYM);

UNTD.. (DEG_POLYM >= 10) OR (DEG..PQLYM <= MAX...DEG_POLYM);

REPEAT

URSCR;

PUT_IN_BOX(5.10.75.15):

(J()11)}C1(15.12);

WRl1E('ENTER TIŒ PROBABn.rrY OF GENERATING A ');

(J()11)}C1(20.13);

WRrI'E('MESO SEQUENCE. Pm (0 11) 1): ');

READLN(FAVORABn.rrY);

FAVORABn.rrY:= 1-FAVORABn.rrY;

UNTD..(FAVORABn.rrY:>=O)AND (FAVORABn.rrY <= 1);

REPEAT

URSCR;

PUTJN..BOX(5,10.75.14);

(J()11)}C1(10.12);

WRrI'E('EN'ŒR TIŒ DESIRED FRACl10N OF DEGRADATION (0 11) 1): ');

READLN(FRACDONJ)EGRADATED);

UNTD.. «FRACDONJ)EGRADATED >= 0) OR (FRACDON_DEGRADATED <= 1»;

REPEAT

URSCR;

PUTJN..BOX(S.10.7S.1S);

(J()11)}C1((lS.12);

WRrI'E('EN'ŒR TIŒ MINIMUM LENGIH OF ISOTACl1C ');

(j()11)}C1((2O,13);

WRl1E('UNlTS 11) BE DEGRADED : ');

READLN(Di);

Di := roUDd(ui);

UNIU. (Di:>= 1) AND (Di <= 10);

URSCR;
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( THE FOLLOWING PROCEDURE GENERATES A P'IC MOLECtJLE ACCORDING TO )

( THE ENTERED DEGREES OF POLYMERIZATION AND TACTICITY. )

( AT THE END OF THE PROCEDURE VALUES OF a AND l ARE STORED IN A )

( 2-DIMENSIONAL ARRAY CALLED CONFIGURATION )

(------------------------------------------------------------------)
PROCEDURESET~M..MOLECULES;

VAR
NUMBER: REAL;

BEGIN

NUMBER := RANDOM;

IF NUMBER >= 0.5

THEN

CONFlGURATION[l] := 1

ELSE

CONFlGURATION[l] := 0;

FOR J:= 21'0 l'OUIId(DEGJ'QLYM) DO

BEGIN

NUMBER := RANDOM;

IF CONFlGURATION[J-l] = 0

THEN

IFNUMBER<=FAVORABIL1TY +(l·(FAVORABILITY*2»

THEN

CONFlGURATION[J] := 0

ELSE

CONFlGURATION[J] := 1

ELSE

IF NUMBER <= FAVORABIL1TY

THEN

CONFlGURATION[J] := 0

ELSE

CONFlGURATION[J] := 1
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(----------------------------------------------------------------------)
( ACCORDING TC THE DATA FROM THE ARRAY CONFIGURATION, THE FOLLOIolING )

( PROCEDURE SETS UP AN ARRAY CALLEn CONFIGURATION_MLR THAT CONSISTS )

( OF M's AND R's. T\oIO AOJECENT O~S (11) OR ZEROS (00) ARE SAVED )

( AS AN M, WHEREAS A (10) OR (01) ARE DENOTEe AS AN R. )

(----------------------------------------------------------------------)
PROCEDURE SET..M..R;

BEGIN

CASE CONFIGURATION[l] OF

0: CONFIGURATION..M..R[l] := '0':

1 : CONFIGURATION..M..R[l] := '1';

2: CONFIGURATION..M..R[l] := '=':

END;

fOR] := 2 TO ROUND(DEGJ'QLYM) DO

CASE CONFIGURATION[J] OF

0: CASECONFIGURATION[J·l] OF

0: CONFIGURATION..M..R[J] := 'M';

1 : CONFIGURATION..M..R[J] := 'R';

2 : CONFIGURATION..M..R[J] := '0';

END;

1: CASECONFIGURATION[J-l] OF

0: CONFIGURATION..M..R[J] := 'R';

1 : CONFIGURATION..M..R[J] := 'M';

2: CONFIGURATION..M..R[J] := '1';

END;

2: CASE CONFIGURATION[J-l] OF

0: CONFIGURATION~J]:= '=';

1 :CONFIGURATION~J] := '=~

2: CONFIGURATION..M..R[J] := '=';

END;

END;

END;
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(--------------------------------------------------------------------)
( THE FOLLOWING PROCEDURE COUNTS THE NUMBER OF M's AND R's IN THE )

( ARRAY CONFIGURATION..M-R. )

(--------------------------------------------------------------------)
PROCEDURE COUNI'JWMBER....OF~(VAR NUMBER....OF~

NUMBER....OF..R : REAL);

VAR

PROBABIUI'Y~

PROBABILITY..R.

NUMBER....OF..MRs : REAL;

BEGIN

NUMBER....OF..M :=0;

NUMBER....OF..R :=0;

FOR]:= 1TO ROUND(DEG_POLYM) DO

BEGIN

CASECONFIGURATION~[J] OF

'M': BEGIN

NUMBER....OF_M := NUMBER....OF..M + 1;

.END;

'R' : BEGIN

NUMBER....OF..R:= NUMBER....OF..R + 1;

END;

END;

END;

NUMBER....OF..MRs:=NUMSER..OF..M+NUMSER..OF...R:

PROBABIUlY..M:= NUMBER....OF..M 1NUMBER....OF..MRs;

PROBABIUI'Y..R:=NUMBER....OF..R/NUMBER....OF..MRs;

END;{COUNI'...NUMBER....OF~}

(--------------------------------------------------------------------)
{ THE FOLLOWING PROCEDURE COONTS THE NtlMBER OF ISOTACTIC UNITS OF }

{ VARIOOS LENG'I'HS FROM THE ARRAY CONFIGURATION....M.....R. }

{--------------------------------------------------------------------}
PROCEDURECOONT_CONSECtrl'lVE....

VAR

OŒCKCOONT.



•

•

COUNT : INTEGER;

QI : CHAR:

NOTDONE : BOOLEAN:

BEGIN

FOR J := 1TO round(DEGJ'OLYM) DO

BEGIN

COUNTM[J] := 0:

COUNTR[J] := 0:

END:

J:=2;

NOTDONE := TRUE;

WHILE J <= DEG_POLYM DO

BEGIN

COUNT:= 0;

QI := CONFIGURATION..M....R[J];

WHILE «ai=CONFIGURATION..M....R[J]) AND NOTDONE) DO

BEGIN

COUNT := COUNT + 1;

J:=J+1;

IF J> DEGJ'OLYM THEN NOTDONE := FALSE;

END;

IF CH = 'M' THEN COUNTM[COUNT] := COUNTM[COUNT) + 1:

IFQI= 'R' THEN COUNTR[COUNT] := COUNTR[COUNT) + 1:

END;

J:= 1;

CHECKCOUNT := 0:

FOR J:= 1TO round(DEG_POLYM) DO

BEGIN

TOTAL.-COUNTM[J] := TOTAL.-COUNTM[J] + COUNTM[J];

TOTAL.-COUNTR[J] := TOTAL.-COUNTR[J] + COUNTR[J];

END;

END; {END OFPROCEDURE}
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( THE FOLLOWING PROCEDURE COONTS THE NUMBER OF ISOTACTIC (MM), )

( ATACTIC (MR), AND SYNDIOTACTIC (RR) TRIAIlS. )

(--------------------------------------------------------------------)
PROCEDURE PROBABILITY...MM..RR...MR( VAR COUNTMM.

COUNTRR.

COUNTMR : real );

VAR

PROBJdR..RM.

PROB~

PROB....RR.

TCOUNT : REAL;

BEGIN

COUNTMM := 0;

COUNTMR := 0;

COUNI'RR := C;

FORJ := 21'0 lOund(DEG_POLYM - 1) DO

CASECONFlGURATION_M....R[J] OF

'M': CASE CONFlGURATION-M....R[J+l] OF

'M' : COUNTMM := COUNTMM + 1;

'R' : COUNTMR:= COUNTMR+ 1;

END;

'R'; CASECONFlGURATION-M....R[J+l] OF

'R' : COUNI'RR := COUNI'RR + 1;

'M' ; COUNTMR := COUNTMR.+ 1;

END;

END;

TCOUNT:= COUNI'RR +COUNI'MM +COUNTMR;

PROB~:= COUNTMR1TCOUNT;

PROB~ :=COUNTMM ITCOUNT;

PROB....RR := COUNI'RR1TCOUNT;

END;
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(--------------------------------------------------------------------)
( THE FOLLOWING PROCEDURE COUNTS ALL THE DISTINQUISHABLE TETRADS )

( (MMM. MMR. MRR. MRM. RRR) )

(--------------------------------------------------------------------)
PROCEDURE PROBABILlTY_MMM..RRR( VAR COUNTMMM.

COUNTMMR.

COUNTMRR.

COUNTMRM.

COUNTRMR.

COUNTRRR : real);

VAR

PROB..MMM.

PROBJdMR,

PROB....MRR.

PROB....MRM.

PROB,..RMR.

PROB..JmR.

TOI'ALCOUNT : real;

BEGIN

COUNTMMM :=0;

COUNTMMR:= 0;

COUNTMRR:= 0;

COONTMRM := 0;

COUNTRMR:= 0;

COUNTRRR := 0;

FOR1:=2TO roUlld(DEG_POLYM - 2) DO

CASE CONFIGURATION..M....R[J] OF

'M': CASECONFIGURATION~[1+1]OF

'M': CASE CONFIGURATION~[1+2] OF

'M' : COUNTMMM := COtJNTMMM + 1;

'R' : COUNTMMR:= COUNTMMR+ 1;

END;

'R': CASE CONFIGURATION..M....R[I+2] OF

'M' : COUNTMRM := COONTMRM+ 1;

'R' : COUNTMRR.:= COUNTMRR+ 1;

END;
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END;

'R': CASE CONFIGURATION__\1.-R,[J+l] OF

'M': CASE CONFIGURATION_M_R[J+2] OF

'M': COUNTMMR:= COUNTMMR + 1:

'R' : COUNTRMR:= COUNTRMR + 1;

END;

'R': CASE CONFIGURATION_M.-R[J+2] OF

'M' ; COUNTMRR := COUNTMRR + 1;

'R'; COUNTRRR :=COUNTRRR+ 1;

END;

END;

END;

TOTALCOUNT:= COUNTMMM + COUNTMMR + COUNTMRM + COUNTMRR + COUNTRRR

+COUNTRMR:

PROBjiMM := COUNTMMM ITOTALCOUNT;

PROiUdMR := COUNTMMR 1TOTALCOUNT;

PROB~ :=COUNTMRM/TOTALCOUNT;

PROB.-RMR :=COUNTRMR/TOTALCOUNT;

PROB..MRR := COUNTMRR1TOTALCOUNT;

PROB.-RRR :=COUNTRRR/TOTALCOUNT;

END;

{--------------------------------------------------------------------}
{ 'l'IIE FOLLOWING PROCEDORE COONTS ALL 'l'IIE DISTINQUISHABLE PENTADS }

{ (MMMM. MHMR. MMRM. MMRR. MIlMR. MRRM. MRRR. RMMR. RMRR. RRRR) }

{--------------------------------------------------------------------}
PROCEDURE PROBABILITY..,.MMMM...RRRRAR COUNTMMMM.

COUNTMMMR.

COUNTMMRM.

COUNTMMRR.

COUNTMRMR.

COUNTMRRM.

COUNTMRRR.

COUNTRMMR.

COUNTRMRR.
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COUNTRRRR : =1):

VAJ/.

PROB_MMMM.

PROB_MMMR.

PROB_MMRM.

PROB_MMRR.

PROB_MRMR.

PROB_MRRM.

PROB.-MRRR.

PROB_RMMR.

PROB..RMRR.

PROB..RRRR.

TOTALCOUNT : =1;

BEGIN

COUNTMMMM:= 0;

COUNTMMMR:= 0;

COUNTMMRM := 0;

COUNI'MMRR:= 0;

COUNTMRMR:= 0;

COUNIMRRM := 0;

COUNTMRRR:= 0;

COUNIRMMR:= 0;

COUNmMRR:= 0;

COUNTRRRR := 0;

FOR J := 2TO rolJlld(DEGJ'OLYM - 3) 00

CASE CONFlGURAnON-.M..R[J] OF

'M': CASE CONFlGURAnON-.M..R[J+l] OF

'M': CASECONFlGURAnON_M-R[J+2] OF

'M' : CASE CONFlGURAnON-.M..R[J+3] OF

'M' ; COUNTMMMM := COUNTMMMM + 1;

'R' ; COUNTMMMR:= COUNTMMMR + 1;

END;

'R' ; CASE CONFlGURAnON-.M..R[J+3] OF

'M' ; COUNTMMRM := COUNTMMRM + 1;

'R' : COUNI'MMRR:= COUNI'MMRR + 1;

END;
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'R': CASE CONFIGURATION_M_R[J+2] OF

'M': CASE CONFIGURATION_M...R[J+3] OF

'M': COUNTMMRM := COUNTMMRM + 1:

'R' : COlJJl,'TMRMR := COUNrMRMR + 1:

END:

'R': CASE CONFIGURATION_M~[J+3] OF

'M': COUNTMRRM:= COUNTMRRM + 1:

'R' : COUNTMRRR := COUNTMRRR + 1:

END;

END:

END;

'R' : CASECONFIGURATION~[J+ 1] OF

'M': CASE CONFIGURATION..M~[J+21 OF

'M': CASE CONFIGURATION_~[J+31 OF

'M': COUNTMMMR:= COUNTMMMR + 1;

'R' ; COUNTRMMR ;= COUNTRMMR + 1:

END;

'R': CASE CONFIGURATION_~[J+31 OF

'M' : COUNTMR.MR := COUNTMR.MR + 1;

'R' : COUNTRMRR:= COUNTRMRR+ 1:

END:

END; .

'R~ CASE CONFIGURATION~[J+21 OF

'M': CASE CONFIGURATION~[J+31 OF

'M' : COUNTMMR.R :=COUNTMMR.R + 1;

'R' : COUNTRMRR := COUNTRMRR+ 1;

END;

'R'; CASE CONFIGURATION_~[J+:;l OF

'M' : COUNTMRRR := COUNTMRRR+ 1:

'R' : COUNTRRRR:= COUNTRRRR + 1;

END;

END;

END;

END;
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TOTALCOUNT:= COUNfMMMM + COUNTMMMR + COUNTMMR.\1 + COUNTMMRR +

COUNTMRMR + COUNTMRRM + COUNTMRRR + COUNTRMMR +

CCU!'ITRMRR + COUNTRRRR:

PROB_MMMM := COUNTMMMM 1TOTALCOUNT:

PROB_MMMR := COU!'lTMMMR 1TOTALCOUNT:

PROB_MMRM := COUNTMMRM ITOTALCOm.'T:

PROB_MMRR := COUNTMMRR 1TOTALCOUNT:

PROB_MRMR :=COUNTMRMRfTOTALCOUNT:

PROB_MRRM := COUNTMRRM f TOTALCOUNT:

PROB_MRRR := COUNTMRRR fTOTALCOUNT:

PROBJU<iMR := COUNTRMMR f TOTALCOUNT:

PROB_RMRR :=COUNTRMRRfTOTALCOUNT:

PROB_RRRR :=COUNTRRRRfTOTALCOUNT:

END;

(--------------------------------------------------------------------)
( THE FOLLOWING PROCEDURE FINOS AND DEGRADES ISOTACTIC SEQUENCES. )

( THE LENGTH MUST BE ABOVE A MINIMUM LIMIT THAT IS SET BY THE )

(OPERATOR. DEGRADATION SEIZES ONCE AN UPPER LIMIT OF DEGRADATION )

( IS REACHEO (ALSO ENTERED BY THE USER) }

(--------------------------------------------------------------------)
PROCEDURE DEGRADATION(VAR TOTAL..FRAcnON: REAL):

VAR

POsmON.

START_POsmON.

COUNTER.

TEMl'ORARY : INTEGER;

NOT...,FINISHED.

NOTCOMPLETE : BOOLEAN;

FRAcnON : REAL;

BEGIN

FRAcnON := 0;

REPEAT

NOT...,FINISHED := TRUE;

REPEAT

REPEAT
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l'OSmON := RANDOM(roundCDEG_I'OLYM) + 1

UNI1l. l'OSmON >c 1

UNTIL «CONFIGURATION[POsmON] = 1) OR (CONFIGURATION[POsmON] = 0)):

TEM:PORARY := CONFIGURATION(PQsmON];

WHll.E «(POsmON >= 1) AND NOT_FINISHEO) DO

IF CONFIGURATION[POsmON] = TEMPORARY

TIiE.1I/ l'OSmON := POsmON - 1

ELSE NOT..FINISHEO:= FALSE;

POSmON:= l'OSmON + 1;

START_POsmON:= l'OSmON;

COUNrER:=O;

NOTCOMPLETE ;= TRUE;

WHll.E «(POsmON <= (DEGYOLYM - 1)) AND NOTCOMPLETE) DO

IF CONFIGURATlON[POSmON] = TEMPORARY

TIIEN

BEGIN

CCUNrER ;= COUNrER + 1;

POSmON := POsmON + 1;

END

ELSE NOTCOMPLETE := FALSE;

lFCOUNŒR>= (ai+l)

TIIEN

BEGIN

FRACTION :=FRACTION+COUNI'ERJOEGJ'QLYM;

POSmON:= START_POSmON;

COUNT_DOUBLE.-BONDS(COUNŒR] := COUNT_DOUBLE..BONDS(COUNTER] + 1;

REPEAT

CONFIGURATlON[POSmON] := 2;

POSmON:= POsmON + 1

UNTlL «CONFIGURATlON[POSmON] - TEMPORARY) <> 0);

END

UNTlL FRACTION >= FRACTION..DEGRADA1ED;

lOTAI.J'RACTION := lOTAI.J'RACTION +FRACTION;

END;
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(--------------------------------------------------------------------)
{ THE FOLLOWING PROCEDURE CALCULATES = AVERAGE DYAD. TRI.;D. TETRAD }

( AND PENTAD PROBABILITIES OF ALL MOLECULES )

(--------------------------------------------------------------------)
PROCEDURE

AVERAGE_PROBABILITIES(SUM..m.SUMJ.SUM_mr.SUM..nun.SUM_IT.SUM_=

SUM..mmr.SUM..mrm.SUM..rmr.SUMJIII1"'sUM_r\T.

SUM_mmmm SUM_mmmr.SUM_mmrm.SUMJDIII\T.SUM_mrmr.

SUMJIlIl"Q1.SUM..mm.SUM..rmmr.SUM.;mrr.SUM_ITIT.

TOTALDYADS.TOTALTRIADS.TOTALTETRADS.

TOT....LPENTADS : REAL):

VAR
AVG_Pm.

AVG_Pr.

AVG_Pmr.

AVG_Pmm.

AVGYrr.

AVGJlmmm,

AVGJ'mmr.

AVGJlmrm.

AVG.J'rmr.

AVGJ,>mrr.

AVG_Pr\T.

AVG..Pmmmm

AVG_Pmmmr.

AVG.J'mmrm,

AVG..Pmmn".

AVG_Ptmmr.

AVGJlmmD,

AVGJ'mm.

AVG..PmJmr.

AVG_Pnmr.

AVGJ>r= : -REAL;

BEGIN

AVG..Pm := SUM..m ITOTALDYADS;

AVGY! := SUMJ ITOTALDYADS;



•

•

WG_Pmr:= SUM..mr ITOTALTRlADS:

AVGYmm:= SUMJIllll ITOTALTRlADS:

AVG_Prr:= SUM.ft 1TOTALTRlADS;

AVG_Pmmm:= SUM-=1TOTALTETRADS:

AVG_Pmmr:= SUM..mmr/TOTALTETRADS;

AVG_Pmrm:= SUM..mrm ITOTALTETRADS;

AVG.Yrmr:=SUM..rmr/TOTALTETRADS:

AVG..Pmrr;= SUM...mrr ITOTAI.TETRADS;

AVG_Prtr:=SUM..m/TOTALTETRADS;

AVG_Pmmmm := SUM mmmm 1TOTALPENTADS;

AVG..Pmmmr:= SUM mmrnr/TOTALPENTADS:

AVG..Pmmrm := SUM..mmrm 1TOTALPENTADS;

AVG_PmmIr:= SUM..=1TOTALPENTADS;

AVG..Pm=;= SUM..rnrrnr1TOTALPENTADS;

AVG_Pmmn:= SUM...mnm 1TOTALPENTADS;

AVG_Pmm:=SUM..mm/TOTALPENTADS;

AVG..Ptmmr:= SUM..rmmr1TOTALPENTADS;

AVG..Pnmr:=SUM..mur/TOTALPENTADS;

AVG..Pmr:= SUM....mr ITOTALPENTADS;

WRlTELN(LST);

WRlTELN\1.ST:AVERAGE Pm =',AVG_Pm:l:S);

WRlTELN(LST:AVERAGEPr =',AVG..Pr:l:S);

WRlTELN(LST);

WRlTELN(LST:AVERAGE Pmr+nn = ',AVG_Pmr:l:S);

WRlTELN(LST:AVERAGE Pmm = ',AVG_Pmm:l:S);

WRlTELN(LST:AVERAGE l'Ir =',AVGJlrr:l:S);

WRlTELN('o..ST);

WRlTELN(LST:AVERAGE Pmmm =',AVG_Pmmm:l:S);

WRlTELN(LST:AVERAGE Pmmr+1DIDl=',AVG.J'mmr;l:S);

WRlTELN(LST:AVERAGE Pmnn ,. ',AVGJlmrm:l:S);

WRlTELN(LST:A~GE PnDr = ',AVG_Prmr:l:S);

WRlTELN(LST:AVERAGE Pmrr+mn =',AVG..Prnrr:l:S);

WRlTELN(LST:AVERAGEPa;r =',AVG..Prtr:l:S);

WRlTELN(LS'I);

WRlTELN(LST:AVERAGE Pmmmm = ',AVGJ'mmmm'l:S);

WRlTELN(LST:AVERAGE Pmmmr+mImm,. ',AVG..Pmmmr:l:S);
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WRlTELN(lST,'AVERAGE Pmmrm+mrmm = '.AVG_Pmmrm:1:5):

WRlTELN(LST,'AVERAGE Pmmrr+mnm = '.AVG_Pmmrr.1:5):

WRlTELN(LST,'AVERAGE Pmnnr+nnrm = '.AVG_Pmrmr:1:5):

WRlTELN(LST.'AVERAGE Pmrtm = '.AVG_Pmmn:I:5):

WRlTELN(LST,'AVERAGE Pmrrr+mm = '.AVG_Pmrrr:1:5):

WRlTELN(LST.'AVERAGE Prmmr = '.AVG_Prmmr: 1:5):

WRlTELN(LST,'AVERAGE Pnmr+mnr = ',AVG_Prmrr.1:5):

WRTI'ELN(LST,'AVERAGE Pmr = ',AVG_Prm: 1:5):

END:

BEGIN

'ITI1.E"pAGE_INTRODUcnON:

SET_PVC_INFO;

WRlTELN(LSî,' ï;

WRl'IELN(LST.'NUMBER OF MOLECULES = ',MOLECULES):

WRl'IELN(LST,'DEGREES OF POLYMERIZATION = ''oEG_POLYM:S:O);

WRl'IELN(LST.TI'lEORE'OCAL Pm='.1-FAVORABUII'Y:I:4);

WRl'IELN{LST.'DESIRED PERCENT DEGRADATION =

',FRAcnON..DEGRADATED*100'.2:2,'%ï;

WRl'IELN(LST.'MINIMUM LENG'lH OF lSOTAcnC UNf,:-S TIlAT wn.L BE DEGRADED = ',ni);

WRl'IELN(LST: ï;

INlTIALlZE_COUNTERS;

FOR COUNTMOLECULES := 1TC MOLECULES DO

BEGIN

SET....RANDOM....MOLECULES;

SET.>f...R;

COUNT_CONSECUTIVE~

COUNT..NUMBER....OF..M...R<NUMBER....OF..M.NUMBER....OF..R>:

SUM....m:= SOM..m + NUMBER....OF-.M;

SUM..r:=SUM..r+ NUMBER....OF..R;

PROBABUII'Y~(COUNTMM.COUNTRR.COUNTMR);

SUM..mr:= SUM..mr + COUNTMR;

SUM....mm:= SUM...mm+ COUNIMM;

SUM..Jr:= SUM..Jr +COUNTRR;
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PROBABIL11Y_MMMJmR,(COUNTMMM.COUNTMMR.COUNTMR.R.COUNrMRM.COUN1R.\fR.

COUNTRRR);

SUM mmm:= SUM..mmm + COUNTMMM;

SUM_mmr := SUMJIlIIl1" + COUNTMMR;

SUM..mrm := SUM..mrm + COUNTMRM;

SUM...rmr:= SUM...rmr + COUNTRMR;

SUM.JIII1':= SUM..JDn" + COUNTMRR;

SUM..;rr := SUM..;rr + COUNTRRR;

PROBABIL11Y~(COUNTMMMM,COUNl'MMMR.COUNTMMRM.COUNTMMRR.

COUNI'MRMR,COUNI'MRRM.COUNThIRRR.COUNTRMMR.

COUNTRMRR.COUNTRRRR);

SUM mmmm := SUM mmmm + COUNTMMMM;

SUM mmmr:= SUM mmmr+ COUNTMMMR;

SUM mman := SUM.Jmmm + COUNTMMRM;

SUM...mm:r:= SUM...mm:r+ COUNTMMRR;

SUM.Jmmr:= StJM..mrmr+ COUNTMRMR;

SUM....mmn := SUM.;mtm+COUNTMRRM;

SUM..mm:= Smt.mnr+ COUNTMRRR;

SmLnnmr:= SUM...nnmr+ COUNTRMMR;

SUM..nnzr:= SUM..nnzr+ COUNTRMRR;

SUM..mr:= Sm.l.,.mr +COUNTRRRR;

DEGRADATION(TOTAL,J'RACTION);

SET....M....R;

COUNT~ER-OF...M..R~OF..M.NUMBER-OF..R);

SUMDJD:= SUMDJD + NUMBER-OFjf;

SUMDJ:= SUMDJ+ NUMBER-OF....R;

PROBABILlTY..MM..RR....MR(COUNTMM,COUNTRR,COUNI'MR);

SUMD...mr:= SUMD...mr+ COUNTMR;

SUMOJIID1 := SUMDJIID1 + COUNTMM;

SUMD...rr:= SUMD...rr+ COUNTRR:

PROBABILlTY~COUNTMMM.COUNTMMR.COUNI'MRR,COUNTMRM,COUNIRMR.

COUN'I'RRR);
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SUMO_mmm:= SUMO_mmm + COUNTMMM:

SUMO-=:= SUMOJIlIll1" + COUNTMMR:

SUMO-=:= SUMO_= + COUNTMRM:

SUMO_tmr:= SUMD_rmt + COUN1RMR;

SUMO-=:= SUMD_mIr + COUNTMRR:

SUMO..rrr;= SUMO_nr+ COUN1'RRR:

PROBABn.rrY..MMMM..,RRRR.(COUNTMMMM.COUNTMMMR.COUNTMMRM.COUNTMMRR.

COUNTMRMR.COUNTMRRM.COtJNTMRRR.COUNTRMMR.

COUNTRMRR.COUNTRRRR);

SUMO mmmm:= SUMO mmmm + COUNTMMMM:-
SUMO mmmr:= SUMO...mmmr+ COUNTMMMR:

SUMOJDIIUUl := SUMOJDIIUUl + COUNTMMRM:

SUMO..mmrr:= SUMO..mmrr + COUNTMMRR:

SUMO....mrmr:= SUMO..mrmr + COUNTMRMR;

SUMO....mrrm := SUMO_mmn + COUNThfRRM;

SUMO...mm:= SUMO...mm+ COUNI'MRRR:

SUMO..,.IIIlIDr := SUMO..,.IIIlIDr + COUNTRMMR;

SUMOJIIID':= SUMO..rmrr + COUNTRMRR:

SUMO...rm:= SUMO..nrr+ COtlNTRRRR;

end;

TOTALDYADS :=SUM..m+SUM..r;

TOTALTRIADS := SUM..mr+ SUM...mm+ SUMJr; -

TOTAL'ŒTRADS := SUM..mmm + SUMJIUIU" + SUM..mrm + SUM..mIr + SUM..nr + SUM..rmr;

TOTALPENTADS :=SUM..mmmm + SUM..mmmr+ SUMJDIIUUl+ SUM...mmrr+ SUM..mrmr+

SUM....mrrm + SUM..mm + SUM..rmmr + SUMJIIID' + SUM_=

TOTALDYADSJ) := SUMO..m + SUMO..r;

TOTALTRIADS...D := SUMO....mr+ SUMO....mm + SUMOJr.

TOTAL'ŒTRADS...D := SUMOJDJIIID + SUMO..mmr+ SUMO-= + SUMO-= + SUMD..rrr +

SUMO....rmr;

TOTALPENTADS...D := SUMO mmmm + SUMO mmmr+ SUMOJDIIUUl + SUMO..mmrr +

SUMO....mrmr + SUMO....mrrm + SUMO...mm + SUMO_nnmt +

SUMOJIIID' + SUMO..mr;

AVG...DEGRAD:= TOTAL....FRAcnON· lOOJMOLECULES;

. AVERAGE..PRQEAB1LlT1ES(SUMJD,SOM...r,sUM..mr,sUM...mm.SUM....rr,sUM..mmm SUM....mmr.
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SUM..mmrm.sUM~.sUM-=,SUMJIIII'Il,SUM..mrrr.SUM..rmmr,

SUMJ'IM".SUM.Jrrr.TarALDYADS.TarALTRlADS.TOTALTETRADS.

TarALPENTADS);

WRJ'IE..N<LSn;

WRJ'IE..N(LST:AVERAGE DEGRADATION PER PVC MOLECULE = ',AVG_DEGRAD:3:3:%');

WRITELN<LSn;

AVERAGE_PROBABILlTIES(SUMD_m.SUMDJ.SUMD-=.SUMD_mm.SUMD_rr.SUMDJ]lIIlIII.

SUMDJIlIIlr. SUMDJll1"IIl.5UMD_tmr,SUMD_mrr.SUMD_rrt.

SUMD mmmm SUMD mmmr.SUMDJIIIIUIIl,SUMD-=.

SUMD_=.SUMD..mmn.SUMD_mrtr.SUMD..rmmr.SUMD_rmrr.

SUMD..rrrr.TOTALDYADS_D.TOTALTRlADS..D.TOTALTETRADS_D.

TOTALPENTADS..D);

CHEClŒR:= MOLECULES· (DEG_POLYM • 1);

T_CHECKCOUNT := 0;

J~I;

REPEAT

WRlTELN(LSn;

WRlTELN(lst:TarAL NUMBER. OF 'J, 'CONSECUITVE Ms = '.TOTAL_COUNTM[J];6:0);

WRlTELN(Ist.,'TOTAL NUMBER. OF 'J, 'CONSECUITVE Rs = '.TarAL_COUNIR[J]:6:O):

T_CHECKCOUNT:= T_CHECKCOUNT +J*TOT~COUNTM[J] + J*TOTAL_COUNIR[J];

J:=J+l

UNTIL T_CHECKCOUNT >= CHECKER.:

WRlTELN(LST: -');

WRlTELN(LST: TOTAL Ms AND Rs="T_CHECKCOUNT;6:0);

J:= 1;

STOPJ"RINT := 0;

1Ill8l.double_boDds := 0;

REPEAT

WRlTELN(LST,'TOTAL NUMBER.OF 'J:CONSECUITVE DOUBLE BONDS THAT WERE

DEGRADED

=', COUNT..DOUBLE..BONDS[J]:S:O);
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STOP_PRINT := STOP_PRINT + (J*COUNT_DOUBLE_BONDS[Jl):

STOPPER:= STOP_PRINT * 100 I(MOLECULES*DEG_POLYM):

lol3l..double_bonds := lol3l..double_bonds + counLdouble_oond..[jJ:

J:=J+I

UNT!L STOPPER >= AVG_DEGRAD:

write1n(IsI);

avg..bonds := slOp..,Jlrinl/lOl3I..double_bonds:

wrileln(1sI,'Average bond degradation = '.avg..bonds:3:3);

END.




