GAMMA IRRADIATION OF NONLINEAR GR-S

Blachford



THE EFFECTS OF GAMMA RADIATION ON NONLINEAR

POLY (BUTADIENE-CO-STYRENE )

by

John Blachford, B.Eng.(McGill)

A thesis submitted to the Faculty of Graduate

Studies and Research in partial fulfilment of

the requirements for the degree of Doctor of
Philosophy

Department of Chemistry,
MeGill University,
Montreal, Quebec. April, 1963



ACKNOWLEDGENENTS

Grateful acknowledgement is made to Dr. R. F.

Robertson for valuable advice and encouragement.

The author would also like to thank the Pulp
and Paper Research Institute of Canada for osmotic pressure
data and Mr, H, G, Sanderson of the Chemistry Department

for the ultracentrifuge data.

Gratitude must also be expressed to the National
Research Council of Canada for the award of a Studentship

and for additional financial support from grant A,.605.




TABLE OF CONTENTS

INTRODUCTION ® 6 0 6 0 6 0 0 0 5 5 5 2 OO PO 0L OO NN NS E 0NNl

General ® 0 0 0 05 0600006080608 90 06006800006 0600000s 0000

Radi&tion-Chemical PTOCGSSGS 0680 00 000060 000s 0000000

Primary Reactions ® 00 900 0 00 P L0 POEEGCELEOEILEOEOBSON
Reactions of Il‘radi&ted NIOlGCU.leS ® 9 5 0000000000

Degradation ..ceceecessccsssssoscsscscscssoss
Cyclization .ceveesescecessscssossssssccscsons
Endlinking M EREEEEREREN I I I EE B IR I B K 2 NN B N N S B R B B S B R I
CrosslinkKing ceeceecerocccrscnssvsossssconsocss
Crosslinking by & Chain Reaction ...cevecsee
Isomerization ..cceecesesececscsscscscsccccconse

Protec-tion ® ® 6 0 € 6 0 5 P 0 OSSOSO N SO N L0 PE ST PSS
EffeCts of Oxygen 2 8 0 8 0 0.0 0606 05 5 & 00 0000 s s 00000

Solution Properties of Soluble Polymers ...ccceeee

Molecular Weight AVEragesS ..ccceecescesssscscas
Fractionation ...ceeceeeerccecescnccccccssncons
Configurations and Dimensions of a Linear
Polymer MoleCule ....eeecesnscscccscssccsscosae
Relation of Molecular Dimensions to
Hydrodynamic Properties ....ceeeecesecscnscces
Concentration Dependence of Viscosity and
Sedimentation .eieisecerccesoscosscssvscscsosses
Effect of Polydispersity eceeeeeeececssccnsnccena
Effect of Nonline@Trity .eeeceeeccescescsscascns

Monodisperse Sample ...cceececcscoccscccssose
Polydisperse Sample ® 0 0 6 0.0 8 00 00 5 &P S OO0 NS0

Radiation Induced Changes in Solution Properties .
Viscosj-ty 9 ® 5 8 6 ¢ 5 B 6 0 0 0 0 O s S LSO OO SO B E SN0 N0

SOlubility ® 6 0 6 0 0 0 8 0 % 008 0 000 LI N O LSO SE LN
Swelling 'no.oo000000.oou.ct000.0.0'0.0000000000

SOLUTION PROPERTIES OF THE UNIRRADIATED PCLYMER .....
Experimental ® 6 0 0 0 0 0 0 0 00 080 GE S BSOS H LGOS s o0
I\ﬂaterials @ © & 0 000 0 0 0 0 0 0 0 0P OO OL O OO eS N se N0
Fractionation LI B I B Y B B I B K R B B B BN I N B B I B R LR 2R O B B BN

ViSCOSity ® 6 0 0 0 0 0 00 0 5B B0 EE PO P e O L eSS LSS G 0
Sedimentation ® 6 6 8. 8 00 0 0 0 006500 S S0 SN0 LN e 0NNl

59
59
59

61
62



Page
Results .0.l...l..'OOQ..........O..O....I.000..'.‘ 63

Fractiona8biol .eeseesececssssasssecnsecsssssesce 03
ViSCOSIitY tvveveevoosceseoseasensessnscsssnncas 05
Sedimentation +.seeeseecesssocessscccessscnsans OF
Molecular Welght veeeeevveseescevsssasccscscnne [
Degree of CrosslinKing ...ceececesececssscnsass 79

DiscuSSion ' TEEEEEEENN I N I A SCE BRI Y SRR I Y S Y R IR A A B 85
RADTANION INDUCED CHANGES IN SOLUYION PROPERTIES .... 91
E Xpe rimental R EEEEEEEIE I I I IR R R IR R IR IS I B I I 91

Sample Preparation .e.iieesesesssccsoscsscceaes 9L
Irradiation TechniquUe ...eeeeecesesoscssscccass 92
Determination of the Gel Point ......veceeeeees 94
ViSCOSITY veeveveeeecceccsassssccsssssocsssssse 99
SOlUbility & 0 6 06 ¢ 6 0 8 0 0 008 8 0 0PSSO E RS OSSO s 96
Swelling ® 9 6 5 5 & 9 0 0 0 00 0 S OV N G PO GO AT SOOI Es NN 97

Results and rreatment of Dabt8 ..eeeecsceossscssees 98

Viscosity and Gel Polnt ..vveceecscssencasesess 100
Solubility @ 0 % & 6 © 5 0 9 O P SO BSOSO S OE PN e R [ 3N ] 106
Swelling 5 6 5 © 6 0 0 & 00 8 O 5 0 000 B 0P 0SSO O S e NS B0 e 0 115

DiscuSSion ® 6 5 6 0 6 0 5 0 8 0 00 0 0000 LSO S 0PSSOt e e 119

VisCoSIbY veveeveeesonnencsossssosnsnsssesseses L19
Solubility ® 5 5 0 & B & 0 & 6 G 0 O OO 00O P 0 s OO 000t 0 126
Swelling ® & @ & 5 8 6 5 & 8 0 0 0 & 08 O 6 TP B SO HE B O PH NN e 0 129
CoNClUSIONS teeeeseseososcssssssscsssassssscscsss 132

RADIATION INDUCED CHENMTICAL CHANGES (iieescoossessssss L35
Experimental ® O 5 2 00 0 S O 0O O OGRS P O L 0L 0N N0l N 135

Destruction of Antioxidant ......cceeeeeeeeesss 135
Infra-red and Ultraviolet Spectra ....c.... eees 136
GaSEvolution S @ & 0 & 0 5 & 0 0 2 P S S P O 0L SO OV S e0e 00 138

Results [EE A B S B AN SN B B B BN AN BN I X DAY B BE U R B B Y BRI SR A B I B B BN B I 2N A 4 138

Destruction of AntioXidant .veeeeececsascssaass 138
Changes in the Spectra .....veeeeercecconcsases Ll
GasEvolution ® & & & 5 & & 0 5 0 P O & O OO B OB BT OO OO N 0L s el 0 lh?

Discussion 9 8 0 0 ¢ 0 0060 0 0 0 0 000 0 PSS PE NN L P GOSN eel 153

Destruction of Antioxidant .....eeeeeeeeseoesses 153
Changes in SpectTa .....eceeevecessoscccscssasss 159
GaS EVOLUDLION tuveveeeeseosocosossonassanseease LO7
CONCLUSLIONS tvuvvsveeceeosseconsnossnscsoessasses 178




AP}-DEI\TDIX ® 8 0 6 8 0 & 5 6 0 0 8 5 0 0 0000500000 0PSO L LSOO LS N

I. Viscosity and Sedimentation Data for the
POlymerb’ractionS ® 0 0 8 & 0 5 & 0 & 5 6 8 0 0 00 0 002 b 0 00

I1I. Viscosity, Solubility and Swelling Data
for the Irradiated Polymer .cieeeeescccocsese

IIT. Radiation Induced Gas Yield DPata ..eeeeeccoes

SUMMARY AND CONURIBUTIONE U0 KNOWLEDGE .uieieesesceonse

SUGGESTIONSFOR FUR‘EJ‘HER&’\IORK ® 8 8 & 0 6 0 60 5 0 s 05 S PSSO e oo

BIBLIOGRAPHY

B 6 8 0 0 68 006 5500 60600500008 000000 EELLEN s

t
o
[0}

184

184

194
203
209
216
218




9.
10.

11.

12,

13.
lllro

15.

16.

17.

LIST OF FIGURES

Decrease in intrinsic viscosity as a function of
degree of nonlinearity.

Effect of radiation on intrinsic viscosity
according to Schultz' theory.

Effect of radiation on intrinsic viscosity
according to Kilb's theory.

Effect of radiation on intrinsic viscosity
according to Katsuura's theory.

Theoretical dependence of S on the degree of
crosslinking.

Theoretical dependence of S +</S on the degree
of crosslinking.

Plot of 7Zsp/° versus ¢ for fraction 4.

Dependence of intrinsic viscosity on the slope
of ?zsp/c versus ¢ for the fractions,

Ultracentrifugation photographs.

Log Xy versus time for fractiin L and a
concentration of 0,29 g.dl.”

Dependence of the sedimentation coefficient on
concentration for fraction L.

Specific volume of the polymer solution, v,
as a function of the product ve.

Molecular weight distribution curves.

Log sedimentation coefficient at zero
concentration versus log intrinsic viscosity.

Comparison between the theoretical and
experimental dependence of intrinsic viscosity
on R for {o equal to zero.

Comparison between the theoretical and
experimental dependence of intrinsic viscosity
on R for £, equal to 0.8,

Dependence of intrinsic viscosity on the slope
01'72 Sp/c versus ¢ for the irradiated polymer.

Ll

L5

50

52

66
68

69
71

72

76

77
80

102

104

105




18,
19.

20.
21,

22,
23-

2L,

25.

26,

R7.

28,
29.
30.

31.

Sol fraction as a function of radiation dose,

Comparison between theoretical and experimental
dependence of sol fraction on R/Rg.

Plot of S + /S versus 1/R.

Log S versus R for samples with 2.1, 5.3, 7.1,
and 11.3% B.

Degree of swelling as a function of S.

Crosslinking density calculated from swelling
data as a function of R.

Antioxidant content as a function of dose
0.52% B before irradiation.

Antioxidant content as a function of R.
5.4,6% B before irrediation.

Radiation induced changes in the infra-red
spectrum.

Radiation induced changes in the ultraviolet
spectrum,

Gas yield as a function of dose.
Gg and Gx as a function of B concentration

Theoretical dependence of Gg and Gx on B
concentration.

Summary of possible reactions.

107
108

110
112

116
120

140

141

145

146

148
152
176

183




LIST OF TABLES

Table Page

I. Solution Properties and lMolecular Weights
Of the Fractions ® 6 &8 6 9 0 0 5 O 0 5 O 8 S S 0O 6B 08 s S0 08 0 6h

IT. Degree of Crosslinking in each Fraction ....... 82

IIT. Values of &, Calculated Using Several
Theorles... ..... @ & & ® 6 8 0 8 0 8 O 0 S S OO SN GO O S SN S s 82

Iv. Comparison between Flory's Method and the

Paper Towel Method for Determining the

Weight of the Swollen Gel ....ceccecconvencase 99
V. Values of Rg and Gx for Several

Concentrations of B and Several Values

0f Mo 8Rd 85 veveveveenoeenonorascvasssensss 111

VI. Solubility Following Irradiation, Extraction
andIrradiation @ 5 & 0 0 06 060060 8 0 06 0 0 060 008 06080000000 lll+

VII. Swelling and Crosslinking Density Data ........ 118

VIII. Dependence of Gg and Gx on Concentration
OfB ® D 6 2 6 0 8 ¢ 0 0 0 O OB OO SO L PO OSSO N e RSN N e 6 e 0o 150

IX. Viscosity Data for the Practions .....ceceee..s 185

b

Sedimentation data for the Fractions .....ece.. 191

XI, Viscosity Data for Sample Czntaining
ll 32% andR Xlo rads ¢ 0 0 00000000000 195

XIT, Viscosity Results for Unirradiated and
IrradiatedPolymer ® 8 & 6 & 5 0 0 & & 6 OSSOSO RO 0D 196

XITIT, Solubility and Swelling Data ......ce0c0 ceesses 198
ﬂv. Gas YieldData @ @ & 6 ¢ 6 ¢ 0 8 6 B S SO O GO O PO OO eSO SN e zoh




Symbol
Al

A,a,

Ep’Eb

NOMENCLATURE

Meaning
The number of monomer units in a sample

Absorbancy and absorbancy index,
respectively

Exponent in the empirical relationship
between intrinsic viscosity and
molecular weight for My and My,
respectively

Coefficients in the expansion of gp/c
as a power series in concentration

Weight or abbreviation of N—phenyljﬁ?-
napthylamine

Thickness of sample used in ultraviolet
spectrophotometry

Correction factor to account for small
volume of system connected to the
McLeod gauge

Concentration of solids in solution

Molecules of B destroyed per weight
average primary molecular of polymer

Electron densities of polymer and B,
respectively

Right side of equation 38

Force opposing the motion of a mole of
molecules through solution with
velocity fp

Frictional coefficients for a polymer
molecule at a finite and at infinite
dilution, respectively

Functionality of nonlinearity

Fraction of polymer that is insoluble

Molecules of gas produced per 100 e.v.
of obsorbed radiation

Units

16711 98

g.a1.~t

electrons g.'l

molecules/100 e.v.




Ggp,Ggb

GS 3GX

KK,

Values of Gg for pure polymer and pure
B, respectively

Scissions and crosslinks produced per
100 e.v. of absorbed radiation

Ratio of mean-square size of a non-
linear to a linear molecule of the
seme molecular weight

Ratio of intrinsic viscosity of a non-
linear to a linear molecule of the
same molecular weight according to
Stockmayer-Fixman theory (72)

Difference in mercury levels of the
McLeod geuge after and before gas
expansion

The initial and transmitted intensity
of light in ultraviolet spectro-
photometry

The inhibitor effect in a radiation
induced chain reaction producing
¢crosslinks

Used in defining a Schulz-~Zimm
distribution (87)

Constants in the relationship between

intrinsic viscosity and molecular
weight for My and My respectively

. . = ¥
Constant in the relation s, = Kg M'Qs

Huggin's constant equal to ag/[7?
if a3=0

Coefficient relating sedimentation co-
efficient to concentration

Number, weight, sedimentation-viscosity,
and viscosity average molecular weights,

respectively

Number average molecular weights before

crosslinking for the gel fraction

Number average and weight average weights,

respectively before irradiation

molecules/100 e.v.

cm'

ergs.sec,.-1l

dl.g.-1

dl.g.~1

dl.g.~t




Mnoo,Mwoo Number average and weight average

—-C
MVWMV

Meg

m,Mw

N

n

PsPo

QO’QR
4,90

Qgs90a

Rge,Rga

Rt

molecular weights, respectively of the
primary linear molecules

From the Mark Houwink equation for low
and high temperature of polymerization

Molecular weight per crosslink unit

Number and weight average number of cross-
link units per molecule

Avogadro's number
Exponent to which[nlmust be raised to
?
keep k' constant, T gp =[n] + k'D]Jnc
c
Parameter relating fo to the root-mean-
square end-to-end distance
Polymer or polymer weight

Pressure at the point in the cell at
which sp is measured

Ratio of main chein fractures to chain
units for a given dose and for unit
dose, respectively

Weight fraction of soluble B before and
after irradiation

Portion of units crosslinked for a given
dose and for unit dose

Same as q except only gel fraction con~
sidered and irradiation in air,
respectively

Radiation dose

Radiation dose required to initiate
gelation

Values of Rg for crosslinking, and for

both crosslinking and degradation,
respectively

The gas constant, 82,057 cm.3atm.deg.~1lmole-1

Dose required to cause the nonlinearity
found in the unirradiated polymer

g.
dynes.cm.-1

rads

rads

rads

rads




r,-¢£§,-¢£§ Distance between the ends of a polymer

ﬁn :ﬁW

v

Wg,Wp

Xm,X]_

chain, root-mean-square end-to-end
distance averaged over all configura-
tions, and the same for unperturbed
molecules, respectively
Fraction of soluble polymer
Sedimentation coefficients for molecule

at a finite and infinite dilution,
respectively

Sedimentation coefficient uncorrected
for pressure

Degree of polymerization

Number and weight average degree of
polymerization

Molar volume of solvent

Dilution volumes in ultraviolet spectro-
photometry

Specific volume of polymer solution and
polymer, respectively

Partial specific volume at finite and
infinite dilution, respectively

Volume fraction of polymer in swollen
gel

Translational velocity of a polymer
molecule in sedimentation

Energy absorbed per ion pair produced

Sample weight for extraction or gas
evolution

Cumulative weight used in obtaining
molecular weight distribution curves

Weight of gel and of benzene associated
with gel, respectively

Weight of monomer units
Distance from maximum ordinate to centre

of rotor, and the same magnified by a
factor Pp

cm.,

Sec'

sec.

g.

cm,



Tlr»Tlsp
M
[rltnnﬂl

Mg M

— [ S |

RV

a, ¥

Wy

Moles of gas evolved per gram of sample

Used in defining a Schulz-Zimm molecular

weight distribution

Exponent in the relationship between
So and M

Correction factor for the dependence of

s on P,

Crosslinking coefficient, number of
crosslink units per weight average
primary molecule

Crosslinking coefficient for the un-
irradiated polymer

Viscosity of solvent and solution,
respectively

Relative and specific viscosities,
respectively

Intrinsic viscosity

Intrinsic viscosities of nonlinear and
linear molecules, respectively

Intrinsic viscosities after and before
irradiation, respectively

Correction factor for the effect of
pressure, Sp= s(ljfiP,)

Densities of solution, solvent, and
polymer

Correction factors for chain entangle-
ments in swelling ¥i =1 + O Mg,

Weight fraction of polymer of degree of
polymerization u

Parameter relating the intrinsic
viscosity to the root-mean-square
end-to-end distance

Constant used in correcting o for
pressure

Interaction coefficient for solvent with

Polymer

moles/g.

cm.dynes‘l

poises

dl.g."l
dl.g.-L

dl.g.~t

om.dynes“l

g.CC .-l

cm.zdynes'

cm.zdynes'l



7(1’ Xe, Xa

¥

Coefficients in the expansion of X as
a power series 1n vy

Factor to correct vy for the effects
of pressure

Angular velocity

Factor used to correct swelling results
for steric hindrance

cm.zdynes'l

radians sec.'l



INTRODUGT IOW

Although the effects of radiation on inorganic
and small organic molecules had been studied for many years,
it was only in 1952 that work began on the examination of
the changes produced by radiation in organic polymers.
Barly in this work it was found that on exposure to radiation
the chains of some polymers were joined while the chains of

others were broken. The reactions producing these changes

are still not completely understood.

Surprisingly little study has been devoted to the
effect of radiation on the copolymer of butadiene and styrene
which is the basic constituent of the synthetic rubber GR-S.
Almost all previous work has been of a practical nature. It
is the purpose of this thesis to examine the basic changes which
occur when this polymer is irradiated 1in air and in vacuum,
in the pure state and containing an antioxidant. The changes
in solution properties are the only physical changes
investigated in this work. ©The chemical effects studied are
the amount and composition of the gas evolved, and the changes

in the infrared and ultraviolet spectra.

The dominant reaction of 5, radiation on GR-35 is
chain-joining (1). Chain-joining might have occurred during

polvmerization of the sample studied in the present work. The




extent to which the chains of the unirradiated material are
joined must be known to interpret correctly the radiation

induced changes in solution properties. To determine the

extent of linkage between the chains the polymer was fractionated
and each fraction was characterized by weight, intrinsic
viscosity, and sedimentation coefficient. These data were

also used to find the molecular weight distribution of the
molecules in the polymer as a further index of the extent of

chain joining.

RADIATION-CHEMICAL PROCESSES

Primary Reactions:

The common property of high energy radiation whether
in the form of gamma rays, beta particles, or alpha particles
is the ability to produce iomns in any substance exposed to
this radiation. Although the energy associated with high
energy radiation is greater than that binding an orbital
electron to its nucleus or an atom to its neighbour, it is
usually less than that required to affect the binding force
within the atomic nucleus. The high energy radiation used in

the work to be reported was gamma radiation from 0060.

When a Co6O source is used to irradiate a substance
almost all of the gamma radiation is dissipated bv Compton

scattering. This involves the inelastic collision between an



3

incident photon and an electron of the substance. The electron
is ejected while the photon continues in a different direction
but with lower energy. The ejected electron is called a

Compton recoil electron. Such electrons have a broad spectrum of
energies and are responsible for almost all observable
ionizations and all chemical changes (2). A Compton recoil
electron can react with electrons of other atoms to produce
ionization or excitation. An atom is said to be excited when

one of its electrons is raised to a higher energy level. An
electron ejected by a Compton recoil electron is known as a secondary
electron. It may return immediately to the atom from which it
came, or it may join a neutral molecule to produce a negatively

charged molecule, or it may gradually lose its energy until it

becomes a subexcitation electron which can no longer excite the
type of atom from which it came. Burton et al.(3) believe that
a secondary electron can rarely escape the field of the positive

ion, whereas Platzman (4) claims that it almost always escapes.

The mechanism by which an irradiated molecule decomposes
will determine the speed of the decomposition. According to
the Franck-Condon principle (5) the time taken for an electron
transition to occur is very much shorter than is needed for an
appreciable change in the distance between nuclei of the
irradiated molecule. Therefore, there is insufficient time

for the nucleus to move into position even though the excited



state may itself have a stable level and dissociation occurs

in 10-13 second, the time of an atomic vibration. The excited
level might give a stable molecule, but it might also intersect
another level which allows dissociation. Under these conditions
dissociation is called predissociation (6) and takes much longer
than 10~13 gecond to occur. In this longer time other

processes such as emission of radiation or collision may remove
most of the excess energy and prevent dissociation. Internal
conversion is said to occur if the excess energy is used to
increase the vibrational energy of the molecule. A process
similar to pyrolysis may occur if the vibrational energy is
sufficiently high. If the electron shift of the molecule has
been from an inner level, a molecule which has énergy in excess
of that required for ionization will result. If this excess
energy is transferred internally to another electron energy
level to give ionization, the process is called preionization (6).
But preionization will be absent if the excess energy is lost

by other processes.

Because all electrons in & molecule are equally likely
to be affected by radiation, the probability of dissipating
energy in a particular part of a molecule is proportional to the
electron density in that region. Therefore, primary events in a
given molecule will occur at random. This consideration led

Burton (3) to state the "principle of non-specificity" as follows:




"Where special chemical factors can be neglected,
the nature and quantity of the products resulting from irradiation
are determined by the nature and number of parent groups which

are present in the molecule of the irradiated substance."

When the principle is applied to the production of,
say, methane molecules from a compound, the number of methane
molecules is determined by the number of methyl groups in the
compound. Thus, in the homologous series of aliphatic
hydrocarbons the ratio of methane to hydrogen produced is almost
a linear funection of the ratio of the methyl and hydrogen
groups in the parent molecule. Generally, however, "special
chemical factors" prevail and the principle is not followed.
One cause of specificity is energy transfer from one part of a
molecule to another. Another cause is related to the nature of
aromatic groups; in a molecule such as benzene electronic
resonance stabilization will cause any activated étate to lose
its energy through internal conversion. In the so0lid phase the
Franck-Rabinovitch cage will encourage two radicals formed
following a carbon-carbon bond break to unite, and then
specificity might appear to occur in the solid phase to a much

greater extent than it in fact does.

Ions and excited molecules produced by radiation are
located close to the path, or "track", of the ionizing particle

or photon. The average energy loss by the photon or particle per unit




path is known as the linear energy transfer, LET, and is
expressed in kilovolts per micron. Its value depends on the
energy and type of radiation. The low value of 0.20 found (7)
for the Compton recoil electrons of gamma rays implies that the
ions and excited states are spaced quite far apart along the
track. Chemical yields which depend on the initial interaction
of active species should increase with increasing LET, whereas
products caused by free radicals which have escaped initial

recombination will be most abundent for low LET radiation.

According to Chapiro (8) secondary electrons produced
in the track of a Compton recoil electron can ionize three or
four molecules and excite an equal number before becoming
subexcitation electrons, and about ten active species will be
enclosed in a small volume of less than ten moleculesin diameter.
Such sites of dense ionization and excitation are called spurs
or clusters. Diffusion and reaction will rapidly decrease the

concentration of active molecules in spurs.

Even though the individual reactions produced in a
system may not be known, the sensitivity of the substance may
be.expressed in terms of the number of changes produced by a
given radiation dose. The G value is the number of chemical

changes of a given nature produced per 100 e.v. absorbed.




Ionization or excitation of a polymer molecule may
render it unstable and thus cause decomposition. The resulting
fragments might then react with each other or with neutral
molecules producing new molecules which might be unstable.
Excited molecules often decompose into radicals. An ion
frequently breaks into two fragments, an ion and a radical.

For polymers, no dependence of products on LET has been found.

The energy absorbed in a polymer can be calculated
from the time of exposure, the intensity of the radiation,
the electron density of the sample, and the sample thickness.
The unit of radiation flux most often used is the roentgen.
It is defined as the quantity of X or gamma radiation such
that the associated corpuscular emission for 0.001293 grams
of air produces, in air, ions carrying one e.s.u. of electricity
of either sign. If the energy absorbed per ion pair formed in
air is %4 e.v., then the energy absorbed per roentgen is 88
ergs per gram of air (9). For gamma radiation from Cobalt-60
the energy absorbed>per gram of any substance is directly
proportional to the number of electrons per gram. Therefore,
if the intensity in roentgens per hour is known the number of
ergs absorbed per gram of substance per hour can be calculated
provided the electron density is also known. The amount of

energy absorbed is expressed in rads, one rad being equal to



an energy absorption of 100 ergs per gram. The thickness of
of the samples used in this work was small enough to have a

negligible effect on intensity.

In many of the theoretical calculations predicting
changes in the solution properties of polymers by radiation
it is assumed that such changes occur at random throughout
the polymer. Because of the space between tracks and between
groups of active molecules in the tracks this will be true
only above a dose of 500 rads for gamma radiation. Doses

much greater than this were used in this work.

Reactions of Irradiated Molecules

The various reaction mechanisms proposed for
irradiated polymers are in many instances developed from and
supported by reactions in simple organic compounds. For
example, radiation induced chain-joining and chain degradation
in polymers are closely related to condensation and scission
in low molecular weight organic substances; similarly, double
bond formation and gas evolution occur during radiation of

either kind of molecule.

The degree of chain joining and degradation caused
by irradiation of a pure polymer in a vacuum has been found

to be directly proportional to the radiation dose, and is independent




of the radiation intensity (10,11). Any mechanism vroposed to
exnlain chain-joining or chain-degradation must account for these
two characteristics. Temperature dependence, and the great
protective effects of small amounts of certain additives must
also be considered in any such mechanism. Proposed mechanisms
fall into four groups: (a) those based on an ionic reaction,

(b) those assuming a combination of two mobile radicals produced
independently, (c) those in which two adjacent radicals are
formed directly or indirectly as a result of a single ionization
or excitation, and (d) those involving the reaction of a

radical with a double bond which was in the molecule initially

or was produced by the radiation.

To differentiate between these mechanisms the yield
and composition of the gases evolved on irradiating a polymer,
the changes in infrared and ultraviolet spectra, and the
effect of additives on these properties must be investigated.
Studies of the changes in solution properties induced by
radiation will not differentiate between these mechanisms,
but such studies may reveal the effect of radiation on the
hydrodynamic shape of the molecule. A classification of
radiation reaction mechanisms based on changes in molecular
shave, but incorvorating the other classification given above,

will now be presented. Each mechanism will be considered

separately.




Degradation:t

10

Miller and Lawton (12) suggested that vinyl polymers

degrade when two side chains are attached to a single carbon,

but crosslink when a carbon atom has only a single or no side

chain. There are exceptions to this generalization, and for

polymers other than the vinyl

type no general rule can be

applied. To explain this generalization Miller proposed that

fracture followved by disproportionation would occur when a

hydrogen is removed by an irradiation vrocess from a tertiary

carbon atom, because resonance
this type of atom. Wall (13)

to be steric hindrance rather

Cveclization:
If two units of the
loop will be Tormed. Dole et
evidence for cyclization, and

explanations for cyelization.

Endlinkings

stabilization is impossible for
considers the cause of degradation

than lack of resonance stabilization.

same molecule join together, a
al. (14; nave obtained experimental

have given several possible

If the end of a molecule joins to a point other

than the end of another molecule a trifunctional link, or




endlink, is formed. Davison (15) claims that some of the
products he obtained on irradiating low molecular weight
organic compounds can only be explained by such a reaction.
He suggests that both thermal and highly excited radicals, R¥,
known as "hot" radicals, may be formed. The latter arise

from the decomposition of an ion, followed by recapture of an

electron by an ionized fragment.

+
Rle Mr——)Rle + e —)Rl‘ + R; + e HR;' + Rax

Re® + RyI — > RyH + °R,4

‘Ry + *R; —>R;R,

The sign w—> designates a primary radiation chemical process.
The reaction of an end radical of one molecule with another
molecule will give an endlink. Dole (14) proposes that if

a molecule ends with a vinyl, the following reaction may occur.

-CH = CH, w——> - CH - CH,

| )
- O - GH; + CHy —> - CHy - CH - CH
L ] I

Crosslinking:

A crosslink is formed when a point other than an

end-point of one molecule joins to a similar point of another

11
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molecule. The most frequently employed mechanism involving

thermal radicals is (16):

A mechanism based on "hot'radicals is (16):

R,H w—Rr, % 4+ @

R,* + R,H—> R,R;, + H-

He + H* —> H;

<

In the first mechanism the radicals must be mobile so that
they can come together and react, or the hydrogen radical
must be "not" so that it can abstract a hydrogen very close

to R:* and permit the two R radicals to immediately join (17).

The mechanism advocated by Dole for endlinking can
be used for crosslinking if the vinyl group is not at the

end of the chain (14).

Another mechanism (18) involving umnsaturation is that
a positive charge formed during irradiation will migrate along

the chain to a double bond, and enter a more stable energy state
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by association with the double bond. Neutralization of such
an olefin ion would release sufficient energy to breck at least
two carbon hydrogen bonds. If hydrogen abstraction reactions
followed at least four radicals close to the unsaturated group
would be produced. Probably two of the radical sites would be
on the olefin molecule. Intermolecular combination would then

give a crosslink.

Unsaturation occurs if a hydrogen radical, liberated
by radiation, abstracts a second hydrogen from an adjacent carbon.
Some of this unsaturation may be removed by hydrogenation (19).
For olefins a critical figure for unsaturation has been found
to be about one double bond per twenty carbon atoms (20).
Below this degree of unsaturation, exposure to radiation
increases the degree of unsaturation, while above it, the

unsaturation is decreased.

A simple ionic mechanism has been proposed by Weiss

(21).
R:H w—s R,HY + ¢

RHY + RgH — R,;R;, + Ha™T

H,* + e — Hj

or
R,;H W——)R1H+ + e
R:HY + R;H — R:R;T + Hg

RlRa + e —> R1R3



14

Double bond formation may also occur.
- * +
- Cﬂg - Chg - OHa - —_— - C}{z - CH = CH - + Hz

Libby adversely critized Weiss's theory on thermochemical
grounds, and suggested several ionic mechanisms of his own (22).
The primary reaction suggested by Libby is:i
H+

|
-Ry M—>R; - C - Ry + e
[

H

R, -

m-a-

Three different reactions may now occur. According to the

first suggested reaction the ion radical can abstract a hydrogen

atom.
H H g ut
| + l I .
Rl - C - Rg + R1 - C - Rg ———)Rl - C - Rg + R]_ - C - R3
] | ]
H H H H

An electron can then interact with the positive iont

H HY
1 .
e + R1 - C - Rg _—> R1 - (l} had Rg + Hg
|
H H

and the two radicals may then join to give a crosslink. The
second possibility suggested by Libby is ion radical decomposition
to give a hydrogen radical and a carbonium ion. The latter then

reacts as follows:
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+ 2 +
R~-C-Rsg *+ Ry -C «Rs ——>complex —» R; - C = Ry .
t [}
B 1 R, - G - Rs Ha
H
+
e + R; - C = Rg Rl - 0 = Rg
[ _— I
Rg - - Rg Ro Ll C — Rg
| I
H H

The final reaction possibility of Libby's is that the hydrogen
radical resulting from ion radical decomposition abstracts a
hydrogen from a neighbouring neutral molecule to give a radical
which can Jjoin with the radical produced when the carbonium
ion is neutralized. Libby calculates that the chance of the
hydrogen atom abstraction occurring close to the radical
formed on neutralization is very small, because the hydrogen
radical will diffuse away quickly. If the hydrogen radical

is "hot" this difficulty is overcome. <The carbonium ion is
extremely electrophilic, and should therefore react rapidly
with olefiné.‘ In such a case, no hvdrogen will be evolved

because of the presence of the double bond.

Crosslinking by a Chain Reaction:

In the case of crosslinking by a chain reaction a

single ionization or excitation will give rise to more than one
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link. Pearson suggests the following reaction (23 ):

| A
‘Rt -C=C- —5 -Ri -0C-C-
1 |
fol H H H
H H
| . I I
-%-C-C-++-0=0- — 5 =Ry =C =0 =
] | 1 | i
H B H
~ G -0 -
1 '
H Pol

The resulting radical can then attack another double bond, and
so form the basis for a chain reaction. Either a vinylene
double bond or a vinyl double bond might be involved in such

a reaction.

With low molecular weight olefins it has been found
that the energy required per crosslink decreases with increasing
unsaturation, but not by as much as would be expected if a
chain reaction occurred (24). The gas yield was less in this
case than for a saturated compound. These results suggest that
after one radical joins to a double bond the resulting radical

is destroyed by a hydrogen radical, and no chain reaction occurs.

Isomerizations

Golub (25) found that on irradiating pure polybutadiene
an equilibrium cis-trans ratio of about one to four was attained
after a certain critical dose dependent on the initial cis-trans

retio.
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Protection

Internal protection will occur if a component of a
molecule protects the rest of the molecule from radiation. On
the other hand, external protection will occur if one or more

molecules is protected by another molecular species.

Aromatic groups within a molecule are particularly
effective as internal protectors; their range of protection
extends to four or five surrounding atoms (26,27). Because the
protector is removing energy from surrounding atoms one would
expect that it would be more sensitive to radiation than when
irradiated in its pure form. This appears to occur in the case
of vinyl groups in polethylene where they act as protectors (17).
A group within a molecule can protect surrounding atoms by
energy transfer only if it has excited states lying energetically
lower than those of the atoms it is to protect. A similar
criterion applies in the case of charge transfer except ionized

rather than excited states are involved (28).

Several different mechanisms may operate in external
protection. One definite possibility is energy transfer from
the polymer to the protective agent. PFor this to occur the
difference in excited state levels must be the same as in the
case of internal protection (28). Here no chemical change
occurs in the polymer, but the protector might be destroyed,

or it might rid itself of the excess energy by heat or radiation
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emission. The time required for the energy transfer to occur
depends on the transfer mechanism, and determines which reactions
will be prevented. A slow process such as predissociation might
be inhibited, but the fast process of direct dissociation will

not.

Rather than trap electronic excitation energv, an
additive may promote distribution of the initially localized
energy among vibrational and rotational degrees of freedom of
the polymer molecules. This 1s a gquenching mechanism. A
guencher may also enhance another mode of decomposition.

Usually but not always the quencher is chemically unchanged (28).

Crosslinking, endlinking or,one of the other mechanisms
mentioned above, can be prevented 1f the protector rapidly
repairs the damage in the polymer following a radiation induced
chemical change, by replacing an electron or hydrogen removed

from the polymer by one of its own. The additive must have

ionized states lying lower than those of the polymer if charge
transfer is to occur. This type of protection might cause the

decomposition of the additive.

The additive might trap, rather than donate, electrons.
1T neutralization then occurs between the negatively charged

additive and the positively charged polymer molecule, the
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resulting excited polymer molecule might have less energy and
hence might be more stable than if neutralization was by a free

electron (28).

Finally the entire additive mignt join a polymer
radical or ion and tnereby prevent crosslinking or the other
reactions. If B represents a solute or additive molecule,

the following reaction could occur:

i ;

Ry - C - Ry R-C-R
+ 2B — B
B

111-<|'1-123 R-C-R
H H

Effects of Oxvgen

The presence of oxygen may cause an increase or &
decreasein either degradation or crosslinking depending on the
polymer. Very few polymers are insensitive to oxygen during
irradiation. Apart from protecting the polymer from radiation
by being an efficient electron acceptor, oxygen can oxidize the
polymer as in the absence of radiation (29). Alexander and Toms
(30) proposed that an oxygen molecule combines with an electron

to give an ion which can attack the polymer. Oxidation might
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also occur by an excited molecule combining with oxygen.

If immediately following irradiation in vacuo, the
volymer is exposed to air and if radicals formed during
irradiation are trapped within the polymer, these radicals
will react with oxygen of the air. This type of oxidation has

been observed with several polymers (31).

SOLUTION PROPERTIES OF SOLUBLE POLYMERS

The radiation induced changes in the solution properties
of the polymer will be markedly dependent on the molecular
weight distribution and the degree of nonlinearity in the
polymer before irradiation.';The theoretical background
necessary to evaluate the effect of these two variables will

now be given.

Molecular Weight Averages

In general the molecules of a polymer sample cover
a wide range of molecular weights. Ideally, the description of
a polymer sample would include the svecification of the entire
distribution of molecular weights, but for practical reasons

only certain averages molecular weights are used.

M, the molecular weight of a molecule and u the
degree of polymerigzation are related by the equation

M = uw
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where w is the weight of a monomer unit. If n(M) represents
the number of polymer molecules of molecular weight M, the

number average molecular weight can be defined by

Moo= En(M

zn (i)
and the weight average molecular weight by

M, = Zn(1p?
Zn(M M

Generally the form of the distribution is not known, and
any finite number of average molecular weights can correspond

to an infinite number of distributions.

Fractionation

All fractionation techniques are based on the premise
that the solubility of a homogeneous polymer fraction decreases
with molecular weight. In fractional precipitation the addition
of a nonsolvent to a solution of a polydisperse polymer
progressively precipitates fractions of decreasing molecular
weight. Fractionation may also be produced by a reduction in
solubility by cooling. The fraction of polymer molecules of
a particular chain length remaining in the dilute phase has been
related to the ratio of the volume of the precipitate to that

of the supernatant phase (52). This relation shows that the
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fractionation is most efficient if the starting solution is very
dilute and small fractions are collected. Schulz's (3%3)
theoretical fractionation using eight fractions and a very

dilute starting solution shows considerable overlap of the
molecular weight distributions of the fractions. Refractionation
will sharpen the fractions somewhat; but as shown theoretically

there will always be a "head" and a "tail" to each fraction (33).

Configuration and Dimensions of a Linear Polymer FMolecule

A polymer molecule consists of a large number of

bonds all of which are connected together by atoms to form a

single unit. These bonds are generally known as statistical

elements or segments. One valuable way of describing the

configuration of such a molecule is in terms of a segment

density distribution about the center of gravity of the

polymer coil. Flory showed that the segment density will be

Gaussian in form if the effect of the volume excluded by each

segment to other segments in a polymer chain is not taken into |

account, and effects of polymer-solvent interaction are |
\

ignored (34).

Under special conditions the excluded volume effect
will be exactly compensated by polymer-solvent interaction.
In what is known as a good solvent, the energy of interaction

between a polymer element and an adjacent solvent molecule will
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exceed the mean of the energies of interaction between the
polymer-polvmer and solvent-solvent pairs. In such a solvent
a molecule will tend by expansion to reduce the frequency

of contacts between pairs of polymer elements. In a poor
solvent, polymer-polyvmer contacts will be favoured, and the
molecule will contract. DBecause solvent power is temperature
dependent the excluded volume effect will be exactly comven-
sated by this teqdency to contract at a unique temperature,
the theta temperature, for a given polymer in a given solvent.
A polymer molecule at the theta temperature is said to be

unvperturoced.

Although no experimental method will give detailed
information about the molecular configuration, certain average
dimensions can be obtained. One such average dimension is the
root-mean~square end-to-end distance denoted byV§§ for a
perturbed and by VEE- for an unperturbed molecule. These two

dimensions have been related by iflory (35) in the equation

where o is the excluded volume factor. This o< factor is
related to temperature and theta temperature, the molecular
weight and density of polymer, and the molar volume of the

solvent. A modified relation between r2 andVrg has been




proposed by Kurata et al, (36) which is in better agreement with
experiment close to the theta temperature than Flory's relation.
At temperatures well above the theta temperature Flory's theory

gives better agreement then Kurata's.

Relation of Molecular Dimensions to Hyvdrodynamic Properties

Before examining several of the many tiheories relating
hydrodynamic properties to molecular dimensions, the definitions

of some hydrodynamic solution properties will be given.

The intrinsic viscosity, [7)], represents the
contribution of the dissolved polymer to tne viscosity of the
solution,‘n . If 710 is the viscosity of the solvent the
relative viscosity, 71r, is 71/770, and the specific viscosity,

Tlsp, is ( Tlr—l). On dividing the specific viscosity by the
concentration, ¢, in grams per 100 ml. of solution, the reduced
viscosity Tlsp/c is obtained. The reduced viscosity is

related to the intrinsic viscosity by
1lim ( 7’]sp/c) =[’n]
c—0

The sedimentation coefficient may be defined by

s = dX/dt

2K R ¢ D

where dX/dt is the velocity at which the molecule sediments,
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and WX is the centrifugal field. Because s is concentration
dependent the value of the sedimentation coefficient at gzero

concentration 8, is usually employed.

The frictional properties of dilute solutions can
be studied in terms of the "molecular frictional coefficient",

f. This coefficient is defined by the equation

F, = vaf

where F, is the force opposing the motion of a mole of molecules
moving through the solution with a velocity Ve and N is

Avogadro's number. At zero concentration f becomes fo.

The coefficients fO and 8, can be related by the

Svedberg equation (37)

s, = M(l-vo/%) A -3

Nf

(]

where VO is the polymer partial specific volume at zero

concentration and O is the density of the solvent.

The hydrodynamic properties have been related to
the polymer chain dimensions by considering model systems.
One of the first models to be proposed was a free-draining
coil. In this model the chemical groups are considered to be

beads which offer individual hydrodynamic resistance to the




flow of the solvent. It is assumed that the beads are small
and widely separated and the solvent can stream through the
molecule., Only a few real molecules even approximate this

model.

A more realistic model provides for the trapping of
solvent within the molecule. As the number of segments in
the chain increases the disturbance of flow by peripheral
beads becomes so large that the beads in the interior do not
interact with the exterior solvent. Brinkman, Debye and
Bueche (38,3%9) and Kirkwood and Riseman (40) developed
hydrodynamic tneories in which the trapping of solvent was
considered. FEven though somewhat different models were used
in the two theories, both theories led to identical equations

relating intrinsic viscosity and molecular weight.

Ml= w® cereneeaees (3)
where K is a constant for a given polymer in a given solvent,

and g varies from 0.5 to 1.0 as M increases from zero to

26

infinity. Peterlin (41) found that in the range of M generally

studied the changes in coil permeability are very small and

therefore a is constant.

Mandelkern and Flory (42) introduced the equivalent

hydrodynamic sphere model. This consists of an impermeable
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sphere of such a radius that it is identical to the actual
molecule in frictional and viscosity properties. Assuming

the radius of this equivalent sphere, the effective hydrodynamic
radius, to be proportional to the root-mean-square end-to-end

distance of the polymer molecule, Flory (43) derived

_ o 2 \1/2
fo = T-ZOP( ro ) ® ® 8 606 00 80 o0 (4)
where P is a "universal" constant the value of which depends on
the ratio of the effective hydrodynamic radius to r2 .
)

According to Flory the intrinsic viscosity is

2
Ml=& [ ()2 2 o3 LL5)
M
where & is another "universal" constant. This equation is

equivalent to equation 3 because ©< is directly proportional
to M raised to some power. On combining equations 2, 4, and

5 one obtains

0

s Y2 (@Y @l v, o) eeeenn. (6)

N 1/3 No N
Theoretically, (éQ)l/z (P)™1 should be a constant equal to
2.11 x 106 if the same equivalent sphere can be used for both
fo and intrinsic viscosity (43). It has been found experimentally

to be a constant, but wita a value (44,45) of 2.5 x 10°,

applicable to flexible chain molecules. IFor hard spheres it
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has been calculated (46) to be 2.12 x 106, and for long rod- |

like molecules it may be greater than 2.5 x 106.

Although Flory's theory agrees more closely with
experimental data than the other theories mentioned, there
is still considerable experimental e&idence that shows the
Flory treatment to be not entirely correct. Krigbaum and
Carpenter (47) found that 5Q decreased as the "goodness" of
the solvent increased. Throughout the Flory theory it is
assumed that the polymer segment density at any temperature
is approximately Gaussian in form. Several theories hold
that this assumption is incorrect, and is the main cause of
the discrepancy between theory and experiment (17,47,48).
Despite these objections, Flory's theory, uncorrected for non-

Gaussian effects, will be used in the present work.

Concentration Dependence of Viscosity and Sedimentation

Since hydrodynamic properties reflect the behavior of
individual molecules only at infinite dilution, experimental
data. on viscosity and sedimentation rate. must be extrapolated

to zero concentration. before such data become unequivocal.

The most general expression for relating viscosity to
concentration (49) is

TZSE = 8.1 + agc + 3302 s 080 00 (7)
C
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Equation 7 is most commonly employed in the form

Msp = [7]]+ k'f’ﬂg ceeeee..(8)
Cc

provided ¢ is low. The constant k' is known as the Huggins
constant, and for a given solvent, temperature, and polymer,

its value is generally constant (50).

The intrinsic viscosity can also be thained from the
extrapolation to zero concentration of the plot of ln'?r/c

versus c. In this case the viscosity equation has the form
1n 2
M =[i- s ceeeeenn(9)

MacParlane and McLeod have shown that k' must be close to 0.3 if

this equation is to be used. (51 ).

According to Cragg and Bigelow, the value of the
coefficient ag of equation 7 reflects the long-range hydrodynamic
interaction of pairs of single molecules, the formation of
doublets, and intermolecular attraction or repulsion.(52). Simha
(53 ) showed that long-range interaction of single molecules
depends vartly on the nature of the units of the polymer and their
arrangement, and on the density of the coil which the molecule
forms. This density factor in turn depends on intramolecular

attraction, density of branching, solvent, and temperature. A
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doublet makes a contribution because it dissipates more energy
than two isolated spheres (54). Probably triplets and larger

aggregates contribute to the higher terms in equation 6.

Jones (55) has shown experimentally that the effect
of molecular orientation on k', although often neglected, can be

important in certain instances.

The concentration dependence of tae sedimentation
coefficient has not been examined either experimentally or
theoretically as thoroughly as has the concentration dependence
of viscosity. The empirical equation generally used to describe

tie variation of s wita ¢ for flexible chains is

5 = 8, ceesess (10)

1 + ks c
where the value of the coefficient k¥ increases with molecular
' s

weight (56).

The theories of Burgers (57) and Flory (43) have
been used (58) to derive a relationship between kg and tuae
intrinsic viscosity.

ks = 1.66 se 00 s (ll)

[ni
The value 1.66 incluges tae quantity (521/3 P‘l)‘3 = (2.5 x 106)'3.

The validity of this equation is in doubt since many experimental

results (59) support this equation while others (60,61) do not.
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The Effect of Polydispersity

The relation between intrinsic viscosity and molecular
weight given in equation % was first suggested by Mark and
Houwink (62,63). The experimental values of a and X can be
obtained from viscosity studies on a series of monodisperse
fractions of known molecular weignt. When the equation is applied
to a polydisperse sample a viscosity average molecular weight is

obtained. fThis may be defined as (64)

sz = [n()t * 8 1/a e (12)

In(d)M
Obviously, E} will have a value between ﬁh and Hw’ unless g = 1,
in which case ﬁv = M,. Because 0.5< a <1, ﬁv will be closer to

Mw than to Mn‘

The molecular weight obtained when equation 2 is

applied to a polydisperse sample is denoted by i The

78

value of H.s relative.to ﬁ# and ﬁ% will depend on the

analytical technique employed in determining the value of So'

Cragg's theory (52) predicts that the Huggins constant,
k', is not affected by polydispersity provided k' involves only
hydrodynamic interaction. A definite relationship between k'
and polydispersity is predicted by Tompa (65). There is a
considerable amount of experimental evidence both for (66,67),

and against (68,69) such a dependence.




Wales and Van Holde (58) claim that ks in equation 10
is characteristic of the low molecular weight components, and
therefore, ks/[%ﬂ should decrease with increasing polyvdispersity

because Eﬁ] is close to being a weight average value.

Effect of Nonlinearity

Monodisperse Sample:

It is obvious that the root-mean-square end-to-end
distance of a nonlinear molecule will be less than that of
a linear molecule of the same molecular weight. This fact in
conjunction with equations 2, 4, and 5 indicates that [n] will
be less and S, will be greater for the nonlinear molecule.
Using the subscripts b and 1 to denote nonlinearity and linearity,
the ratio of the root-mean-square end-to-end distance of a

linear molecule to that of a nonlinear molecule is given by

2y cereeeea(13)

Vir2),

where g has been related to the number of trifunctional or

tetrafunctional units per molecule (70). A trifunctional unit
corresponds to a branch or an endlink, while a tetrafunctional
unit corresponds to a crosslink unit. A crosslink involves two

crosslink units.
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Combining equation 13 with 5 yields at the theta

temperature

[nl
[17]}1 = %3/2 ceeenes. (14)
1

where fTﬂb and [njl are the intrinsic viscosities of a nonlinear
and a linear molecule respectively of the same molecular weight.
This equation does not agree very satisfactorily with
experimental data (71) since it tends to exaggerate the effect
of nonlinearity. Stockmayer and Fixman (72) attributed this
exagegeration to the root-mean-square radius not being simply
related to the hydrodynamic behavior of the molecule when the
shape of the molecule is changed, since the form of the segment
distribution is changed. The effective hydrodynamic radius will
be less sensitive to nonlinearity than is the root-mean-square

radius. The theory of Stockmayer and Pixman gives the ratio

m,
1,

where h is related to g. A recent theory by Zimm and Kild (73)

ceeeeeaes (15)

predicts that

]
b _ 1/2
[i_)'j*‘]—: — g * 5 60 o0 0 9 0 (16)

Both equations 15 and 16 are derived from modifications of

the Kirkwood and Riseman theory. Two other theories, one by
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Bueche (74) and the other by Kotliar and Podgar (75,76), agree

fairly closely with equation 16. The relationship between
[Tﬂb/[nﬂl and the number of tetrafunctional units per

molecule, m, for several of these theories in shown in Fig. 1.

Although the individual values of 253 and P vary with
nonlinearity the product ((XD)l/3 (P)'1 does not, since the
powers to which these quantities are raised result in a
cancellation of tihe nonlinearity effect. Experiments with
branched dextran support this (77). Therefore the following

equation can be written.

1/3 ‘
(So)b [q]b = (ZQ)I/3 (P)"l (1 - vo/%)b cee. (17)
w3
ns 7,

In this equation it can be assumed that (1 - vo/(%)b is equal

to (1 - vq/Oo)l. Therefore, if M ns is the same for the linear

and nonlinear material then
1/3 1/3
(s, (M1, = (s), M1 PN E:)

On combining equations 1, 2, and 3, the equation

4
(so)l= Ksmj ceee.. (19)
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is obtained, where KS and K’ are analogous to the corresponding

terms in equation 3. Substituting equation 19 into 18 gives

3%+ 1)/3
£ [77]1 = (s,)p [n1, /3 ceeva. (20)

Therefore, if (so)b and [Ojb are known for a monodisperse

fraction of nonlinear polymer, then from known values of

K, and ¥ the value of fﬁ]l for the nonlinear polymer can be
obtained from equation 20. From the ratio [n]b/qul’ m is

obtained from Fig. 1. If a polymer is fractionated and m is
found for each of the fractions, the weight average value of

m for the unfractionated material, m,» can be calculated.

Even though many investigations have been made on
the relation between the Huggins constant, k', and the degree
of nonlinearity, no definite conclusions have yet been reached.
It would be expected that a greater density of the coil of a
nonlinear molecule would cause k' to be higher than for a
linear molecule of the same molecular weight and composition.
Because the wvalue of k' depends on the outer contacts of the
polymer molecule with the solvent, a difference in the segment
density distribution of a nonlinear and linear molecule should
become particularly important if the difference is near the

outer surface of the molecule. The Huggins constant, k', has




Fig, 1

Intrinsic viscosity as a function of degree of non-
linearity according to three theories.

® Zinm-Kild (73)
@® Stockmayer-Fixman (72)
A Vbased on equation 14
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been found to increase with increasing nonlinearity so frequently
(68,59,78-8%) that it is tempting to conclude that a definite
relation exists between the two. Experiments have been reported

however, in which k' does not increase with nonlinearity (84,85).

The results of Moore, Greear, and Sharp (86 ) indicate
that ks is slightly less for a nonlinear molecule than for a

linear molecule of the same molecular weight.

Polydisperse vample:

A polymer sample may be heterogeneous in molecular
weight, in distribution of branches on molecules, in length of
branches, and in functionality of the branch units. The last
two factors have been shown to have only a very small effect

on solution properties (73).

The random, or "most probable", molecular weight
distribution, M.W.D., is the distribution most frequently
found for linear polymers. It is a special case of the vchultz-
Zimm distribution (87). If Wu is the weight fraction of polymer
of degree of polymerization u, then the Schultz-Zimm distribution

may be expressed as

wydu = z(j + l)uje“ 2J gu ceeeeeeal(21)
[+ 1)



1/a

where z = _Jj = j+1 = _1 [r(j +1+a) and
Uy U, a, [M(g+1]Ye

-— -—

Uos U and ﬁv denote number, weight, and viscosity average
degrees of polymerization respectively. When the parameter
j is equal to one, equation 21 describes a random, or "most

probable" distribution.

Random crosslinking will occur if the probability
that any given structural unit become a crosslink unit is
independent of the other units in the same molecule. DMolecules
may become randomly crosslinked either during or after
polymerization. If random crosslinking is imposed on a
polymer with a random molecular weight distribution, the
distribution will be broadened according to the theories of
Stockmayer (88), Saito (89), and Kotliar (75). Stockmayer's
theory applies only to an initial random molecular weight
distribution, but the other theories apply to the other types
of distributions as well. The theories of Stockmayer and

Kotliar give

iq_w_ = _2__‘___5_{3 ceeases (22)
ﬁn 1- 6

where § is the crosslinking coefficient, the number of
crosslinked units per weight average primary, or initial,

molecule. When the molecules of & sample have become highly

38
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crosslinked, some will no longer be soluble. The point at
which insolubility begins is the gelation point. The gelation
point corresponds to a value of unity for § . The weight
average number of crosslinked units per molecule, m,s is

related to & by the equation

mw=m5__ coessn e (23)

1-8
To distinguish the values of & , M, and M of the irradiated
polymer from those of the unirradiated polymer the symbols
= v . . .
So, Hwo and Mno will be used for the unirradiated polymer.
Furthermore, the symbols Mwoo and Mnoo will be used to denote

the respective weignt and number averages of the primary linear

molecules.

There are three methods which can be employed to
determine the value of §& 0 In the first method the values
of ﬁwo and ﬁno can be obtained from light scattering and
osmometry, respectively, and s o found from equation 22.

In the second method the value of the ratio ﬁwo/ﬁno can be
obtained from the experimentally determined molecular weight
distribution and so found from equation 22. In the third
method the polymer can be fractionated and the degree of

crosslinking in each fraction obtained from equation 20 and




40

Fig. 1, and o is thus obtained and finally 80 from equation
23, Two assumptions are made in applying these methods; that
crosslinking is random, and that it is imposed on a random

molecular weight distribution.

RADIATION INDUCED CHANGES IN SOLUTION PROPERTIES

As already mentioned, any one or any combination
of the following reactions might occur on irradiating a
polymer: degradation, endlinking, cycligzation, crosslinking,
and crosslinking by a chain reaction. The manner in which
changes in solution properties occur with irradiation aids in
distinguishing between these possibilities, and indicates to
what extent they occur for a given dose of radiation. These
changes also provide an experimental test of many theories of

polymer properties.

Viscosity
Unless specifically stated otherwise tane theories on
polymer irradiation to be discussed assume that either
degradation or crosslinking, or the two simultaneously, occur
on irradiating & polymer, and that these changes are imposed
on a random initial molecular weight distribution. In these
theories the two processes are trested as independent; first

degradation occurs and then crosslinking. One other assumption
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inherent in the theories is that <50 is zero, implying that
all the molecules of the unirradiated material are linear.
Bach of the theories relates the change in fO]on irradiation
to three distinct factors: +the effect of the nonlinearity of
the molecules, the effect of the change in molecular weight

and the effect of the change in molecular weight distribution.

Before discussing each theory the nomenclature
commonly employed must be given. The gelation dose, Rg, is
the dose of radiation in megarads corresponding to the gelation
point. R is the dose in megarads. [7]R and [7]0 are the
intrinsic viscosities after and before irradiation,

respectively. The term a' is from the equation
-— al
[721 = KM cereeena(24)
o} w

The symbols, d, and P, represent the number of crosslinked
units and breaks per chain unit ver unit dose respectively.

If no degradation occurs then po/qo is zero, and R/Rg is & (90).

Schultz, Roth, and Rothman (90 ) use the Stockmayer-
Fixman theory (72) to relate the effect of nonlinearity to
viscosity, and another theory by Stockmayer (88) to relate the
effect of the change in the molecular weight and the M.W.D. to
viscosity. ©Schultz's theoretical results are shown in Fig. 2
for a' = 0.7. The maximum which appears in some of the

theoretical curves is perculiar to this theory.




Fig, 2

Effect of radiation on intrinsic viscosity
according to Schultz' theory.
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Kilb (91) bases his theory on the ratio

(h, — _ e
T?ﬁz_ g ceesess (16)

and on a modification of the Stockmayer molecular weight
distribution theory. The theoretical curves given in Fig. 3
show the effect of both Po/qo and a on the reletion of viscosity

to dose.

Using equation 16 but their own distribution theory
Kotliar and Podgor (75) obtained theoretical curves similar
to Kilb's, except a smaller increase is predicted in
ﬁ}]R/fn]o at low values of R/’Rg and a greater increase is
predicted at high values, particularly if po/q0 is greater
tnan zero. Unlike others, Kotliar and Podgor have calculated
changes for several kinds of initial molecular weight
distributions. According to these authors the increase in
intrinsic viscosity with dose is reduced if the M.W.D, is

narrowed.

The curves in Fig. 4 are from Katsuura's theory (92).
He used a modified Debye-Bueche theory for viscosity, and
theories by Karaoka (93) and Saito (89) for changes in
molecular weight and molecular weight distribution. Dole (94)

has severely critized Saito's theory (89), and therefore

indirectly Katsuura's.
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Effect of radiation on intrinsic viscosity
according to Kilb's theory.
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Fig, 4

Effect of radiation on intrinsic viscosity
according to Katsuura's theory.

——— & = 0.8
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These theories provide a further method for the
determination of 50. If crosslinking alone occurs, and the

initial molecular weight distribution is a random one, then

(95)

-— -—

I\Ino = 1\"I:Irloo o0 e e 0 o0 (25)
(1 -6 /4)
and Mwo = Mwoo ceeenss (25a)
1 -6
(¢]

where ﬁno and Mnoo are tiie number average molecular weights
after and before crosslinking, respectively, and ﬁwo and ﬁwoo
are the corresponding weight averages. If ﬁno is obtained from
osmometry then on assuming a value of 50, Mnoo can be found

from equation 25. For a sample of linear molecules with a

random distribution the following equation can be used (87).

=8,
(1= K[ (2 + a) Tagi ceeee. (26)

where K and a are tne same as in equation 2. On substituting

ﬁnoo in this equation an intrinsic viscosity is obtained which

corresponds to tie intrinsic viscosity before crosslinking.
If the intrinsic viscosity of the crosslinked material is
known, a ratio of the two viscosities is obtained which
corresponds to the viscosity ratios of Figs. 2, 3, and 4 and

therefore § , is found, which for no degradation is equal to
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R/Rg' A successive approximation procedure is employed to

obtain the correct value of Scf

Solubility

The treatment of changes in solubility is similar to
tnat of changes in intrinsic viscosity, except for solubility
no hydrodynamic theories are needed. Because of this the effect
o:xl the solubility of other processes than crosslinking and
degradation, such as endlinking, cyclization and crosslinking
by a chain reaction, have been examined. It is assumed in the
treatment of solubility changes tnat all processes occur randomly,
and crosslinking and degradation can be treated as separate
events., All treatments of solubility assune 80 to be zero,

that is, the polymer before irradiation is assumed to be linear.

The analysis of solubility data is simplest if only
crosslinking occurs. As the crosslinking coefficient increases
above unity, the sample can be separated by solution techniques
into two fractions, gel and sol. The sol is soluble in the
usual solvents and contains both sligntly crosslinked material
and original molecules. The gel is those molecules which
have been linked together to form a three dimensional
network. As the dose increases the amount of crosslinking
increases and so does the amount o0f gel. The manner in which

the gel fraction, G, increases with § can be written (95) for
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any initial distribution as

G = (1-8)= §G-1H, §2 Gf 1 WA, 87 @ ...(27)
21, 31 I 2
where S is the sol fraction and
= o\ D = vl
hz = In(M)M and M, = % n(l)M
In ()12 T n(M)M?

For an initial random molecular weight distribution, M.W.D.,

equation 27 becomes

S ++4s = 2/§ ceees.s (28)

Because the crosslinking coefficient is R/Rg if there is no
degradation, the value of Rg can be obtained from extrapolating
a plot of S + VS wversus 1/R to tihe point where S + V8 = 2.

From the values of Rg and Ewo the value of the number
of crosslinks formed per 100 e.v. absorbed, Gx’ can be calculated.
If the dose is expressed in Mrads, unit dose corresponds to the
absorption of 0.624 x 1020 e,v, per gram or 1.04 x 1074 e.v.
per unit chain of molecular weight w. By definition, 9,

crosslinked units are produced by this amount of energy. Therefore,

= 6
GX - 0.48X10 qo oo 00000 (29)

w
If the crosslinking density, q, is the proportion of main chain

units crosslinked by a radiation dose R, then

a = q R ceveeeeees (30)
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From equation 30 and the definition of the crosslinking

coefficient, the following equation is obtained:

5 = a, ﬁwR veeeee (31)

On combining equation 31 with equation 29 for R = Rg the
desired egquation is found to be:

0.48 x 10°

ceeees (32)
RgIVIW

G
X

Only when the radiation induced process is crosslinking
alone can the reiation between percentage sol and R be corrected
for the effect of nonlinear molecules in the unirradiated polymer.
If the extent of crosslinking in the unirradiated polymer is

equivalent to a dose RO, then

R
_o_ = &, cereennn (33)

RO + Rg
From the deviation between the experimental results ahd the
theoretical curves of PFig. 5 and 6, the value of (So can be
found provided irradiation causes only crosslinking and provided
the crosslinks in the unirradiated polymer have been caused
by a random process. The value of % sol for a given ratio
R/Rg will be greater tnan that corresponding to the appropriate

theoretical curve of Fig. 5 because the true or effective ratio
is R+ R
0

Rg+ Ro



Fig., 5

Theoretical dependence

crosslinking.
- Mw/Mn
— B,
........ ﬁw/ﬁn
® r./q,
O 1,/4,
O »y/q,

of 5 on the degree of

o0



00¢ OO0l

S

09 OV ON ole 9 v

e

! I _ o

1

e

TT T TV 1

\
\
®

\

\

S T

10-0

c0-0

v0-0

90-0

30-0
010

c-0

{7-0
9-0

8-0
O-l

NOILDOVY4d 710S



51

According to Charlesby (96), for concomitant

crosslinking and degrédation equation 28 can be written as

S+'\/’§=

g

o *+_1 — eeeee. (34)

Both P, and q, can therefore be obtained from a plot of

S +-J§-versus 1/R. GS is the number of chain fractures or

breaks per 100 e.v. and can be related to P, and w.

6
G = 0.96 x 107p, e (35)

w

Figs. 5 and 6 illustrate two methods of plotting
solubility data for different initial values of the M.W.D.
and for different degrees of degradation. In the case of
an arbitrary initial M.W.D. the distribution is first
modified by fracture and then the effect of crosslinking
is calculated using equation 27. When the number of fractures
per average initial molecule is greater than about three, the
plots of Fig. 6 will not be linear at low doses but will
become so asymptotically as the dose increases. Therefore,

at sufficiently high doses equation %4 can be applied.

Charlesby (97) has made a mathematical analysis of

endlinking for the case of an initial random molecular weight




Pig. 6

Theoretical dependence of S +4/S on the degree
of crosslinking.
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distribution. He found that for such a distribution the
quantitative difference in the sol versus dose curves

between endlinking and crosslinking could be obscured through
minor differences in M.W.D. Saito (89) has examined this
problem for initial distributions of wvarious types including
a random one, For an initial random M.W.D. Saito's results

agreed with those of Charlesby.

Charlesby (98) bases a mathematical analysis of
crosslinking by a chain reaction on the assumption that the
chain reaction is inhibited by some inherent process such as
resonance stabilization, and not by termination through combination,
disproportionation or chain transfer. Unlike the previous cases,
log S versus R gives essentially a straight line (99). If i
represents the inhibiting effect, then the average number of
crosslinks formed by each chain reaction is (1 - i)/i.

Charlesby's analysis (98) leads to the expressions

R, = 0.5 x 10° i ceeennnaa. (36)
G M
X w

d(log 8) = 0.45 %1070 G .......... (37)

dR :
i

Tnese equations can be solved simultaneously to give i and Gx’

Saito (89) has considered the effect of simultaneous

crosslinking and cyclization. The rate of increase with
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increasing dose of molecular weight, intrinsic viscosity and
gel fraction as found for systems in which crosslinking alone
occurs, will be significantly reduced in the presence of
cyclization. The extent of this reduction is predicted
guantitatively by his theory. There is no definite proof that
cyclization ever occurs on irradiating a pure polymer in the
solid state. Considering the large number of other variables
the detection of cyclization by examining solution properties

would be very difficult.

Swelling
The gel fraction of a crosslinked polymer will swell

in a solvent to an extent determined by the density of
crosslinks, the solvent, the functionality of the nonlinearity,
and the temperature. There is a tendency for solvent to penetrate
the gel., This mixing tendency, expressed as the entropy of
dilution, may be augmented or diminished by the heat of dilution,
a measure of the interaction energy between solvent and solute
molecules., As the network is swollen the chains between cross-
link units are elongated, and an elastic force is developed which
opposes swelling. A state of equilibrium is ultimately reached.

—

The smaller the average molecular weight between crosslinks, Mcg'

the less will be the swelling.

An expression relating ﬁcg to the extent of swelling is

given by Flory (100) as
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Y = =0 7 /3% _
Mcg /(% Vl (v2 2 V2/£n) N i 1=D)

Xﬁéz * 1o (1 - v,) + v,

where /C% is the densitv of the polymer, vy is the molar volume

of the solvent, v, the volume fraction of polymer in the swollen

2
gel, X is the interaction coefficient between the volymer and
the solvent, and fn is the functionalityv of the units causing

nonlinearitve.

In a real network some chains will have free ends.

On correcting for the effect of "free ends" equation %8 becomes

l ceeeeeaa(39)

1t

M
g

(1 - 2M0g/mnog)
where P is the right side of eguation %8, and Enog is the
number average molecular weight of the molecules in the gel
before crosslinking. This correction by PFlory (100 ) agrees

well with experimental data (101), and is similar to the

theoretical predictions of others (102, 103 ).

James and Guth (104 ) have adversely criticized Flory's
theory and proposed another, and Wall and Flory (105), and Hermans
(106 ) have criticized the theory of James and Guth. However, experi-
mental data has been reported (107 ) which supports the Flory theory.

Two other theories (108, 109) have been developed which agree
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with the Flory interpretation. None of the theories account
for the excluded volume effect, an effect probably very
important near a crosslink junction (106). All the theories

so far proposed fail to account for the steric hindrance effect
which must be present when the molecular chains connecting

the crosslinks lie on top of each other.

Natural rubber chemically crosslinked to a known
extent (110) has been used to test equation 39. This egquation
overestimated the number of crosslinks, the discrepancy being
attributed to chain entanglements which result in physical
crosslinks. In attempting to correct for this discrepancy,

Blanchard and Wooton (111) arrived at the following equation.

Hog = wg+ §)F (1 -2, M ) ..o (40)

In this equation Xi is an entanglement factor, and W5 a steric

hindrance factor. Xl is related to ﬁcg by the equation

= TN
L 1+ TN, ceereenes (41)

where ¢ is a constant for a given system. Using Mullins (110)
results for natural rubber, Blanchard and Wooton found no

steric hindrance, and ¢ equal to 0.414 x 10™4,

Once ﬁcg is obtained the value of the crosslinking

density in the gel, g, can be calculated. For a gel specimen
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containing A' monomer units the number of crosslinked units
will be qg A', For each primary chain there will be two free
ends. Therefore, if the primary molecular weight is ﬁnog,then
the total number of chains is qu' + A'w/ﬁnog (112 ). Since the

average length of terminal chains is the same as internal

chains (112 ), the molecular weight of each chain, Mcg’ will

be given by
- A'w w ce.o (42
:MC g = e - —; = -—rm.,...._.._.-. —— ( 4 )
qgh' + A'w/Mnog a, + W/Mnog
If Mnoo is the molecular weight of the primary molecules then
(113)
—" = — + N) ® & & 0 9 0o s 0
R og Moo (1+45) (43)

Substituting the equation derived by Flory (11%)

9, = 4 (L +3) i e .(44)

in equation 42 gives q in terms of Eop'

o

(1 - ﬁcg/ﬁnog) W i (45)
(1 +38) M,

g

If both q and R are known, then g, and GX can be obtained from
equations 29 and 30. If the unirradiated polymer contains
nonlinear molecules then R, must be added to R if the correct
values of g, and Gy are to be obtained. These values are
compared to the corresponding values calculated using

solubility results. Generally these equations are valid if
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only crosslinking occurs and degradation is absent.

Many experiments indicate that the interaction
coefficient between solvent and polymer, X, is not a constant
(114-117), but increases with increasing v,. This effect is
particularly serious if a poor solvent is used (116). A general

expression for the increase in X is (118):
2
X=Xl +X2V2 +9(3 v2 +ooo ETEEEEREX] (46)

where j(l,jXé and )(3, for a polymer of infinite molecular
weight are 0.5, 0.3%, and 0.25 respectively.
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SOLUTION PROPERTIES OF THE UNIRRADIATED POLYMER

EXPERIMENTAL

Materials

The GR-S sample obtained from the Polymer Corporation,
was prepared by emulsion polymerization and contained impurities
of fatty acid soap, fatty acid and "Polygard" antioxidant.

The Company estimated that about 20% of the polybutadiene
portion was vinyl-1,2, 7% was cis-1,4, and 73% was trans-1,4.
According to Binder (119) these values indicate that the

polymerization wes at about 5°C.

Reagent grade benzene and methanol made by Fisher
Scientific Company were used as solvents in all experiments.
The antioxidant obtained from Eastman Organic Chemicals was

N-phenyl-/& -napthylamine and will he denoted by B or (Ar)aNH.,

Fractionation

The following technique was used in the fractionation
of the polymer sample., A solution of 1% g. of finely cut GR-S
in 1500 ml. of benzene was prepared in a three liter stoppered
separatory funnel maintained at 25°C in a constant temperature
bath. All the components of the GR-S must have been soluble in
benzene because the concentration of aliquots of the solution

was found to be the same before and after filtration through
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sintered glass. A precipitant of 50% reagent grade methanol
in bengzene was added to the solution with vigorous stirring
until the solution became so turbid that the stirrer shaft

was not visible in the illumination of 100 watt lignht bulb
held behind the bath. The temperature of the bath was very
slowly increased, with stirring, until the cloudiness just
disappeared at which point heating was stopped and the bath
allowed to cool to 25°C. Stirring was then stopped, and the
polymer phase allowed to precipitate for 24 hours. At the end
of tnis period the precipitate was drawn off into a stoppered
100 ml. flask. If the precipitate was large, it was often
necessary to leave the system another 24 hours after the

first withdrawal and then remove the remainder of the fraction.
To each precipitate 0.5 ml. of a 10% solution of antioxidant,
B, in benzene was added, and the volume was made up to 100 ml.
by the addition of more benzene. Exactly 30 ml. of this last
solution were diluted to give a solution with the concentration
suitable for viscosity meeasurements. To obtain the weight of
each fraction, the solids content of 20 ml. of the viscosity
solution was determined by a freeze drying technigue. Twelve

fractions were obtained in this manner,

Several partial fractionations were made to determine
the gquantity of precipitant necessary to assure that all fractions

would be of about equal weight.
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Cragg (78), used an almost identical method of
fractionation, and found that none of the impurities came down
with the precipitate, and that the initial 100 ml. solution of

each fraction contained only 1.8% methanol.

Viscosity

A modified Ubbelohde viscometer, designed by Craig and
Henderson (120) for a negligible kinetic energy correction was
used to measure the intrinsic viscosity of each fraction. The
instrument was clamped in a water bath maintained at 25 % 0.05°C,
and before each set of experiments the viscometer capillary was
set exactly perpendicular with the aid of plumb lines in the
bath. Dust was removed from the solvent, and the solution by

filtration through sintered glass.

Exactly 20 ml. of solution were added to the viscometer
for each set of viscosity determinations. The solution was first
drawn into the capillary and allowed to efflux without timing
three times, then the procedure was repeated five times with
timing, or until the time fluctuated by no more tnan 0.02
seconds. An electric timer was used which measured to a tenth
of a second. The same timing procedure was used for four
serial dilutions of tne sample prepared by addition of 10 ml.

of benzene for each dilution. The validity of the method of
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dilution was established by determinations of the solids
content after the final dilution. The initial concentration
was sucnh that tne relative viscosity approached but never
exceeded a value of two. This limitation on 77r insures that

a plot of 77sp/c versus concentration gives a straight line.

To detect any dependernce of viscosity on snear rate
a four bulb viscometer was employed. It was a modified form
of the suspended-level dilution capillary viscometer of

Schurz and Tmmergut (121).

Sedimentation Velocity

Sedimentation velocity measurements were made in a
Spinco Model E Ultracentrifuge equipped with Schlieren optics
employing a W8lter phase plate as t.e ovagque element. Throughout
the experiments the rotor temperature was maintained at 25 + 0.5°C,
the rotor speed was 59,000 r.p.m. and the phase plate angle used
was either 50° or 60°, 1In eacn sedimentation study about 12
photograpns were taken at 16 minute intervals starting at some
suitable time after tihe rotor had attained the desired angular
velocity. ¥ach fraction was examined at several concentrations
between 0.7 and 0.1 g. per 100 ml. of solution. However, a few

experiments were made at higner concentrations.



A double sector cell was normally employed in these
experiments. This type of cell proved impractical in the
studies of unfractionated polymer and of the low molecular
weight fractions, since the boundary peak either took a very
long time to leave fhe meniscus, or simply would not leave the
meniscus. A synthetic boundary cell (122 ) was employed in
these experiments. Preformed boundaries free of the meniscus
are obtained by this technigue. The breakthrough speed for
the synthetic boundary cell employved was 2000 r.p.m. When the
synthetic boundary cell was used for the low molecular weight
polymer fractions reliablé sedimentation coefficients could not
be measured. With these Iractions the vreformed boundary peaks
were so blurred that the position of the maximum ordinate could
not be accurately determined.

RESULTS

fractionation
The weight of volymer in each fraction is given in
Table I. These results were obtained from the freeze drying
experiments after correcting for the antioxident content and
the volume to which the polymer was made up. The weights of
fractions 2 to 11 vary between 1.385 g. and 0.765 g., but
fractions 1 and 12 weigh 0.477 g. and 0.190 g., respectively.

The sum of these weights is 11.76 grams. To this must be

63



TABLE I

Solution properties and molecular weights of the fractions and of the
unfractionated polymer.

praction eignt ks x 1007 kg Hpx107 %1077 10"
El_u‘lzl_b‘ei[‘. ) g g. dl. g.dl.
1 0.447 5.38 0.742 4.6% 2.24 480 1,141 1,168
2 1.120 5.13 0.593% 4.41 2.29 450 1,062 1,058
3 0.777 4.30 0.414 %.39 2.15 356 812 656
4 0.765 %2.65 0.341 2.85 2.06 286 633 464
5 0.862 %.18 0.333 1.91 1.28 238 514 238
6 1.310 2.59 0.274 1.65 1.47 180 376 174
7 1.254 2.19 0.248 1.44 1.50 145 292 128
8 1.295 1.81 0.244 1.29 1.69 112 218 99.2
9 1.360 1.48 0.289 1.21 1.97 85.9 161 81.9
10 1.385  1.10 0.267 -- -- 57.7 102 --
11 0.980 0.786 0.237 -- -- 36.9 61.5 --
12 0.190 0.63%2 ~-- - -~ 27.6 44.2 -
Unfractionated 2.31 0.415 - 1.29 0.96 165 339 106

%9
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added the impurities and a small amount of polymer remaining
in solution after withdrawal of the last fraction, a total

of 1.47 grams. Avproximately 88% of the original material

can be accounted for. The percentage of impurities in the
unfractionated GR-S was found by the standard method (123)
which will be discussed below. These impurities account for
6.73% of the sample, therefore about 3% of the polymer remains
in solution. Jince the moisture content of the GR-3 was found
to be negligible the loés in material must be related to
adsorption of some of the polymer on the sides of the separatory
funnel, and to errors in the pivpette deliveries arising from

the high viscosity of the polymer solutions.

Viscosity

The detailed viscosity data are given in Avppendix I,

Table IX. The 77Sp/c versus ¢ plots for all the fractions were
straight lines. Iig. 7 shows the plot for fraction 4. No effect
of shear rate on viscosity was found for even the highest molecular
weight fraction. The results given in Table I show that intrinsic
viscosity steadily decreases from fraction 1 to fraction 12. The
same is true for k' for fractions 1 to 8, but the k' values for
fractions 9 and 10 are between those for fractions 6 and 7. No

value of k' was calculated for fraction 12 because of scatter in

the plot of 7? /c versus c.
s




Pig, 7

Plot of 7’Zsp/c versus ¢ for fraction 4.
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f'or the fractions with high k' values plots of
1n Wr/c versus c were non-linear, and on extrapolation to
zero concentration higher values of the intrinsic viscosity
were obtained than were found with plots of 77Sp/c versus c.
As mentioned in the introduction MaclFarlene and McLeod (51)
have given a reason for this discrepancy. According to these
authors plots of 773p/c versus ¢ yield the correct values

for intrinsic viscosity.
According to equation 7,

Mep =1+ x M2 e (T

the log of the slopes of plots of 7?sp/c versus ¢ versus the
log of the corresponding intrinsic viscosities should give a

straight line of slope two. In the plot of Fig. 8 a straight
line of slope two can be drawn through the points for the five

lowest intrinsic viscosity excluding fraction 12.

Sedimentation

Fig. 9 shows the single symmetrical peaks obtained
using the double sector and the synthetic boundary cells.
Peak movement could not be measured accurately for fractions

10, 11, and 12 because the peaks were too small and blurred.

The maximum-ordinate sedimentation coefficient, s,

was found from the slope of linear plots of log Xm versus t,



Fig. 8

Dependence of intrinsic viscosity on the slope of
725}? versus c¢ for the fractions.
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Pig. 9

Ultracentrifugation photographs.
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Unfractionated Polymer, Synthetic Boundary Cell
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where Xm is the distance of the maximum ordinate from the
center of the rotor and t is the time (124). A typical plot

is given in PFig. 10. Log Xm was calculated by the expression

log Xm = log (7.3 - X,) ceeeeees (47)
2.19 P

where 7.3 is the distance in cm. from the bottom of the cell

to the centre of the rotor, X; is the distance from the maximum
ordinate to the centre of the rotor as measured on the

photograph when viewed through an enlarger of magnification power
P. The camera lens magnification power was 2.19. The value

of the sedimentation coefficient, s, is obtained from the equation

1 d 1n X, ceeveeas. (48)
w 2 at

where (W 1s the angular velocity of the rotor in radians per

1o}
]

second when t is in seconds.

The dependence of s on concentration, c¢, for fraction
4 is shown in Fig. 11l. Similar plots were obtained for the
other fractions. Extrapolation to zero concentration gives
1/s,. Values of s, and ks/[q] are given in Table I, and
detailed results are shown in Appendix I, Table X. The
sedimentation coefficient steadily decreases on going from

fraction 1 to 9, whereas ks/[7j decreases in an irregular
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Log Xm versus time for fraction 4 and a concentration
of 0.29 g.dl.
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Fig, 11

Dependence of the sedimentation coefficient on
concentration for fraction 4.
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manner on going from fraction 1 to 5 and then begins to
increase for the low molecular weight fractions. The errors
of both [7] and ks are combined in this ratio, and so irregularity

is not unexpected.

Because the density and viscosity of benzene are
sensitive to pressure, the value of the sedimentation
coefficient will depend on pressure. A correction for this
effect has been proposed by Oth and Desreux (125) in the

equation

sp = s (1-4P;) ceeeveess (49)

where sp is the sedimentation coefficient uncorrected for
pressure, s is the value at one atmosphere pressure, P,
is the pressure at tnat point in the cell at which sp was
measured and

= B’p * 0y Vo (2= 9) eeses (50)
(1 - /%vo)

In this equation ¥ is the correction for changes in v and

is generally assumed to be negligible, 2 and 5/p correct for
changes in viscosity and density, respectively, and the zero
subscripts denote values at 25°C and one atmosphere pressure.
The values of 2 and B/p for benzene are 0.85 x lO'9 cmz/dyne
and 0.083 x 10~ cm2/dyne, respectively (126). Upon completion

of tae calculation for several fractions it was found that s




T4

could be corrected for pressure effects satisfactorily by the
approximation (1 -//4?1) = 1.039 for the double sector cell.
The corresponding value for the synthetic boundary cell was

1.044.

Gralen's method (127) was used to estimate the
polydispersity of each of the fractions and of the unfractionated
material. The ratio of the area under the sedimentation curve
to the value of the maximum ordinate was plotted against Xm
for a particular concentration to give a straight line. The
slope of this line was found to devend on the concentration.
for all the fractions the slope increased slightly with decrease
in concentration. But, in the case of the unfractionated polymer
the slope decreased with decrease in concentration; this behavior
is contrary to the results for other polymers (128, 129).
Extrapolation of a plot of slope versus concentration gave the

slope at zero concentration which is equal to (127)

2
b/ N

On solving for A&, M,/M, was obtained from the expression (127)
2
ﬁw/ﬁﬁ = @ g2
Using this method M /M, for all the fractions was found to be
in the range 1.02 to 1.04. This is a much lower degree of
polydispersity than that obtained by others (83) using I,

found by light scattering and ﬁn found from osmometry, and it
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is also low theoretically considering that only twelve
fractions were obtained. For the unfractionated polymer
ﬁw/ﬁn was calculated to be 1.2 which is much lower tian

the minimum value it can have of approximately two (101).

There are three possible reasons why these results
calculated using Gralen's method are unreliable. Gralen
assumed that no diffusion occurred, but Eriksson (130) showed
that a correction must be made for diffusion. Jullander (131)
claims that the sedimentation peak must not have a positive
skewness for the method to work. Although the photographs
of Fig. 9 indicate no skewness, the molecular weight
distribution curve of Fig. 13 shows & positive rather than
negative, skewness. This skewness could only be noticed
in the sedimentation photograph for the unfractionated polymer
if the concentration was greater than 2 g./dl. According to
several experiments using other polymers (128,129) the dependence
of slope on concentration increases with decreasing concentration.
Therefore, by failing to go to sufficiently low concentrations
the value of the slope at zero concentration would be too small

and therefore /5’ and ﬂw/ﬁn would be less than the true values.

Molecular Weight

Equation 5 on rearrangement gives

Hae = |0 w0 n, 3/2 503/2 [7]1/2 er (52)

(& )1/3 p-1 (l-vo/Oo)
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Specific volume of the polymer solution, v,
as a function of the product ve.
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Molecular weight distribution curves.
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where ??o’ the viscosity of the solvent, is 6.024 millepoises
and /4%, the density of the solvent, is 0.87%5 grams per ml.

(132). The partial specific volume at any concentration is

given by (133)

v=v, (1-ve) dvg ceeeee. (51)
d(vge)

where vy is the specific volume of the solution obtained by
pycnonetry. From the plot of the specific volume of the
solute against v.C given in Pig. 12, dvs/a(vsc) was found
to have a constant value of 0.1253. Using this value in
equation 51 for different values of ¢ and Vv, indicated that
v changes a negligible amount with concentration, and therefore
(1 - vo/éz) is a constant of 0.107; Values of M 7e were
calculated using equation 5a with values of Sy and [7]

from Table I, and are listed in Table I.

—

The ﬁ&c and Mvh values given in Table I were

calculated from
I
N1

5.4 x 10”4 ceenn.. (52)

il

- hy, 0.66
i)

0.71

2.95 x 1074 ({i ) ceveess (53)

i

The first equation is valid for a polymerization temperature

of about 50°C, therefore h for "hot" is used and E&h is
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obtained (134). The second equation is for polymerization

at avout 5°C, therefore ¢ for "cold" is used and ﬁvc is obtained
(135). The results of Table I show that El7s is always less
than ﬁvh, bup is only less than ﬁvc for the low molecular weight
fractions. For the high molecular weight fractions I ye becomes

greater than ﬁvh.

Using N - from equation 5a for the high molecular
weight fractions and ﬁvc from equation 53 for the low
molecular weight fractions, the molecular weight distribution
curve shown in PFig. 13 was constructed. The integral
distribution curve was obtained by plotting tine molecular weight
of the i th fraction against the cumulative weight fraction
of the first (i-1) fractions plus half that of the i th
fraction. The differential distribution curve was obtained by
grapnical differentiation of the integral curve. This involved
drawing the integral curve on a scale four times that shown in
Fig., 1% and finding the slope of the enlarged curve at several

values of molecular weight.

Degree of Crosslinking

Fig. 14 shows tae plot of log s  versus log [)71 for
the nine fractions examined and for the unfractionated polymer.

The five lowest molecular weight fractions can be fitted to a



Fig, 14

Log sedimentation coefficient at zero concentration
versus log intrinsic viscosity.
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straight line described by the equation

0.61
s, = 0.944 [7n] ceeenae (54)

The unfractionated material falls well below the line. This
might be because the low and long tail of high molecular
weight material shown in Fig. 13 has no effect on S, but does
increase the intrinsic viscosity. This explanation also
accounts for the low values of ks/[7j and M v given in

Table I.

Using equation 20

(38 +1)/3
(s)) [71y = (s, M) 1/5 ceene. (20)

and equation 54 and the f?]b and s_, values for the first four
fractions, [7]b/ [7]1 values were obtained. Then from Fig. 1
the number of crosslinks per molecule, m, was found and m

was then calculated. Finally 50 was found from equation 23,

Oy = 5o RN €5

The results are given in Tables II and III. The three theories
show an increase in nonlinearity with the molecular weight.
The degree of nonlinearity calculated using the Zimm-Kilb

theory (73) is about six times that based on equation 14 and
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TABLE IT

Degree of crosslinking in each fraction.

Fract. M./ M m m m
b 1 Zimm-Kilb Stockmayer- equation 14
Fixman

1 0.544 21.3 6.4 2.7

2 0.558 19.0 5.9 2.5
3 0.661 8.4 2.8 1.7

4 0.712 5.4 2.9 1.3

5 1.000 0 0 0
m.o 2.58 1.26 0.55

TABLE ITI

Values of 80 using several theories.

Theory from [7)] and Mnoo from ﬁwo/ﬁﬁo from results

equation 52 equation 53 equal 2.84 for fractions
used used

Zimm-Kilb -~ -~ -- 0.78

Stockmayer- -~ - - 0.56

Fixman

equation 14 -- -- - 0.38

Kilb 0.80 0.30 0.36 --

Schultz - 0.30 -- -

Katsuura 0.92 0.66 -- --




83

three times that according to the Stockmayer-Fixman theory (72).

Assuming each fraction is monodisperse, Mwo/ﬁﬁo was
found by substituting values from Fig. 13 in the following

expression (13%6).

F_Iwg Z (W /)M £ (aW,/aM)/M caesess (55)

, 12
Moo Z (aw,/dm)

where Wc is the cumulative weight. This method gave ﬁwo/ﬁno =

2.84. Substituting this value into equation 22,

M 2 -
;"L‘l = 80/2 ceeeeen. (22)
Mo 1 - §
0
gave So = 0.36. The value of ﬁnowas found by osmometry to

be 89,9000.x Therefore, ﬁwo according to equation 55 is
205, 000.

Although the tneories of Zimm and Kilb, Stockmayer
and Pixman, and that represented by equation 14 are strictly
valid only for results obtaineda at thie tuneta temperature, results

obtained by others (71) show only & negligible temperature effect.

E 3
The osmotic pressure data were supplied by the Pulp and Paper
Research Institute of Canada.
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An assumed value for (So was used in equation 25
with ﬁno = 89,000 to give a value for the number average

molecular weight of the primary linear molecules, ﬁﬁoo'

lvlno MnOO EEEEEERE] (25)

(1 - §./4)

Substituting this value of Rnoo in equation 26 with K and a
from either equation 52 or 53 led to a value for the intrinsic

viscosity of the primary molecules.

M= & [z« ) F ceenen (26)

The ratio of this value to the experimentally obtained intrinsic
viscosity of the nonlinear polymer was employed in Figs. 2, 3,
or 4 to give a value for 5 o Although Figs, 2, %, and 4

are plots of fﬁﬂR/fvjo versus R/Rg, it was shown in the introduction

g= 5

and FQJR/[ﬁYJO equals tne ratio of the intrinsic viscosities

to this thesis that under the present circumstances R/R o
of the nonlinear and primary linear molecules. If the value of

50 obtained by this method was not the same as that assumed,

a new value was assumed and the procedure repeated until

agreement was reached. The results of this third method of finding

§ are given in Table III. Ko value of SO is given for Schultz's
0o

tneory (90) in the case of equation 52 because the value of
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EY}R/’P7] o calculated lies above the maximum value for

T/ P1] o in the theoretical curve of Fig. 1.

DISCUSSION

Before discussing the results in detail it is necessary
to determine whether the molecular weight distribution, M.W.D.,
before crosslinking is of the random type, and if the crosslinks
are formed in a random manner. Bardwell's analysis (101)
reveals that for poly(butadiene-co-stvrene) the primary
distribution is very close to the random type even at high con-
versions. Flory (1%7) claims that a small degree of nonrandom
crosslinking probably occurs at high conversions. Because the
degree of conversion of the polymer studied was not known, this
factor must be considered in intervreting some of the results.
There is a vossibilityv that trifunctional branching occurs (137),
but Morton (13%38) suggests that his exveriments indicate that
crosslinking occurs much more than branching. Experimentally
(139), and theoretically (140 ) branching has been shown to

broaden the M.W.D., but no detailed analysis has been made.

Because the slope of the plot

Tlsp - [7YJ

c

log

versus log [77]

shown in Fig. 8 is Tound to be two for the low intrinsic

<
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viscosity fractions it can be concluded that k' in equation 8 is
a constant for these fractions. 1

7789_ - )+ k'ﬁ?]gc cerenes (8)

i o e

c
However, the slope becomes increasingly greater on going to

higher [7] fractions. This means that k' in equation 8 is no
longer a constant but is increasing witin increasing [7?].

The k' values shown in Table I indicate the extent of this
increase. Crage (78) obtained the same results using the same
polymer. Because a change in shear rate had no effect on k'
the increasing k' is not caused by orientation. Benzene is

a good solvent for this polymer. Therefore its solvent power

will not decrease sufficiently with increasing molecular weignt
to cause an increase in k'. An increase in polydispersity cannot
explain the rise in k', because k' for the unfractionated

polymer was less tuan k' for the high molecular weight fractions.
An increase in the uonlinearity of tie molecules must be
responsible for tine increase in k'. A furtner indication that
increasing k' means increasing nonlinearity is that as k'
increases so also does mw, the weight average number of cross-

links per molecule.

Because a nonlinear molecule 1s more compact and

dense than a linear molecule, its shape parameters will tend to
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approximate those of a sphere more closely than would those of
a linear molecule. The value of 621/3P'1 is lower for a solid
sphere than it is for a linear molecule (46). Equation 11

indicates tnat the ratio of ks/[7] is inversely proportional to

( 5?1/3 P-l)s. The results in Table I show that ks/qvjtends to
increase wita increasing intrinsic viscosity. Therefore,

( &’1/3 P-l) is decreasing with increasing intrinsic viscosity
which in turn means taat the molecules are becoming more spherical
and hence more nonlinear as the intrinsic viscosity increases.
Wales (58) predicts that decreasing the polydisversity of a

sample will increase the ratio of ks/[n]. Therefore the increase
in ks/[nj might be caused by the high intrinsic viscosity
fractions having a lower degree of polydispersity than the low

molecular weight fractions.

The molecular weight distribution, M.W.D., shown in
Fig, 1% is accurate provided that the values of molecular weight
and fraction weight were accurate, that tne fractions were
almost monodisperse, and tnat the differentiation of the integral
curve was accurate. Irrors in the weights of the fractions would
have a negligible effect on the M.W.D. because these weights have
a possible error of only one per cent. Although it was not

possible to estimate the error for the differentiation of the
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integral curve, this error is probably small because a large
diagram was used and many measurements were taken. The values
of the molecular weights for the high molecular weight fractions
were calculated using equation 5a,-&hereas those for the

three lowest molecular fractions were obtained from equation 52.
It was shown in the introduction that the values of molecular
weight found from equation 5a are not affected by the
nonlinearity of the molecules. ZEven though the molecular weight
as calculated from equation 52 is reduced by nonlinearity, it
can be assumed that the degree of nonlinearity of the molecules
of the three lowest molecular weight fractions is negligible.
The fractions are probably rather polydisperse because only
nine fractions were collected and because a nonlinear molecule
will precipitate with a linear molecule of greater molecular
weight. For a polymer composed of only linear molecules
corrections for the effect of polydispersity of the fractions
on the experimentally determined M.W.D. have been proposed and
tested experimentally (136, 141). But no correction has been
suggested for a polymer containing both linear and nonlinear
molecules; furthermore, there is no experimental evidence which
indicates the importance of this correction for such a polymer.

Therefore, the M.W.D. obtained in this work might be inaccurate

and hence the values of ﬁwo/ﬁno = 2.54 and 5 = 0.38 might

0

be in error.
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The differences in the values of 50 in Table III
obtained using the intrinsic viscosity and the number average
molecular weight of the unfractionateda polymer indicate the
great importance of the parameters K and a. The values calculated
using equation 53 for the "cold" polymer are probably more
accurate tnan those obtained using equation 52 for "hot" polymer
because the structure of the polymer as revealed by infrared
analysis indicated tnat it was indeed polymerized at a low
temperature. Anothier indication taat equation 53 is the more
reliable is that the molecular weignt results in Table I show
that the ratio of ths to ﬁvc is generally greater than unity,
whereas the ratio of M o to Mvh is less fhan unity. But I
should always be greater than ﬁv because so as obtained in this
work is nearer to a weight average than is intrinsic viscosity
(142). Therefore the Mvc values are more reasonable than the
Evh values. The increase in the ratio of M’ls to ﬁvc with
increasing molecular weight shown in Table I is a result of
tine fact that M77s is unaffected by nonlinearity whereas ﬁ&
decreases with increasing nonlinearity for a constant molecular
weight. PFor the low molecular weight fractions ﬁvc is actually
greater than I o A possible explanation for this is that
the M.W.D. of these fractions migant have long high molecular

weigat tails which are not accounted for in the measurement of

sO but are accounted for in the measurement of [77] . The
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unfractionated polymer does have sucii a tail and as the result
in Table I shows the ratio of ¥ S to ﬁvc is very much less

than one.

The hydrodynamic properties studied in this work depend
on both the degree of nonlinearity and the M.W.D. The previous
theories used to calculate 50 must take into account both
these effects. But, in calculating the degree of nonlinearity
in monodisperse fractions the effect of M.W.D. need not be considered.
Por this reason the values of So based on the values of m
for the fractions are probably more accurate; furthermore, So
in this case is based on many more experiments and therefore
is statistically more valid. Theoretical reports cited in the
introduction to this thesis support the Zimm and Kilb theory,
rather tnan the Stockmayer and Fixman theory or the tneory
represented by equation 14. Recent experimental evidence using
monodisperse polystyrene also supports the Zimm and Kilb theory.
Therefore, the most reliable value of 80 obtained from the
present data is probably that calculated from the application
of the Zimm and Kilb (7%3) theory which gives the value So = 0.78.
One of the assumptions made by these authors is that the sample
is monodisperse. Consequently, polydispersity of the fractions
and the possible errors in Ks and a in equation 20 imply that

0.78 has a large possible error.
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If the true value of 50 is 0.78 and if equation 53
relating intrinsic viscosity to ﬁv is also correct for the
polymer being studied, then the low values for 5’0 obtained
using the intrinsic viscosity and the number average molecular
weight of the unfractionated material indicate that the theories
of Kilb (91), Schultz (90 ) and Katsuura (92 ) underestimate the
effect of nonlinearity on the intrinsic viscosity. The value of

50 obtained from the experimentally determined molecular weight
distribution was 0.3%6, and therefore if the correct value is 0.78
the M.W.D. obtained is narrower than the true M.W.D. and the

value of ﬁw calculated using 80 = 0.3%36 is too low.

RADIATION INDUCED CHANGES IN SOLUTION PROPERTIES

EXPERIMENTAL

Sample Preparation

The fatty acid, fatty acid soap and the antioxidant
present in the GR-S were separated from the poly(butadiene-co-
styrene) by precipitating the polymer from a dilute solution of
GR-S in benzene. Methanol was the precipitant and its concentration
needed for complete precipitation of the polymer was low enough
that all the impurities remained soluble. To 5000 ml. of benzene
15 grams of rubber were added and dissolved. A 250 ml. volume

of methanol was then added very slowly. The precipitate was
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allowed to settle for 24 hours, and the suvernatant liquid was
removed bv using nitrogen pressure to force it out of a glass
tube. The entire vpurification was accomplished in a nitrogen
atmosphere to avoid oxidation. After the removal of nearlv all
the suvernatant liquid the volvmer was again dissolved in

500 ml. of benzene, revrecipitated, left for 24 hours, and the
supernatant liouid withdrawn. #inallv, the volvmer was washed
several times with methanol. The pure volvmer was dissolved in
200 ml. of benzene and the solution transferred to a 250 ml.
beaker, and a known gquantitv of antioxidant, B, added. The
solution was frozen, placed in a vacuum desiccator and freegze
dried. f#rom the weight of the dryv volvmer and the known weight
of B the ver cent of B in the polvmer was calculated. The

sample was stored in a wvacuum at 0°% in the dark.

Irradiation Technigue

The polvmer sample to be irradieated was cut into
small pieces and vlaced in the sealed end of a glass tube of
10 mm. width and 12 cm. length. About 9 cm. from the samvple
the tube was narrowed to an inner diameter of roughly 2 mm.
The tube was connected to a high vacuum system by a ground
glass Jjoint and evacuated to a vpressure of one micron for at
least two days to assure the removal of all the benzene.
finally, at a vressure of one tenth of a micron, the tube was

sealed at the narrow vpoint.
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While a sample was being evacuated the system could
not be tested for leaks with a spark coil because the electric
discharge and tne ozone seriously affected the polymer. Thé
application of the discharge for only a few seconds caused tihe

formation of some insoluble polymer.

The sample was irradiated in a cobalt-60 gamma-cell
model 220 manufeactured by Atomic Energy of Canada Limited.
The intensity of the radiation within the cavity of the cell
where the sample was placed varied from one place to another in
a manner described by the makers., This variation was always taken
into account in calculating the dose received by the sample.
The intensity variation within a sample was about 2% for a 0.3

gram sample and 8% for a 1.8 gram sample.

On September 25, 1959 the intensity of the radiation
at the point in the cell where the intensity is greatest was
found by the manufacturers to be 9.74 x 104 roentgens per hour.
Using this value and tae value of 5.2 years (144) for the half
life of cobalt-60 the intensity could be calculated at any time.
T'o calculate the dose in rads received by the polymer the electron
density of the polymer was determined from tune percentages of
carbon and hydrogen, and the number of electrons per gram for
these elements (145). The electron density is 3.322 x 10-'23

2%

compared to 3.337 x 10 °° electrons per gram for water. If
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W for air is taken as 34 e.v. then according to Chapiro (145),
the ergs absorbed per gram of water from one roentgen is 97.0
and therefore, the corresponding value for the polymer is 96.7.
Since by definition one rad is equal to 100 ergs absorbed per
gram, the dose in rads can be calculated. The electron density
of antioxidant, B, is 3.195 x 10723 electrons per gram and
therefore 96.0 ergs per gram were absorbed from one roentgen.
To calculate the dose for a mixture of polymer and B the values
96.7 and 96.0 must be multiplied by the weight fractions of

polymer and B, respectively.

Determination of the Gel Point

A relatively large error was inherent in the technique
employed for measuring Rg, the radiation dose required to
initiate gel formation. This error arose from the difficulty
in detecting very small quantities of gel. Visual detection
of gel was either direct  or by noting the appearance of small
bubbles of gas trapped in an otherwise invisible gel. However,
this technique was applicable only after a fairly large quantity
of gel had formed. ' Consequently the accuracy with which R

g
could be determined by the visual technigue is poor.

Rg was determined in the present study by noting the
radiation dose required to cause a benzene solution of the

irracisted polymer to block a sintered glass filter. This
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method was subject to several possible sources of error. A
small quantity of gel would block such a small fraction of the
area of the sintered glass filter that the presence of the gel
would not ve detected. The further possibility of the gel
passing through the pores of the filter had always to be
considered. The gel point determination was highly sensitive to
the solvent employed. A small quantity of gel could block the
filter to the passage of benzene, but on the addition of a small
amount of methanol to the benzene tne gel would contract and
passage of the solvent tanrouga the filter was again possible.
Close to the gel point the intrinsic viscosity for some of the
molecules could be very high (8l). This factor further
complicated gel point determination since difficulty of
filtration could be caused by either hign viscosity or gel
formation. Because of these many possible sources of error the
precision with which Rg could be determined was only five per

cent, as a conservative estimate.

Viscosity
The intrinsic viscosities of samples irradiated to
doses less than Rg were determined as described in the first
experimental part of tuis tuesis. The pure polymer was

irradiated in vacuo and the polymer mixed with antioxidant, 3B,

was irradiated both in air and in vacuo.
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The effect of radiation on oxidized polymer was
determined by irradiating polymer previously exposed to air.
Tne amount of oxygen in these exposed polymer samples was determined

microanalytically.x

The filtration characteristics of solutions of samples
whicn had been irradiated to doses near but less than Rg were
also studied. These samples were also analyzed for microgel
(146) by shaking the solutions with finally divided calcium

sulphate (147).

Solubility

Solubility determinations were made on pure polymer

and polymer containing B, when irradiszted in air and in vacuo.

The determination of the percentage of irradiated
polymer soluble in benzene was simple and accurate. A known
weight of small pieces of polymer, generally about 0.3 grams,
was placed in benzene for 24 hours. The solution wés then
decanted into a 100 ml. volumetric flask. The procedure
was repeated taree times, and tne gel was tnen washed with
small amounts of benzene and tane final solution made up to
100 ml. A very dilute solution of B in benzene was useda in

the extraction of the pure polymer to prevent oxidation.

¥ Alfred Bernhardt, lax Planck Institute.
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The solids content of 25 or 50 ml. of the final
benzene solution was found by freeze drying. In calculating
the per cent soluble polymer a correction was made for any B
initially present in the polymer, assuming that B was completely

soluble in benzene.

The gel content at less that 50% gel was difficult
to measure because the gel would tend to break into small pieces
and pass over into the solution phase during decantation. A
copper 100 mesh filter was used in many exveriments to minimigze
tnis loss in gel, but the mesn failed to improve the reproducibility

of the technique whicii remained poor.

The ratio po/qo was determined by the method of
Baskett (148). A sample containing B was irradiated to a hign
dose, extracted, and the gel divided into several portions. The
irradiation to high dose and extraction process were then repeated

on each of these portions.

After separating the gel from the sol the degree to
which the gel swelled in benzene was determined. The benzene
not incorporated into the gel was decanted off. The particles
of swollen gel were rolled on a paper towel for about one minute
to remove any surface benzene. Thev were then quickly transferred
to a weighed stoppered bottle and taeir weight determined.
Because the weight of the dry gel was known from solubility

experiments, the benzene associated witih the gel could be found.
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This very practical technique was subject to two
obvious sources of error. If the drying process was 100
prolonged some of the benzene contributing to the swelling
might be lost during the drying of the gel. If too rapid a
drying process was employed all of the excess benzene would
not be removed. Yo determine the importance of these possible
errors in the drying technique, Plory's method (149) of
determining the extent of swelling in a saturated benzene
atmosphere was applied to several samples of widely differing
degrees of swelling. His rather complex method gave the same
result as the paper towel method. Table IV gives the data

from the two methods.

In preliminary experiments the degree of subdivision
of the sample and the time of extraction had no effect on
the extent of swelling. Bardwell (101) made a thorough study
of these effects and reached the same conclusion. In the 1light

of his results no further study was deemed necessary.

RESULTS AND TREATMENT OF DATA

Only irradiation in vacuo will be considered here. A

detailed presentation and discussion of the results of irradiation

in air is given in a following section.



TABLE IV

Comparison between the paper towel method and Flory's
method for determining the weight of the swollen gel.

Paper towel method
weight of swollen gel

Flory's method
weight of swollen gel

grams grams
7.9%66 8.3761
7.0906 7.0345
5.5448 5.6736
2.3577 2.2261
1.7%29 1.7662
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Viscosity and Gel Point

The values of R listed in Table V were obtained by

<

the filtration technique. Table V also gives GX values which were

calculated from equation 32 using ﬁwo of 3.05 x 105, 2.4 x 106

and 4.7 x 106. The value of ﬁwo = 305,000 was calculated from
the value of ﬁno = 89,900 as determined by osmometry and the

molecular weight distribution curve given in Fig. 13. From
equation 22 using ﬁno = 89,900 the values of ﬁwo = 2.4 x 10°

and 4.7 x 10° were computed assuming 50 = 0.8 and 0.9,

respectively.
Myo . 2= 6/2 ceeee..(22)
Mno 1 - So
= 6
Rg = 0,48 x 10 L. e (32)
G M
X WO

It is important to realize that in calculating GX
using equation 32 it is not necessary to correct the experimentally
determined values of R and ﬁwo for the effect of nonlinearity in
the unirradiated polymer. Although the values of Rg and ﬁwo
depend on the value of 50, the product Rgmwo does not. The
weight average molecular weight of the primary molecules, ﬁwoo’

is obtained from

wo - Mwoo cevesees(25a)

1-5)
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and the dose to produce incipient gelation if the primary

molecules are irradiated, Ro + Rg, is related to 50 by

By = § ceeeneaes (33)

Therefore the product of the weight average molecular weight
of the primary molecules, Mwoo’ and the dose to initiate

gelation is
Mo, 1-R, (R, + Rg)

R + R
o) £

which reduces to M R .
WO g

Fig. 15 shows the effect of radiation on the
intrinsic viscosity for doses up to the gel point assuming
50 = 0 and for comparison the theoretical curves of Kilb (91)
and Katsuura (92). The Schultz curve of Fig. 2 obviously does
not agree with the experimental curves and is therefore not shown.
Fig, 16 gives the same curves as Fig. 15 assuming SO to be
0.8; the deviation from theory in this plot is even greater
than in Pig. 15. Table XTI of Appendix IT gives the data used

in calculating [77JR for one of the samples. The plots of

qu/c versus ¢ were similar to that shown in Fig. 7 for one

of the fractions. The values of [}ﬂR and [-7710 for all the
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Pig, 15

Comparison between the theoretical and experimental
dependence of intrinsic viscosity on R for S
equal to zero.

_— Kilb's theory, a = 0.68, po/qo =0
...... Katsuura's theory, a = 0,70, po/qo = 0
experimental
O 0% B
® 0.5% B
O 2.1, 5.3, 7.1, and 11.%% B
A 2.7% B irradiated in the

presence of air.
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samples are given in Table XII of Appendix II. The log of
the slopes of the '7gp/c versus ¢ plots are plotted against
log [ﬁﬂ in Fig. 17. The straight line obtained can be fitted
to the equation

Mo =[N + k'[ﬁlzc

where k' has the value

k' = 0.223 ([7]) 0.75 cerenees (56)

An increase in the oxygen content of the polymer from
0.12% to 0.46% had no effect on the change in viscosity with
irradiation. It required one week of exposure to air at room
temperature to oxidize the polymer to an oxygen content of 0.46%.
Therefore, the deviation from theory shown in Figs. 15 and 16
is not caused by oxidation because the samples were never exposed

to air for longer than an hour.

No microgel was found in any of the samples. Filtering
the polymer solutions reduced k' and the intrinsic viscosity by
a very small amount if the dose was close to Rg but had no effect
at lower doses, Therefore, neither the filtration of the sample,
which was carried out to remove dust, nor the presence of

microgel, caused tne deviation from the theoretical manner in

waica [713 increases with dose.



Fig. 16

Comparison between the theortical and experimental
dependence of intrinsic viscosity on R for 50

equal to 0.8.

nnnnnn

Kilb's theory,
Katsuura's theory,

experimental

o

o

]

0.70, po/qo
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Fig., 17

Dependence of intrinsic viscosity on the slope of
Qsp/c versus ¢ for the irradiated polymer.

0% B
0.5% B
2.1, 5.3, 7.1, and 11.3% B

2.7% B irradiated in the presence
of air.
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Solubility

Fig. 18 shows the manner in which the sol fraction
decreases with dose for several different radiation conditions.
Complete results are given in Table XIII Appendix II. If each
dose is divided by Rg the curves of Pig. 19 result. This is
the type of plot sho%n and explained in the introduction to tiunis
thesis. Theoretical curves for random crosslinking imposed on
a random M.W.D. are given in Fig. 19 for go of 0.4, 0.7,
and 0.9. These theoretical curves were obtained by plotting
values of % sol for given values of R/Rg obtained from the
curve for 50 = 0 against (R/Rg) ) g . Rg is equal

0

1 - &

0
to the experimental value for Rg minus Ro’ therefore é;o =R .

This means that (R/Rg)- by = R - Ro . The experimental

1 - 6 R -R
o £ o)

curve is seen to approximate the theoretical curve for &
o]

equal to 0.9.

A second method of plotting sol data is presented in
Fig. 20 where 1/R is plotted against S +~/5 . This plot
emphasizes the change in solubility at high doses whereas
Fig. 19 emphasigzes solubility behavior at low doses. This is
the type of plot shown in Fig. 6 in the introduction to this

thesis. PFrom the slopes of tne curves at infinite dose shown




Fig., 18

107

Sol fraction as a function of radiation dose.

> »pBOOGO
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60.0%
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B
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5.3, 7.1, and 11.3% B

B
B

B

irradiated in the presence
of air.

irradiated in the presence
of air.
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Comparison between theoretical and experimental
dependence of sol fraction on R/Rg.

— — — theoretical, random distribution
initially

experimental

® 0.5% B
'e) 0, 2.1, 5.3, 7.1, and 11.3% B
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in Fig. 20, and the values of E%o = 89,900 and w, the monomer
unit weight, of 68.4, GX values in Table V were calculated
using equations 25, 29 and 34. These GX values nhave been
calculated assuming So values of zero and 0.8. Unlike the
value of GX calculated using equation %2, the value of GX
calculated by the present method is affected by the value of

5;, but only slightly. To correct for the effect of nonlinearity

in the unirradiated polymer (R + Ro), rather than R, is used in

equation 34.

— —-—

M

Mho = noo ceesees (25)
(1 - 56/4)
G = 0.48 x 10° (’q ‘> (29)
X O e 0 0 e 00 0
w
s +vYs = _32 + — ceves (34)
qO qOu 1'100(R + RO)

In Fig. 21 the solubility data is presented in a plot
of log S against R. This type of plot is used to determine
whether a chain reaction is occurring. The average slope

A . -2
between 20 and 80% solubility, 4 log S, is 3.42 x 10 °.

Substituting this wvalue into equation 37, and combining equations

37 and 36 6
d(log 8) = 0.45 x 10 G0, ceenn. (37)
ar i
Ry = 0.5 x 106 ceeees (36)
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Pig. 20

Plot of S + +/S versus 1/R.

O 0% B

@ 0.5% B

O 2.1, 5.3, 7.1, and 11.3% B

@ 60.0% B

A 0% B irradiated in the presence

of air

A 2.7% B irradiated in the presence
of air
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TABLE V

Values of R and GX for several concentrations of B and for several values for

M and 5 .
wo o
% B R G calculated using equation 32 G_ calculated using
g X X equation 34
megarads crosslinks per 100 e.v. absorbed Crosslinks per 100 e.v.
by sample absorbed by sample
b =3.OxlO5 M =2 4x106 M =4 7x106 § = § =10.8
WO wo wo 0 o)
0 0.20 9.41 3.33 1.72 1.62 1.59
0.5 0.54 %.49 1.24 0.64 0.97 0.94
2.1, 5.3 -
7.11 1173 0.69 2.73 0.96 0.50 0.59 0.56
60.0 1.00 1.88 0.67 0.35 0.46 0.43
oX 1.69 3.18 1.13 0.59 1.16 1.10
2. 7% 0.53 1.00 0.%6 0.18 0.41 0.39

* . . .
Irradiated in air.

ITl
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Fig., 21

Log S5 versus R for samples with
2.1, 5.3, 7.1, and 11.3% B.
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leads to

i = d(logs) Ry Mo = 0.203%

dr

=i

no

The average number of links per chain is (1 - i)/i. The
ratio of weight average to number average molecular weight
according to the molecular weight distribution, M.W.D., of
fig. 13 and also theory (101) is at least two, and therefore,
i is close to 0.5 and the number of links per chain is close
to one. If a correction is made for So then i will be
increased because d(log S)/dR is uneffected by RO,

Rgﬁwoz (Rg + RO) ﬁwoo’ and ﬁnoois less than ﬁno' These

results suggest that crosslinking is not the result of a chain

reaction mechanism.

Table VI gives the necessary data for obtaining
pO/qo by Baskett's method (148). S + VS should become constant
after a certain dose. Its value at this point is S + VS = po/qo.
Table VI shows that except for the lowest dose S + VS increases
with dose. Doses sufficiently high to give a constant value of
S + ¥S were not used and the value of po/qO could not be
calculated. The results in Table VI indicate that po/qo is

greater than 0.013%.
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TABLE VI

Solubility following irradiation, extraction and irradiation.

Sample R % S S +-/S
megarads

1 5.8 0.819 0.0170

2 25.2 0.280 0.0081

% 42.2 0.315 0.0087

4 122.0 0.568 0.0132

Initial solubility was 5 & 0.5%.
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Swelling

The volume fraction of polymer in the swollen gel

was calculated from the equation

Vg = wg / /CE ceeeses (57)
Wb//oo+wg//0p

where W and Wb are the weights of dry gel and benzene,
&

respectively, and /Cg and /K% are the corresponding densities.
The value of O is 0.8739 g./ml. (130) and that of /K% is
0.941 g./'icm3 (150). The dependence of vy on sol fraction is
depicted in Fig. 22. The detailed results are given in

Appendix II, Table XIII.

Rather than calculate the density of crosslinking, q,
for every sample, the values of g corresponding to seven points
from the main curve of Fig., 22 were calculated. These points
cover a wide range of degrees of crosslinking. The values of
R corresponding to these points were obtained from Fig. 18 using
the curve for samples containing 2.1, 5.3, 7.1, and 11.3 per

cent antioxidant, B.

By definition F is equal to the right side of equation

38. 1/3
F = - /OD Vi (va /

-

xX vs + 1n (1 - vg) + Vg

- Va /fn)
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Pig, 22

Degree of swelling as
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A value of 0.38 was used for )f, the interaction coefficient
between polymer and solvent. This value is tie average of
the values 0.3%6 and 0.40 obtained by French and Ewart (13%4)
and Bristow (151), respectively. Tae values of ¥ given in

Table VII were calculated assuming only crosslinking occurred,

f, = 4. If endlinking, f, = 3, is assumed the value of F
corresponding to a low dose is reduced by approximately 1% and
the value corresponding to a very hign dose is reduced by
approximately 4%. The values of ﬁcg uncorrected for chain

entanglements were calculated from equation 39

F = I\I seecv s e (39)
(1 - zﬁcg/ﬁnog)

and the values of ﬁcg corrected for chain entanglements were

calculated from equation 40 using the same correction factors
as were found by Blanchard and Wooton for natural rubber.

M = (1-4.14 x 10°° ﬁc

ce ) F (1 - 2i /M ) vee.. (40a)

g nog

The values of ﬁnog used in these equations were calculated from
equation 44.

%mg==%mo(1+ /3) ceveaeee. (44)

Equation 25 was employed in calculating Ehoo assuming § =
0

0 and ‘go = 0.8, Table VII gives the four series of ﬁcg values.,



TABLE VII

Swelling and crosslinking density data

R 1fve %S By w0t ot Ho 0™t Hjxi07t ax10% ax10™4
¢ . =0 0 =4.1x10"° g =0 O = 4.1x107°
megarads O-O §o0=0 5o =0 6o =0 5,= 0
4.6 52 48.0 15.2 46.2 6.5 7.4 4.0 2.0
6.4 36 38.0 14.5 23.7 5.6 6.7 5.5 4.0
10.7 22 24.0 13.4 9.85 4.0 5.6 10.0 6.0
22.5 12 10.0 11.8 2,06 2.0 2,2 25.5 14,5
4200 8 4.0 1007 1039 lol 106 5305 3500
50.0 7.2 3.0 10.5 1.12 0.92 1.3 65.0 45.0
62.0 6.5 2.0 10. 0.89 0.87 1.0 81.5 60.0
% s T -4 -4 5 -4 = -4 4 +4
? + R 1/va % S pnogxlo Fx10 Mo px10 Mchlo ax10 ax10
0.8 =0 ¢=4.1x10"7° d=0 0 = 4.1x107°
megarads 6, = 0.8 6, = 0.8 §=0.8 §o= 0.8 & =0.8
7.36 52.  48.0 12.16 46.2 537 5.86 4.80 4.10
9.16 36 28.0 11.61 23,7 4.67 5.40 6.38 4.90
13.46 22 24.0 10.71 9.85 3.58 4.01 10.2 8.60
25.26 12 10.0 9.50 3,06 1.86 2.91 26.9 14.80
44,76 8 4.0 8.6% 1.39 1.0% 1.48 56.2 36.80
52.76 7.2 3.0 8.4% 1.12 0.886 1.21 66.4 47.00
64.76 6.5 2.0 8.20 0.89 0.725 0.94 84.2 63.20

811
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The corresponding g values were obtained from equation 45.

a = - Mg Mnog’ ceee.. (45)
(L +S) M
cg

Pig. 2% shows the dependence of q on R for q calculsateda from
equation 45, for g calculated using solubility results, and for
g calculated from MWO = 20%,000 and R = 0.69 Mrads. The

g

values of g calculated using § = 0.8 were plotted against
o :

(R + Ro) where the value of RO is obtained from equation 33.

R
0 = § ceeee. (33)

DISCUSSION

Viscosity
A serious deviation from the theoretical curves of
tne results of tne present work is evident in both Figs. 15 and
16. The agreement with Katsuura's theory (92) is fairly
satisfactory for low doses if 50 is 0.3%6 or zero, but at higher
doses or for go = 0.8 tne agreement is poor withh both theories.

The experimental results wanetaer 55 is 0.8 or gzero deviete

markedly from the more reliable theory of Kilb (91).



Pig., 23

Crosslinking density calculated from swelling data
as a function of R.

solubility data

from swelling data

uncorrected for both § _  and
) )
chain entanglements.

Sg = 0.8, uncorrected for chain

entanglements.

$ = 0.8, corrected for chain
0

entanglements.
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The disagreement between theory and experiment might
be attributed to many possible sources of error, but the
results show that the cause cannot be related to the filtration
technique, microgel formation, oxidation, or incomplete
evacuation. An unfiltered sample had the same intrinsic viscosity
as a Tiltered sample, and microgel was never detected under any
conditions. An irradiated oxidized sample had the same intrinsic
viscosity as an irradiated unoxidized sample. The plot of
[VJR/[vg Versus R/Rg for a sample irradiated in air was the

same as that for a sample irradiated in a vacuum (Fig. 15).

The deviation of experiment from theory might result
if chain reaction crosslinking, endlinking, or cyclization
occurred, instead of crosslinking, on irradiation of the volymer.
The same structural nonlinearity mechanisms which occur on
irradiation probably avplyv to both polybutadiene and
poly (butadiene-co-styrene ) because GX for polystvrene (90) is
about 0.04, whereas for volybutadiene GX is about 3.6 (27).
Therefore almost all the structural nonlinearity in
poly(butadiene-co~-styrene ) must involve the butadiene units.
The change in intrinsic viscosity obtained by Vaughan et al. (152)
using monodisperse linear polybutadiene does follow Kilb's
theoretical curve. Therefore, the deviation from theory in
the experimental data is probably not due to the processes

mentioned above.
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A basic assumption of the theoretical work is that
crosslinking occurs at random. The results of others indicate
that crosslinking occurs at random in irradiated polystyrene (153)
and polybutadiene (27). The possibility that in a copolvmer of
styrene and butadiene radiation induced crosslinking is non-random
must be considered. Styrene units are distributed at random in
the chains of poly(butadiene-co-styrene) (154 ), and therefore
crosslinking probably occurs at random even though the stvrene
units are much more resistant to radiation than the butadiene
units. ©Styvrene protects the butadiene units, but this protective
effect probably does not contribute to non-random crosslinking.
Witt's results (27) show no change in the shape of the solubility
curves with increasing styrene content of GR-S. This is a
further indication that the vresence of stvrene is not causing

non-random nonlinearity.

The exverimental results can onlv be compared to the
two theories predicting the change in intrinsic viscosity with
dose if radiation induced crosslinking is imposed upon either
a polymer composed of linear molecules with a random M.W.D. or
upon a polymer composed ol a mixture of linear and nonlinear
molecules where the nonlinearity is caused by randomly
distributed tetrafunctional units, and the vprimary M.W.D. is
of the random tyve. According to the experimental results of
Morton (1%8) almost all the nonlinearity in polv(butadiene-co-

stvrene) is caused bv tetrafunctional units. Bardwell (101
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has shown that the primary MH.W.D. for this polymer is the
random type or slightly broader. According to the theory of
Kotliar and Podgar (75) even if the primary FH.W.D. is broader
than the random type the theoretical curves will be altered

in a manner wnich increases the disagreement between theory

and the exverimental results of Fig. 15. Flory (137) suggested
that a small amount of non-random crosslinking occurs in
butadiene polymers if the degree of conversion of monomer %o
polymer is sufficiently high. There is a possibility that the
degree of conversion of the polymer being studied was sufficiently
hign to cause non-random crosslinking whicn might be the cause

of the disagreement between tieory and experiment.

If po/qO is greater tnan zero, the deviation of
experiment from theory will be significantly reduced. Figs. 3
and 4 show tne extent to which the value of this ratio affects
the theoretical curves. The solubility data presented in ¥ig. 20
indaicate that po/qo is tending to zero and therefore that
nonlinear units formed by the irradiation process are not
subsequently degraded. There is still the possibility that
Po/qo is significantly greater than zero at low doses because
the value of tnis ratio whnen determined by solubility measurements
is valid only for hign doses. Possibly the nonlinear units in

tae polymer before irradiation undergo degradation duvuring tae
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early stages of ilrradiation. Trifunctional units present in
polyethylene before irradiation were found to degrade when the
polymer was irradiated (155); once these units were destroyed
degradation stopped. There is no evidence in the literature
for degradation of the tetrafunctional units of any vpolyvmer.
Although, according to Morton (13%38) these units rather than
trifunctional units produce most of the nonlinearity in
poly(butadiene-co-styrene ), the possibility that they cause

degradation cannot be dismissed.

The deviation of the experimental curves from the
theoretical curves might be explained by experimental errors.
If the true Rg values are greater than those used in Figs. 15
and 16, and if a is lower than the value used in equation 52
or 53, then there would be a closer agreement between theory
and experiment. Figs. % and 4 show the important influence of
the value of a on the theoretical plots. Neither of these
possible errors alone can account for the extent of the dis-~-
agreement between experiment and theory. To obtain a reasonable
agreement the true Rg would have to be twice the experimental
value, or a would have to be lower than 0.5. Cleverdon (136)
claims that the true a is lower than a as determined by the
method used in obtaining equation 52, but judging from his
analysis it is unlikely that a could be in error by more

than 0.2.
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It can be concluded that the deviation from the
theories, assuming that the theories are correct, is related
either to errors in both Rg and a, or to degradation at low
doses or to non-random croéslinking in the unirradiated polymer.
The theories might be incorrect in that they underestimate the
effect of nonlinearity on intrinsic viscositv when nonlinearity
is imposed uvpon a polydisverse sample. It has alreadv been
shown in this thesis that these same theories give a value of

80 which is lower than the more reliable value bases on the
Zimm and Kilb theory (7% ). This disagreement also indicates
that the theories of Kilb (81) and Katsuura (92 ) underestimate

the effect of nonlinearitv.

The results of Table V show that R is increased by
the vresence of B in the vnolvmer. This increase in Rg is
apvarently not caused by an increase in po because the dependence
of[ﬁJR/ [71% on R/Rg for a sample containing B is avproximately

the same as for vpure vpolvmer.

Bauation 56 shows the extent to which k' increases
with dose. The variation in k' is probably related to increasing
nonlinearity, but not exclusively since increasing polydispersity

would also result in a similar variation in k'.
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Solubility

Even though Baskett's method (148) for finding po/qo
indicates that this ratio is greater than zero, the solubility
data as vpresented in Fig. 20 show that po/qo is almost zero.
Therefore the exverimental curves in Fig. 19 can be compared to
the theoretical curve for po/qO = 0. The further conditions for
the validity of this comparison are that any nonlinearity in
the unirradiated volymer must have been the result of crosslinking
randomly imposed on a random primary M.W.0. and the radiation
has produced random crosslinking or endlinking. It has already
been shown that these conditions are fulfilled, except possibly
that of random crosslinking in the unirradiated polymer.

However, the extent of non-random crosslinking in the unirradiated
polymer is probably small (137); its effect is also probably

small because large doses of radiation were used.

An examination of the graph of sol fraction versus
R/Rg presented in Fig. 19 shows that the plots for the samples
conéaining 2.1, 5.3, 7.1, and 11.3% B coincide with that for
the pure polymer. This indicates that the presence of B does
not increase Dye Fig. 20 giving S ++/3 versus 1/R also shows
that for both pure vpolymer and a mixture of B and polymer
po/qO = 0. Therefore the increase in Rg shown in Table V must

be due to a reduction in qo caused by B. Furthermore, if the
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protective effect of B for these samples is not constant the
same plot of sol fraction versus R/Rg would not be obtained
for both pure polymer and that containing more than 2.1% B.
However, for the sample containing 0.52% B the sol fraction
tends to decrease more rapidly with R/Rg that for the other
samples. This must be because the protective effect of B in
this sample is decreasing with increasing dose and hence R
is decreasing and qO is increasing with dose. Because the
theories to be examined in this section are wvalid only for

a constant value of a, the results for the sample containing

0.52% B will not be examined here.

If the true values of Rg are greater than those used
in Fig. 19, the curve gives a value of 5 o which is too high.
A lower So would agree better with 80 = 0.78 obtained from
fractionation data. As previously mentioned, if the value of R
is increased the viscosity results will agree more closely withJ

theory. Therefore, it is likely that all the Rg values of

Table V are lower than the true values.

The solubility results when plotted as in Fig. 21 and
analyzed as already described,indicate that a chain reaction is
unlikely. If Rg is increased the possibility of a chain

reaction becomes even less likely.
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If cycligation occurs solubility data would give a
value for 55 which is too high. According to Saito (89),
tihe importance of cylization will increase with increasing dose.
Therefore, curves of the shape shown in Fig. 5 for po/qo greater
than zero would be obtained. The curve of Fig. 19 shows
little resemblance to these curves, consequently the possibility

of cyclization is very small.

Table V shows a marked difference between the values

of GX obtained using the slopes of Fig. 20 with Enoo and those

calculated from R and M . M
g wo wo

to 89,000 and ﬁwo/ﬁno equal to 2.84 as calculated from the

was obtained using Eno equal

molecular weight distribution curve of Fig. 1%. This value

for ﬁwo/ﬁho substituted into equation 22 gives 50 = 0,36,
If values of & of 0.8 and 0.9 are used in equation 22,ﬁ&o/ﬁno
values of 8 and 15.5, and ﬁwo values of 2,400,000 and 4,700,000,
respectively, are obtained. These molecular weight values are
approximately an order of magnitude greater than the value of
305,000 based on 50 = 0.36. Light scattering can be used
as an independent measure of ﬁwo but was not used in this work
because of the extreme sensitivity of this method to small
amounts of gel (83). The results of Table V show that when

G 1is calculated by equation %2 using these higher values of M

x wo
the agreement between the two methods of calculating Gx becomes
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very good. Charlesby (156) claims that the G values of the

slope calculation are more accurate since they are obtained

by a method relatively insensitive to the molecular weight
distribution. This analysis of the solubility data has provided
further evidence that 80 is about 0.8, not 0.%6, and therefore
the molecular weight distribution curve of Fig. 13 is narrower
than the true distribution curve. Moreover, the solubility
results support the viscosity theory of Zimm and Kilb (73)

which gave 80 = 0.78, rather than the viscosity theories of

Kilb (81), Schultz (90), Katsuura (92), Stockmayer and Fixman (72),
and that represented by equation 14 which gave values of §

shown in Table II which are considerably -less than 0.8. The
theory of Kotliar and Podgar (75) predicts an even greater increase
in intrinsic viscosity with increasing dose than does Kilb's
theory, therefore their theory also underestimates the effect

of nonlinearity when the solubility and viscosity results of the

present work are considered.

Swelling
Fig. 22 which is a plot of sol fraction versus 1/vs
shows one curve for pure polymer irradiated in air and another
curve for all the other samples. The significance of the former

curve will be discussed in another section.
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In obtaining the plot of g versus R presented in
Fig. 23 the main solubility curve of Fig. 19 was used. Therefore,
any errors in the solubility results will be added to swelling
errors. [for this reason, and because the correction for cnain
entanglements has been assumed to be tae same as for natural

rubber, these results are not as reliable as solubility results.

The plots of g, the density of crosslinking, versus
R in Fig. 23 are concave towards the g axis when q is based on
swelling data but linear when q is based on solupility data, as
would be expected if tne degree of nonlinearity is directly
proportional to dose. In calculating g from swelling data
it was assumed that X , the interaction coefficient for solvent
with polymer, remained constant. Substituting Mcg from equations
28 into 45 indicates that g is reduced by an increase in x
Therefore if X tended to increase with a decrease in the
degree of swelling, the plots of PFig. 2% would approach linearity.
There is evidence that X does indeed increase with decreasing
degree of swelling for poly(butadiene-co-styrene); French and
Ewart (134) found X = 0.36 for a completely soluble sample,
whereas Bristow (151) found X = 0.40 when va, the volume
fraction of polymer in the swollen gel, was 0.181. Charlesby
(157) has shown that to & good approximation q is directly
proportional to (0.5-X). Using this approximation it can be

calculated tnat X must increase from 0.36 at vo = 0 to
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approximately 0.43 at vy = 0.154 if the plot of q versus R,
where g is uncorrected for chain entanglements, is to be
linear and agree with aq values based on solubilityv data alone.
When ¢ is corrected for chain entanglement the corresponding
value of X is 0.40 at vy = 0.154. Applying Flory's (117)

equation 46

ﬂ’/=)(1 + %zvg -+ )(ng s ee s o (46)

using the maximum values for X, X a2, and Xz shows that the
greatest value X can have at vz = 0.154 is 0.41. The fact

that }('for the case of no correction for chain entanglement is
greater tinan thé theoretical maximum value,whereas when a correction
is made for chain entanglement the value of ){ is smaller than

this maximum,indicates the importance of cnain entanglement.

Turner (158) showed that if p./q, is & constant greater
than zero and no correction is made for chain entanglements,
degradation, or chances in X , a plot of q versus R will result
in a curve which is concave towards the R axis. The curve in
¥ig, 2% does not saow tinis characteristic. Therefore this curve
can be taken as furtner evidence of the absence of any
significant amount of degradation occurring in thne polymer on

irradiation.

After correcting for degradation Turner's (158) plot
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of g against R for natural rubber is slightly concave towards
the R axis. According to his results this type of concavity is
indicative of chain entanglements. The absence of such
concavity in Fig. 23 might mean that chain entanglements are
less important for poly(butadiene-co-styrene) than for natural
rubber. If this is true then the assumption that the correction
for chain entanglements is the same for both materials is

incorrect.

fig. 2% shows that q values calculated from swelling
data are much closer to g values calculated from solubility
data than to g values based on GX = 2.7%5., The value 2.7% for
GX is calculated from eguation %2 using ﬁwo = 302,000. This
value for ﬁwo is based on the assumption that 50 = 0.36.
Therefore swelling data provide further evidence that GX =

0.56, not 2.37, and go and ﬁwo are approximately 0.8 and

2,400,000, resvectively, not 0.6 and 302,000.

CONCLUSIONS

The following conclusions pertain to samples irradiated

in a vacuum. The swelling and particularly the solubility results

suggest that po/qo is approximately zero, that Gx = 1.6 for
pure polymer, and that So is between 0.8 and 0.9. This value
for gg indicates that the experimentally determined M.W.D. is

much narrower than the true M.W.D. and also that of the many
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theories examined which vpredict the effect of nonlinearitv on
viscosity for either a monodisperse or polvdisverse sample onlvy
the theory of Zimm and Kilb (73) givesan accurate value for go'
A1l the other viscositv theories underestimate the effect of
nonlinearity on intrinsic viscosityv. This tendency to
underestimate in three of the theories, Kilb (81}, Schultz (90)
and Katsuura (92). is also shown bv the manner in which the
experimentally determined devendence of intrinsic viscosity on
dose deviates from theoretical predictions. 2Zut, this deviation
might also be caused bv non-random crosslinking or endlinking

in the unirradiated polymer, by a value of p,/q, greater than

zero at low doses, or by very large errors in both R_ and a.

g:)‘

A1l the results indicate that the vresence of B in the
polymer lowers dy but does not increase Pye furthermore, for
samples containing more than 2.1% B the protective effect remains
constant over the dose range examined. Solubility results show
that the protective effect decreases with increasing dose for a

sample containing 0.52% B.

The swelling results indicate that the correction for
chain entanglements for poly(butadiene-co-styrene) is probably
not the same as for natural rubber. The disagreement between g
values from swelling results and those from solubility results are
probably related to either chain entanglements or to both chain

entanglements and changes in X .
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An analysis of the solubility data reveals that
neither cyclization nor crosslinking by a chain reaction is
the cause of nonlinearity in the irradiated polymer. Therefore,
radiation induced nonlinearity is probably caused by either

endlinking or crosslinking, or both these vrocesses.



RADIATION INDUCED CHEMICAIL CHANGES

EXPERIMENTAL

Destruction of Antioxidant

The destruction of the antioxidant, B, was studied
by extracting an irradiated sample with a solvent which dissolves
B, but not polymer, and determining the concentration of B in

the solvent by ultraviolet spectroscopy.

Exactly 1.8 grams of polymer containing 0.52% B were
cut into pieces of about 1 x 1 x 2 mm. <These pieces were
placed in a 150 ml. electrically heated flask equipped with a
condenser. The polymer was refluxed in 50 ml. of ethanol -
toluene azeotrope, E.T.A,, containing 7 parts of etnanol to 3
parts of toluene. After four hours of refluxing the solution
was cooled and the supernatant decanted into a 250 ml. volumetric
flask., This extraction was repeated four times. The volume
of the combined supernatants was made up to 250 ml. by wsshing
the extracted polymer with small portions of E.T.A. A 4 ml,
sample of this solution was transferred by pipette to a 100 ml.
flask, 21 ml. of pure B.T.A. added and the solution made up to
100 ml. with anhydrous ethanol. The absorbance of tiie solution
was determined using a Beckman lModel DK-1 spectrophotometer. The
peak at 308 millimicrons was attributed to B, This technique

is essentially the same as tne standard method for the determination

of the antioxidant content of GR-S (159).
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The sample containing 5.46% B was treated in the same
manner as the 0.52% sample, with appropriate modification for
the higher B content. Only 0.3 grams were extracted and thne
collective supernatants made up to 250 ml. A 10 ml., rather than
4 ml., aliquot was transferred to the 100 ml., flask. To make the
concentration of E.T.A. in the final solution the same as for the

0.52% B sample, 15 ml. of the azeotrope were added.

Several irradiated samples which initially contained
5.46% B were divided into two portions. One portion was
extracted as already described; the other portion was extracted
using cold E.T.A., In the cold extraction process the sample was
extracted in E.T.A. at room temperature for two days instead of

being refluxed for four hours.

The absorbancy index of B was determined from the

analysis of several solutions of known B content. These solutions

were made by dissolving a known weignt of B in E.T.A. and
increasing the volume with ethanol until 25% of the final

solution was E.T.A.

Infra-red and Ultraviolet Spectra

A solution technique couid not be used to obtain the [
infra-red spectrum of the insoluble irradiated polymer. A thin
film of unirradiated polymer was formed between two sodium

caloride plates by evaporating the benzene from a small amount of
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solution spread on the plates. The film, held between the
plates, was dried in a high vacuum and its spectrum measured on
a Perkin - Elmer Model 21 spectrophotometer. The sample was
placed in a glass tube which was evacuated to 0.1 micron for at
least a day and then sealed under vacuum. The sample was

irradiated and the infra-red spectrum was again measured.

The infra-red spectra used to determine the composition
of the unirradiated polymer were obtained by measuring the spectra
of the solutions of thne polymer in carbon disulphide of known

polymer concentration (160).

Evans' method (161) was emploved to obtain the
ultraviolet spectrum. A concentrated solution of polymer in benzene
was placed in a glass ring floating on mercury. On evaporation
of the benzene a thin circular film of polymer remained attached
to the sides of the ring. Because very tnin films were desired
rings of about one cm. diameter were used. When larger rings
were used the film would break during or shortly after removal
from tine mercury surface. The ultraviolet spectrum was examined

for polymer irradiated botn in air and in vacuum.

The high sensitivity of sodium chloride crystals to
moisture made it necessary to employ tne glass ring method to
prepare t:ie samvle wiien tne infra-red spectrum of polymer irradiated

in air was to be obtained.
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The ultraviolet spectrum of B was found from a dilute
solution of B in iso-octane. The vpotassium bromide pellet method

(162) was used to obtain the infra-red spectrum of B.

Gas Tvolution

Gas evolution associated witn irradiation was measured
in a calibrated manifold. The sealed tube containing the
irradiated sample was placed in a vertical tube attacaed to a
manifold containing a lkcleod gauge. Tne system was pumped to a
high vecuum, then the pumping system was isolated from the manifold.
The pressure in tne manifold was monitored for 15 minutes to assure
thie avsence of leaks. A small metal ball suspended at the top
of the vertical tube was then drovped on the tip of the glass
sample tube causing it to break. After waiting 10 minutes for the
gas released from the tube to distribute itself uniformly
taroughout tne system, the change in pressure was determined.
From the volume of tae entire system, and the volume and constants
of the McLeod gauge, the moles of gas released from the tube were

calculated.

The comnosition of the gas evolved during thne irradiation

of pure polymer and pure B was determined mass spectrometrically.

RESULTS

Destruction of Antioxidant

From an examination of the experimental results given
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in Fig. 25 it is evident that the temperature of extraction, room

temperature or reflux temperature, does not affect tae data.
The Beer-Lambert law may be expressed as

A= 1og(IO/I) = a,be

where A is the absorbancy; IO and I are the intensities of the
lignt transmitted througn solvent and solution, respectively;

¢ is tne concentration of the solute, in grams per ml., of solution;
a, is the absorbancy index, in ml./g.cm., and b is the length,

in cm., of the path the light travels in passing through the
solution. b was one cm. in all the experiments. a, was found

to be 10% x 10° ml./cm.g. Then

c=Ax 10’3
103

ceeeeees (58)

If Q is the weight fraction of soluble B in the sample,

Q = c _2_5_9)(&) ceeeena. (59)
W Vs

where W is the weight in grams of the sample extracted, V, is the

taen,

volume in ml. taken from the original 250 ml. of solution made up
in turn to Vs. The variation of Q with radiation dose is given

in Fig. 24 and 25.

The material balance for the effect of radiation on

a mixture of polymer and antioxidant is

B, + B, = By + By + Bpy + P + P ee.. (60)
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Fig. 24

Antioxidant content as a function of dose. 0.52% B
before irradiation.. Q is tne weight fraction of
soluble antioxidant.
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Fig, 25

Antioxidant content as a function of dose, 5.46% B
before irradiation.. @ is the weight fractiou of soluble
antioxidant.

QO reflux temperature extraction

® room temperature extraction
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Bo and Po are the weignts of antioxidant and polymer,
respectively, in the unirradiated sample. All the symbols of
the right hand side of this equation represent weights in the
irradiated sample. BR is the weight of antioxidant which is
soluble in E.T.A., BD is the weight of antioxidant attached

to the polymer, and BDG the weight of antioxidant decomposed to
gas or to fragments whichh do not absorb in the same ultraviolet
region as the pure antioxidant. PR and P are the weights of

DG
polymer extracted and decomposed to gas, respectively.

The number of molecules of antioxidant which are
destroyed or become attached to the polymer ver weight average

primary molecule is

D = (BD + BDG) N Moo eee.. (61)
217 Po N

where 217 is the molecular weight of the antioxidant and N is

Avogadro's number. The value of Q before irradiation is

o 0..‘..__.,_ e 6 0 0 (62)
B + P

whereas after irradiation

QR - By ceeees. (63)
BR + PR + BD

Substituting tae relation By + BDG = BO - By and equations 62 and
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6% into equation 61 leads to

D = M -

06 1 Qu(By + Pp + Bp) cee.. (64)

217 1 - 1

Qo
If it is assumed that P_ = P and B_ = 0 then
R o D
D= 1 1
Woo - cee.as (65)

217 | (0 - 1/Q)) (1 - 1/qg)

This can be simplified to

D= M50 Cg - Qo

217 (1 - Q) (2- )

ceeee.. (652)

Because of the assumptions, D calculated by this equation will

be greater than the true value.

It has already been concluded in another section of
this tnesis that &  is approximately 0.8. If 230 = 0.80 is
used in ecuations 25a and QQ,EWOO is found to be 143,800. Using
this value of ﬁwoo in equation 65a together with Q values from
Pig. 24 for the sample containing 0.52% B gives D = 1.32 for a
dose of 50 Mrad. Because of tihe assumptions made in deriving
equation 65a this value for D is probably greater than the true
value. Even if 5()= 0.4, rather than 0,80, is used,D is only
inereased to 1.48; therefore, the effect of an error in the value

of S'o on the calculated value of D is small.
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Changes in the Spectra

Fig. 26 gives the infra-red spectrum of pure polymer
before and after irradiating in a vacuum to a dose of 150 Mrads.

1 indicates

The decrease in the pesks at 912, 995, and 1642 cm.
the destruction of vinyl groups. A dose of 35 Mrads had no effect

on the spectrum of a polymer containing 2.7% B.

The change in the infra-red spectrum on irradiating
pure polymer in air to a dose of 10 Mrads is also given in Fig.
26. Pure polymer exposed to air for the same period as required
for a dose of 20 Mrads snowed only a small change in infrared spectrum.
A sample containing 2.7 % B showed a detectable change in the
spectrum on irradiation in air only after the dose exceeded 50

Mrads.

The spectra from the carbon disulphide solutions were
analyzed by Hampton's method (160). Styrene, vinyl, and 1,4-trans
units are represented by peaks at 700, 913, and 970 cm.-l,
respectively. The comvosition obtained in the present work was
31.5% styrene, 17.9% vinyl, 1%.1% 1,4-cis, and 68.7% 1,4-trans,
compared to values obtained by Polymer Corporation of 28.7%, 20%,

7% and 7%%, respectively.

Ultraviolet spectra of pure polymer before and after

irradiation are given in Fig, 27 for irradiation carried out in
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Pig, 26

andod o T ol
Radiation induced changes in the infra-red spectrum.
_— unirradiated

irradiated in wvacuum, 150 Mrads

—_—— irradiated in air, 10 Mrads
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Fig, 27
Radiation induced changes in the ultraviolet spectrum.
- unirradiated
...... irradiated in vacuum, 100 lMrads

—_—— irradiated in air, 12 lirads
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air and in vacuo. The unirradiated spectrum is the same as

that obtained by others (163).

Irradi=zting pure B in a vacuum to a dose of 25 megarads
had no effect on either the infrared or ultraviolet spectra.
The infrared spectrum was the same as that found by Angert (164),
and the ultraviolet spectrum was identical to that obtained by

Rehner (165).

Gas Bvolution

The moles of gas per gram of sample, Y, was calculated

from

Y = 1.99 x 1074 (h§ - hg) Ce Vg ceee. (66)

RID W
where 1.99 x 10~% is tne McLeod gauge constant; h,; and h,
are the initial and final mercury column heights, in cm.,
C, is the compression correction and is 1.135; Vg, the volume
of the system, is 480 ml.; T the temperature (room) in ©°K;

Rl the gas constant; and W the sample weight in grams.

The data obtained for the dependence of Y on the dose
are plotted in Fig. 28. From the slopes of the plots the
molecules of gas per 100 e.v. absorbed, Gg’ was calculated

using the eguation

G = /a4y N ) ceees (67)
€ |ar/ (6.24 x 1011




Fig, 28

Gas yield as a function of dose.
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In this equation N is Avogadro's number and 6.24 x 1011 is the
number of 100 e.v. equal to one gram-rad, The values of Gg
obtained by this method are given in Table VIII, Fig. 28
indicates that Gg for the sample containing 60% B decreases
with increasing dose; the initial value of Gg is 1.8, whereas

at a dose of 42 lrads G, is approximately 0.25.

o
The "mixture law" (166) states that, if the radiolysis
of a material X gives a product M with a yield Gm then, in a

mixture where the electron fraction of X is EA’ the yield of I

is GmXA‘ This law may be expressed for tne system studied here
as
G_ = PE + E
z ( b )Ggp (Bb )ng ..(68)
Php+BEb PEp + BE;

where Ep and Eb are the electron densities of polymer and
antioxidant, respectively; P and B the weights of polymer and
antioxidant, and G__ and G _ are tne values of G_ for pure
gp gb g

polymer and pure antioxidant, respectively. Because the value
of Ep is approximately equal to that of Eb’(Ep = 3.322 x 10-23
and Eb = 3,195 x 10'23 electrons per gram),equation 66 may be
simplified to

G = P
P+ 3B P+ B

The antioxidant does not contribute to the formation of

nonlinear units and so the "mixture law" as applied to GX
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TABLE VIIT

Dependence of Gg and GX on concentration of B.

% B Gg GX
from plot of gas from equation 34
yield versus dose and &§ = 0.8
and from equation 70 Y
molecules of gas per crosslinks per 100 e.v.
100 e.v. absorbed by sample absorbed by sample
0 0.52 1.59
005 0048 . 0094‘
2.1, 5.3 0. 0.56
7.1, 11.3 28 °
60.3% 1.8 if R =0 0.4%
0.25 if R = 40 lMrads
100.0 0.04 if R = 6 lirads 0.00
0.02 if R = 54 Mrads
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becomes

6, =( P ) ¢ ceeneo. (69)
P+ 3B -

where pr is the value of GX for the pure polymer.

Values of G_ and G_ from experiment and G_ and G
g X g X

from equations 68a and 69 are plotted against % B in Fig. 29.

Gg for the sample containing 60% B is not shown because it
was very dose-dependent. This graph shows that at low B content

Gg and GX are much less than predicted by equations 68a and 69.

In Table XIV of Appendix III the values are given

for G_ calculested from gas yield and dose according to the

g
Gg_:(}:)( N ) ceee. (70)
" \r/\6.24 x 2012

equation
Gg at low doses had to be calculated by this equation rather

than from a plot of Y versus R because of the pronounced scatter

of the points at these doses in a plot of Y versus R. Table XIV
in Appendix III shows that Gg for samples irradiated to low doses
is generally greater tnan Qg corresponding to high doses. This
Table also gives Gg calculated by ecuation 70 for pure B irradiated
to three doses. Gg for pure B decreased slightly with increasing

dose, Gg = 0.039 at 6.31 lirads and 0,021 at 54.2 lirads, but not

to the extent that Gg decreased for the sample containing 60% B.
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Pig, 29

e and Gx as a function of B concentration.

)

— — — theoretical

experimental

O Gg, molecules of gas per 100 e.v.
absorbed

o G, crosslinks per 100 e.v. absorbed
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The composition of the gas formed on irradiation of
pure polymer to a dose of 31 lirads was found by masspectrometry
to be 87.1% nydrogen, 4.7% ethylene and 8.2% high mass number
constituents. The composition of the gas produced when pure B
was irradiated to a dose of 54 lirads was found by the same
technique to be 46.9% hydrogen and 53%.1% CH,, CaH,, CyHe and

higher mass number constituents.

DISCUSSION

Destruction of Antioxidant

From a critical consideration of the technique
used to determine tihe role of antioxidant destruction during the
irradiation process it seems probable that most of tihe possible
sources of error will lead to values of D. which are high. D
is the number of molecules of B which have become attached to
polymer molecules or have been decomposed per weight average

primary molecule of polymer.

In protecting the polymer from oxygen the antioxidant
probably becomes attached to the polymer by a reaction of the
type (164)

RO; + HN(Ar); —>ROzH + *N(Ar),

ROs + °N(Ar); —— RO,N(Ar),

If oxidation occurs during extraction, a hot solvent should

increase the amount of oxidation. Experimentally, the results
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using hot solvent were the same as for cold solvent. This fact

would tend to indicate tnat very little oxidation occurred.

A high value of D will be obtained if some of the
polymer dissolves in the azeotrope. Bane and Eby (167) showed
that the error introduced by this solubility factor is

insignificant.

After irradiation,polystyrene contains many trapped
radicals which react with oxygen (31) to form RO, radicals. If
RO; radicals formed in poly(butadiene-co-styrene) they would
react with B. Only a very small amount of post-irradiation

oxidation has been observed in GR-S, however (31).

If the sample before irradiation is highly oxidized,
D might be high particularly at low doses. Since precautions
were taken to avoid oxidation this source of error is probably
not significant. Traces of oxygen present as a result of
incomplete evacuation might also lead to high values for D

particularly at low doses.

Besides these possible experimental errors, D as
calculated by equation 65a will be higher than the true value

because of the assumptions made in deriving this equation.

The last source of experimental error mentioned above,
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incomplete evacuation, might account for the ravia decrease in

W, the weight fraction of soluble B in the polymer, with increase
in dose as shown in fig. 25 for the sample containing 5.46% B.
Above a dose of 10 Mrads the slope of the @ versus R nlot for
this sample avpproximates that for the 0.52% B sample. This might
mean that all the oxygen initially vresent as a result of
incomplete evacuation has reacted with the polyvmer after a dose
of 10 Mrads. There is also the possibility that above a certain
concentration of B the rate at which B is decomposed or becomes
attached to the polymer is very high, but no results have been

reported by others to support this possibility.

The results for the 0.52% B sample alone will be
discussed in detail. These results are more reliable than
those for the 5.46% B samples because the samples were five times
as large, and the B percentage was a tenth as great, hence the
small changes in B content would be more easily detected. rfig. 18
which is a plot of sol fraction, 3, versus dose gives S = 0.01 at
R = 50 Mrads for the samvle containing 0.52%B. The plot of sol
fraction versus R/R; shown in Fig. 19 indicates that R/Rg = 70
at sol fraction, S = 0.01 for this sample. But the effective
value of Rg corresponding to R = 50 Mrads is not the value
experimentally determined at low doees, since the protective

action of the antioxidant decreases with increase in dose and

therefore the instantaneous or effective Rg also decreases.
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If the value of R/Rg for this sample is to agree with the

value of ‘R/Rg for pure polymer or polvmer containing sufficient
B to assure constant protection, Rg must be 0.454 for a sol
fraction of 0.01. This is not the value of 0.54 found for Rg
by the filtration technique as given in Table V. The total

number of crosslink units per weight average primary molecule

after a dose R will be

S R+ R, cevesees(TL)
Rg + RO
If So = 0.78 then RO from equation %5 with Rg = 0.454 will be

1.816 for the 0.52% B sample.

c_ By e (35)

1l

Therefore & 22.9 at a dose of 50 Mrads. For the pure polymer

i

R, = 0.2, Ry = 0.8 and therefore § =50.8 at a dose of 50 Mrads.
This indicates that after a dose of 50 Mrads, B has prevented the
formation of 27.9 crosslink units per weight average primary

molecule of polymer compared to 98.% for § = 0.36. It has

0
previously been shown that after a dose of 50 Mrads 1.3%2 molecules
of B have become attached to the polymer or decomposed per weight
average primary molecule. Therefore if § o = 0.78, the ratio of

crosslink units prevented to molecules of B decomposed or attached

to the polymerywill be
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The true value of the ratio is probably less than 21.3 because
the figure 1.32 in the denominator is probably an overestimation.
When the less reliable value S(a = 0.%6 is used the ratio

hecomes 66.4.

In the sample containing 0.52% B there are 5.5 molecules
of B per weight average primary molecule of polymer. Thus a
further indication that B is an efficient protector is that after
a dose of 50 Mrads these 5.5 molecules of B have prevented the

formation of 21.% crosslink units.

several possibilities must first be considered before
it can definitely be concluded that B is as efficient a protector
as the preceding calculations indicate. If the crosslinking
mechanism is
R w—> Ry + H
RgH wW—> Rp* + H-

Rl' +R2o —)Rle

or
RiH WA 5 Ry + He

Ri* + RgH — *RiRH
then B might prevent crosslink formation by the reaction
R+ + HN(Ar); —— RH+ <N(Ar):
If two antioxidant radicals joined to give (Ar )2NN(4Ar)s it would

appear from the ultraviolet spectrophotometric results that none

of the antioxidant had been destroyed because (Ar ) NN(Ar ), would
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have the same effective ultraviolet absorbance as two molecules
of B, If B does protect the polymer in this manner it would
not affect the yield of hydrogen; however, Fig. 29 shows a
decrease in Gg on tihe addition of B, This form of protection
mignt account for part of the decrease in G, because the

X

percentage decrease in G, is not as great as for G . According

)
to this protective mechanism one molecule of B can only prevent
one crosslink unit, but the experimental results show that only

5.5 molecules of B prevent 21.% crosslink units.

B might prevent crosslinks by reactions such as

+ $(AT)3
R-C-R + HN(Ar);, ——R -C-R + HT
or . 3(Ar)3
R-C-R + HN(Ar), — >R -C -R + He
1 ]
H H

During the extraction process (Ar),Nil(Ar), might be formed by the

reaction N(AT ),
I L] -
2R -C-R ——>R-Q-R+R-g-1{+(Ar)gNN(Ar)g
H H H

Tnese protective mechanisms cannot be valid because they result
in an increase in gas yield. BEven if (Ar),NN(Ar), is formed,

it is likely that the two R - é - R radicals would combine to form
H

a crosslink. Neéither of these mechanisms can account for the



159

orevention of 21.3 crosslinks units by 5.5 molecules of B. It
can be concluded that B is definitely a very efficient protector.
This high efficiency can be explained by some form of excitation

energy transfer, charge transfer, or even by quenching.

Changes in the Spectra

The composition of the poly(butadiene-co-styrene)
obtained by Polymer Corporation wns 28.7% styrene, 20% vinyl, 7%
1,4-cis, and 73% 1l,4-trans, but tne values obtained in the present
work were 31.5%, 17.9%, 1%.1% and 68.7%. The discrepancy between
the two sets of results might be accounted for by a comparison
of the extinction coefficients of the infra-red technigue in the
present work and at the Polymer Corporation, or by the possibility
of the Polymer Corporation employing a refractive index method
for the estimation of the polymer styrene content. The infra-red
techniaque is known to give a higher value for the styrene content
than the refractive index method (168). The present results
suggest a slightly higher temperature of polymerization than
the results of Polymer Corvoration indicate, because as the
temperature of polvmerization increases so also does the ratio

of cis to trans 1,4 units (119).

The peripheral thickness of the films used in the

ultraviolet technique decreased progressively with time of
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irradiation, This physical change in film characteristic
probably exaggerates the apparent changes in film composi-
tion observed as a function of irradiation dose. The central
part of the film only was examined by the spectrophotometer,
Therefore, if some of the polymer in the peripheral area of
the fillm moved to the area being examined the effect would

be to increase the'absorption.

Evans et al, (161) in a study of the effect of
radiation on natural rubber in vacuo found a small increase
in the diene and triene content as measured by the ultra-
violet peaks at 245 and 290 millimicrons, respectively,
Fig. 27 shows absorption in the regions of these peaks for
the polymer irradiated in vacuo. Diene and triene formation
could result from a hydrogen radical of one carbon atom
abstracting hydrogen from an adjacent carbon. This would tend
to give Gg/Gx a value greater than unity, however in the present

study
G - 0.92 _
= L 0.33

The low value of this ratio would tend to favour diene forma-

tion according to the crosslinking reaction
1 {

1 i
H-?—OH=CH2+H~C-CH=CH3WFeHH~?-CH=CH—CH=CH-§-H+Hg
!
The data of Fig, 26 indicate that no cis-trans iso-
merization has occurred as a result of irradiation in wvacuo.

This is to be expected since the cis to trans ratio of the
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unirradiated polymer is very close to the equilibrium value

found by Golub (25) for polybutadiene.

Kuzminsky et al. (169) found that the unsaturetion
in GR-S had been reduced by 8% after a dose of 150 megarads.
Turner (158) claims that the chemical method used by Kuzminsky
et al., to measure the degree of unsaturation, overestimates
the destruction of unsaturation. The present work tends to

support Turner's criticism,

Charlesby (20) has reported the equilibrium ratio
for straight chain olefins to be one double bond to twenty
single bonds. If vinyl and styrene groups are ignored,the
ratio in the unirradiated polymer studied in the present work
is one to fifteen, Therefore, an increase in unsaturation
might be expected; but styrene and vinyl groups might greatly

affect the equilibrium ratio.

The results of Fig. 26 for pure polymer irradiated
in vacuo show that the transmission peak at 911 em.~L1 which
represents the vinyl group, decreases from L44.0% at R = 0 to
27.5% at R = 150 Mrads, Therefore the absorbance decreases from
0.561 to 0.357. 1If the vinyl content of the polybutadiene
portion of the unirradiated polymer is 20.0%, the vinyl content
of the whole polymer is 15.5%., After a dose of 150 Mrads
the number of vinyl groups destroyed per weight average primary

molecule is
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M 0. = -4 M
w?z [} - 67%%%} 0.155 = 8.22 x 10~% Mwoo

assuming the validity of Beer's Law. This indicates that
36.3% of the vinyl groups present before irradiation have

been destroyed.

If 55 = 0,78, Mwoo = 143,800 and Rg = 0,20 Mrads
for the pure polymer, the number of crosslinks formed per
weight average primary molecule after a dose of 150 Mrads
is caleculated from equations 71 and 35 to be 5.82 x 10-4 Myoo.
For every vinyl group destroyed 0.706 crosslinks or 1.4l
crosslink units are formed. The implication of this result
will be discussed after considering the ges yield and gas

composition corresponding to & dose of 150 Mrads,

Because the vinyl group has 2 :lower ionization and
excitation potential than vinylene or paraffinic structures,
charge transfer or excitation transfer to the vinyl group
would be expected (170). This group would then protect the
rest of the polymer, but might be destroyed in so doing. The
experimental results for samples containing B suggest that B
protects the vinyl groups since no decrease in vinyl content
was noted after a dose of 35 Mrads. Apparently, even if the
charge or excitation energy does go breferentially to the
vinyl groups, these groups must be able to transfer the charge
or excitation energy to B before bond cleavage occurs. However,

the possibility exists that the vinyl content decreased but
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the decresse could not be detected after a dose of 35 Mrads.

Because the effect of air is dependent on sample
thickness, air pressure and radiation intensity (171), the
results of the present work must be considered semi-quantita-
tive, particularly for thick samples, The solubility,
viscosity and swelling results underestimate the effects of
air, The results of the infre-red and ultraviolet analyses
account accurately for the effects of air because thin poly-

mer films were irradiated.

On irradiation in vacuo a pure or protected polymer
remained colourless. On irradiation in air a pure polymer
became yellow and a protected polymer became reddish-brown.

The yellow colour is probably related to carbonyl groups in
conjugation with double bonds (172). When large specimens

of either pure or protected polymer were cut it was found that
the colour change occurred only near the surface of the sample.
The inner portions of the sample must represent polymer which
had been irradiated essentially as if the polymer were in a

vacuun,

Fig. 18 shows the decrease in solubility with dose
for a pure polymer and one containing 2.7% B. The Rg values
are given in Table V. The plot of S + /S versus 1/R of Fig.

20 shows po/qo greater than zero for both cases, 0,10 for

pure polymer and 0.25 for polymer containing 2.7% B sample.
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Viscosity results are shown in Fig, 15 for the 2.7% B sample.
They indicate no degradation, but solubility results are a

more reliable index of degradation.

The ratio of the gelation dose in the absence of
degradation, Rge> to that in the presence of degradation,

Rga, is given by the relation (90).

doa -~ Poa/2 ... (72)
Qo

Fg’.:d

o
0’
o

In the present work Rge and Rgg correspond to the gelation dose
in the absence and in the presence of air, respectively. The
subscript a denotes irradiation in the presence of air. If
doa = Qo then the ratio Rgc/Rga should be 0.9 for the 2.7% B
sample and 0,95 for the pure polymer, using qoa/Pos Vvalues
obtained from Fig. 20, However, the experimentsl ratio of

Rge/Rga 1s 0.41 for the protected polymer and 0.37 for the pure

polymer, Therefore, on irradiating the polymer in air, cross-
linking is retarded and degradation is initiated. Baumanvand
Born (173) came to the same conclusion when natural rubber was
gtudied. If thinner samples had been employed in the present
work air would have affected the sample to a greater extent and

Rg and poa/qoa would have been greater.

From swelling results Dogeadkin (174) concluded that
the rate of crosslinking in the presence of oxygen is about
three times as great as in vacuo,. An examination of the plot

of Fig. 22 shows this conclusion to be of very doubtful validity.



For a given solubility the degree of swelling of a pure
polymer irradiated in air is much less than for a sample
containing B irradiated either in vacuum or in air. Apparent-
ly the pure polymer is oxidized to such an extent that it no
longer swells as does the unoxidized pure polymer., Oxidation
probably changes both the value of ;( and the polymer density.
Solubility and viscosity measurements on polymer irradiated
in air at low doses before much oxidation has occurred will

be less subject to error, but even these measurements will

be influenced by the high rate of oxidation.

The results of ultraviolet analyses shown in Fig.
27 are not considered a reliable index of the effect of air
because of the possibility of film shrinkage as mentioned
earlier, Apart from film shrinkage, the large increase in
absorption is probably caused by a variety of oxidation pro-

ducts.

The results of infra-red analyses shown in Fig. 26
indicate that oxidation is greatly accelerated by the irradia-
tion of pure polymer, but if the polymer contains B, oxidation
proceeds at about the same rate as for unirradiated pure
polymer. The infra-red spectrum changed in the same way
whether oxidation occurred in the absence or in the presence
of radiation. According to Field et al. (175) and Miller et
al. (172) acids, aldehydes, ketones, anhydrides and esters

absorb in the region 1710 to 1760 cm.~L; hydroperoxides from
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3555 to 3620 cm.”t and from 830 to 1000 cm.-l; peroxides,
alcohols, and ethers absorb from 830 to 900 cm.’l, and
epoxides at about 1250 cm.-L, Fig. 26 shows absorption
in all these regions. Many of the radiation induced re-
actions which might produce these compounds are suggested

by Dole (29).

Even in the absence of radiation oxidation and pro-
tection of butadiene polymers involve several complicated
mechanisms (164, 175). In the presence of radiation the
mechanisms must become very complicated indeed. A few of

the large number of possible mechanisms are

RH M—> R+ + He
R+ + 0p —> ROp*

ROgz* + RH —> ROCH + R

The last reaction is the propagetion step of a chain reaction.

Crosslinking and degradation can be produced by oxidation as

follows:
ROz+ + ROg-e —> ROOR + Og¢
0 0
12 V4
R-C~R —> R -C + RO-.
| |
H H

Because oxygen is a good electron acceptor its
presence will prolong the life of polymeric ions (28). It

has been suggested by Alexander and Toms (30) that an oxygen
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ion can attack a polymer molecule and cause oxidation,

Oxygen is probably a good quenching agent as well (28).

According to Bauman and Born (173), B protects
the polymer from radiation induced oxidation not only by

energy or charge transfer, but also by the reaction
ROge + HN(Ar)z —> ROH + N(Ar)e
There are several other possible reactions

RO + E:N(AI') 2 EEm— ROE + 'N(A.I') 2
ROg. + ‘N(AI‘) g —> ROg N(A.I‘) 2
RO.+ + N(Ar)g —> RO N(Ar),

In contrast to the present results, Field et al,
(175) found that B sensitized ultraviolet radiation induced
oxidation of poly(butadiene-co-styrene). Twice the amount

of oxidation occurred when the polymer contained B,

Gas Evolution

The experimental fact that Gg, the number of molecules
of gas evolved per 100 e.v. absorbed by the sample, was slightly
greater at very low doses than at higher doses can be explained
in a variety of ways. If the unirradiated polymer were oxidized
the oxygen might have been evolved on irradiation. Experiment-
ally, however, no change was observed in Gg even after increasing
the degree of oxidation by a factor of four, Lawton et al.

(L76) have found that the gas first evolved when polyethylene is
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irradiated has a higher percentage of condensable components
than the gas evolved at higher doses. This change in com-
position is probably caused by secondary reactions, When
poly(butadiene~co-gstyrene) is irradiated secondary reactions
might occur which reduce the gas yield. The nonlinear units
created during polymerization might also be sensitive to
radiation. Degradation might occur at these units resulting
in gas production. Incomplete evacuation would cause Gg

to be high at low doses. Oxygen adhering to the sides of

the sample container might be released by the radiation.

Small amounts of benzene, not completely removed by the drying
process, might also be released during irradiation of the poly-
mer, Measurements on the unirradiated sample suggest the
absence of gas, but some benzene might adhere to the polymer

and be vaporized by the radiation.

Except for the pure B sample and the sample contain-
ing 60% B, gas yields were directly proportional to dose for
doses in excess of 0.5 Mrad., This supports the assumption
that the degree of crosslinking is directly proportional to
dose. The Gg values given in Table XIV of Appendix IITI for
pure B indicate that Gg decreases from 0.039 at 6.31 Mrads
to 0.021 at 54.20 Mrads. This dependence of Gg on dose sug-
gests the presence of secondary reactions which reduce the gas
yield. If some of the initially formed products are unsaturated
these products might scavenge hydrogen and thereby reduce Gg.
Dyne and Stone (177) have found a pronounced decrease in Gg for

for low molecular weight organic molecules,
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The results of Fig. 28 which gives the plot of Y
versus R show that the dependence of Gg on dose for the sample
containing 60% B is much greater than for pure B. The 60% B
sample has Gg = 1.8 when R is extrapolated to zero and Gg
decreases to approximately 0.25 at R = 4O Mrads. Secondary re-
actions probably cause this decrease. The scatter in the plot
of Y versus R for the 60% B sample is much greater than for the
other samples. This can be explained if the solubility limit
of B in the polymer has been exceeded and B 1s not uniformly

dispersed throughout the sample.

In the present study the value of 0.52 found for Gg
with pure polymer is considerably greater than that obtained by
Petrov et al. (178). These workers found Gg to vary from 0.26
to 0.29. Errors in dosimetry, gas measurement, or in the esti-
mation of impurities, in either of the investigations could
cause this discrepancy in the evaluation of Gg. 1‘he low value
of Gg = 0.02 found for pure antioxidant B, supports the findings

of other workers (27) that aromatic groups are good internal

protectors.

The composition of the gas evolved during irradiation
of pure polymer was determined at only one dose, 20 Mrads, If
the gas composition is dose dependent 1t is likely that Gg would
show a similar dose dependernce, axcept for the polymer sample
containing 60% B, Gg was found to be independent of dose. How-
ever, the composition of the gas evolved from pure B 1s probably

dependent on dose because Gg is dose dependent. The gas evolved
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from pure B after a dose of 31 Mrads was only 46.9% hydrogen.
At lower doses the percentage of hydrogen is probably greater
because unsaturated compounds, which would scavenge hydrogen,
would be " ebsent. Most of the hydrogen from B probably comes
from N-H bond cleavage. Other workers (179) have found this
bond to be more sensitive to radiation than any other bond

in amines.

The presence of ethylene in the gas evolved from
pure polymer might indicate the removal of vinyl groups by
a reaction of the type

| |
-C ~-CH =CHg “W—— -C+« + .CH = CHg
l |
where the radical CH = CHg ultimately abstracts a hydrogen
atom from a polymer molecule or combines with He produced by

radiation induced C - H bond cleavage. Another possible

reaction involving ethylene production is

.O.

H - ¢ - CH = CHg M—> ~ C - + CHp = CHg

If the composition of the gas from the pure polymer
is independent of dose, the number of molecules of ethylene
evolved per weight average primary molecule of polymer after

a dose of 150 Mrads will be

6.24 x 1017 Hyye 150 Ggp 007
6.02 x 1023
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which reduces to 3.64 x 108 Myoo 1f the experimental value
of Ggp = 0.52 is employed. It has already been shown that
after a dose of 150 Mrads, 8.22 x 10™% Myoo vinyl groups
have been destroyed per weight average primary molecule and
5.82 x 104 M, , crosslinks (or 11.64k x 1074 Myoo crosslink
units) have been formed per weight average primary molecule,
Therefore for every crosslink unit formed 0.706 vinyl groups
have been destroyed and 0.0031 molecules of ethylene have
been evolved, These results imply that vinyl destruction

is rarely accompanied by the production of ethylene.

Some of the 8.1% of the gas which is neither ethylene
nor hydrogen might be the products of vinyl group destruction.
But even if all the uncharacterized gas arises from the destruc-
tion of vinyl groups there is still a large discrepancy between
the number of vinyl groups destroyed and the amount of this gas
produced assuming vinyl group destruction. One might account
for this descrepancy by postulating the occurrence of reactions
which lead to the destruction of vinyl groups but do not lead
to the formation of endlink or crosslink units. Hydrogen
scavenging is a reaction of this type.

1 | .

- ? - CH = CHg + He — = ? - CH - CHs
The experimentally determined value of the number of crosslinks
per molecule of hydrogen is

Gx

ey - %
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The above reaction would account for this high value if cross-
linking occurred by a mechanism such as
I [
H-C-H Mm—mH-C+ + He

H - ? -H M—4—5H - ?- + He
I | | i
H - ?. + ~? - ——>H - q - ? - H
Another possibility which would account for the dis-

crepancy between the amount of vinyl group destruction, the
theoretical amounﬁ of gas produced by this extent of vinyl group
destruction and the actual gas produced, is the occurrence of
reactions which would lead to the formation of endlinks or
crosslinks and the destruction of vinyl groups. One possible

reaction is

followed by
I | | I

~C-~-CH-CHg+H-C~-H —-C - CHg - CHg ~ ?H
I L ] * | l
where an endlink is formed and no gas is evolved., A second
possible reaction is

| I | |
-0 ~CH=CHg + ~C ~-~CH=CHg »-C -CH =CH - CHg - CHg - C ~
| | | [
where a crosslink is formed and no gas is evolved. A reaction
scheme in which these two reactions dominate would account for

the large number of crosslinks or endlinks formed per molecule of

hydrogen evolved,
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The results presented in Fig. 29 show that Gy and Gg
decrease to & much greater extent over the concentration range
O - 2% B than is predicted by the "mixture law" (166). But
from 2 - 11% B both Gy and Gg are constant, The negative de-
viation from the ™mixture law" over the range 0 - 2% B suggests
that the antioxidant, B, is protecting the polymer over this
range. The study of the antioxidant destruction shows that
this protection must involve some type of excitation energy
transfer, charge transfer, or quenching. It is possible that
a small emount of radical scavenging occurs in addition to

these processes,

If gas evolution and crosslink formation 1s caused

by one mechanism, such as

RH WA Re + He
RH VWA > Re + He

R + R, —> RR

which is inhibited by B, G; and Gy would be less than predicted
by the "mixture law". Furthermore, if such a mechanism occurs
the percentage decrease in Gg and Gx would be the same. However
at a 2% B concentration the value of Gy has decreased by ap-
proximately twice that of Gg. If only one mechanism occurs both
Gg and Gx should increase with increasing dose for a sample con-
taining both polymer and B, because the concentration of B is

reduced as the dose increases. In the range O - 11% B, Gg and




174

Gy were independent of dose except for the 0.52% B sample
which showed a dose dependence in Gx. Furthermore, when
B varied from 2 to 11%, Gg and Gx were constant and independent
of B concentration. It is unlikely that these findings could

be explained by the occurrence of one reaction mechanism,

If two reaction mechanisms are responsible for gas
evolution and crosslink formation and one mechanism is retarded
by B and the other is unaffected, the plots of Gg and Gx versus
% B would be similar to those given in Fig. 29. However, both
Gg and Gx would decrease over the range 2 - 11% B even if one
of the reactions is cbmpletely suppressed by a 2% concentration
in B, Gg and Gx would decrease over this range in a manner
predicted by the "mixture law". From 2 - 11% B the value of
Gg would decrease by 0.03 units and that of Gx by 0.05 units.
It is evident from Fig. 29 that neither Gg nor Gx show such a

decrease,

An explanstion for the shape of the Gg and Gx versus
% B curves might be given on the basis of particle dispersion.
If the solubility limit of B in the polymer is attained at a
concentration of 2% B, small aggregates of B would be distri-
buted throughout the polymer above this concentration. Above
2% B the protective action would remain constant because the
molecules of B in the aggregates would be isolated from the
polymer and unable to protect it. in contradiction to this
explenation, the results of Angert and Kuz'minskii (180) indi-

cate that the solubility limit is in excess of 10% B. The
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solubility explanation also fails to account for the constant
values of Gg and Gy over the range 2 - 11% B. Both Gg and Gx
would decrease over this range to an extent predicted by the

"mixture law".

A reaction scheme which does account for the decrease
in Gg and Gx over the range 0 - 2% B and also for the constant
values of Gg and Gx over the range 2 - 11% B involves two dis-
tinct mechanisms. In one of these mechanisms the dependence of
Gg and Gx on B concentration exhibits a positive deviation from
the "mixture law™ and in the other the deviation from the "mix-
ture law" is markedly negative. Fig. 30 shows one possible
manner in which two such mechanisms could be affected by B to
give a plot similar to that of Fig. 29 for the range O - 11% B.
Fig. 30 shows that the mechanism which exhibits a negative
deviation from the "mixture law" is completely suppressed by
a concentration of 2% B. Since the other mechanism involves
a positive deviation from the "mixture law", the change in Gg
and Gy between 2 and 11% B will be within the experimental error
for these quantities (X0.5% for Gg and t2% for Gx). A concentra-
tion of 2% B reduces Gy by 65.6% and Gg by only 28,1%. Therefore
the ratio of gas yield to crosslink or endlink yield is smaller
for the mechanism which exhibits a negative deviation from the
"mixture law" than for the other mechanism. Consequently, for
the mechanism exhibiting negative deviation more vinyl groups
might be destroyed during irradiation. The destruction of the
vinyl groups might be by crosslink or endlink formation or by

hydrogen scavenging.
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The two mechanisms could involve ions exclusively
or excited molecules exclusively. However, because radiation
probably produces both ions and excited molecules it is likely
that one mechanism involves ions while the other involves
excited molecules. B is a secondary amine and & good electron
donor. Therefore B would prevent the ionic mechanism by
replacing electrons lost by polymer molecules, This implies
that the reaction which exhibits a negative deviation from
the ™mixture law" is ionic. ‘'he large number of vinyl groups
destroyed per crosslink or endlink for this mechanism also
implies that it is ionic because carbonium ions are highly
electrophilic and will react very rapidly with olefins (22).
The mechanism involving excited molecules would exhibit a
positive deviation from the "mixture law" if B transfers ex-

citation energy to the polymer,

This reaction scheme alone does not explain why at
low doses Gg for the sample containing 60% B is much greater
than Gg for the pure polymer and why Gg for this sample is
very dose dependent. One possible explanation for this ob-
servation is that a third gas producing mechanism occurs. The
gas from this third source probably comes from B, because dose
dependency 1s a characteristic frequently found for low mole-
cular weight organic compounds but not for polymers. If the gas
did come from the polymer, Gx for the 60% B sample would probably
be greater than for the pure polymer; but the experimental re-

sults show that it is less, The third gas producing process
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must be sensitized by the polymer because the gas yield from
this source is greater at 60% B than at either 0% or 100% B.

If sensitization occurs Gg will increase in the range 2 - 11%
B. The constant value of both Gg and Gx is this range implies
that the gas from this third source must be negligible below
11% B, One explanation for the constant values of Gg and Gx
is that the process only occurs if B is in the form of aggre-
gates so that the molecules of B are very close to one another,
At a concentration of 60% B the solubility limit has been ex-
ceeded and aggregates of B are present, but below a concentra-

tion of 11%, B is soluble and the molecules of B are isolated.

Conclusions

During irradiation of the polymer the presence of air
was found to have a serious effect. Infra-red and ultraviolet
analyses revealed that the pure polymer was severely oxidized
when irradiated in air, but that polymer containing 2.7% B
was only slightly oxidized. The changes in the infra-red
gspectrum produced by irradiating the polymer in air were similar
to those produced when the polymer was oxidized in the absence
of radiation. Solubility results for samples irradiated in
air indicated that g, was less than in the absence of air and
that py/qo was 0.10 for the pure polymer and 0.25 for the poly-
mer containing 2,.7% B. Swelling results were found to over-
estimate seriously the degree of nonlinearity when the pure
polymer was irradiated in air, but were reliable for a sample

containing 2.7% B.
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From gas yield and gas composition determinations
for the pure polymer irradiated in vacuo,it was calculated
that after a dose of 150 Mrads 3.64 x lO'6 ﬁwoo molecules of
ethylene are evolved. Infra-red analyses showed that for
the same dose 8.22 x 10~% mwoo vinyl groups are destroyed
per weight average primeary molecule, If these values are
compared to the corresponding value of the number of cross-
links formed, it can be calculated that for every crosslink
unit formed 0.706 vinyl groups have been destroyed and 0.0031
molecules of ethylene have been evolved. Vinyl groups are
therefore destroyed mainly by reactions leading to crosslinks

or by hydrogen atom scavenging or by both these processes,

For the pure polymer irradiated in vacuo Gy = 1.59,
whereas Gx = 0,37 for a sample containing 2 - 11% B, The cor-
responding values for Gg are 0.52 and 0.20. Therefore,

Gg/Gx = 0.33 for the pure polymer and O.54 for the polymer
containing 2 - 11% B. These low values are in agreement with
the results of infra-red analyses, for they also indicate that
either, (a) vinyl groups react to produce crosslinks or endlinks,
or (b) hydrogen arising from crosslink or endlink formation is
scavenged by the vinyl groups, or (c) both these processes occur

simultaneously.

Ultraviolet analyses show that diene structures are
created during the irradiation of the pure polymer in vacuo.

It was not possible to estimate the amount of diene formation
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from the change in the ultraviolet spectrum. Only a small
amount of diene formatlon probably occurs, because at least
one molecule of hydrogen is evolved for every crosslink unit

formed in a reaction which produces a diene structure.

The large decrease in Gg and Gx caused by a 2% con-
centration of B indicates that this additive protects the
polymer from radiation. The determination of the amount of
soluble B in the polymer following irradiation shows that B
is an efficient protector. ‘he destruction of one molecule
of B corresponds to the prevention of 21.3 crosslink units.
This result suggests that protection arises mainly from
charge transfer or excitation transfer from the polymer to
the antioxidant, or from gquenching of the polymer by the anti-

oxidant.

L'he large decrease in Gg and Gx in the range O - 2%
B and the constant values of Gg and Gx in the range 2 - 11% B
indicate that two distinct mechanisms occur on irradiation
of the polymer. One of these mechanisms exhibits a positive,

and the other a negative deviation from the "mixture law".

The value of Gg at low doses for the sample con-
taining 60% B was much greater than Gg for the pure polymer,
The explanation of this result might be that the polymer
sensitizes a reaction which leads to the decomposition of B.

This reaction would only occur if the B in the polymer is
{
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dispersed as aggregates,

Fig. 31 (A,B,C,D) illustrates some of the many re-
actions which might occur during the irradiation of pure
polymer or a mixture of polymer and B. In this figure RH
represents a molecule of polymer and HN(Ar)z a molecule of
antioxidant. The unbracketed numbersbeside the arrows are
the activation energies (183) in kilocalories per mole for
the particular reaction, According to Pearson et al. (184)
the activation energy for radiation induced nonlinearity in
poly(butadiene-co-styrene) is approximately two. Radicals
R+ and He might be either "hot"™ or thermal. Reactions in-
volving "hot" radicals have activation energies close to

zero (183).
The initiating reaction for Fig. 31A is
RH W—— RH' + e
There are two possible initiating reactions for Fig. 31B.

RH' + e — > Re®

RH + e —> rE¥ + ¢

Radical mobility shown in Fig. 31C can occur by two mechanisms.
For the first (14) the activation energy (183) is 10 Kecal. per
mole,

Ry + RpH —> RyH + Rg-e

Rg‘ + RaH B RQH + R3'




The activation energy is unknown for the second (185).

Ry* + Hg —> R,H + H*

He + RgH —> Rge + Hg

Many of the possible reactions are not represented
in this figure. One such reaction is main chain fracture
followed by the radicals formed attaching themselves to mole-
cules. Endliﬁks would be created by this process. Another
reaction not included in the figure is sensitization of B by

‘the polymer, Quenching reactions are also not shown,

The relative probability of each reaction in Fig,
31 is given by the nature of the arrows in the figure. A
thick line denotes a reaction with a high probability, a
dashed line a low probability, and a thin line an unknown
probability. The relative probabilities are based on the

interpretation of the results given in the body of this thesis,




fig. 31
Summary of possible reactions.

R high probability
_ unknown probability

———— low probability
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Figure 31B
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APPENDIX T

Viscosity and Sedimentation Data

for the Polymer Fractions
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TABLE IX

Viscosity data for the fractions

Fraction 1

conc. time 72r 7]sp/0
g.dl.’l sec. g.'ldl.
0.2376 365.8 2.154 9.063
0.1585 256.6 2.222 7.711
0.1188 212.1 1.828 6.968
0.0951 188.5 1.625 6.575
0.0684 161.4 1.391 6.163

[NJuncorrected for B 4.87 g.~1dl. [n]corrected for B 5.38 eLa1.

slope uncorrected for B 7.50 g.'1d1.2 slope corrected for B
21.5 g."1q1.2

Fraction 2

conc. time 77r 77sp/°
g.dl.'l sec. g.~lai.
0.3%165 512.5 4.418 10.800
0.2111 236.1 2.897 8.986
0.1582 263,0 2.268 8.001
0.1266 227.6 1.962 7.598
0.0845 182.4 1.605 7.160

Dﬂuncorrected for B 4.92 g.'ldl. [n]corrected for B 5.13 g.'ldl.

slope uncorrected for B 14.27 g.‘ldl.2 slope corrected for B
15.60 g.~1d1.2



TABLE IX (Cont'd)

Viscosity data for the fractions

Fraction 3

186

conc. time 7]r 7?Sp/c
g.(jll.'l sec., g.~tal.
0.2641 298.7 2.574 5.961
0.1886 2%4.3 2.019 5.40%
- 0.1467 202.8 1.748 5.099
0.1200 184.5 1.591 4.925
0.1016 172.2 1.485 4.775

ﬁﬂuncorrected for B 4.04 g.'ldl. [ﬁ]éorrected for B 4.30 g.-la1.

slope uncorrected for B 7.20 g.’ldl.

2

8.14 g.~1da1.2

slope corrected for B

Praction 4

conc. time Tzr 7?sp/°
g.d1.”t sec. g.-1a1,
0.2900 269.6 2.325 4.570
0.1934 210,2 1.812 4,200
0.1450 183%.2 1.579 3.994
0.1160 167.8 1.446 3,761
0.0965 158.4 1.366 3.792

lﬁ]uncorrected for B 3.41 g.”ld1. [N] corrected for B 3.65 g.‘ldl.

slope uncorrected for B 4.03 g.'ldl.2

4‘058 g--ldl-Z

slope corrected for B
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TABLE IX (Cont'd)

Viscosity data for the fractions

Fraction 5

conc. time 7?r 7]Sp/c
g.dl."l sec. g.‘ldl.
0.3052 251.1 2.165 1.165
0.2035 199.6 l.721 0.721
0.1526 176.2 1.519 0.519
0.1221 163.3% 1.409 0.408
0.1016 154.8 1.335 0.335

[Mhancorrected for B 3.00 g.~1a1. [ﬂ]corrected for B 3.18 g.~1dl.

slope uncorrected for B 3,02 g."ldl.2 slope corrected for B
3.39 g.~ld1.°

B

Fraction 6

conc. time 7lr TISP/C
g.a1.”t sec. g.~Llal.
0.4146 270.6 2,332 3.213
0.2765 210.7 1.816 2.951
0.2073 184.2 1.588 2.83%6
0.1659 170.0 1.465 2.804
0.1380 160.2 1.381 2.760
Mluncorrected for B 2.49 e.~la1. [M] corrected for B 2.59 g. td1.
2

slope uncorrected for B 1.73 g."ldl. slope corrected for B

1.86 g.-131.2
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TABLE IX (Cont'd)

Viscosity data for the fractions

Fraction 7

conc. time 7?r 778p/c

g.a1."t sec. g."1a1.

0.401%3 235.9 2.0%3 2.574

0.2676 190.3% 1.641 2.395

0.2006 170.4 1.469 2.293

0.1605 158.6 1.368 2.287

0.1336 151.5 1.306 2.289

Dﬂuncorrected for B 2.11 g.'ldl. [q]corrected for B 2.19 g.-ldl.

slope uncorrected for B 1.13 g.'ldl.2 slope corrected for B

1.22 g.7141.2

Fraction 8

conc. time MNr Nsp/©

g.dl.‘l sec. g.‘ldl.

0.6412 283.5 2.444 2.248

0.4277 218.2 1.881 2.060

0.3206 19g9,2 1.640 1.996

0.2565 173.6 1.496 1.925

0.2137 162.8 1.401 1.876

Dﬂuncorrected for B 1.74 g.”1al. D?]corrected for B 1.81 g.'ldl.

2 slope corrected for B

0.802 g¢.71g1.%

slope uncorrected for B 0.744 g.'ldl.



TABLE IX (Cont'd)
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Viscosity data for the fraction

Fraction 9

conc. time 7}r TYSP/C
g.d1,-1 sec. g."1a1,
0.6344 245.6 2.117 1.760
0.42%2 196.5 1.693 1.638
0.3173 161.6 1.502 1.582
0.253%8 162.0 1.396 1.561
0.2114 155.7 1.342 1.617

[Mluncorrected for B 1.40 g.‘ldl.[n]corrected for B 1.48 g.~lal.

slope uncorrected for B 0.567 g.'ldl.2

slope corrected for B
0.606 g.'ldl.z

Fraction 10

conc. time Tzr 7?sp/°
g.41.71 sec. g.71q1.
0.8475 25%.1 2.182 1.394
0.5653 200.7 1.730 1.291
0.4238 176.2 1.519 1.225
0.3390 162.7 1.40%3 1.189

1

[Nluncorrected for B 1.06 g.'ldl.[7ﬂ corrected for B 1.10 g. ~dl.

slope uncorrected for 0.300 g.'ldl.2

slope corrected for B
0.321 g.-la1.2



TABLE IX (Cont'd)

Viscosity data for the fractions

Fraction 11

conc. time 71r 7]sp/c

g.dl.-l sec. g.‘ldl.

0.4450 126.2 1.3%58 0.804

0.2968 116.1 1.2%% 0.785

0.2225 111.8 1.172 0.773

0.1780 109.9 1.139 0.781

0.1188 108.9 1.092 0.774
Dﬂuncorrected for B 0.745 g."ldl. [n] corrected for B 0.786 g.-ldl.
slope uncorrectea for B 0.131 g.‘ldl.2 slope corrected for B

0.145 g.-1la1.?

Fraction 12
conc. time 7Ir TQSP/O
g.dl.-l sec. g.7 a1,
0.4969 145.0 1.250 0.50%3
0.3314 135.5 1.168 0.507
0.2485 130.% 1.12% 0.4906
0.1988 127.8 1.102 0.51%
0.1656 125.8 1.082 0.496

[ﬂ]uncorrected for B 0.50% g.~1a1. D]]corrected for B 0.632 g.~14q1.

2

slove uncorrected for B -- g.‘ldl. slope corrected for B

- 8.7141.72



APPENDIX T

TABLE X

Sedimentation data for the fractions.

Praction 1

Praction 2

Fraction 3

c (1/s)x1011 c (1/s)x10™t c (1/s)x10%t
g.dl.'1 (sec.)™t g.éll.-l (sec. )1 g.dl.'l (sec.)'1
0.0614 0.3%80 0.0727 0.382 0.1128 0.583
0.0925 0.429 0.1038 0.468 0.1410 0.668
0.1098 0.4%4 0.1555 0.63%8 0.1695 0.787
0.1255 0.452 0.1915 0.735 0.1880 0.813%
0.1423 0.557 0.2080 0.822 0.2255 0.917 .
0.2145 0.778 0.2590 0.900 0.2540 1.000
0.2710 1.100 0.2870 1.0%30 0.3065 1.095
0.3%610 1.390 1.1750 3.320 0.3850 1.351
0.4520 1.290
0.4750 1.515
0.5450 1.460
Bouation Equation Equation
1/s = 0.260c + 2.19 1/s = 0.264c + 2.27 1/s = 0.2.722¢ + 2.93

mean % dev'n.

9.54

mean % dev'n.

3.47

mean % dev'n.

1.93
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TABLE X (Cont'd)

Sedimentation data for the fractions.

Fraction 4 Fraction 5 Fraction 6

c (1/S)X1011 c (l/s)xlO11 e (l/s)xloll
g.dl.-1 (Sec.)-l g.d1.1  (sec.)™t g.dl.-1 (sec.)™t
0.0749 0.531 0.1020 0.725 0.0771 0.741
0.11%4 0.642 0.1322 0.827 0.0964 0.826
0.1498 0.782 0.1690 0.870 0.1350 0.952
0.1875 0.819 0.2080 0.990 0.1870 1.052
0.2155 0.962 0.2880 1.110 0.2400 1.220
C.2710 1.048 0.6900 1.990 0.3190 1.298
0.6420 2.045 0.4000 1.490

1.4600 3.970

Equation Equation Equation
1/s = 0.264c + 3.51 1/s = 0.212¢c + 5.24 1/s = 0.230c + 6.05
mean % dev'n., mean % dev'n. mean % dev'n.

2.72 1.87 2.74




TABLE X (Cont'd)

793

Sedimentation data for the fractions.

Fraction 7

Fraction 8

Fraction 9

o (1/s)x1011 6 (1/8)x101t ¢ (1/s)x101t
g.dl.'1 (sec. )L g.d]..'1 (sec.)” g.dl._l (sec.) L
0.0768 0.813 0.0866 0.952 0.1160 1.130
0.1047 0.93%4 0.1252 1.070 0.1355 1.170
0.1250 1.031 0.1733 1.176 0.1548 1.220
0.1538 1.064 0.2115 1.190 0.1742 1.220
0.1922 1.14% 0.3650 1.870 0.2130 1l.%351
0.2305 1.210 0.4470 1.890 0.2515 1.429
0.3%840 1.560 0.617 2.240 0.2905 1l.471

1.3%338 2.965 1.1320 3.560
Equation Equation Equation

1/s = 0.228¢c + 6.95
mean % dev'n.

2.28

l/S = 0.2%G¢c + 7.78
mean % dev'n

2.57

1/s = 0.241c + 8.27
mean % dev'n.

1.55
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APPENDIX II

Viscosity, Solubility and Swelling Datsa

for the Irradiated Polymer
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TABLE XI

Viscosity data for sample D4 containing 11.32% B, R = 22,6x10%4 rads.

time conc. N | nsp 7}Sp/c

sec. g.dl.'l g.~1a1.
225.4 0.33655 1,936 0.936 2.785
183.2 0.2243%6 1.574 0.576 2.560
164.6 0.16827 1.414 0.414 2.465
153.9 0.13%3462 1.322 0.322 2.390
147.1 0.11218 1.264 0.264 2.355

time for solvent = 116.1 sec.
[7] (uncorrected for B) = 2,16,[] (corrected for B) = 1.86

slope (uncorrected for B) = 2.43, slope (corrected for B) = 2.36




TABLE XTI

196

Viscosity results for unirradiated and irradiated polymer.

Rx10~4 [TI] slope of [T]]R/[T]]o‘ }Z{/Rg
Vsp/c vs. ¢
rads  gIldl.  g. tai.
Sample Al, 0.00% B
0 2.370 2.275 0 0
5.8 2.%65 2.440 1.038 0.2875
11.5 2.460 2.580 1.079 0.5750
23%.0 2.600 3.380 1.141 1.150
34.5 2.275 1.980 C.998 1.725
Sample Bl, 0.52% B
0 2.%30 2.150 1.000 0
5.3 2.3%00 2.290 0.9890 0.0982
10.5 2.350 2.260 1.009 0.1964
21.0 2.400 2.400 1.030 0.3928
%1.5 2.43%5 2.830 1.045 0.5900
41.9 2.545 2.060 1.092 0.7850
52.4 2.640 3.3%60 1.13% 0.9820
62.9 2.655 %2.400 1.139 1.1770
Sample Cl, 2.10% B
0 2.265 2.250 1.000 0
22.9 2.350 2.545 1.03%8 0.332
45.7 2.515 2.875 1.110 0.661
67.9 2.660 2.230 1.174 0.985
79.2 2.630 4.23%0 1.161 1.145
Sample D1, 2.10% B
0 2.3%40 2.3%80 1.000 0
11.7 2.410 2.445 1.030 0.1700
23,7 2.450 2.560 1.047 0.3440
25.1 2.480 2.755 1.060 0.5120
52.7 2.620 2.215 1.120 0.7650
58.5 2.650 2.990 1.132 0.8470
70.2 2.660 3.380 1.137 1.030
81.8 2.670 %.150 1.141 1.182
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TARLE XIT (Cont'd)

Viscosity results for unirradiated and irradiated polymer.

Rx10™4 (i slope of Mig/My, R/R,
'Wsp/c vs. ¢ —
rads  grlal. gsla1.

Sample D2, 5.30% B

0 2.310 2.230 1.000 O
22.6 2.3%80 2.405 1.030 0.3280
45.2 2.455 2.820 1.06% 0.6551

Sample D3, 7.13% B

0 2.265 2.%10 1.000 0
22.6 2.3%60 2.500 1.042 0.3280
45.2 2.415 2.680 1.066 0.6600

Semple D4, 11.%2% B

0 2.310 2.140 1.000 0
22.6 2.43%4 2.360 1.054 0.328
45.6 2.500 2.980 1.082 0.660
77.5 2.540 3.260 1.100 1.115

Sample El, 2.72% B, irradiated in air

0 2.390 1.940 1.000 0
21.1 2.440 2.025 1.021 0.127
42.2 2.470 1.885 1.0%4 0.255
87. 2.530 2.750 1.059 0.527

126.5 2.645 32.255 1.107 0.767

153.8 2,685 3.560 l.124 0.932




TABLE XTIT

Solubility and swelling data

Rx10—4 Weight %S s +/5 1/vs R/R, (I/R )x10%
rads g. (rads)"l
Sample E2, 0.00% B

85.5 0.4167 46.80 1.152 48.2 4,27 117.0
2%1.0 0.4930 32.10 0.888 24.9 11.55 43,73

280.0 0.4650 25.30 - 0.756 2%.8 14.00 5547

377.0 0.2611 19.50 0.638 18.4 18.85 26.5
Sample F1, 0.00% B

567.2 0.5880 12.35 0.475 18.00 28.73 17.60
1155.0 0.5294 5.27 0.282 11.85 57.8 8.65
1698.0 0.4925 2.62 0.188 9.85 84.9 5.87
2350.0 0.5007 1.%31 0.128 8.51 117.0 4.26
%120.0 0.5179 0.81 0.098 6.42 156.0 3,20

86 ¢



TABLE XIII (Cont'd.)

Solubility and swelling data

rx10~4 Weight 5 s + 3 1/vs R/R, (1/R )x10%
rads g. (rads )~1
Sample Bl, 0.51% B
428.0 1.8010 44.70 1.115 46,00 8.01 23.36
56%.0 1.8159 33,20 0.908 31.40 10.55 17.76
998.0 1.8057 12.34 0.475 13.30 18.65 10,02
1608.0 1.8151 T.42 0.347 9.20 30.15 6.22
Sample B1, 0.51% B
2350.0 1.8070 5.020 0.274 7.80 44.0 4.26
29%0.0 1.8000 | 3.400 0.218 6. 78 54.8 %.41
3520.0 1.8041 2.060 0.1l064 6.36 £5.8 2.84
47060.0 1.8007 1.028 0.112 5.73% 88.0 2.1%

661



TABLE XIII (Cont'd. )

Solubility and swelling data

Rx10~4 Weight %3 S + s 1/vs R/Rg (1/R )x108
rads ge (rads )=t
vample C1, 2.1% B

576.4 0.6001 41.80 1.060 41,2 8.35 17.30
1160.0 0.6008 20.70 0.662 18.7% 16.80 8.62
1625.0 0.6007 15.60 0.551 14.4 21.30 6.16
1920.0 0.6000 12.50 0.481 12.9 27.80 5.21
3150.0 0.6009 6.10 0.308 8.3 45,70 %.18
4240.0 0.275% 2.91 0.200 Ted bl.60 2.%0
5090.0 0.2655 3.36 0.222 6.9 74.00 1.97
Sample D1, 2.1% B

287.0 0.7003 59.70 1.370 - 4.16 34,80

424.0 0.7001 48.70 1.170 52.50 .14 23.60

695.0 0.7007 29.80 0.844 30.80 10.05 14.40
948.0 0.6998 22.10 0.6091 2%.50 13.65 10.80
1%20.0 0.7003 19.00 0.627 18.70 19.15 7.58
1870.0 0.7020 8.57 0.387 12.20 27.10 5.51
3470.0 0.6830 56473 0.283 - 57.40 2.97
5420.0 0.6811 2.57 0.186 T+40 78.70 1.85

00¢



TABLE XIII (Cont'd.)

volubility and swelling data

Rx10-4 Weight 3 s +5 1/vs R/R, (I/R )x108

rads g (radgs )=t
Sample D4, 11.3% B

631.0 0.6002 43,4 1.090 34..60 9.15 15.80
1194.0 0.6004 24.9 0.748 21.30 17.%2 8.36
1768.0 0.6005 14.8 0.533 15.50 25.65 5.65
2%20.0 0.7000 10.8 0.438 1%.00 33,70 4.%1
3000.0 0.7007 6.5 0.321 9.68 4%.50 3.%%
3750.0 0.7001 4.9 0.271 8.80 5430 2.66
Sample €2, 60.3%% B

389.0 0.5997 51.20 1.220 - 3.89 25.70

554. 4 0.6050 50.30 1.210 - 5.58 18.00

780.0 0.5993 42.80 1.080 - 7.80 12.80
1735.0 0.6080 2%.10 0.712 22.9 17.30 5.76
1777.0 0. 7000 20.70 0.662 22.8 17.70 5.63
2730.0 0.5998 11.05 0.443 18.3 27.30 3.66
3160.0 1.0004 3.34 0.219 15.5 31.60 3.17
3750.0 0.5990 6.72 0.326 15.7 37.50 2.67
4270.0 0.5994 5.58 0.292 13.9 42,70 2.34

10¢



TABLE XIII (Cont'd. )

Solubility and swelling data

Rx10~4 Weight 53 s + 5 1/vs R/R, (1/R )x108
rads g ' A (rads )~1

Sample E2, 0.00% B, irradiated in air

190.5 0.%259 90.00 1.840 - 3,65 52,63
24%.5 0.3174 72.40 1.580 . 4.57 41.07
468.0 0.3137 19.80 1.200 14.60 8.78 21.37
88%.0 0.3346 18.20 0.609 4.06 16.60 11.%2
1460.0 0.3689 8.23 0.369 3.35 27.40 6.85
2280.0 0.3147 6.28 0.%13 2.94 42.70 4.39
3880.0 0.3384 3,05 0.21% 2.39 7%.70 2.58

sample El, 2.74 B, irradiated in air

1038.0 0.3112 45,2 1.120 47.7 6.15 9.64
1630.0 0.3%259 %9.8 1.029 39,2 9.64 6.13
2650.0 0.3%4% 22,0 0.701 19.1 15.10 31T
4480.0 0.3071 10.8 0.486 12.8 26,60 2.2%
©100.0 0.3247 10.8 0.486 12.8 36.10 1.64

cb¢
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APPENDIX 1TT

Radiation Induced Gas Yield Data




LABLE XIV

Gas yield data

Rx10-4 Ng
rads Cll.

Sample #1, 0.007 3

17.0 1.05
567.2 5.00
1155.0 T.25
1698.0 8.50
%120.0 11.65

Sample B2, 0.00% B

85.5 2.50
231.0 3. 50
280.0 3.55
377.0 .55

hy
cm.

0.20
0.20
0.20
0.30
0.30

Y x 106

ne - hg Weight
(cm. ) g moles/g.
1.06 0.588 U.11
24 .90 0.529 2.04
52450 0.493% 6.17
72.10 C.501 9.14
1%5.80 0.518 16.40
6.10 0.417 0.9%
12.00 0.493 1.52
12.00 0.465 1.61
11.10 0.201 2.49

0.610
0.450
0.517
0.522
0.506

70¢



TABLE XIV (Cont'd. )

Gas yield data

Rx10~4 Ng hy ng - hg Weight v x 10° Gg
rads cm. cm. (crn. ) 2. moles/g. molecules/100 e.v.
Sample Bl, 0.52% B
161.4 4.95 0.80 2%.8 1.800 O0.74 0.460
428.0 7.85 0.25 61.5 1.801 1.98 0.447
563.0 9.10 0.30 82.6 1.816 2.69 | 0.462
998.0 12.15 0.50 147.4 1.806 5.10 0.492
1608.0 15.60 0.25 243.4 1.815 1.79 0.467
Sample Cl, 2.1% B
42,4 1.2 0.30 1.%5 0.350 0.23 0.512
67.7 1.3 0.20 1.65 0.300 0.32 0.457
78.8 1.4 0.30 1.92 0.300 0.37 0.456
57644 5.0 0.25 24,90 C.600 2442 0.406
1160.0 7.2 0.3%5 57.70 0.601 5.0% 0.418
1625.0 8.4 0.20 70.40 0.601 6.82 0.406

G0¢



TABLE XIV (Cont'd.)
Gas yield data

Rx10~4 he h, hg - h? Weight v x 10° Gg
rads Chle cm. (cm. )2 ge moles/g. molecules/100 e.v.

sample Cl, 2.1% B

1920.0 9.00 0.20 80.9 0.600 7.85 0.395
3150.0 11.40 0.10 29.9 ¢.601 12.02 0.386
4240.0 9.20 0.40 84.5 0.275 17.88 0.407

5090.0 9.60 0.30 92.1 0.266 20.10 0.382

Sample D2, 5.2% B

286.0 3.90 0.25 15.1 0.701 1.40 0.423
1132.0 7.65 0.25 8.4 0.701 4.85 0.41%
1715.0 9.15 0.50 8%.4 0.700 0.92 0.390
2320,0 9.80 0.25 95.9 0.601 11.72 0.512
2850.0 10.80 0.50 116.% 0.600 11.3%0 0.7382

Sample D3, 7.1% B

64.8 1.35 0.70 1.3% 0.299 0.25 0.372
1%5.4 1.75 0.15 - 2.94 0.300 0.49 0.393
270.5 2.45 0.30 5.91 0.300 ’ 1.10 0.393

306¢



PARLE XIV (Cont'd. )

Gas vield data

Rx10-4

2 2

ha o ng - he Weight Y x 10° G,
rads cm. cm., (cm. )2 g moles/g. molecules/100 e.v.
Sample D3, 7.1% B
1140.0 4.80 0.25 22.9 0.311 4,22 0.358
1400.0 5.00 0.25 24.9 C.262 5.52 0.381
1405.0 T.55 0.30 560.9 0.311 10.60 0.373
2750.0 2.85 0.20 14.7 0.162 5.29 0.%04
3410.0 8.40 0.25 70.4 0.310 13.20 0.373%
sample D4, 11.3% B
2.3 1.10 0.30 0.72 0.350 0.012 0.504
4.6 0.90 0.20 1.17 0.350 0.020 0.410
6.8 1.40 0.40 1.80 0.3%20 0.03%3 0.471
7¢9 1.30 0.20 1.65 0.272 0.035 0.432
6%1.0 5.10 0.20 25.90 0.600 2.53%0 0.385
1194.0 6.80 0.20 46,20 0.600 4.540 0.3%63
1768.0 8.20 0.20 ©7.20 0.601 6.5%0 0.357
2%20.0 10.35 0.730 107.10 0. 700 8.920 0.371
3000.0 11.85 0.25 140.40 0.701 11.700 0.%376
2750.0 13,10 0.30 171.40 0.700 14.250 0.368

L0¢é



TABLE XIV (Cont'd. )

Gas yield data

rx10~4 s n, ns - no Weight v x 10° Gy
rads ci. cm. (cm. )2 g moles/g. moleculés/100 e.v.
sample C2, 60.3% B

389.0 6.60 0.70 43.01 0.600 4.48 2.520

5544 6.00 0.30 35,91 0.605 3,45 1.110

780.0 755 0.50 56.75 0.599 6.28 0.732
17%5.0 8.35 0.35 69.58 0.608 6.62 0.370
2730.0 9.65 0.45 93.00 0.600 13.80 0.487
3160.0 13.10 0.30 177.50 1.000 10.25 0.%13%
3750.0 9.90 0.40 97.84 0.599 8.95 0.330
4270.0 10.25 0.20 105.16 0.599 10.92 0.248
Sample G, 100% B

631.0 1.50 0.30 2,16 1.000 0.256 0.039
2320.0 2.15 0.20 4.59 0.980 0.578 0.024
5420.0 (measured gas yield by 26,200 1.180 0.021

A
mass spectrometer volumes)

80¢
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SUMMARY AND CONTRIBUTIONS T0 KIOWILEDGE

1.

A sample of poly(butadiene-co-styrene) was divided into
twelve fractions by precipitation from a dilufe benzene
solution. The intrinsic viscosities [ﬂ] and weights of
all the fractions were measured and the sedimentation rates
and coefficients, (so), were determined for the nine
highest molecular weight fractions. From the sedimentation
and viscosity data the numberlof crosslinks per molecule
for each fraction was calculated according to several
theories. The results indicated thatkonly four fractions

of highest intrinsic viscosity contained nonlinear molecules.

‘The extend of nonlinearity increased with increasing

intrinsic viscosity. from these results and the weight

of each fraction the number of crosslink units per weight
average primary molecule, SO, was calculated. The theory
of Zimm and Kilb (73) gave 80 = 0.78, whereas the
Stockmaver-Fixman theory (72 ) and that revresented by

equation 14 gave much lower values.

The value of the Huggins constant, k', was found to be the
same for the eight lowest intrinsic viscosity fractions,
but progressively increased with increasing intrinsic
viscosity for the four fractions of highest intrinsic

viscosity.
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from the numnber average molecular weight of the
unfractionated polymer, Mno’ which was determined by
osmometry, and the intrinsic viscosity of the unfractioned

polyner, So was found to vary from 0.30 to 0.66.

The vartial specific volume of the polymer in benzene was
found by pycnometry to be independent of concentration

=lnl. Using this value and the sedi-

and equal to 1.02 g.
mentation and viscosity data of the nine highest intrinsic
viscosity fractions, the molecular welghts of these nine

fractions were calculated.

Two sets of viscosity average molecular weights, Ev, of
the fractions were calculated using two different rela-
tions between intrinsic viscosity and molecular weight.
These relations were determined by other workers, (134,

135). Values of II

?v calculated using the relation for low

temperature polymerization agreed well with the molecular
weights, qu , calculated using;[n] and S,e However,
there was serious disagreement when ﬁv was calculated

using the relation for high temperature polymerization.

A molecular weight distribution curve has been obtained
using the weights of the fractions, and i s for the nine
highest molecular weight fractions, and ﬁv for the three
lowest molecular weight fractions. from this curve it

was estimated that the ratio of the weight average to
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number average molecular weight of the unfractionated
polymer, Mwo/ﬁho’ was equal to 2.84. This value of

Mwo/Mno led in turn to a value of 0.36 for S(D.

The degree of nonlinearity of the molecules was increased
when the polymer was exposed in vacuo to gamma radiation.
Solubility measurements at high doses indicated that the
radiation produced very little main chain degradation.
These measurements also indicated that nonlinearity was
not caused by cyclization or chain reaction crosslinking.
It was not possible to determine whether irradiation led

to endlinking or crosslinking.

From the manner in which the solubility depended on dose,
So was estimated to be 0.8. This value approximates
that calculated from the fractionation data by the Zimm

and Kilb theory (73).

The number of crosslink units formed per 100 e.v. absorbed
by the sample, &, was calculated from ﬁwo and from the
value of the radiation dose reguired to produce incipient
gelation, Rg' If ﬁwo is calculated from ﬁno and from the
experimentally determined molecular weight distribution,
GX is found to be 9.4. From Mno and the manner in which
solubility decreased with dose, a more reliable value of

G = 1.6 was obtained. The discrepancy in G, values
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suggests that ﬁwo calculated from the experimentally de-
termined M.W.D. is less than the true value. Therefore

the experimentally determined molecular weight distribution
was narrower than the true M.W.D. If GX is equal to 1.0
when calculated from Rg and Mwo’ the ratio Mwo/ﬂno must

be approximately 8. This value for Mwo/ﬂno corresponds

to 50 = 0.8, therefore SO must be approximately 0.8.

This implies that all the viscosity theories considered,
except that of Zimm and Kilb, underestimate the effect of

nonlinearity on viscosity.

The degree to which the polymer swelled in benzene decreased
as the radiation dose increased. from an analysis of the
dependence of swelling on dose it was concluded that

GX = 1l.6. Therefore swelling data provided further evi-

dence that So = 0.8.

The increase in intrinsic viscosity caused by irradiating
the polymer was considerably less than that predicted by
several theories (90, 81, 92, 75). This result is consis-
tent with the fact that these same theories gave a value
of 80 which was much less than 0.8. Apparently these

theories underestimate the effect of nonlinearity.

Mass spectrometric analyses revealed that the gas evolved
on irradiating the pure polymer contained 87.1l% hydrogen,

4.8% ethylene and 8.1% higher mass number constituents.




13.

14.

._l
1
.

16.

213

The number of molecules of gas evolved per 100 e.v.
absorbed, Gg’ has been determined by gas yield measure-
ments. for the pure polymer Gg = 0.52. Hfrom this wvalue
of Gg’ from Gx = 1,59 and from the gas composition, it
was calculated that for every crosslink unit formed

-00031 molecules of ethylene were evolved.

The composition of the gas evolved from pure antioxidant,
B, after a high dose was 53.1% hydrogen and 46.9/% higher
mass number constituents. Gg for pure B was slightly
dependent on dose and had an average value of 0.2 over

the range examined.

Gg was found to be indevendent of dose over the range
0 - 115 B, but Gg was very dose dependent for a sample

containing 60% B.

After irradiating the pure polymer in vacuo to a dose of
150 Mrads infrared analyses showed many vinyl groups were
destroyed. Ultraviolet analyses indicated that irradiation
in vacuo caused the formation of diene and triene groups.
By a calculation using G, = 1.6 it was found that for

every crosslink unit formed 0.71 vinyl groups were des-

troyed.

When B was added to the polymer both G, and Gg were reduced

by a much greater extend than predicted by the "mixture law".
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This deviation indicates that B protects the polyﬁer from
radiation. The percentage decrease in GX was greater than
in Gg' The extent of the protection increased with in-
creasing B content up to a concentration of 2% B. A

constant degree of protection was observed from 2 - 1l% B.

For a sample containing 0.52% B the degree of protection
decreased with increasing dose. The degree of protection
was independent of dose for samples containing more than

2% B.

Solvent extraction of irradiated protected polymer showed
that 21.% potential crosslink units were prevented for

every molecule of B destroyed or attached to the polymer.
Therefore, protection must involve either charge transfer,

excitation energy transfer, or quenching.

Infra-red and ultraviolet analyses revealed that the extent
of oxidation which occurred when the pure polymer was
irradiated in air was much greater than in the absence of
radiation. Only a small amount of oxidation occurred when
polymer containing B was irradiated in air. Solubility
results indicated that when either pure polymer ér polymer
containing antioxidant was irradiated in air fewer cross-
links were formed than when irradiation was in vacuo, but

main chain degradation occurred in air.
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A reaction mechanism is proposed to account for the
radiation induced effects in pure polymer and polymer
containing B. Radiation induced nonlinearity and gas
evolution are considered to be caused by two distinct
processes each of which leads to crosslink or endlink
formation and gas evolution. One of the proéesses in-
volves ions and exhibits a negative deviation from the
"mixture law," because of charge transfer to B. The
other process involves excited molecules and exhibits
a positive deviation from the "mixture law" because of
excitation energy transfer from B. To account for the

high value of Gg for the sample containing 60% B it is

proposed that in addition to the two processes mentioned

above a third gas producing process occurs. The gas
associated with this process results from the decompo-
sition of 3. This third process is sensitized by the
polymer, but it can only occur if B 1s dispersed in

aggregates.

215
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SUGGESTIONS FOR FURTHER WORK

The fractions studied in the present work were probably
somewhat polvdisverse. If a refractionation techniqué
were employed or if a large number of fractions were
obtained, the vpolydispersity of the fractions would be
low. With such fractions the validity of the theories
relating molecular nonlinearity to intrinsic viscosity

could be tested more accurately.

A solvent should be found which would give clearer and
more pronounced ultracentrifuge schlieren patterns than
those obtained with benzene. With such a solvent the
sedimentation coefticient for the low molecular weight
fractions might be determined. #durthermore, a more
suitable solvent might make it vossible to estimate the

molecular weight distribution of each fraction.

The number average molecular weight of each fraction
should be determined. From this the degree of poly-
disversity could be determined by comparing the number
average molecular weight to the molecular weight
calculated from the intrinsic viscosity and the sedi-

mentation coef+icient.
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When a linear polymer is irradiated the change in the
intrinsic viscosity might be investigated. Such an
investigation would indicate whether the deviation from
theory obtained in the vresent work is related to non-
random crosslinking and degradation produced by nonlinear

units, or to inherent inadequacies of the theories

G _ in the vresent work was greater at low doses than at
high doses. This dose devendency can arise from nonlinear
units formed during volvmerigation causing degradation or
from errors in samvle vremaration. The determination of
gas composition and GQ for linear volvmer irradiated to

low doses would reveal the relative importance of the two

possibilities above.

The vpossibility of a third gas vroducing process could be
examined by measuring Gg and gas composition over the

entire range of antioxidant concentration.

Infra-red analvses following the irradiation of a polymer
containing B would indicate the extent to which B protected
the vinvl groups. This infTormation could then be related
t0 the decrease 1in Gx and Gg caused by B and to the gas

comvosition of a sample containing B.
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