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1 
INTRODUCTION 

GENERAL 

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. 

Early in this work it was found that on exposu.re to radiation 

the chains of sorne polyrners 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 copolyrner of butadiene and styrene 

which is the basic constituent of the synthetic rubber GR-S. 

Alrnost 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 in 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. ':.Che chernical effects studied are 

the arnount and composition of the gas evolved, and the changes 

in the infrared and ultraviolet spectra. 

The dominant reaction of 't radiation on GR-.:3 is 

chain-joining (1). Chain-joining might have occurred during 

polymerization of the sample studied in the present work. The 
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extent to which chaine the unirradiated erial are 

joined must be known to interpret correctly the radiation 

induced changes in solution properties. To determine the 

extent linkage between the chaine the polymer was fractionated 

and each fraction was characterized by weight, intrinsic 

viscosi ty, and sedimentation coefficient. 'l1hese data were 

also used to find the molecular weight distribution of the 

molecules in the polymer as a further index the extent of 

chain joining. 

RADIATION-CH~~ICAL PROCESSES 

Primary Rea.ctions: 

The common property of high energy radiation whether 

the form gamma s, beta icles, or alpha particles 

is the ability to produce ions in any substance exposed to 

this rad ion. Although the energy associated with high 

energy radiation is greater than that binding an orb 

electron to its nucleus or an atom to its neighbour, it is 

usually less than that required to affect the bind force 

within the atomic nucleus. The energy radiation used in 

the work to be reported was gamma radiation from co60 • 

When a Co 60 source is used to irradiate a substance 

almost all of gamma radiation dissipated by Compton 

scattering. This involves the inelastic collision between an 



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 

3 

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 escape•. 

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 lo-l3 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 lo-13 second to occur. In this longer time other 

processes auch 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 ènergy 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 a 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 11principle of non-specificity" as follows: 
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11Where 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 function of the ratio of the methyl and hydrogen 

groups in the parent molecule. Generally, however, "special 

chemical factorstt 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 auch as benzene electronic 

resonance stabilization will cause any activated state to lose 

its energy through internal conversion. In the solid phase the 

Franck-Rabinovitch cage will encourage two radicale 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 losa 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. ~ae low value of 0.20 found (?) 

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 radicale which have escaped initial 

recombination will be most abundent for low LET radiation. 

6 

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 molecul~in 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 dependance 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 34 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 

7 



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 auch 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 

8 

to be directly proportional to the radiation dose, and is independant 
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of the ion intensity (10,11). Any mechanism nroposed to 

exulain chain-joining or chain-degradation must account for these 

two characteristics. Temperature dependance, and eat 

protect ts of small amounts of certain itives must 

also be considered in any such mechanism. Propos mechanisms 

into four groups: (a) those based on an ionie reaction, 

(b) those assuming a combination of two mobile radicals produced 

, (c) those in which two adjacent radicals are 

formed directly or indirectly as a result of a sin 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 in infrared and ultraviolet spec , and the 

ct additives on these properties must be investigated. 

Studies of the changes in solution propert s induced by 

radiation not differentiate between these mechanisms, 

but such studies may reveal the ct radiation on the 

hydrodynamic shape of the molecule. A classification of 

radiation reaction mechanisms based on s in molecular 

shape, but incorporating the other classification given above, 

wi now be presented. Each mechanism w be considered 

separat • 



Degradation: 

Ivliller and Lawton ( 12 ) suggested tha t 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 

polymers other than the vinyl type no general rule can be 

applied. To explain this generalization Miller proposed that 

cture followed by disproportionation would occur when a 

hydrogen is removed by an irradiation nrocess from a tertiary 

carbon atom,because resonance stabilization is impossible for 

s type of atom. Wall ( ) considers the cause of ion 

10 

to be steric hindrance than lack of resonance stabilization. 

Cyclization: 

If two units 

be :formed. 

same molecule join to 

• (14) have obtained 

given several po 

er, a 

e for cyclizat 

explanations for cyclizat 

Endlinking: 

If the end of a molecule joins to a point other 

than the end of another mo cule a trifunctional link, or 

imental 



endlink, is formed. Davison (15) claims that sorne of the 

products he obtained on irradiating low molecular weight 

organic compounds can only be explained by auch a reaction. 

He suggests that both thermal and highly excited radicals, RE, 

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. 

+ R~ + 

~R1Ra 

The sign ~ 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 = CHa \Ill'.___.,.> - CH - CHa 

- CH - CHa + 
• 

Crosslinking: 

1 
CHa~ 
1 

• 
1 

- CHa - CHa - <rH · 
1 

A crosslink is formed when a point other than an 

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

11 



molecule. The most frequently employed mechaniem involving 

thermal radicale ie (16): 

RaH ~ R2 • + H• 

H" + H• 

A mechaniem based on tthot" radicale is (16): 

R1H ~R1K• + H• 

R1K + R2 H ~ R1Ra + H• 

H• + H· ---;,.. H2 

In the firet mechanism the radicale must be mobile so that 

they can come together and react, or the hydrogen radical 

must be 11hot" ao that it can abstract a hydrogen very close 

to R1• and permit the two R radicale to immediately join (17). 

The mechanism advocated by Dole for endlinking can 

be used for crosslinking if the vinyl group ie not at the 

end of the chain (14). 

12 

Another mechanism (18) involving unsaturation is that 

a positive charge formed during irradiation will migrate along 

the chain to a double bond, and enter a more stable energy atate 



13 
by association with the double bond. Neutralization of such 

an olefin ion would release sufficient energy to breek 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 Ul1saturation, while above it, the 

unsaturation is decreased. 

( 21). 

A simple ionie mechanism has 

R1H ~ R1H+ + e 

R1H+ + R2 H ---;). R1Ra + Ha+ 

H + 2 + e ~ Ha 

or 

R1H ~ R1H+ + e 

R1H+ + R2 H --? R1Ra+ + Ha 

been proposed by Weiss 
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Double bond ~ormation may also occur. 

+ 
- CH2 - CH2 - CHa - - CH2 -CH= CH- + H2 + 

Libby adversely critized Weiss's theory on thermochemical 

grounds, and suggested several ionie mechanisms of his own (22). 

The primary reaction suggested by Libby is: 

H H+ 
l 

R1 - c - Ra R1 - c - Ra + e 
1 1 

H H 

Three different reactions may now occur. According to the 

first suggested reaction the ion radical can abstract a hydrogen 

a tom. 

H H H H+ 
1 + 1 1 

R1 - c - Ra + R1 - c - Ra R1 - c - R3 + 
1 1 1 

H H H 

An electron can then interact with the positive ion: 

H H+ 
1 

e + R1 - C - Ra 
1 

H 

# 

----~ R 1 - C - R3 + Ha 
1 

H 

• 
R1 - c -

H 

and the two radicals may then join to give a crosslink. The 

Ra 

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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+ H + 
R c Ra + R1 t'\ R2 ~ complex _____,. R1 c = R2 - - v - -

1 1 +Hz H :a R1 - c - Ra 
1 

H 

+ 

e + R1 - c = Rz R1 c = R2 
1 

Ra f'\ Ra R::::l c R2 - v - - -
1 1 

H fi 

reaction possibility of Libby's is the hydrogen 

ra di resulting from ion radical decompo ion abstracts a 

from a neighbouring neutral cule to give a radical 

which can join with the radical produced when the carbonium 

ion is neutralized. Libby calculates that the chance of the 

hydrogen atom abstraction occurring close ta the radical 

formed on neutralization is very small, because the hydrogen 

radical will diffuse away quickly. hydrogen radical 

is 11 hot 11 this difficulty is overcome. CPhe carbonium ion is 

extremely electrophilic, and should therefore react rapidly 

with al s.. In such a case, no will be evolved 

because the presence of the double 

Crosslinking by a Chain Reaction: 

In the case of crosslinking by a chain reaction a 

single ionization or excitation w rise to more than one 



link. Pearson suggests the following reaction (23): 

f • 
- Et- c c 

1 1 
H T1 n 

•R1 + - C 
1 

H 

- + - c 
1 

H 

= c 
1 

TT n 

= c 
1 

H 

-

- -

• 
R1 - c c 

1 1 

H H 

H H 
1 1 

R1 - c - c -
1 

• - () - c -
1 1 

H H 

'11he resul ting 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 

16 

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

Isomerization: 

Golub (25) found that on irradiating pure polybutadiene 

an equilibrium cis-trans ratio o:f about one to four was attained 

after a certain critical dose dependent on the initial cis-trans 

rE tio. 



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. 
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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. For 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 t!1e protector might be destroyed, 

or it might rid itself of the excess energy by heat or radiation 
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emission. 1J:lhe time required the energy transfer to occur 

depends on the tran er 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 ctronic excitation energy, an 

additive may promote distribution of the init localized 

energy among vibrational and rotational degrees of edam of 

the polymer molecules. is a quenching mechanism. A 

quencher may also enhance another mode of decomnosition. 

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

Cros inking, endlinking or,one of the ot~er mechanisms 

mentioned above, can be prevented the protector rapidly 

reuairs 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 the polymer charge 

transfer is to occur. This type of protection might cause the 

decomposition of the additive. 

additive mi trap, rather than donate, electrons. 

If neutralization then occurs between the negatively charged 

additive and the posit ely 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 mieht join a polymer 

radical or ion and tnereby prevent crosslinking or the ether 

reactions. If B represente a solute or additive molecule, 

the following reaction could occur: 

H H 
1 1 

Rl - c - Ra R - C - R • 1 

+ 2B --+ B 

B 
• 1 

R1 - a - Ra R - C - R 
1 • 
H H 

Effect~ of Oxygen 

The presence of oxygen may cause an increase or a 

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 accepter, 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 



also occur by an excited molecule combining with oxygen. 

If immediately following irradiation in vacuo, the 

polymer is ex-posed to air and if radicale formed during 

irradiation are trapped within the polymer, these radicale 

will react wi th oxy gen of the air. IJ:'his type of oxida t ion has 

been observed with several polymers (31). 

SOLUTION PROPERTIES OF SOLUBLE POLYH8RS 
--,,~_ "'""'- -------------~---
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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. :Che theoretical background 

necessary to evaluate the effect of these two variables will 

now be given. 

In general the moJecules of a polymer sample cover 

a wide range of molecular weights. Ideally,the description of 

a polymer sample would include the specification of the entire 

distribution of molecular weights, but for practical reasons 

only certain averages molecular weights are used. 

1"1, the molecular weight of a molecule and u the 

degree of polymerization are related by the equation 

J.Vl = uw 



where w is the weight of a monomer unit. If n(M) represents 

the number of polymer mo molecular weight M, the 

er average molecular wei can be defined by 

-N = In{N }.t>I n 
ïn (lvi) 

and the weight average mo cular weight by 

Mw = i:" n ~11 ~~r~ 
~n (!11 )I 

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 emise 

that the solubility of a homogeneous polymer fraction decreases 
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with molecular weight. In ional precipitation the addition 

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 g in the dilute phase has been 

related to the ratio of the volume of the precipitate to that 

supernatant phase ( ). 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 (33) 

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 shawn theoretically 

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

Configura;tion and Dimens:tQ.n.s of a Linear Polymer Iviolecule 

A polymer molecule consista of a large number of 

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

single unit. These bonds are generally kno~~ 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 tnat 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 



exceed the mean of the energies of interaction between the 

polymer-polymer and solvent-solvent pairs. In such a solvent 

a molecule will t by expansion to reduce frequency 

of contacts between pairs of polymer ements. In a poor 

solvent, nolymer-polymer contacts will be favoured, and the 

molecule will contract. Because solvent power is temperature 

dependent the excluded volume effect will be exactly cmnpen-

sated by this tendency to contract at a que temperature, 
1 

the theta temperature, for a given polymer in a given solvent. 

A polymer molecule at the theta temperature is said to be 

unperturbed. 

Altbough no experimental method will give detailed 

information about the mo cular configuration, certain average 

dimensions can be obtained. One such average dimension is 

root-rnean-square end-to-end distance denoted by.J;2 a 

perturbed and by ~ an unperturbed molecule. These two 

dimensions have re lat by Flory (35) in the equation 

where c<.. is the excluded volume factor. 'rhis ex:: factor is 

related to temperature and temperature, the molecular 

weight and density of polymer, and the molar volume of the 

sol vent. A mod ifi relation between -J:2 and-/:J. has been 
0 

23 
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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 Hydrodynamic Properties 

Before examining several of the many theories relating 

hydrodynamic properties to molecular dimensions, the definitions 

of some hydrodynamic solution properties will be given. 

The intrinsic viscosity, [~], representa the 

contribution of the dissolved polymer to the viscosity of the 

solution, Y( • If ~ 0 is the viscosi ty of the sol vent the 

relative viscosi ty, 'Ytr, is 'Yi/ 1
0

, and the specifie viscosi ty, 

'1 sp' is ( 1'(r-1). On dividing the specifie viscosi ty by the 

concentration, c, in grams per 100 ml. of solution, the reduced 

viscosity fLsp/c is obtained. The reduced viscosity is 

related to the intrinsic viscosity by 

lim ( '"/ sp/c) = [r{J 
C-+Ü 

The sedimentation coefficient may be defined by 

s = dX/dt 
"2x 

• • • . • • • • • • . ( 1) 

where dX/dt is the velocity at whicn the molecule sediments, 



and it2X is the centrifugal field. Because s is concentration 

dependent the value of the sedimentation coefficient at zero 

concentration s 0 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, = Nfv f 
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where F, is the force opposing the motion of a mole of molecules 

moving through the solution with a velocity vf and N is 

Avogadro's number. At zero concentration f becomes f
0

• 

The coefficients f
0 

and s
0 

can be related by the 

Svedberg equation (37) 

s = IVI(l-v .10) 
0 0 10 • • • • • • • • ( 2) 

Nf
0 

where v
0 

is the polymer partial specifie volume at zero 

concentration and j0
0 

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 ~he chemical groups are considered to be 

beads which offer individual hydrodynamic resistance to the 



~low o~ the solvant. It is assumed that the beads are small 

and widely separated and the solvant can stream through the 

molecule. Only a few real molecules even approximate this 

madel. 

A more realistic madel provides for the trapping of 

solvant 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 solvant~ Brinkman, Debye and 

Bueche { 38,39) and KirhTOod and Ris eman (40) developed 

hydrodynamic tneories in which the trapping of solvant was 

considered. Even though somewhat different models were used 

in the two theories, both theories led to identical equations 

relating intrinsic viscosity and molecular weight. 

• • • • • • • • • • • ( 3) 

where K is a constant for a given polymer in a given solvent, 
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and.§;. varies from 0.5 to 1.0 as N increases from zero to 

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

studied the changes in coil permeability are very small and 

therefore .ê:. is constant. 

Mandelkern and Flory (42) introduced the equivalent 

hydrodynamic sphere madel. This consista of an impermeable 



sphere of auch a radius that i t is identical to the actual 

molecule in frictional and viscosity properties. Assuming 
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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 

• • • • • • • • • • ( 4) 

where P is a "universal" constant the value of which depends on 

the ratio of the effective hydrodynamic radius to -/l. . 
0 

According to Flory the intrinsic viscosity is 

[1 J = Il( [ ( ~ )] 3/2 • • • • • • ( 5 ) 

where ès( is anot::1er "uni versal 11 constant. This equation is 

equivalent to equation 3 because ex. is directly proportional 

to JYI raised to s01ne power. On combining equations 2, 4, and 

5 one obtains 

60 [~] 1/3 

JYI 1/3 

= 
( (s( )1/3 (P )-1 (l-v o Po) 

'lo N 

• • • • • • • ( 6 ) 

Theoretically, (à?)l/3 (P)-1 should be a constant equal to 

2.11 x 106 if the same equivalent sphere can be used for both 

f 0 and intrinsic viscosity (43). It has been found experimentally 

to be a constant, but with a value (44,45) of 2.5 x 10
6 , 

applicable to flexible chain molecules. ]lor hard spheres i t 



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 tneories mentioned, there 

is still considerable experimental evidence that shows the 

Flory treatment to be not entirely correct. Krigbaum and 

Carpenter (47) found that ~ decreased as the "goodness" of 

the solvent increased. Throughout the Flory theory it is 

assun1ed 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 be~qeen theory and experiment (17,47,48). 

Despite these objections, :E'lory's theory, uncorrected for non-

Gaussian effects, will be used in tne present work. 

Concentration Depend~]lC~_.of Viscosity and Sedimentation 
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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 

7l.sp = a1 + aac + a 3 c2 
c 

• • • • • • ( 7) 
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Equation 7 is most commonly employed in the form 

........ ( 8 ) 

provided c is low. 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 obtained from the 

extrapolation to zero concentration of the plot ln 1r/c 
versus c. In this case the viscosity equation has the form 

•••••••• ( 9 ) 

c 

MacFarlane and McLeod haveshown 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 a 2 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 mo cules 

depends partly on the nature of the units of the polymer and their 

arrangement, and on the density of the co 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', al though often neglected, can be 

important in certain instances. 

The concentration dependence of t.ae 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 

tl1e variation of s wi t11 c for flexible chains is 

s = 8 
0 

l + ks c 
• • • . • • • ( 10) 

where the value of the coefficient k increases with molecular 
s 

weight (56). 

The theories of Burgers (57) and Jnory ( 43) have 

been used (58) to derive a relationship between ks and the 

intrinsic viscosity. 

k 8 = 1.66 
erp 

The value 1. 66 includes t~le quanti ty 

....... (11) 

The validity of this.equation is in doubt since many experimental 

resulta (59) support this equation while ethers (60,61) do not. 
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The Effect of Polydispe~foity 

The relation between intrinsic viscosity and molecular 

weight given in equation 3 was first suggested by lVfark and 

Houwink (62,63). The experimental values of~ and K can be 

obtained from viscosity studies on a series of monodisperse 

fractions of known molecular weignt. "VIhen the equation is applied 

to a polydisperse sample a viscosity average molecular weight is 

obtained. This may be defined as (64) 

- ••••••••• (12) 

Obviously, ~~will have a value be~~een ~~ and Mw, unless ~ = 1, 

in which case Ï\- = ÎY\.,. Because 0.5<.§!<1, V~ will be closer to 

i~ than to f~. 

The molecular weight obtained when equation 2 is 

applied to a polydisperse sample is denoted by Nfs" The 

value of 1v1
7

s relative. to F~ and l•Iw will depend on the 

analytical technique employed in determining the value of s • 
0 

Cragg's theory (52) predicts that the Huggins constant, 

k', is not affected by polydispersity provided k' involves only 

hydrodynarnic interaction. A definite relationship between k' 

and polydispersity is predicted by Tompa (65). There is a 

considerable amount of experi~ental evidence both for (66,6?), 

and against (68,69) such a dependance. 



Wales and Van Holde ( ) claim that k in equation 10 
s 

is characteristic of the low molecular weight components, and 

therefore, k /[~] should decrease with increasing polydispersity s 
because [~] is close to being a weight average value. 

Eftect of Nonli~earity 

Honodisperse 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 [~] will 

be less and s
0 

will be greater for the nonlinear molecule. 

32 

Using the subscripts b and 1 to denote nonlinearity and linearity, 

the ratio the root-mean-square end-to-end distance of a 

linear molecule to that of a nonlinear molecule is given by 

g ...•.•.• ( 13 ) 

where g has been related to the nwnber 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 

= • • • • • . • . ( 14) 

where 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 

exaggeration 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 lesa sensitive to nonlinearity than is the root-mean-square 

radius. The theory of Stockmayer and Fixman gives the ratio 

= • • • • • • • • • (15) 

where h is re1ated to ~. A recent theory by Zimm and Ki1b (73) 

predicts that 

= 1/2 g . . . . . . . . . . (16) 

Both equations 15 and 16 are derived from modifications of 

the Kir~1ood and Riseman theory. ~vo ether theories, one by 



Bueche (74) and the other by Kot1iar and Podgar (75,76), agree 

fairly c1ose1y with equation 16. The re1ationship between 

[~]b/[ryJ1 and the number of tetrafunctiona1 units per 

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

A1though the individual values of ~and P vary with 

non1inearity the product ( ~ )l/3 (P )-1 does not, since the 

powers to which these quantities are raised resu1t in a 

cance1lation of the nonlinearity effect. Experimente with 

branched dextran support this (77). Therefore the fol1owing 

equation can be written. 
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(s ) [n] 1/3 
0 b 'l b = ( k--. )1/3 (P)-1 ( ) ( ) ~ 1 - vo tb b • • • • 17 

2/3 
N~o 

In this equation it can be assumed that (1- v0 ~)b is equa1 

Therefore, if N is the same for the 1inear 
7]_s 

and non1inear materia1 then 

(s ) [n] 1/3 
0 l 1 1 = (s ) [n] 1/3 

0 b ( b 

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

({ 
(s ) = K [nJ 

0 1 s { 

• • • . . • ( 18) 

• • • • • • (19) 
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is obtained, where K and 0 are analogous to the corresponding 
s 

terms in equation 3. Substituting equation 19 into 18 gives 

= • • • • • • ( 20) 

Therefore, if (s
0

)b and f'(Jb are known for a monodisperse 

fraction of nonlinear polymer, then from known values of 

Ks and 0 the value of fryJ
1 

for the nonlinear polymer can be 

obtained from equation 20. From the ratio f~Jb;f~] 1 , 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, mw, 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 value of k' depends on tnè 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. 

Il Zimm-Kilb (73) 
e Stockmayer-Fixman ( 72) 
~ based on equation 14 
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been found to increase with increasing nonlinearity so frequently 

(68,59,78-83) 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 k is slightly less for a nonlinear molecule than for a 
s 

linear molecule of the same molecular weight. 

Polydisperse Sample: 

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 11 most probable", molecular weight 

distribution, M.W.D., is the distribution most frequently 

found for linear polymers. It is a special case of the Schultz

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 

= z(j + l)uje- zj du 

rj + 1) 

•••••••• ( 21 ) 



wh ere z = __j_ 

un 

= . + 1 .iL 
u w 

= [ \11/a 
1 r( j + 1 + ali and 
uv [ r ( j + 1 ) Jl/ a 

u , u , and ü denote number, weight, and viscosity average n w v 
degrees of polymerization respectively. Wnen 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 uni ts in the same molecule. J.Vlolecules 

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 

= 2 - 6/2 • • • • • • • ( 22) 

~~ 1- 6 

where & is the crosslinking coefficient, the number of 

crosslinked units per weight average primary, or initial, 

molecule. Wnen the molecules of a sample have become highly 

38 
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crosslinked, sorne will no longer be soluble. The point at 

which insolubility begins is the gelation point. The gelation 

point corresponds to a value of uni ty for 6 • The weight 

average number of crosslinked units per molecule, mw, is 

related to S by the equation 

ffiw: __ §_ 
1 - 8 

• • • • • • • • ( 23) 

To distinguish the values of S , i~ and Mn of the irradiated 

polymer from those of the unirradiated polymer the symbols 

S , M and M will be used for the unirradiated polymer. o wo no 
-

Furthermore, the symbols ~~00 and Mnoo will be used to denote 

the respective wei{!,ht and number averages of the primary linear 

molecules. 

There are three methods which can be employed to 

determine the value of S . In the first method the values 
0 -

of ~0 and I~0 can be obtained from light scattering and 

osmometry, respectively, and S found from equation 22. 
0 -In the second method the value of the ratio M ~1 b wots.· no can e 

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 



Fig. 1, and~ is thus obtained and finally S
0 

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, cyclization, 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 otherv1ise tne theories on 

polymer irradiation to be discussed assume that either 

degradation or crosslinking, or the two simultaneously, occur 

on irradiating a polymer, and that these changes are imposed 

on a random initial molecular weight distribution. In these 

theories the two processes are treated as independent; first 

degradation occurs and then crosslinking. One other assumption 



inherent in the theories is that 6 
0 

is zero, implying that 

all the molecules of the unirradiated material are linear. 

Each of the theories relates the change in [~]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 

co~nonly employed must be given. The gelation dose, R , is 
g 

the dose of radiation in megarads corresponding to the gelation 

point. R is the dose in megarads. [~]R and [~] 0 are the 

intrinsic viscosities er and before irradiation, 

respectively. term a' is from the equation 

~1 

a' •••••••• ( 24 ) 

The symbole, q0 and p
0 

represent the number of crosslinked 

units and breaks per chain unit per unit dose respectively. 

If no degradation occurs then p0 /q0 is zero, and R/R 
g 

b (9C ). 

Schultz, Roth, and Rothman (90) use the Stockmayer-

J!'ixman theory (72) to relate the effect 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 resulte are shawn in Fig. 2 

for a 1 = O. 7. The maximum which appears in sorne of the 

theoretical curves is perculiar to this theory. 
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Fig. 2 

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

• Po/qo = 0 

0 Po/qo = 0.4 

0 Po/qo = 1.0 
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Kilb (91) bases his theory on the ratio 

= 
1/2 

g • • • • • • • ( 16) 

and on a modification of the Stockmayer molecular weight 

distribution theory. The theoretical curves given in Fig. 3 

show the effect of both p /q and a on the relation of viscosity 
0 0 -

to doee. 

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 

[~]R/[~]0 at low values of R/Rg and a greater increase is 

predicted at high values, particularly if p /q is greater 
0 0 

than 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 KaraoËa (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. 



Fig. 2 

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. 

--- a = 0.8 

!!: = 0.7 

.......... a = 0.6 

0 Po/qo = 0 

0 Po/qo = 1 
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These theories provide a further method for the 

determination of S • If crosslinking alone occurs, and the 
0 

initial molecular weight distribution is a random one, then 

(95) 
-
N = Iv! no noo • • • • • • • ( 25) 

(1 - s /4) 
0 

-and Ivi = lV1 wo woo ••••••• (25a) 

1 - s 
0 

- -where lVi and N are tne number average molecular weights 
no noo 

after and before crosslinking, respectively, and J.V~0 and lVIwoo 
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are the corresponding weignt averages. If Nno is obtained from 

osmometry then on assuming a value of & , M can be found o noo 
from equation 25. For a sample of linear molecules with a 

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

C?]J = K r(2 +a) Ïvia noo • • • • • • ( 26) 

where K and ~ are the same as in equation 2. On substituting 

Mnoo in this equation an intrinsic viscosity is obtained which 

corresponds to tue intrinsic viacosity before crosalinking. 

If the intrinsic viacosity of the crosalinked material is 

knOW11, a ratio of the two viscositiea is obtained which 

corresponds to the viscosity ratios of Figs. 2, 3, and 4 and 

therefore 6 
0 

is found, which for no degradation is equal to 



R/R • A successive approximation procedure is employed to 
g 

o btain the correct value of S o• 

Solubilit:v 

The treatment of changes in solubility is similar to 

tàat of changes in intrinsic viscosity, except for solubility 
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no hydrodynamic theories are needed. Because of this the effect 

Oil the solubili ty 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 assume S
0 

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 slightly 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 of The manner in which 

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

G = (1 - s) = SG - 1 M s2 G 2 1 Miiz s3 G3 
z + ••• (27) 

where S 

M 
z 

is the sol 

= fn(H)N3 
!'n(lvi )N2 

2!f~ 

fraction and 

and 

3! ~ 1\r 

= 'E n ( JYl)H4 

r n(lYi )1"13 

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

equation 27 becomes 

= 2/& • • • • • • • ( 28) 

Because the crosslinkin~ coefficient is R/Rg if there is no 

degradation, the value of Rg can be obtained from extrapolating 

a plot of S + -fS versus 1/R to the point '\'The re S + ...fS = 2. 

From the values of R and lYI the value of the number g WO 

of crosslinks formed per 100 e.v. absorbed, G , can be calculated. x 
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 l0-4w e.v. 

per unit chain of molecular weight w. By definition, q
0 

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

G 0.48 x 106 
x = qo • • • • • • • ( 29) 

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

units crosslinked by a radiation dose E4 then 

• • • • • • • • • • ( 30) 



From equation 30 and the definition of the crosslinking 

coefficient, the following equation is obtained: 

S = q
0 

üw R • • • • • • ( 31) 

On combining equation 31 with equation 29 for R = R the 
g 

desired equation is found to be: 

G 
x = 

6 0.48 x 10 
RM gw 

• • • • • • ( 32) 
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Only when the radiation induced process is crosslinking 

alone can the relation 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 R
0

, then 

R 
0 

R + R 
0 g 

= • • • • • • • • ( 33) 

From the deviation between the experimental resulte and the 

theoretical c urves of Fig. 5 and 6, the value of 5 can be 
0 

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+ R0 



Fig. 5 

Theoretica1 dependance of S on the degree of 
cross1inking. 

--- M~n = 1 

F0~ = 2 

......... 1Y1 !F w 1n = 00 

• po/qo = 0 

0 Po/qo = 0.5 

0 Po/qo = 1 
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According to Charlesby (96), for concomitant 

crosslinking and degradation equation 28 can be written as 

+ 1 
- • • • • • • ( 34) 

Both p0 and q
0 

can therefore be obtained from a plot of 

S + -{S versus 1/R. G
9 

is the number of chain fractures or 

breaks per 100 e.v. and can be related to p
0 

and w. 

G = s 
0 96 X 106p 

• 0 

w 
• • • • • • • • ( 35) 

Figs. 5 and 6 illustrate two methode 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 t.:1en the effect of crosslinking 

is calculated using equation 27. Wnen 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 34 can be applied. 

Charlesby (97) has made a mathematical analysis of 

endlinking for the case of an initial random molecular weight 
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Fig. 6 

T.heoretica1 dependence of S + A/8 on the degree 
of crosslinking. 

--- M /I'Vï 
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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 various 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 
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chain reaction is inhibited by seme 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 

representa 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 = g 

d(log S) 

dR 

-
G lvi x w 

= 0.45 x 1o-6 

• • • • • • • • • • { 36 ) 

• • • • • • • • • • ( 37) 

These 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 



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 

quantitatively 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. 

Swell~ng 

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 diminiffi1ed 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 unite are elongated, and an elastic force is developed which 

opposes swelling. A state of equilibriunl is ultimately reached. 

The smaller the average molecular weight between crosslinks, Mcg' 

the less will be the swelling. 

-An expression relating Mcg to the extent of swelling is 

given by Flory (100) as 
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lYI = cg •••••••• ('=58 ) 

Xv 2 
2 

where ;Op is the den si tv of the polymer, v1 is the molar volume 

of the solvent, v2 the volume fraction of polymer in the swollen 

gel, X is the interaction coefficient between the polymer and 

the solvent, and fn is the functionality of the units causing 

nonlinearity. 

In a real network sorne chains will have free ends. 

On correcting for the ect of 11 free ends" equation 38 becomes 

N cg 

(1 - 2f:Icg/IVl_n0 g) 

where :E' is the right s e of equation 

••.....• ( 39 ) 

, and lVl is the nog 

number average molecular weight of the molecules in the gel 

before crosslinking. This correction by ]'lory (lOO) 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 anotber, and Wall and J!llory (105 ), and Hermans 

(106) have criticized the theory of James and Guth. However, experi

mental data has be en reported (107) which supports the Jillory theory. 

Two other theories (108, 109) have been developed which agree 



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 (llO) has been used to test equation 39. This equation 

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. 

In this equation 6"'1 is an entanglement factor, and fl.ls a 

rl 
-hindrance factor. is related to l•icg by the equation 

01 1 + 
q--

= J.VIcg . . . . . . . . . 
where a-is a constant for a given system. Using Mullins 

resulta for natural rubber, Blanchard and Wooton found no 

steric hindrance, and a equal to 0.414 x 10-4. 

-

steric 

(41) 

(llO) 

Once M is obtained the value of the crosslinking cg 
density in the gel, qg, 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 ~~og,then 

the total number of chains is qgA' + A'w/F~og (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 
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A'w w •••• ( 42 ) 
= 

qgA' + A'w/:tV~og qg + w/Ï1nog 

If ~00 is the molecular weight of the primary molecules then 

(113) 

:M = M (1 +-Vs ) nog noo 

Substituting the equation derived by Flory (113) 

qg = q (1 + s ) 

in equation 42 gives q in terms of lVI • cg 

q = 
(1 - Mcg/F~og) w 

(1 + S) Mcg 

•••••••• ( 4 3 ) 

•••••••• ( 44 ) 

•••••••• ( 4 5 ) 

If both q and R are known, then q0 and Gx can be obtained from 

equations 29 and 30. If the unirradiated polymer contains 

nonlinear molecules then R0 must be added to R if the correct 

values of q0 and Gx 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. 

Nany experimenta indicate that the interaction 

coefficient betvteen solvent and polymer,?C, is not a constant 

(114-117), but increases with increasing v2• This effect is 

particularly serious if a poor solvent is used (116). A general 

expression for the increase in ?ris (118): 

• • • • • • • ( 46) 

where x l' x2 and x 3' for a polymer of infinite molecular 

weight are 0.5, 0.33, and 0.25 respectively. 
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SOLUTION PROPERTIES OF THE UNIRRADIATED POL~iER 

EXPERINENTAL 

l\[aterials 

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 -vms at about 5°0. 

Reagent grade benzene and methanol made by Fisher 

Scientific Company were used as solvents in all experimente. 

The antioxidant obtained from Eastman Organic Chemicals was 

N,-phenyl-;9-napthylamine and will re denoted by B or (Ar) 3 NH. 

Fractionation 

The following technique was used in the fractionation 

of the polymer sample. A solution of 15 g. of finely eut GR-S 

in 1500 ml. of benzene was prepared in a three liter stoppered 

separatory funnel maintained at 25°0 in a constant temperature 

bath. All the components of the GR-S must have been soluble in 

benzene because the concentration of aliquote of the solution 

was found to be the same before and after filtration through 



sintered glass. A precipitant of 50% reagent grade methanol 

in benzene 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 light 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 v-Tas stopped and the bath 

allowed to cool to 25°0. Stirring was then stopped, and the 

polymer phase allowed to precipitate for 24 hours. At the end 

of this 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 measurements. To obtain the weight of 

each fraction, the solids content of 20 ml. of the viscosity 

solution was determined by a freeze drying technique. Twelve 

fractions were obtained in this manr1er. 
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Several partial fractionations were made to determine 

the quantity 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 lOO 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 1: 0.05°0, 

and before each set of experimenta 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 

tiruine, or until t:î:1e time fluctuated by no more tüan 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 t11e 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 such that ti1e relative viscosi ty approached but never 

exceeded a value of two. This limitation on ~r insures that 

a plot of ?7 /c versus concentration gives a straight line. 
(SP 

To detect any depende:nce of viscosity on shear rate 

a four bulb viscometer was employed. It was a modified form 

of the suspended-level dilution capi1lary viscometer of 

Schurz and Immergut (121). 

Sedimentation Ve1ocity 

Sedimentation velocity measurements were made in a 

Spinco lVIodel E Ultracentrifuge equipped witn Schlieren optics 

employing a Vv61 ter phase plate as tüe opaque element. Throughout 

the experimenta the rotor temperature was maintained at 25 * 0.5°0, 

t!1e rotor speed was 59,000 r.p.m. and the phase plate angle used 

was either 50° or 60°. In each sedimentation study about 12 

photographe were taken at 16 minute intervals startir:.g at sorne 

suitable time after the rotor llad attained tne desired angular 

velocity. Each fraction was examined at several concentrations 

between 0.7 and 0.1 g. per lOO ml. of solution. However, a few 

experimente were made at higner concentrations. 



A double sector cell was normally employed in these 

experimenta. This type of cell proved impractical in the 

studies of unfractionated polyrner and of the low molecular 

weight fractions, since the boundary peak either took a very 

long time to leave the meniscus, or simply would not leave the 

meniscus. A synthetic boundary cell (122) was employed in 

these experimenta. Preformed boundaries free of the meniscus 

are obtained by this technique. 1'he breakthrough speed for 

the synthetic boundary cell errrployed was 2000 r.p.m. When the 

synthetic boundary cell was used for low molecular weight 

polymer fractions reliable sedimentation coefficients could not 

be measured. With these fractions the nreformed boundary peaks 

were so blurred that the position of the maximum ordinate could 

not be accurately deterrnined. 

RESULTS 

:U1ractiona ti on -·---- -...--~--·--

The weight of polymer in each fraction is given in 

Table I. ':rhese resul ts were obtained t'rom the freeze drying 

experimente 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. 5 g. and 0.765 g., but 

fractions 1 and 12 weigh 0.477 g. and 0.190 g., respective1y. 

The sum of' tnese weights is 11.76 grams. To this must be 
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TABLE I 

Solution properties and mo1ecu1ar weights of the fractions and of the 
unfractionated po1ymer. _____ -' ______ 

-------~----;--.-·-·-··-----

x 1013 
ks/(~J F'1°x1o- 3 iYihx10- 3 - -3 

'B1raction Vfeight kr s l'l x10 
- 1d1. -1 0 v v "[s nwnber g. g.d1. __ .. _____ ._ .. ____ ..... 

------~-

1 0.447 5.38 0.742 4.63 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 3.39 2.15 356 812 656 

4 o. 765 3.65 0.341 2.85 2.06 286 633 464 

5 0.862 3.18 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 

lü 1.385 1.10 0.267 -- -- 57.7 102 
11 0.980 0.786 0.237 -- -- 36.9 61.5 
12 0.190 0.632 -- -- -- 27.6 44.2 

--·--· ----~-··-----·-----------
Unfractionated 2.31 0.415 1.29 0.96 165 339 106 

~ 
~ 



added the impurities and a amount of polymer remaining 

solution after withdrawal of the last fraction, a total 

of 1.47 grmns. Approximately 88/~ the original material 

can be accounted for. The -percentage of impurities in the 

unfractionated GR-S was found by standard method (12'3) 

which will be discussed below. These impurities account for 

6.7'3% of the sample, therefore about '3% of the polymer remains 

in solution. Since the moisture content of the GR-S was found 

to be negligible the loss in material must be related to 
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adsorption of sorne of the polymer on the sides of the separatory 

funnel, and to errors in the piPette deliveries arising from 

Viscositv 

The detailed viscosity data are given in Appendix I, 

Table IX. The ? sp/c versus c s for all the fractions were 

straight lin es. ]1ig. 7 shows the plot for fraction 4. No effect 

of shear rate on viscosity was found even the highest molecular 

weight ion. The results given in Table I show that intrinsic 

vis co 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 

the plot of n 1 c versus c. 
(sp 

because of scatter in 
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Fig. 7 

Plot of '(sp/c versus c for fraction 4. 
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.B'or fractions with gh k' values plots of 

ln 'f?r/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 '7 /c versus c. 
sp 

As mentioned in the introduction Mac:b'arlene and r'lcLeod (51) 

have given a reason for this discrepancy. According to these 

authors plots of ~ /c versus c yield the correct values 
sp 

for intrinsic viscosity. 

According to equation 7, 

11 sE = U?] + k' [rp 2 
c • • • • • • • • • • ( 7 ) 

c 

the log of the slopes of plots of 7Î /c versus c versus the . ( sp 

log of the corresponding intrinsic viscosities should give a 

straight line slope two. In the plot of Hig. 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 symmetrical peaks obtained 

using the double sector and the synthetic boundary cells. 

Peak movement could not be measured accurately fractions 

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

The maximum-ordinate sedimentation coefficient, s, 

was found from the slope of linear plots of log X versus t, 
m 
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Fig.~ 

Dependence of intrinsic viscosity on the slope of 
~sp versus c for the fractions. 
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Fig. 9 

Ultracentrifugation photographe. 



Fraction 4, Double Sector Cell 

Unfractionated Polymer, Double Sector Cell 

Unfractionated Polymer , Synthetic Boundary Cell 



where ~ 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 Fig. 10. Log Xm was calculated by the expression 

log X = log (7.3- X1) 
m 

2.19 p 
• • • • • • • • ( 4 7) 

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

70 

to the centre of the rotor, X1 is the distance from the maximum 

ordinate to tl1e centre of the rotor as measured on the 

photograph \'lhen vie'.'led througn 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 

s = 1 

w2 

d ln Xm, 
dt 

• • • • • • • • • ( 48) 

where W is the angular veloci ty of the rotor in radians per 

second when t is in seconds. 

The dependence of s on concentration, c, for fraction 

4 is shown in Fig. 11. Simi1ar plots were obtained for the 

other fractions. Extrapolation to zero concentration gives 

l/s0 • Values of s
0 

and k
8
/tryJ are given in Table I, and 

detailed resulta are shown in Appendix I, Table X. The 

sedimentation coefficient steadily decreases on going from 

fraction 1 to 9, whereas ks/f7J decreases in an irregular 
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Fig. 10 

Log X versus time for fraction 4 and a concentration 
m -1 

of 0.29 g.dl. 
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Fig. 11 

Dependance 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 
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of both fryJ 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 

• • • • • • • • • ( 49) 

where s is the sedimentation coefficient uncorrected for 
p 

pressure, ~ is the value at one atmosphere pressure, P 1 

is the pressure at tnat point in the cell at which sp was 

measured and 

/A- = op + Po v o < n - Cf) 

(1 - ,av ) 

• • • • • (50) 

1 0 0 

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

is generally assumed to be negligible, n and (f P correct for 

changes in viscosity and density, respectively, and the zero 

subscripts denote values at 25°0 and one atmosphere pressure. 

The values of D. and 0 for benzene are 0.85 x 10-9 cm2/dyne 
p 

and 0.083 x lo-9 cm2/dyne, respectively (126). Upon completion 

of t.".le calculation for several fractions i t was found that s -



could be corrected for pressure effects satisfactorily by the 

approximation (1 - ~P1) ~ 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. ~he 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 dep on the concentration. 

For all the fractions the slope increased s ghtly 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 a plot of slope versus concentration gave the 

slope at zero concentration which is equal to ( 7) 

On solving 

2 
( 0 fi) /4 flff"" 

\f JI 

j9, Mw/Mn was obtained from the expression (127) 

!92 /2 
~ e 

Using this method Mw/~ 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 ~ 

-found by scattering and lvi found from osmometry, and it 
n 



is also low theoretically considering that only twelve 

fractions were obtained. For the unfractionated polymer 

Mwfl~n was calculated to be 1.2 which is much lower than 

the minimum value it can have of approximately two (101). 
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There are three possible reasons why these resulte 

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. Al though the photographe 

of Fig. 9 indicate no skewness, the molecular weight 

distribution curve of Fig. 13 shows a 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 experimente using other polymers (128,129) the dependence 

of slope on concentration increases with decreasing concentration. 

Therefore, by failing to go to sufficiently law concentrations 

the value of the slope at zero concentration would be tao small 

and therefore j3 and MwfMn would be lees than the true values. 

Nolecular \veight 

Equation 5 on rearrangement gives 

= [ N lo-13_ 'f._o ___ ~-·- --·]3/2 so3/2 frpl/2 
( ~ )1/3 p-1 (l-v JJ ) 

01 0 

• • • ( 5a) 



Fig. 12 

Specifie volume of the polymer solution, v, 
as a function of the product vc. 
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Fig. 12 

Molecular weight distribution curves. 

0 

• 
integral 

differentiai 

theoretical curve for 
Mn = 89,000, random distribution, 
and linear molecules. 
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where '?o' the viscosity o~ the solvent, is 6.024 millepoises 

and ;0
0

, the density o~ the solvent, is 0.8735 grams per ml. 

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

given by (133) 

v= vs (1 - vsc) ~vs 

d(vsc) 

• • • • • • • (51) 

where vs is the specifie volume of the solution obtained by 

pycnometry. From the plot of the specifie volume of the 

solute against vsc given in Fig. 12, dvs/d(vsc) was found 

to have a constant value of 0.1253. Using this value in 

equation 51 for different values of c and vs indicated that 
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v changes a negligible amount with concentration, and therefore 

( 1 - v 
0 

f7o) is a constant o~ 0.107. Values of M: i( s were 

calculated using equation 5a with values of s
0 

and [1] 

from Table I, and are listed in Table I. 

The Mvc and Mvh values given in Table I were 

calculated from 

....... 
• • • • • • • 

(52) 

(53) 

The first equation is valid for a polymerization temperature 

of about 50 °0, therefore h. for "hot 11 is used and FI h is 
v 
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o·btained ( 134). The second equation is for polymerization 

at aoout 5°0 theref'ore c for 11 cold" is used and M c is obtained 
' - v 

(135). The resulta of Table I show that M is always less 
'1_S 

than M h, but is onlv less than M c for the low molecular weight v •. J v 
-

fractions. For tne high molecular weight fractions M rs becomes 

greater than M h v • 

Using FI f:ro.11 equation 5a for the high molecular 
'76 - c 

weight fractions and M from equation 53 for the low v 
molecular weight fractions, the molecular weight distribution 

curve shown in Fig. 13 was constructed. The integral 

distribution curve was obtained by plotting the molecular weight 

of tne i th fraction against the cumulative weight fraction 

of the first (i-1) fractions plus half that of the i tb 

fraction. The differentiai distribution curve was obtained by 

graphical differentiation of the integral curve. This involved 

drawing the integral curve on a scale four times that shown in 

Fig. 13 and finding the slope of the enlarged curve at several 

values of molecular weight. 

Degree of Crosslinking 

Fig. 14 shows tne plot of log s
0 

versus log f'7J for 

the nine fractions examined and for the unfractionated polymer. 

The five lowest molecular weignt 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 

• • • • • • • (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
0 

but does 

increase the intrinsic viscosity. This explanation also 

accounts for the low values of ks/f'?J and M given in 
-rzs 

Table I. 

Using equation 20 
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= • • • • • • ( 20) 

and equation 54 and the [1]b and s
0

b values for the first four 

fractions, f1]b/ [~] 1 values were obtained. Then from Fig. 1 

the number of crosslinks per molecule, m, was found and m w 

was then calculated. Finally b
0 

was found from equation 23, 

m = b0 -w -------- •••••••• (23) 
l - (' 

00 

The resulta are given in Tables II and III. The three theories 

show an increase in nonlineari ty "d th 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 II 

Degree of cross1inking in each fraction. 

Fract. fr[Jb/ rryJ1 m m m 
Zimm-Kilb Stockmayer- equation 14 

Fixman 
-----

1 

2 

3 

4 

5 

• 

• 

The ory 

Zimm-Ki1b 

Stockmayer
Fixman 

equation 14 
Ki1b 
Schultz 
Katsuura 

0.544 21.3 6.4 2.7 

0.558 19.0 5.9 2.5 
0.661 8.4 3.8 1.7 

0.712 5.4 2.9 1.3 

1.000 0 0 0 

• • • 

------,----------·-
m w 3.58 

TABLE III 

1.26 

Values of b using several theories. 
0 

0.55 

from [~] and Mnoo 

equation 52 equation 53 

from lv~0~;~0 from resulte 

equal 2.84 for fractions 
used used 

0.80 

0.92 

--------------

0.30 
0.30 
0.66 

0.78 

0.56 
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three times that according to the Stockmayer-Fixman theory (72). 

Assuming each fraction is monodisperse, ~~0/Mno was 

found by substituting values from Fig. 13 in the following 

expression (136). 

• • • • • • • (55 ) 
= 

where W is the cumulative weight. 
c 

This method gave M /N wo no 
2.84. Substituting this value into equation 22, 

M 2 - s o/2 WO (22) = • • • • • • • • 
F~o 

-----
l - s 

0 

-

= 

gave S 
0 

= 

K 
be 89,9000. 

0.36. The value of M was found by osmometry to no 
Therefore, ~~0 according to equation 55 is 

305,000. 

Although the theories of Zimm and Kilb, Stockmayer 

and Fi:xman, and that represented by equation 14 are strictly 

valid only for results obtained at the tneta temperature, resulta 

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

)[ 

The osmotic pressure data were supplied by the Pulp and Paper 
Research Institute of Canada. 



An assumed value for S was used in equation 25 
0 

with M = 89,000 to give a value for the number average no 
molecular weight of the primary linear molecules, Mnoo· 

N = no Ivi noo 

(1 - g /4) 
0 

• • • • • • . • ( 25 ) 

Substituting this value of M in equation 26 with K and _a noo 

from either equation 52 or 53 led to a value for the intrinsic 

viscosity of the primary molecules. 

r~J = K r <2 + • • • . • • ( 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 b . Although Figs, 2, 3, and 4 
0 -

are plots of [1] R/[~]0 versus R/Rg' i t was shovm in the introduction 

to this thesis that under the present circurnstances R/Rg = S 
' 0 

and [~J RI [1] 
0 

equals tüe ratio of the intrinsic viscosi ti es 

of tne nonlinear and primary linear molecules. If the value of 

S
0 

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

a new value vras assumed and tne procedure repeated until 

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

S are given in Table III. No value of S is given for Schultz' s 
0 0 

theory (90) in the case of equation 52 because the value of 
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['il] RI ['?] 
0 

calcula ted lies ab ove the maximum value for 

[~]RI [?Z] 0 in the theoretical curve of J?ig. 1. 

DISCUSSION 

Before discussing the results in detail it is necessary 

to determine whether the molecular weight distribution, N.Vi.D., 

before crosslinking is of the random type, and the crosslinks 

are formed in a random manner. Bardwell's analysis (101) 

reveals that for poly(butadiene-co-st:vrene) the primary 

distribution is very close to the random type even at high con

versions. Jnory (137) claims that a small degree of nonrandom 

crosslinking probably occurs at high conversions. Because the 

degree of conversion of the polymer udied was not known, this 

factor must be considered in internreting sorne of the results. 

There is a nossibility that trifunctional branching occurs (137), 

but Morton (138) suggests that his experimenta indicate that 

crosslinking occurs much more than branching. Experimentally 

( 9), and theoretically (l40) branching has been shown to 

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

Because the slope of the plot 

log 
"rlsp - [r[ J 

versus log[Y{J 
c 

shown in .i!'ig. 8 is found to be two for the low intrinsic 
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viscosity fractions it can be concluded t11at k' in equation 8 is 

a constant for these fractions. 

r;sp = • • • • • • • ( 8) 

c 
However, the slope becomes increasingly greater on going to 

higher [?] fractions. This means that k' in equation 8 is no 

longer a constant but is increasing wi tn increasing [1{] • 

The k' values shmm in Table I indicat e the extent of this 

increase. Oragg (78) obtained the same resulte 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 sol vent for this polymer. Therefore i ts sol vent pm·rer 

will not decrease sufficiently with increasing molecular wei~1t 

to cause an increase in k'. An increase in polydispersity ca~not 

explain tne rise in k', because k' for the unfractione.ted 

polymer was less tnan k' for the high molecular weight fractions. 

An increase in the 210nlineari ty of tue molecules must be 

responsible for tne increase in k'. A further indication that 

increasing k' means increasinf nonlinearity is that as k' 

increases so also does m , the weight average number of cross
w 

links per molecule. 

Because a nonlinear molecule is more compact and 

dense than a linear molecule, its shape parameters will tend to 



approximate those of a sphere more closely than would those of 

a linear molecule. The value of ès( 1/3p-l is lower for a solid 

sphere than it is for a linear molecule (46). Equation 11 

indicates tnat the ratio of ks/f?J is inversely proportional to 

( 6( l/3 p-l )3• The resul ts in Table I show that ks/rrp tends to 

increase with increasinf intrinsic viscosity. Therefore, 

( ~ l/3 p-1 ) is decreasi11g with increasing intrinsic viscosity 

87 

which in turn means tnat tL1e molecules are becoming more spherical 

and hence more nonlinear as the intrinsic viscosity increases. 

Wales (58) predicts that decreasing the polydispersity of a 

sample will i:ncrease ti--le ratio of ks/rryJ. Therefore the increase 

in ks/fryJ might be caused by the high intrinsic viscosity 

fractions having a lower degree of polydispersity than the law 

molecular weight fractions. 

The molecular weight distribution, lVi. \f. D., shawn in 

Fig. 13 is accurate urovided that the values of molecular weight 

and fraction weight were accurate, t~at the fractions were 

almost monodisperse, and that the differentiation of the integral 

curve was accurate. Errors in the weights of the fractions would 

have a negligible effect on the Jvi. \'I.D. because the se 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, whereas those for the 

three lowest molecular fractions were obtained from equation 52. 

It was shown in the introduction that the values of molecular 

w ght found from equation 5a are not affected by 

nonlinearity of the molecules. Even though the molecular weight 

as calculated om 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 M /M = 2.54 and wo no 

be in errer. 

8 
0 

:: 0 • 38 mi gh t 
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The differences in the values of S in Table III 
0 

obtained using the intrinsic viscosity and the number average 

molecular wei~1t of the unfractionated polymer indicate the 

great importance of the parameters K and ~· The values calculated 

using equation 53 for the 11 cold 11 polymer are probably more 

accurate tnan those obtained using equation 52 for "hot" polymer 

because the structure of tlle polymer as revealed by infrared 

analysis indicated that it was indeed polymerized at a low 

temperature. Another indication tl1at equation 53 is the more 

reliable is that the molecular weig.i:lt results in Table I show 

that the ratio of N
7

s to Mv0 is generally greater than unity, 

whereas the ratio of ~i to iVI h is less than uni ty. But N 
"Y(s v r;a 

should always be greater than M because s as obtained in this 
v 0 

work is nearer to a weight average than is intrinsic viscosity 

( 142). Therefore t.l:le iV1v c values are more reasonable th an the 
- h 
l"i values. 

v The increase in the ratio of M '1 
8 

to Mv c wi th 

increasing molecular weight shown in Table I is a result of 

tne fact that N? s is unaffected by nonlineari ty whereas Nv 

decreases with increasing nonlinearity for a constant molecular 

wei?ilt. For the low molecular vleight fractions M c is actually v 
greater than M '1 s. 

A possible explanation for this is that 

the lii.\'I.D. of these fractions mig11t have long high molecular 

weig11t tails which are not accounted for in the measurement of 

s
0 

but are accounted for in the measurement of f7J . The 
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unfractionated polymer does have suc.n a tail and as the result 

in Table I shows the ratio of M to M c is very much less 7s v 
than one. 

The hydrodynamic properties studied in this work depend 

on both the degree of nonlineari ty and the :r-1. W .D. The previous 

theories used to calculate 6
0 

must take into account both 

these effects. But, in calculating the degree of nonlinearity 

in monodisperse fractions the effect of Ivi.I·f.D. need not be considered. 

For this reason the values of S based on the values of m 
0 

for tne fractions are probably more accurate; furthermore, S 
0 

in t.tlis case is based on many more experimenta and therefore 

is statiotically more valid. Theoretical reports cited in the 

introduction to this thesis support the Zimm and Kilb theory, 

rather than the Stockmayer and Fixman theory or the tlleory 

represented by equation 14. Recent experimental evidence using 

monodisperse polystyrene also supports the Zimm and Kilb theory. 

Therefore, the most reliable value of S obtained from the 
0 

present data is probably that calculated from the application 

of the Zimm and Kilb (73) theory which gives the value S = 0.78. 
0 

One of the assumptions made by these authors is that the sample 

is monodisperse. Consequently, polydispersity of the fractions 

and the possible errors in K and §:. in equation 20 imply that 
s 

0.78 has a large possible errer. 



If true value of ~ is O. 78 and if equation 53 
0 

relating intrinsic viscosity to M is also correct for the v 
polymer be studied, then the low values for S obtained 

0 

using the intrinsic viscosity and the number average molecular 
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weight of the unfractionated material indicate that the theories 

of Kilb '(91), Schultz (90) and Katsuura (92) underestimate the 

t of nonlinearity on the intrinsic viscosity. The value of 

$ obtained from the experimentally determined molecular weight 
0 

distribution was 0.36, and therefore the correct value is 0.78 

the N.vv.D. obtained is narrower than the true N.Vv.D. and the 
-value of l\1w calculated using S

0 
= O. 36 is too low. 

RADIATION INDUCED CHANGES IN SOLUTION PROPERTIES 

EXPERIJIIEN·:rAL 

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 orecipitating the polymer from a dilute solution of 

GR-S in benzene. Hethanol 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 



owed to settle for 24 hours, and the supernatant liquid was 

removed by using nitrogen nressure to force it out of a s 

tube. The entire purification was accomplished in a nitrogen 

atmosuhere to avoid oxidation. After the removal of nearlv 

the suuernatant liquid the nolvmer was again dissolved in 

500 ml. of benzene, reprecipitated, left for 24 hours, and the 

supernatant liauid withdrawn. :l!1inall:v, the pol;vmer was washed 

several times with methanol. The pure uolvmer was dissolved in 

200 ml. of benzene and the solution transferred ta a 250 ml. 

beaker, and a known quantity of antioxidant, B, added. '1l'he 

solution was frozen, placed in a vacuum desiccator freeze 

dried. ]!rom the wei;:tht of the dry uolvmer and the known weia·ht 

of B the uer cent of B in the uolvmer was calculated. 

samnle was stored in a vacuum 0 °0 in the dark. 

Irradiation 'rechni gue 

The nolvmer samnle to be irradiat was eut into 

small pieces and nlaced in the sealed end of a glass tube of 

10 mm. width and 12 cm. length. About 9 cm. from the sample 

the tube was narrowed to an inner diameter of roughly 2 mm. 

The tube was connected to a hiGrh vacuum system hy a g:round 

glass joint and evacuated ta a pressure of one micron for at 

least two days to assure the removal of all the benzene. 

l!1inal , at a pressure of one tenth of a micron, the tube was 

sealed at the narrow point. 

92 
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While a sample was being evacuated the system could 

not be tested for leaks with a spark coil because the e1ectric 

discharge and tne ozone seriously affected the polymer. The 

application of the discharge for only a few seconds caused the 

formation of seme insoluble po1ymer. 

The sample was irradiated in a cobalt-60 gamma-cell 

model 220 manufactured by Atomic Energy of Canada Limited. 

The intensity of the radiation within the cavity of the cell 

v1here 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 a ample. 

On September 25, 1959 the intensity of the radiation 

at tne point in the cell where the intensity is greatest was 

found by the manufacturersto be 9.74 x 104 roentgens per hour. 

Using this value and t11e value of 5.2 years (144) for the half 

life of cobalt-60 the intensity could be calculated at any time. 

1
110 calculate the dose in rads received by the polymer the electron 

density of the polymer was determined from tne perce:ntages of 

carbon and hydrogen, and the number of electrons per gram for 

these elements (145). 
-2":< 

The electron density is 3.322 x 10 / 

compared to 3.337 x 10-23 electrons per gram for water. If 
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W for air is taken as 34 e.v. then according to crnapiro (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 lo- 23 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 errer was inherent in the technique 

employed for measuring R , the radiation dose required to 
g 

initiate gel formation. This errer 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 witn which Rg 

could be determined by the visual technique is poor. 

R was determined in the present study by noting the 
g 

radiation dose required to cause a benzene solution of the 

irraàiated polymer to block a sintered glass filter. This 



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 De detected. The further possibility of the gel 

passing through the pores of the filter had always to be 
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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 tne ·benzene the gel would contract and 

passage of the solvent tnrougll the filter was again possible. 

Close to tne gel point the intrinsic viscosity for some of the 

molecules could be very high (81). This factor further 

complicated gel point determination since difficulty of 

filtration could be caused by either high viscosity or gel 

formation. Because of these many possible sources of error the 

precision wi th which R could be d etermined vras only fi ve per 
g 

cent, as a conservative estimate. 

Viscosi..:tY: 

The intrinsic viscosities of samples irradiated to 

doses less than Rg were determined as described in the first 

experimental part of tiüs t11esis. The pure polymer was 

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

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. 

The amount of oxygen in these exposed polymer samples was determined 

microanalytically.K 

The filtration characteristics of solutions of samples 

whic~l had been irra.diated to doses nea.r but less than R were g 

also studied. These samples were also analyzed for microgel 

(146) by shaking the solutions with finally divided calcium 

sulphate ( 14 7). 

Solubility 

Solubility determinations were made on pure polymer 

and polymer containing B, wh en irradia.ted in air and in vacuo. 

The determination of the percentage of irradiated 

polymer soluble in benzene wa.s simple and accura.te. A known 

weight of small pieces of polymer, generally about 0.3 grams, 

was placea:. in benzene for 24 hours. The solution was then 

decanted into a lOO ml. volumetrie flask. The procedure 

was repeated tnree times, and tüe gel was then washed with 

small amounts of benzene and t.ae final solution made up to 

lOO ml. A very dilute solution of B in benzene was useà. in 

the extraction of tn~ pure polymer to prevent oxidation. 

K Alfred Bernhardt, l'.iax Planck Insti tu te. 
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The solids content of 25 or 50 ml. of the final 

benzene solution was i'ound by freeze drying. In calculating 

the per cent soluble polymer a correction was made for any B 

ini tially present in the polyrner, assuming that B was complet ely 

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 lOO mesh filter was used in mm1y experimente to minirnize 

this loss in gel, but the rnesn failed to irnprove the reproducibility 

of the technique wnicü remai.ned po or. 

The ratio p /q was determined by the method of 
0 0 

Baskett (148). A sarnple containing B was irradiated to a high 

dose, ex-cracted, and the e:el divided into several portions. The 

irradiation to high dose and extraction process W2re then repeated 

on each of these portions. 

Swelling 

After separating the gel from the sol the degree to 

which the gel sv;elled in benzene was determined. The benzene 

not incorporated into t.ne gel was decanted off. The particles 

of swollen gel were rolled on a paper tmvel for about one minute 

to remove any surface benzene. 11he~r were then quickly transferred 

to a weighed stoppered bottle and t"1eir weight determined. 

Because the weiftht of the dry gel was known from solubili ty 

experimenta, the benzene associated with 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 too 

prolonged sorne of the benzene contributing to the swelling 

might be lost during the drying of the gel. too rapid a 

drying process was employed all of the excess benzene wou1d 

not be removed. 1l'o determine the importance of these possible 

errors in the drying technique, F1ory's method (149) of 

d ermining the ext of swe1ling in a saturated benzene 

atmosphere was applied to several samples widely differing 

degrees of swe1ling. 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 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 light 

of his results no further study was deemed necessary. 

RESULTS AND TREAl'HEliJ'J: 01!' D.A.~l_lA 

Only irradiation in vacuo will be considered here. A 

detailed presentation and discussion of the results of irradiation 

i:n air is given in a fol1owing section. 
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TABLE IV 

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

------·-~-·-----------------
Paper towel method 
weight of swollen gel 

gram a 

~'lary' a method 
weight of awollen gel 

gram a 

--·----------------·--·-·--~-
7.9366 

7.0906 

5.5448 

2.3577 

1.7329 

8.3761 

7.0345 

5.6736 

2.2261 

1.7662 
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Viscosity and Gel Point 

The values of R listed in Table V were obtained by 
g 

the filtration technique. Table V also gives G values which were 
x 

calculated from equation 32 

and 4.7 x 106. The value of 

using M of 3.05 
wo 

M = 305,000 was wo 

x 10 5 ' 2. 4 x 10 6 

calculated from 

the value of M = 89,900 as determined by osmometry and the 
no 

molecular weight dis tri but ion curve gi ven in Fig. 13. J!'rom 

equation 22 using N = 89,900 the values 
no 

and 4.7 x 106 were computed assuming S 
0 

respectively. 

~0 2 - & /2 = 0 

M l - ~0 no 

R 
6 = 0.48 x 10 

g 
G M 

x wo 

of M = 2.4 x 106 
WO 

= 0.8 and 0.9, 

•••••••• ( 2 2 ) 

.....••. ( 32 ) 

It is important to realize that in calculating G 
x 

using equation 32 it is not necessary to correct the experimentally 

deterrnined values of R and M for the effect of nonlinearity in 
g wo 

the unirradiated polymer. Although the values of R and M 
g wo 

depend on the value of 6 , the product R N does not. The 
0 g wo -weight average rnolecular weight of the primary molecules, N 

woo' 
is obtained from 

M = 
WO 

•••••••• ( 2 5a ) 

(1 - 0 ) 
0 



and the dose to produce incipient gelation if the primary 

molecules are irradiated, R + R , is related to 
0 g 

b by 
0 

= • • • • • • • • • ( 33) 
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Therefore the product of the weight average molecular weight 
-of the primary molecules, J.VI , and the dose to initiate woo 

gelation is 

M 1 - R 
WO 0 

which reduces to M R • 
WO g 

R + R 
0 g 

(R
0 

+ R ) 
g 

Fig. 15 shows the effect of radiation on the 

intrinsic viscosity for doses up to the gel point assuming 

b = 0 and for comparison the theoretical curves of Kilb (91) 
0 

and Katsuura (92). The Schultz curve of Fig. 2 obviously does 

not agree with the experimental curves and is therefore not shawn. 

Fig. 16 gives the same curves as Fig. 15 assuming S
0 

to be 

0.8; tl1e deviation from theory in this plot is even greater 

than in Fig. 15. Table XI of Appendix II gives the data used 

in calcu1ating [11R for one of the samp1es. The plots of 

1(sp/c versus c were similar to that shown in Fig. 7 for one 

of the fractions. The values of L'!] R and f'?] 
0 

for all the 



Fig. 15 

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

--- Kilb 1 s theory, a= 0.68, Po/o_o 

.. Il .. • Il • Katsuura's theory, a= 0.70, Po/qo 
experimental 

0 O% B 
• o. 5% :s 
[] 2.1, 5.3, 7.1, and 11.3% B 
~ 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 Î? /c versus c plots are plotted against 
(sp 

log [r?] in Fig. 17. The straight line obtained can be fitted 

to the equation 

17 sp = [r;J + k'[l(1 2c 
c 

where k' has the value 

k' = o. 223 <L?Jl ) o. 75 • • • • • . • • (56) 
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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 Fige. 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 R but had no effect 
g 

at lower doses. Therefore, neither the filtration of the sample, 

which was carried out to remove dust, nor the presence of 

microgel, caused the deviation from the theoretical manner in 

I'TiliC~'l [Y;JR increases wi th dose. 



!'ig. 16 

Comparison between the theortical and experimental 
dependence of intrinsic viscosity on R for [) 
equal to 0.8. 0 

--- Kilb' s theory, a = 0.68, P
0
/q

0 
= 0 

······ Katsuura•s theory, a= 0.70, p
0
/q

0 
= 0 

experimental 

10~ 
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F:ig. 17 

Dependence of intrinsic viscosity on the s1ope of 
~sp/c versus c for the irradiated po1ymer. 

0 

• 0 
6 

O% 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 resulta are given in Table XIII Appendix II. If each 

dose is divided by R the curves of Fig. 19 result. This is 
g 

the type of plot shovrn and explained in the introduction to this 

thesis. Theoretical curves for random crosslir~ing imposed on 

a random N.W.D. are given in Fig. 19 for ~ 
0 

of 0.4, 0.7, 

and 0.9. These theoretical curves were obtained by plotting 

values of % sol 

curve for 8 
0 

for given values of R/R obtained from the 
g 

= (R/Rg) S'
0 

• Rg is equal 
--~----

0 against 

1 so 
to the experimental value for R minus R , 

g 0 
therefore b 

0 
= R • __q__ 

R g 
This means that (R/Rg)- b o = R- R 

0 
• The experimental 

1 b 
0 

curve is seen to approximate the 

equal to 0.9. 

R - R 
g 0 

theoretical curve for S 
0 

A second method of plotting sol data is presented in 

Fig. 20 where 1/R is plotted against S +~. This plot 

emphasizes the change in solubility at high doses whereas 

Fig. 19 emphasizes solubility behavior at low doses. This is 

the type of plot shawn in Fig. 6 in the introduction to this 

thesis. From the slopes of tne curves at infinite dose shawn 
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Fig. 18 

Sol fraction as a function of radiation dose. 

0 0% B 

• o. 5~l> B 

0 2.1, 5.3, 7.1, and 11.3% B 

• 60.0% B 

• O% B irradiated 
of air. 

in the presence 

6 2.7% B irradiated in the presence 
of air. 
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;F_ig. 19 

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

theoretical, random distribution 
initially 

experimental 

• 0.5% B 
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in Fig. 20, and the values of Nno = 89,900 and w, the monomer 

unit weight, of 68.4, G values in Table V were calculated x 

using equations 25, 29 and 34. These Gx values have been 

calculated assuming ~ values of zero and 0.8. Unlike the 
0 

value of Gx calculated using equation 32, tne value of Gx 

calculated by the present method is affected by the value of 

S , but only slightly. To correct for the effect of nonlinearity 
0 

in the unirradiated polymer (R + R
0

), rather than R, is used in 

equation 34. 

s 

H no = 

= 

_ l\~oo __ 

(l-&/4) 
0 

+ 1 

••••••• (25) 

• • • • • . • ( 29) 

• • • • • ( 34) 

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 

% -2 between 20 and 80"o solubility, d log S, is 3.42 x 10 • 
dR 

Substituting this value into equation 37, and combining equations 

37 and 36 
d{log_ s) 

dR 
= 0.45 x 10-6 

6 
= 0.5 x 10 

G J:vi _ x wo 

• • • • • • ( 37) 

• • • • • • ( 36) 



Fig. 20 

Plot of S + ~ versus 1/R. 

0 O% B 

• 0.57~ B 

[) 2.1, 5.3, 7.1, and 11.3% B 
• 60.0% B 
~ O% B irradiated in the presence 

of air 

6. 2. 7% B irradiated in the presence 
of air 
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TABLE V 

Values of R m1d G for several concentrations of B and for severa1 values for 

% B 

g x 

R 
g 

lvi and b • wo 0 

G ca1cu1ated using equation 32 x -

megarads cross1inks per 100 e.v. absorbed 
by samp1e 

- 5 - 6 - 6 N =3.0x10 Ivi =2.4x10 N =4. 7x10 wo wo wo 
--· .. ·------·--·----

0 0.20 9.41 3-33 1.72 

0.5 0.54 3.49 1.24 0.64 

2.1, 5.3 0.69 2.73 0.96 0.50 7.1, 11.3 

60.0 1.00 1.88 0.67 0.35 

oK 1.69 3.18 1.13 0.59 

2. ?"K 0.53 1.00 0.36 0.18 

* Irradiated in air. 

G ca1cu1ated using 
x equation 34 

cross1inks per 100 e.v. 
absorbed by samp1e 

s = 0 b = 0.8 
0 

-
1.62 

0.97 

0.59 

0.46 

1.16 

0.41 

0 

1.59 

0.94 

0.56 

0.43 

1.10 

0.39 

J:-1 
1-1 
1-l 



Fig. 21 

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

i = d(logS) 

dR 

= 0. 203 1?~0 

M no 

The average number of links per chain is (1- i)/i. The 

ratio of weight average to number average molecular w ght 

according ta the molecular weight distribution, M.W.D., of 

Fig. 13 and also theory (101) is at least two, and therefore, 

i is close ta 0.5 and the number of links per chain is close 

to one. If a correction is made for S then i will be 
0 

increased because d(log S)/dR is uneffected by R
0

, 

R M = (R + R ) M , and M is less than M These g wo g o woo noo no 
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resulte suggest that crosslinking is not the result of a chain 

reaction mechanism. 

Table VI gives the necessary data for obtaining 

p 
0

/ q
0 

by Baskett' s method ( 148 ) • S + -/S should be come constant 

after a certain dose. Its value at this point is S +VS = p
0
/q

0
• 

Table VI shows that except for the lowest dose S +~ increases 

with dose. Doses sufficiently high to give a constant value of 

S + YB were not used and the value of p /q could not be 
0 0 

calculated. The resulte in Table VI indicate that p /q is 
0 0 

greater than 0.013. 
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TABLE VI 

So1ubi1ity fo11owing irradiation, extraction and irradiation. 

R 

megarads 
s + -JS 

·-·--·-----------·--------------
5.8 

25.2 

42.2 

122.0 

0.819 

0.280 

0.315 

0.568 

0.0170 

0.0081 

0.0087 

0.0132 

Initial solubility was 5 r 0.5%. 
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Swelling 

The volume fraction of polymer in the swollen gel 

was calculated from the equation 

Va = • • • • • • • (57) 

wb 1 ~ + wg 1 pP 
where W and W are the weights of dry gel and benzene, 

g b 
respectively, and ;ü

0 
and ;OP are the corresponding densities. 

Tne value of ~ is 0.8739 g./ml. (1?0) and that of ~ is 

0.941 g./cm3 (150). The dependence of va on sol fraction is 

depicted in Fig. 22. The detailed resulta are given in 

Appendix II, Ta.ble XIII. 

Rather than calculate the density of crosslinking, q, 

for every sample, the values of q corresponding to seven points 

from tne 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. 
F = 



Fig. 22 

Degree of swe11ing as a function of s. 

0 

• 
O% B 

0.5% B 
0 2 .1, 5 • 3, 7 .1, and 11. 3% B 

• 60.0% B 

Â O% B irradiated in the presence 
of air 

6 2.7% B irradiated in the presence 
of air. 

116 



.----------------------1 
\ 

0~ 
0 

\ 
0 

. __ .l. 

~ . 
0 

•o 
<J 

<J 0 
Do 

"'· 0~0 
""'• , . ... 

... ----......... _ 
L 

('f') C\J . . . 
0 0 0 

N 0 Il. 'JV'è:f _:1 lOS 

0 
-q-

0 
(1') 

0 
C\J 

0 

0 

N 
~ 
~ 



117 

A value of o. 38 was used for X , the interaction coefficient 

between polymer and solvent. This value is tàe average of 

the values O. 36 and 0.40 obtained by l!,rench and Ewart (134) 

and Bristow (151 ), respectively. The values of F given in 

Table VII were calcu1ated assuming only crosslinking occurred, 

f 
n = 4. If endlinking, f 

n = 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 N uncorrected for chain cg 
entanglements were calculated from equation 39 

F = 1\l cg • • • • • • • • ( 39) 

and the values of !VI corrected for chain entanglements were cg 
calculated from equation 40 using the same correction factors 

as were found by Blanchard and \'looton for natural rubber. 

M 
cg = (1 - 4.14 x 10-5 M ) 

cg 
F (1 - 2M II1 ) cg;- nog • • • • • ( 40a) 

The values of ~~og used in these equations were calculated from 

equation 44. 

M = JYI (1 + -/S) nog noo . . . . . . . . . (44) 

Equation 25 was employed in ca1cu1ating M assuming ~ = 
noo o 

0 and Table VII gives the four series of JYI values. cg 



--· 
R 1/v2 % s 

megarads 

4.6 52 48.0 
6.4 36 38.0 

10.7 22 24.0 
22.5 12 10.0 
42.0 8 4.0 
50.0 7.2 3.0 
62.0 6.5 2.0 

R + R 1/Vg % s 
0 

6 =0.8 
0 

metsarads 

7.36 52. 48.0 
9.16 36 38.0 

13.46 22 24.0 
25.26 12 10.0 
44.76 8 4.0 
52.76 7.2 3.0 
64.76 6.5 2.0 

TABLE VII 

Swe11ing and cross1inking density data 

.. 
~I x1o- 4 

nog Fx1o-4 :M x1o- 4 
cg 

b = 0 () = 0 
s 0 = 0 0 

15.2 46.2 6.5 
14.5 23.7 5.6 
13.4 9.85 4.0 
11.8 3.06 2.0 
10.7 1.39 1.1 
10.5 1.12 0.92 
10.2 0.89 0.87 

l" x1o-4 Fx1o-4 :M xlo-4 ·~og cg 

()=0 
0 = 0.8 6 = 0.8 

0 0 
-..- ..... -·-

12.16 46.2 5.37 
11.61 23.7 4.67 
10.71 9.85 3.58 

9.50 3.06 1.86 
8.63 1.39 1.03 
8.43 1.12 0.886 
8.20 0.89 0.725 

M x1o- 4 
cg qx104 qx10+4 

() = 4.1x10 -5 () = 0 Ô= 4.1xl0-5 

60 = 0 6 0 = 0 5 = 0 
0 

7.4 4.0 3.0 
6.7 5.5 4.0 
5.6 10.0 6.0 
3.2 25.5 14.5 
1.6 53.5 35.0 
1.3 65.0 45.0 
1.0 81.5 60.0 

--
M x1o- 4 

cg qx104 qx10+4 

() -5 = 4.1x10 cJ= 0 ô -5 = 4.1x10 
6 = 0.8 

0 
6 0 = 0.8 6 = 0.8 

0 

-'----- ------------·-·--------··-
5.86 4.80 
5.40 6.38 
4.01 10.2 
2.91 26.9 
1.48 56.2 
1.21 66.4 
0.94 84.2 

4.10 
4.90 
8.60 

14.80 
36.80 
47.00 
63.20 

J:-1 
~ 
00 



The corresponding q values were obtained from equation 45. 

q = ( 1 - M lM ) cg -nog 
---~ 

(1 + S) M cg 

• • • • • • ( 45) 
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:E'ig. 23 shows the dependance of q on R for q calculated from 

equation 45, for q calculated using solubility resulte, and for 

q calculated from M = 203,000 and R = 0.69 Mrads. The 
WO g 

values of q calculated using h = 0.8 were plotted against 
0 

(R + R
0

) where the value of R
0 

is obtained from equation 33. 

DISCUSSION 

Viscosity 

R 
0 

R + R 
0 g 

= b •••••• (33) 
0 

A serious deviation from the theoretical curves of 

t.i:le resulte of t11e present work is evident in both Pigs. 15 and 

16. The agreement with Katsuura's theory (92) is fairly 

satisfactory for low doses if & 
0 

is O. 36 or zero, but at higher 

doses or for & 
0 

= 0.8 t11e agreement is poor with both theories. 

The experimental resulte w.net.ner S
0 

is 0.8 or zero deviate 

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



Fig. 23 

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

• 
0 

solubility data 

from swelling data 

uncorrected for both r; 
0 

and 
chain entanglements. 

6 = 0.8, uncorrected for chain 
0 

entanglements. 
S = 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 filtered 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 

versus R/R for a sample irradiated in air was the 
g 

same as that for a sample irrad.iated in a vacuum (J?ig. 15 ). 

The deviation of experiment from theory might result 

if chain reaction crosslinking, endlinking, or cyclization 

occurred, instead of crosslinking, on irradiation of the uolymer. 

The same structural nonlinearity mechanisms which occur on 

irradiation probably apply to both polybutadiene and 

poly(butadiene-co-styrene) because G for polystyrene (90) is 
x 

about 0.04, whereas for polybutadiene G is about 3.6 (27). 
x 

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 theoretical work that 

crosslinking occurs at random. The results of others indicate 

that crosslinking occurs at random in irradiated polystyrene (153) 

and -polybutadiene (27 ). 'Jlhe -possj_bili ty that in a copolymer of 

styrene and butad e radiation induced crosslinking non-random 

must be considered. Styrene units are distributed at random in 

the chains of poly(butadiene-co-styrene) (154), and therefore 

crosslinking urobably occurs at random even though 

units are much more resistant to iation than 

stvrene 

butadiene 

units. Styrene protects.the butadiene units, but this protective 

effect probably does not contribute to non-random crosslinking. 

~litt's results (27) show no change in the shape the solubility 

curves with increasing styrene content of GR-S. is a 

further indication that the presence of styrene is not causing 

non-random nonlinearity. 

The exuerimental results can onlv be compared to the 

two theories pr icting the change in intrinsic viscosity with 

dose if radiation induced crosslinking is imuosed upon either 

a polymer composed of linear molecules with a random M.W.D. or 

upon a polymer composed of a mixture of linear and nonlinear 

molecules where the nonlinearity is caused by randomly 

distributed tetrafunctional uni ts, and tbe primarv l'~f. W .D. is 

of the ranclom type. According to the experimental resul ts of 

Morton (138) almost all tbe nonlinearity in poly(butadiene-co-

styrene) is caused by tetrafunctional unit.s. well (101) 
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has shovm that the primary N. Vl.D. for this polymer is the 

random type or slightly broader. According to the theory of 

Kotliar and Podgar ( 75) even if tï:le primary J:.:i. W .D. is broader 

than the random type the theoretical curves will be altered 

in a manner which increases the disagreement between theory 

and the experimental re sul ts of Fi~". 15. Flory ( 137) suggested 

that a small amount of non-random crosslinking coeurs in 

butadiene polymers if the degree of conversion of monomer to 

polymer is Sllfficiently high. There is a possibility that the 

degree of conversion of the polymer being studied was sufficiently 

hig.h to cause non-random crosslinkinp: whicil might be the cause 

of the disagreement bet11feen t:1eor,y and experiment. 

If p
0
/q

0 
is greater than zero, the deviation of 

experi:ment from theory will be significantly reduced. Figs. 3 

and 4 show tne extent to which the value of this ratio affects 

the tueoretical curves. The solubility data presented in Fig. 20 

i:ndicate that p /q is tending to zero and therefore that 
0 0 

nonlinear units formed by the irradiation process are not 

subsequently degraded. 1lhere is still tlle possibili ty that 

P /q is significantly greater than zero at low doses because 
0 0 

the value of this ratio vmen determined by solu.bili ty measurements 

is valid only for hi:R:n doses. Possibly the nonlinear u.nits in 

t,le polymer before irradiation undergo degradation during t!le 
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early stages of irrad ion. Trifunctional units present in 

po lye lene before irradiation were forn1d to degrade when the 

polymer was irradiated (155); once these units were destroyed 

degradation stopped. There is no evidence in the erature 

for degradation of the tetrafunctional units of any nolymer. 

Although, according to Norton (138) these units rather than 

trifunctional units produce most of the nonlinearity in 

poly(butadiene-co-styrene), the possibility that they cause 

degradation cannat 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 a lower than the value used in equation 52 

or 53, then there would be a closer agreement between theory 

and experiment. Figs. 3 and 4 show the important influence 

the value of a on the theoretical plots. Neither of these 

possible errors alone can accoQ~t 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 , but judging from his 

analysis it is unlikely that .ê; could be in error by more 

than o-. 2. 



theories, assuminf.?: that the theor s are correct, is related 

either to errors in both R and.§:, or to degradation at low 
g 
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doses or to non-random crosslinking in e unirradiated polymer. 

The theories mj_ght be incorrect in that they underestimate the 

effect of nonlinearity on intrinsic viscosity when nonl earitv 

is im-posed unon a -polydisnerse samnle. It bas alreadv been 

shown in tbis thesis that these same theories give a value of 

b
0 

which is lower than the more reliable value bases on the 

Zimm and Kilb theory ( ). 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 bv 
g 

the nresence of B in the polvmer. This increase in R is 
g 

apnarently not caused by an increase in p
0 

because the de-pendence 

of [n] 1 [n] on R/R for a sample containing B is ap-proximatelv 
{ R { o g 

the same as for nure nolvmer. 

Equation 56 shows the extent to which k' increases 

with dose. The variation in k' is probably related to increasing 

nonlineari , but not exclusively since increasing polydis-persity 

would also result in a similar variation in k'. 
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Even though Baskett's method ( 8) for finding p /a o -o 

indicates that this ratio is greater than zero, the solubility 

data as uresented in Fig. 20 show that p
0
/q

0 
almost zero. 

Therefore the exnerimental curves in Fig. 19 can be compared to 

the theoretica1 curve for p
0
/q

0 
=O. The further conditions for 

the va1idity of this comparison are that any non1inearity in 

the unirradiated -oolymer must have been the result of cross1inking 

randomly imposed on a random primary lVi.·# • .0. and the radiation 

has produced random cross1inking or endlinkin It has already 

been shawn that these conditions are fu1filled, except possibly 

that of random cross1inking in the unirradiated polymer. 

However, the extent of non-random crosslinking in the unirradiated 

polymer is probably small (137); s effect is so probably 

small because large doses of radiation were used • 

.An examination of the graph of sol :fraction versus 

R/R presented in f'ig. 19 shows that the plots for the samples 
g 

containing 2.1, 5.3, ?.1, and 11.3/b B coincide with that for 

the pure polymer. This indicates that the presence of B does 

not increase p
0

• Fig. 20 giving S +VS versus 1/R also shows 

that for both pure polymer and a mixture of B and polymer 

Therefore the increase in R shawn in Table V must 
g 

be due to a reduction in q
0 

caused by B. :h1urthermore, if the 



~rotective effect of B these samples is not constant the 

same ~lot of sol fraction versus R/Rg would not be obtained 

for both ~ure polymer and that containing more than 2.l;o B. 

However, for the sample containing 0.52% B the sol fraction 

tends to decrease more rapidly with R/R that for the other 
g 

sam~les. This must be because the protective effect of :S in 

this sample is decreasing with increasing dose and hence R 
g 

is decreasing and q is increasing with dose. Because the 
0 

theories to be examined in this section are valid only for 

a constant value of q the results for the sample containing 
0 

0.52% B will not be examined here. 

If true values of R are greater than those used 
g 

in Fig. 19, the curve gives a value of 

A lower 6
0 

would agree better with 

S 
0 

which is too high. 

S = 0. 78 obtained from 
0 
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fractionation data. As previously mentioned, if the value of R 
g 

is increased the viscosity results will agree more closely with 

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

Table V are lower than the true values. 

The solubili ty resul ts when plotted as in J:i1ig. 21 and 

analyzed as already described,indicate that a chain reaction is 

unlikely. If R is increased the possibility of a chain 
g 

reaction becomes even less likely. 



If cyclization occurs solubility data would give a 

value for b which is too high. According to Saito (89), 
0 
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the importance of cylization will increase with increasing dose. 

Therefore, curves of the shape shown in Fig. 5 for p
0
/q

0 
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 'lfli th ~00 and tl1.ose 
- -calculated from R and N • N was obtained using J.VI eaual g wo wo no ~ 

to 89,000 and M ~~ equal to 2.84 as calculated from the wo no 
molecular weight distribution curve of Fig. 13. This value 

for M /M substituted into equation 22 gives wo no b 
0 

= 0.36. 

If values of [; of 0. 8 and 0. 9 are used in equation 22, M /M 
o wo no 

values of 8 and 15.5, and N values of 2,400,000 and 4,700,000, 
wo 

respectively, are obtained. These molecular weight values are 

approximately an order of magnitude greater than the value of 

305,000 based on S = 0.36. Lignt scattering can be used 
0 

as an independent measure of M but was not used in this work 
~10 

because of the extreme sensitivity of this method to small 

amounts of gel (83). The resulta of Table V show that when 

G is calculated by equation 32 using these.higher values of M: 
x - ~ 

the agreement between the two methods of calculating G becomes 
x 



very good. Charlesby (156) claims that the G values of the 
x 

slope calculation are more accurate since they are obtained 
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by a method relatively insensitive to the molecular weight 

distribution. This analysis of the solubility data has provided 

further evidence that S is about 0.8, not 0.36, and therefore 
0 

the molecular weight distribution curve of F • 13 is narrower 

than the true distribution curve. Moreover, the solubility 

results support the viscosity theory of Zimm and Kilb (73) 

which gave 6 
0 

= 0. '78, ra th er than the vis co ty theories 

Kilb (81), Schultz (90), Katsuura (92), Stockmayer and Fixman ( ), 

and that represented by equation 14 which gave values of s 
0 

shown in Table II which are considerably-less than 0.8. 

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. 

:.&'ig. 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 q 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. l!1or this reason, and because the correction for chain 

entanglements has been assumed to be t[le same as for natural 

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

The plots of q, the density of crosslinking, versus 

R in .E'ig. 23 are concave towards the q axis when q is based on 

swelling data but linear when q is based on soluoility data, as 

would be expected if the degree of nonlinearity is directly 

proportional to dose. In calculating q from swelling data 

it was assumed that /r , the interaction coefficient for solvent 

with polymer, remained constant. Substituting M from equations cg 
38 into 45 indicates that q is reduced by an increase in X • 

Therefore if ;( tended to increase with a decrease in the 

de{:)"Tee of swelling, the plots of Fig. 23 would approach lineari ty. 

There is evidence that ){ does indeed increase with decreasing 

degree of swelling for poly( butadiene-co-styrene); l!1rench and 

Ewart (134) found X = O. 36 for a completely soluble sample, 

whereas Bristow (151) found X= 0.40 when v9 , the volume 

fraction of polymer in the swollen gel, was 0.181. Charlesby 

(157) has shown that to a good approximation q is directly 

proportional to (0.5-X'). Using this approximation it can be 

calculated tnat X must increase from o. 36 at v2 = 0 to 



approximately 0.43 at v2 = 0.154 if the plot of q versus R, 

where q is uncorrected for chain entanglements, is to be 

linear and agree with q values based on solubility data alone. 

When q is corrected for chain entanglement the corresponding 

value of ):: is 0.40 at Va = 0.154. Applying Flory•s (117) 

equation 46 

+ Xava + • • • • • • ( 46) 
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using the maximum values for X 1 , X' 2 , and ::t'3 shows that the 

greatest value )l can have at Va = 0.154 is 0.41. The fact 

that ï( for the case of no correction for chain entanglement is 

greater tnan the theoretical maximum value,whereas when a correction 

is made for chain entanglement the value of X is smaller than 

this maximum,indicates the importance of cnain enta:nglement. 

Turner (158) showed that if. p jq is a constant greater · o -o 

than zero and no correction is made for cnain entanglements, 

degradation, or charuc;es in X , a plot of q versus R will resul t 

in a curve which is concave towards the R axis. The curve in 

~1ig. 23 do es not sl1ow this characteristic. Therefore this curve 

can be taken as further evidence of the absence of any 

significant amount of degradation occurring in tüe polymer on 

irradiation. 

After correcting for degradation 1urner•s (158) plot 
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of q against R for natural rubber is slightly concave towards 

the R axis. According to his results this type of concavity is 

indicative of chain entanglernents. The absence of such 

concavity in Fig. 23 rnight mean that chain entanglernents 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. 

• 23 shows that q values calculated from swelling 

data are much closer to q values calculated from solubility 

data than to q values based on G = 2.13. The value 2.73 for 
x 

G is calculated from equation 32 using M = 302,000. This x . wo 

value for M is based on the assum~tion that b = o. 36. 
wo 0 

Therefore swelling data provide further evidence that G 
x 

= 

0.56, not 2.37, and b and M. are approximately 0.8 and 
0 wo 

2,400,000, respectively, 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 p
0
/q

0 
is approximately zero, that Gx = 1.6 for 

pure polymer, and that b is between 0.8 and 0.9. This value 
0 

for 6 indicates that the experimentally determined M.W.D. is 
0 

much narrower than the true N .• W.:D. and also that of the many 
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theories examined which predict the effect of nonlinearitv on 

viscosity for either a monodisperse or uolvdisnerse sample onlv 

the theorv of Zimm and Kilb (T3) g:ivesan accurate value for b0 • 

A.J] the ether viscositv theories underestimate the effect of 

nonlinearity on in insic viscosity. fhis tendency to 

u.nderestimate in three of the theories, Kilb (81), Scbul tz ( 90) 

and Katsuura (92). is also shawn by the manner in which the 

experirnentally determined dependance of intrinsic viscosity on 

dose deviates from theoretical predictions. ~ut, this deviation 

might also be caused by non-random crosslinking or endlinking 

in the unirradiated polymer, by a value of -p 0 /q 0 greater than 

zero at low doses, or by very large errors in bath RF and a. 

All the results jndicate that the uresence of B in 

polyrner lowers qo but do es not in crea se Pa· J!'urth ermore, for 

the 

samples containing more th an 2 .17'~ B the protective effect remains 

constant over the dose range exarnined. Solubility results show 

that the protective effect decreases with increasing dose for a 

sample containing 0.52fo 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 disagreernent between q 

values from swelJ.ing re sul ts and tho se from solubili ty resul ts are 

probably related to either chain entanglements or to bath chain 

entanglements and changes in X . 



An analysis of the solubility data reveals that 

neither cyclization nor crosslinking by a chain reaction is 

134 

the cause of nonlinearity in the irradiated polymer. Therefore, 

radiation induced nonlinearity is probably caused by either 

endlinking or crosslinking, or both these processes. 
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RADIATION IHDUCED CHENICAL CHA1,IGES 

EXPERilviENTÂL 

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 

eut into pieces of about 1 x 1 x 2 mm. These pieces were 

placed in a 150 ml. electricall;r heated flask equipped with a 

condenser. The polymer was refluxed in 50 ml. of ethanol -

toluene azeotrope, E.T.A., containing 7 parts of ethanol to 3 

parts of toluene. After four hours of refluxing the solution 

was cooled and the supernatant decanted into a 250 ml. volumetrie 

flask. This extraction wns repeated four tn1es. The volume 

of the com.bined supernatants was made up to 250 ml. by washing 

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 E.T.A. added and the solution made up to 

100 ml. wi th anhydrous ethanol. The absorbance of t.i:le solution 

was determined using a Beckman Nodel DK-1 spectrophotometer. The 

peak at 308 millimicrons 'lrTas attributeu to B. This technique 

is essentially the same as tne standard method for the determination 

of the antioxidant content of GR-S (159). 



The sample containing 5.46% B was treated in the same 

manner as the 0.52% sample, with appropriate modification for 
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the higher B content. Only 0.3 grams were extracted and the 

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.~.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 knmm weignt of B in E.T.A. and 

increasing the volume wi th ethanol un til 25~~ of the final 

solution was E.T.A. 

Infra-red and Ultraviolet Spectra 

A solution techniqu.e could not be used to obtain the 

infra-red spectrum of the insoluble irradiated pols~er. A thin 

film of unirradiated. pol;y'lller was formed between t'ivo sodium 

Cllloride plates by evaporating the benzene from a small amount of 



J 3? 

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 

lea.st 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 measuring the spectra 

of the solutions of the polymer in carbon disulphide of known 

pol;yT11er concentration ( 160). 

Evan.S' method (161) was employed 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 remEüned attached 

to the sides of the • Because very thin films were desired 

rings of about one cm. diameter were used. \'lhen larger rings 

were used the film would break during or shortly after, removal 

from tne mercury surface. The ultraviolet spectrum was examined 

for polymer irradiated botn in air and in vacuum. 

The hign sensitivity of sodium chloride crystals to 

moisture made it necessary to employ tr1e s ring method to 

prepare t·::e sanrple t:1e infra-red spectrum of polymer irradiat 

in air was to be obtained. 
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~he ultraviolet spectrum of B was founâ. from a dilute 

solution of B in iso-octane. The potassium bromide pellet method 

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

Gas Evolution 

Gas evolution associated witll irradiation was measured 

in a calibrated manifold. The sealed tube containing the 

irradiated san1ple was placed in a vertical tube attac11ed to a 

manifold containine a NcLeod ,o:auge. The system 1.ras pumped to a 

high vacuum, then the pmnping; system was isolated from tne manifold. 

Tile pressure in tne manifold '!fias moni tored for 15 minutes to assure 

tüe a-osence of leaks. A small metal ball suspended at the top 

of the vertical tube was then dropped on the tip of the glass 

sample tube causing it to break. After waiting 10 minutes for the 

gas released from tüe tu·oe to distribute i tself uniformly 

tnrougtwut tne system, the change in pressure vras determined. 

From the volume of the entire system, and the volume and constants 

of the l"'lcLeod gauge, the moles of gas released from tile tube were 

calculRted. 

The composition of the gas evolved during the irradiation 

of pure pol;ymer and pure B was determined mass spectrometrically. 

RBSULTS ---

From an examination of the experimental results given 
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in ]1ig. 25 i t is evident that the temperature of extraction, room 

temperature or reflux temperature, do es not affect t:1e data. 

The Beer-Lambert law may be expressed as 

A= log(I
0
/I) = a,bc 

v1here A is the absorbancv; I and I are the intensi ti es of the .., 0 

lig.ht transmitted throug.h solvent and solution, respectively; 

c is tne concentration of the solute, in grams per ml., of solution; 

a, is tne absorbancy index, in ml./g.cm., and bis the length, 

in cm., of the path t!le light travels in passing through the 

solution. b was one crn. in all the experimente. a, was found 

to be 103 x 103 ml./cm.g. Then 

c = A x lo-3 - • • • • • • • • (58) 
103 

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

th en, 
Q = • • • • • • • • (59) 

where \i is the weight in gra'ils of the sample extracted, V3 is the 

volume in ml. taken from the orüdnal 250 ml. of solution made up 

in turn to V3 • The variation of Q with radiation dose is given 

in 24 and 25. 

The material balance for the effect of radiation on 

a mixture of polymer and antioxidant is 

= • • • • ( 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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Für. 25 

Antioxidant content as a function of dose. ~~.46% B 
be fore irradiation.. Q is the weight fractioH of soluble 
antioxidant. 

() reflux temperature extraction 

e room temperature extraction 
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B
0 

and P
0 

are the weights of antioxidant and polymer, 

respectively, in the unirradiated sample. All the symbole of 

the right hand aide 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 which do not absorb in the same ultraviolet 

region as the pure antioxidant. PR and PDG are the weights of 

polymer extracted and decomposed to gas, respectively. 

~1e number of molecules of antioxidant which are 

destroyed or become attached to the polymer per 'ltTeignt average 

primary molecule is 

D • • • • • ( 61) 

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

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

Q = B 
0 0 

whereas after irradiation 

= 

B + p 
0 0 

• • • • • • ( 62) 

• • • • • • • ( 6 3) 

Substi tuti:ng tne relation BD + BDG = B
0 

- ~ and equations 62 and 



63 into equation 61 leads to 

If it 

This 

D = N 
woo 1 

217 1- _L 

Qo 

is assumed that p = p and 
R 0 

D = Fi 

[ (11 

1 
woo 

217 - 1/Q ) (1 -
0 

can be simplified to 

D = M 

[ (1 

Q - Q 
WOO R o 

217 - Qo) (1-
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• • • • • ( 64) 

BD= 0 th en 

1/QJ 

• • • . • • ( 6 5 ) 

QR) J ••••••• (65a) 

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 thesis that b is approximately 0.8. If b = 0.80 is 
0 0 

used in equations 25a and 22,Nwoo is found to be 143,800. Using 
-this value of ~1 in woo equation 65a together with Q values from 

Fig. 24 for the sample containing 0.527~ B gives D = 1.32 for a 

dose of 50 lYirad. Because of the assumptions made in deriving 

equation 65a this value for D is probably greater than the true 

value. Even 0 = 0.4, rather than 0.80, is used,D is only 
0 

incre8 sed to 1. 4t3; therefore, the effect of an error in the value 

of S on the calculateâ. value of D is small. 
0 
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Changes in th~ect~~ 

Fig. 26 gives the infra-red spectrum of pure polymer 

before and after irradiating in a vacuum to a dose of 150 Nrads. 

The decrease in the peaks at 912, 995, and 1642 cm.-1 indicates 

the destruction of vinyl groups. A dose of 35 l"'Irads had no effect 

on the spectrun1 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 lVlrads is also given in Fig. 

26. Pure polymer exposed to air for the same period as required 

for a dose of 20 lVIrads 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 

The spectra from the carbon disulphide solutions were 

analyzed by Hampton's method (160). Styrene, vinyl, and 1,4-trans 
-1 

units are re:presented by peaks at 700, 913, and 970 cm. , 

respectively. The comnosition obtained in the present work was 

31.5% styrene, 17.9% vinyl, 13.1% 1,4-cis, and 68.7% 1,4-trans, 

compared to values obtained by Polymer Corporation of 28.7%, 20%, 

7% and 73%, respectively. 

Ultraviolet spectra of pure polymer before and after 

irradiation are given in Fig. 27 for irradiation carried out in 
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Fig. 26 

Radiation induced changes in the infra-red spectrum. 

unirradiated 

irradiated in vacuum, 150 I1rads 

irradiated in air, 10 Ivirads 
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Fig. 27 

Radiation induced changes in tne ultraviolet spectrum. 

unirradiRted 

irradiated in vacuum, 100 Nrads 

irradiated in air, 12 Nrads 

1~6 
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air and in vacuo. The unirradiated spectrum is the same as 

that obtained by ethers (163). 

Irradiating pure B in a vacuum to a dose of 25 megarads 

had no effect on either the infrared or ultraviolet spectra. 

The ini'rared spectrum was the same as that found by Angert (164), 

and the ultraviolet spectrum was identical to that obtained by 

Rehner (165). 

from 

Gas Evolution 

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

y = 1.99 x 10-4 (h; - h~) cc vs 

R1T W 

••••• (66) 

where 1.99 x 10-4 is the HcLeod gauge constant; h 1 and h2 

are t11e initial and final mercury column heights, in cm., 

Cc is the compression correction and is 1.135; Vs, the volume 

of the system, is 480 ml.; T the temperature (room) in °K; 

R1 the gas constant; and W the sample weight in grams. 

The data obtained for the dependance of Y on the dose 

are plotted in Fig. 28. From the slopes of the plots the 

molecules of gas per 100 e.v. 

using the equation 

absorbed, G , was calculated g 

G g = ( *) ( 6. ~ 4 x 1011 ) 
• • • • • ( 67) 



Fig. 28 

Gas yie1d as a function of dose. 

0 O% B 

• 0.5~t B 

[] 2.1, 5.3, 7.1, and 11.3% B 
• 60.0% B 
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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 G 
g 

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 Hrads Gg is approximately 0.25. 
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The "mixture lawtt (166) states that, if the radiolysis 

of a material X gives a product N with a yield G then, in a 
m 

mixture where the electron fraction of X is EA' the yield of N 

is GmXA. This law may be expressed for tne system studied here 

as 

G gp 

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 the values of G for pure gp gb g 

polymer and pure antioxidant, respectively. Because the value 

f E ( -23 o p is approximately equal to that of Eb' Ep = 3.322 x 10 

and Eb = 3.195 x 10-23 electrons per gram)1 equation 66 may be 

simplified to 

•• (68) 

G 
g + ( B ) Ggb • • • • ( 68a) 

p + B 

The antioxidant does not contribute to the formation of 

nonlinear units and so the "mixture law" as applied to G x 
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TABLE VIII 

Dependence of G and G on concentration of B. g x 

%B 

0 

0.5 

2.1, 5.3 
7.1, 11.3 

60.3 

100.0 

-·----------------
G 

g 
from plot of gas 

yield versus dose 
and from equation 70 

molecules of gas per 
100 e.v. absorbed by sample 

0.52 

0.48 

0.38 

1.8 Lf R = 0 
0.25 if R = 40 1-'Irads 

0.04 if R = 6 Nrads 
0.02 if R = 54 Nrads 

G 
x 

from equation 34 
and 8 = 0.8 

0 

crosslinks per lOO e.v. 
absorbed by sample 

1.59 

0.94 

0.56 

0.43 

o.oo 
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becomes 

G 
xp 

• • • • • • • ( 69) 

where G is the value of G for the pure polymer. xp x 

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 shov,rn because i t 

was very dose-dependent. This grap.h shows that at lovr B content 

G~ and G are much less than predicted by equations 68a and 69. 
ô x 

In Table XIV of Appendix III the values are given 

for Gg calculeted from gas yield and dose according to the 

equation 

• • • • • ( 70) 

G at low doses had to be calculated by this equation rather g 

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 gre a.t er tn.an Gg corresponding to high doses. This 

Table also gives Gg calculated by equation 70 for pure B irradiated 

to three doses. G for pure B decreased slightly \'Ti th increasing g 

dose, Gg = 0.039 at 6.31 Hrads and 0.021 at 54.2 l1irads, but not 

to the extent that Gg decreased for the sample containi.ng 60% B. 



Fig. 29 

G and G as a function of B concentration. g x 

theoretical 

experimental 

() Gg, molecules of gas per 100 e.v. 
absorbed 

4t Gx, 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 Hrads was found by masspectrometry 

to be 87.1% hydrogen, 4. 7% ethylene and 8. 27fo high mass number 

constituents. The composition of the gas produced wnen pure B 

was irradiated to a dose of 54 Nrads was found by the same 

technique to be 46.9% hydrogen and 53.1% CH 4 , C2 H4 , C2 H6 and 

higher mass number constituents. 

DISCUSSION 

Destruct~on of Antioxidant 

From a critical consideration of the technique 

used to determine the role of antioxidant destruction during tne 

irradiation process it seems probable that most of the 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 bec ornes a ttached to the polymer by a reaction of the 

type (164) 

R03 + HN(Ar )â 

RO~ + •N(Ar )9 

_ ___,. R0
2
H + • N(Ar )

3 

-~ R03 N(Ar )2 

If oxidation occurs during extraction, a hot solvent should 

increase the amount of oxidation. Experimentally, t11e re sul ts 
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using hot solvent were the same as for cold solvent. This fact 

would tend to indicate that very little oxidation occurred. 

A high value of D will be obtained if some of the 

pol~,rmer dissolves in the azeotrone. 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 ROa radicale. If 

ROa radicals formed in poly(butadiene-co-styrene) they would 

react wi th 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 

calculateci b;y equation 65a will be higher tnan the true value 

because of the assumptions made in derivi:ng this equation. 

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

~' the weight fraction of soluble B in the polymer, with increase 

in dose as shown Fig. 25 for the sample containing 5.46~ B. 

Above a dose of 10 Mrads the slope of the Q versus R nlot for 

this sample approximates that for the O. 52/b B sample. This might 

mean that all the oxygen initially present as a result 

incomplete evacuation has reacted with the polymer 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 hi , but no resulta have been 

reported by others to support this possibility. 

The re sul ts for the 0. 527~ B sample al one will be 

cussed in detail. 1J:lhese resul ts are more reliable than 

those for the 5.46% B samnles 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. g. 18 

whicb is a plot of sol fraction,S, versus dose ~ives S = 0.01 at 

R = 50 Nrads for the sample containing 0.52 'The plot of sol 

fraction versus R/Rg shown in ]1ig. 19 indicates that R/Rg = 70 

at sol fraction, S = 0.01 for this sample. But the effective 

value of R corresponding to R = 50 ~rads is not the value g . ~ 

experimentally determined at low doses, since the protective 

action of the antioxidant decreases with increase in dose and 

therefore the instantaneous or effective Rg also decreases. 



the value of R/R g this sample is to 
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ee with the 

value of R/R
0

, for pure polymer or polymer containing suf:ficient 
0 

B to assure constant protection, Rg must be 0.454 for a sol 

fraction of 0. Ol. s is not the value of 0. 54 found for Rg 

by the filtration technique as given in Table V. The total 

number of crosslink un per weight 

after a dose R will be 

s = R + Ro 
R + R g 0 

8 
0 

= O. 78 then R
0 

from equation 3 5 wi th 

1.816 for the O. 527o B sample. 

primary molecule 

•••••••• ( 71 ) 

= O. 454 will be 

• ••.••.• ( 35 ) 

:J:herefore & = 22.9 at a dose of 50 Hrads. For the pure pol:vmer 

Rg = 0.2, R
0 

= 0.8 and therefore b = 50.8 at a dose of 50 Ji!Irads. 

This indicates that er a dose of 50 Mrads, B has prevented the 

formation of 27.9 crosslink units per weight average primary 

molecule of polymer compared to 98.3 for S 
0 

= 0.36. It has 

previously been shown that after a dose of 50 I1rads 1.32 molecules 

of B have become attached to the polymer or decomposed per weight 

average primary molecule. Therefore if S 0 = 0.78, the ratio of 

crosslink units prevented to molecules of B decomposed or attached 

to the polymer,will be 

27.9 
= 21.3 

1.)2 
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The true value of ratio is probably less than 21.) because 

the gure 1. in the denominator is probably an overestimation. 

When the less reliable value S = O. '36 is used the ratio 
0 

becomes 66.4. 

In the sample containing O. 527o B there are 5. 5 molecules 

of B per weight average primary molecule polymer. Thus a 

further indication that B is an efficient protector that after 

a dose of 50 Mrads these 5.5 molecules of B have prevented the 

formation of 21.3 crosslink units. 

8everal possibilities must first be considered before 

can definitely be concluded that B is as efficient a protector 

as the preceding calculations indicate. If the crosslinking 

mechanism is 

or 

RaH ~Ra· + H· 

R1 • + Re· ~ R1Rs 

then B might prevent crosslink formation by the reaction 

R· + HN(Ar) 2 ---+RH+ •N(Ar)a 

If two antioxidant radicals joined to give (Ar)2 NN(Ar)2 it would 

appear from the ultraviolet spectrophotome ic results that none 

of the antioxidant had been destroyed because (Ar)sNN(Ar)s 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 i t ïtrould 

not affect the yield of hydrogen; however, • 29 shows a 

decrease in G on tlle addition of B. This form of protection 
g 

might account for part of the decrease in Gx because the 

percentage decrease in G is not as great as for G • According g x 

to this protective mechanism one molecule of B can only prevent 

one crosslink unit, but the experimenta] resul ts show that only 

5.5 molecules of B prevent 21.3 crosslink units. 

B might prevent crosslinks by reactions such as 

1 
+ HN(Ar)3 

N(Ar) 3 
1 

H+ R - c - R + 
1 

+ 
R - C - R 

H H 

N(Ar) 3 
1 

R - c - R + H• 
or 

R - é - R + HH(Ar )n 
1 1 

H H 

Durine the extraction process (Ar) 3 ID{(Ar) 2 mignt be formed by the 

reaction 
N(Ar )3 
1 

2 R - C - R 
1 

-~ R - C - R + R - 0 - R + (Ar }3 NN(Ar ) 3 1 1 

H H H 

These protective mechanisms cannot be valid because they result 

in an increase in yield. Even if (Ar) 8 NN(Ar) 3 is formed, 
. 

i t is likely that the t~,ro R - C - R radicals 'i'rould combine to form 
1 

H 

a crosslink. Nèither of these mechanisms c~~ account for the 
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:prevention of 21.3 crosslinks units by 5.5 molecules of B. It 

can be conc1uded that B is definite1y a very efficient protector. 

This high efficiency can be exp1ained by sorne form of excitation 

energy transfer, charge transfer, or even by quenching. 

Changes in the ~ectra 

The composition of the po1y(butadiene-co-styrene) 

obtained by Po1ymer Corporation vn:s 28.7% styrene, 20~"G vinyl, 7% 

1, 4- cis, and 73?~ 1, 4-trans, but tne values o btained in the present 

work were 31.5%, 17.97&, 13.1% and 68.7%. The discrepancy between 

the two sets of resulte might be accounted for by a comparison 

of the extinction coefficients of the infra-red technique in the 

present work and at t11e Polymer Corporation, or by the possibili ty 

of the Polymer Corporation employing a refractive index method 

for the estima,tion of the polymer styrene content. The infra-red 

technique is kno1'm to gi ve a higher value for the styrene content 

than the refractive index method (168). The present resulte 

suggest a slightly higner ternperature of polymerization than 

the resulte of Polymer Corporation indicate, because as the 

temperature of polyrùerization increases so also does the ratio 

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

The peripheral thickness of the films used in the 

ul travio1et technique decreased progressively vri th time of 



irradiation. This physical change in film characteristic 

probably exaggerates the apparent changes in film composi

tion observed as a tunction 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 film moved to the area being examined the affect would 

be to increase the absorption. 

Evans et al. (161) in a study of the affect 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 

iti~ 

abstracting hydrogen from an adjacent carbon. This would tend 

to give Gg/Gx a value greater than unity, however in the present 

study 

= ~:§~ = 0.33 

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

tion according to the crosslinking reaction 
1 1 t 1 

H-C-c.H=CH2+H-C-GH=aH2 ~H-C-CH=c.H-CH=CH-C-H+H2 
1 1 1 l 

The data of Fig. 26 indicate that no cis-trans iso-

merization has occurred as a result of irradiation in vacuo. 

This is to be expected since the cis to trans ratio of the 



unirradiated polymer is very close to the equilibrium value 

found by Golub (25) for polybutadiene. 
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Kuzminsky et al. (169) found that the unsaturation 

in GR-S had been reduced by 80% 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 cm.-1 which 

represents the vinyl group, decreases from 44.0% at R = 0 to 

27.5% at R = 150 Mrads. Therefore the absorbance decreases from 

0.561 to 0.357. If 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 



Mwoo 
68.4 [1 - g :~ti] 0.155 • 8.22 x lo-4 Mwoo 

assuming the validity of Beer's Law. This indicates that 

36.3% of the vinyl groups present before irradiation have 

been destroyed. 

If b0 • 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 
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is calculated from equations 71 and 35 to be 5.82 x lo-4 Mwoo. 

For every vinyl group destroyed 0.706 crosslinks or 1.41 

crosslink units are formed. The implication of this result 

will be discussed after considering the gas yield and gas 

composition corresponding to a dose of 150 Mrads. 

Because the vinyl group has a .Jiowen· 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 

proteots 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 preferentially 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 decrease 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 affects of 

air. The results of the infra-red and ultraviolet analyses 

account accurately for the affects of air because thin poly

mer films were irradiated. 

On irradiation in vacuo a pure or protected poly.mer 

remained colourless. On irradiation in air a pure polymer 

became yellow and a protected polymer became reddish-brown. 

'rhe yellow colour is probably related to carbonyl groups in 

conjugation with double bonds {172). When large specimens 

of either pure or protected polymer were eut 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 

vacuum. 

Fig. 18 shows the decrease in solubility with dose 

for a pure polymer and one containing 2.7% B. The Rg values 

are gi ven in Table V. The plot of S + ..JS 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. 



16~ 

Viscosity results are shawn in Fig. 15 for the 2.7% B sample. 

They indicate no degradation, but solubility resulta are a 

more reliable index of degradation. 

The ratio of the gelation dose in the absence of 

degradation, Rgc' to that in the presence of degradation, 

Rga, is given by the relation (90). 

= • •• { 72) 

In the present work Rgc and Rga 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 

q0 a = q0 then the ratio Rgc/Rga should be 0.9 for the 2.7% B 

sample and 0.95 for the pure polymer, using q0 a/Poa values 

obtained from Fig. 20. However, the experimental ratio of 

Rgc/Rga is 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. Bauman and 

Born (173} came to the same conclusion when natural rubber was 

studied. If thinner samples had been employed in the present 

work air would have affected the sample to a greater extent and 

Rg and Poa/q0 a would have been greater. 

From swelling resulta Dogadkin (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. 
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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 poly.mer, 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.-1; hydroperoxides from 
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3555 to 3620 om.-1 and from 830 to 1000 om. -1 peroxides, 

aloohols, and ethers absorb from 830 to 900 om.-1, and 

epoxides at about 1250 om.-1. Fig. 26 shows absorption 

in all these regions. Many of the radiation induoed re-

actions whioh might produoe these oompounds are suggested 

by Dole {29). 

Even in the absence of radiation oxidation and pro

tection of butadiene polymers involve several oomplioated 

meohanisms (164, 175). In the presence of radiation the 

meohanisms must beoome very oomplioated indeed. 

the large number of possible meohanisms are 

RH M~-?> R• + H• 

R• + Oa ROs• 

ROOH + R• 

A few of 

The last reaction is the propagation step of a ohain reaction. 

Crosslinking and degradation oan be produoed by oxidation as 

follows: 

ROs• + ROs• } ROOR + Os 

• 
Oa 0 
1 1/ 

R- C - R ~ R - 0 + RO• 
1 1 
H H 

Beoause oxygen is a good electron aooeptor its 

presence will prolong the life of polymerie ions (28) • It 

has been suggested by Alexander and Toms (30) that an oxygen 



ion oan attaok a polymer molecule and cause oxidation. 

Oxygen is probably a good quenohing agent as well (28}. 

Acoording 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 

ROs • + HN(Ar) s --~> ROsH + •N(Ar} s 

There are several other possible reactions 

RO• + HN(Ar)s 

ROs• + •N(Ar)2 

RO:. • + •N (Ar} 2 

--?o-:> ROll + • N (Ar) 2 

R02 N(Ar) 2 

RO N(Ar)2 
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In contrast to the present resulta, Field et al. 

{175) found that B sensitized ultraviolet radiation induced 

oxidation of poly(butadiene-oo-styrene) • Twioe the amount 

of oxidation ocourred when the polymer contained B. 

Gas Evolution 

The experimental ract that Gg, the number of molecules 

of gas evolved per 100 &.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 be en evol ved 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. 

(176) 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-styrene) 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 III for 

pure B indicate that Gg decreases from 0.039 at 6.31 Mrads 

to 0.021 at 54.20 Mrads. This dependance 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 resulta of Fig. 28 which gives the plot of Y 

versus R show that the dependance of Gg on dose for the sample 

containing 6o% B i s mu ch grea ter than for pure B • The 6o% B 

sample has Gg = 1.8 when R is extrapolated to zero and Gg 

decreases to approximately 0.25 at R = 40 Mrads. Secondary re-

actions probably cause this decrease. ·rhe 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 is not unifor.mly 

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). rhese 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. 'l'he low value 

of Gg = 0.02 found for pure antioxidant B, supports the findings 

of ether workers (27) that aromatic groups are good interna! 

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 it is likely that Gg would 

show a similar dose dependance. ~xcept for the polymer sample 

containing 6o% B, Gg was found to be independant of dose. How

ever, the composition of the gas evolved from pure B is probably 

dependent on dose because Gg is dose dependent. l'he gas evolved 
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from pure B after a dose of 31 Mrads was only 46.9ro hydrogen. 

At lower doses the percentage of hydrogen is probably greater 

because unsaturated compounds, which would scavenge hydrogen, 

would be absent. 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 

1 

- C - CH = CH s ~\~\...-...+ - C • + • CH = CRs 
1 

where the radical ·CH = CRs ultimately abstracts a hydrogen 

atom from a polymer molecule or combines with R• produced by 

radiation induced C - H bond cleavage. 

reaction involving ethylene production is 

1 
H - C - CH = CRs 

1 

• 
~-C-

• 

Another possible 

If the composition of the gas from the pure polymer 

is independant of dose, the number of molecules of ethylene 

evolved per weight average primary molecule of poly.mer after 

a dose of 150 Mrads will be 

17 -6.24 x 10 Mwoo 150 Ggp 0.047 
6.02 x 1023 
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which reduces to 3.64 x lo-6 Mwoo if the experimental value 

of Ggp = 0.52 is employed. It has already been shown that 

after a dose of 150 Mrads, 8.22 x lo-4 Mwoo vinyl groups 

have been destroyed per weight average primary molecule and 

5.82 x lo-4 Mwoo crosslinks {or 11.64 x lo-4 Mwoo crosslink 

units) have been formed per weight average primary molecule. 

Therefore for every crosslink unit for.med 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. 

scavenging is a reaction of this type. 

1 

- C - CH = CH 2 + H• 
1 

t • 
~ - C - CH - CHa 

1 

Hydrogen 

The experimentally determined value of the number of crosslinks 

per molecule of hydrogen is 

Gx = 3.85 
0.871 Ggp 



The above reaction would account for this high value if cross-

linking occurred by a mechanis.m such as 

1 

H - c - H N' > H - C• + H• 
1 1 

r 1 

H - c - H M > H - C• + H• 
1 1 

1 1 1 

H- C• + •C -H H - c - c - H 
1 1 1 1 

Another possibility which would account for the dis

crepancy between the amount of vinyl group destruction, the 

theoretical amount 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 

1 1 
C - CH = CH a VIA~-4) - C - CH - CH2 
1 1 • • 

followed by 
1 1 1 1 

- C - CH - CHa + H - C - H ---7 - C - CHa - CHa - CH 
1 • • 1 l 1 

where an endlink is formed and no gas is evolved. A second 

possible reaction is 

1 1 1 1 
- C - CH = CHa + - C - CH = CHa ~ - C - CH = CH - CHa - CHa - C -

1 1 1 1 

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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'J.lhe re sul ts :presented in ]'ig. 29 show that Gx and Gg 

decrease to a much greater e:x:tent over the concentration range 

0 - 2% B than is :predicted by the "mixture law" (166} • But 

from 2 - 11% B both Gx 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 ~ount of radical scavenging occurs in addition to 

the se pro cesses. 

If gas evolution and crosslink formation is caused 

by one mechanism, such as 

RH 

RH 

R• + R. 

~ R• + H• 

~R· + H• 

-----1> RR 

which is inhibited by B, Gg and G:x: 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 Gx has decreased by ap

proximately twice that of Gg. If only one mechanism occurs both 

Gg and G:x: should increase with increasing dose for a sam:ple con

taining both polymer and B, because the concentration of B is 

reduced as the dose increases. In the range 0 - 11% B, Gg and 



Gx were independant of dose except for the 0.52% B sample 

which showed a dose dependance in Gx. Further.more, when 

B varied from 2 to 11%, Gg and Gx were constant and independant 

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 completely 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 explanation 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 poly,mer 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. ln contradiction to this 

explanation, the results of P.ngert and Kuz'minskii (180) indi

cate that the solubility limit is in excess of 10% B. The 



solubility explanation also fails to account for the constant 

values of Gg and Gx over the range 2 - 11% B. Both Gg and Gx 

would decrease over this range to an extent predicted by the 

"mixture law". 
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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 dependance 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 0 - 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 Gx between 2 and 11% B will be within the experimental error 

for these quantities (!0.5~ for Gg and t2% for Gx}. A concentra

tion of 2% B reduces Gx 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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Theoretical dependence of Gg and Gx 
on B concentration. 

--- G , molecules of gas per 
g 100 e.v. absorbed 

G x' crosslinks per 100 e.v. 
absorbed 

176 
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The two mechanis.ms 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 a good electron 

donor. Therefore B would prevent the ionie mechanism by 

replacing electrons lost by polymer molecules. This implies 

that the reaction which exhibits a negative deviation from 

the ttmixture law" is ionie. 'l1he large number of vinyl groups 

destroyed per crosslink or endlink for this mechanism also 

implies that it is ionie 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 is a characteristic frequently found for low mole

cul~r weight organic compounds but not for polymers. If the gas 

did come from the polymer, Gx for the 6o% 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 



J78 

must be sensitized by the polymer because the gas yield from 

this source is greater at 60% B than at either O% or lOO% B. 

If sensitization occurs Gg will increase in the range 2 - 11% 

B. The constant value of beth 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 polym~r was severely oxidized 

when irradiated in air, but that polymer containing 2.7% B 

was only slightly oxidized. The changes in the infra-red 

spectrum 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 q0 was less than in the absence of air and 

that p0 /q0 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 10-6 Mwoo molecules of 

ethylene are evolved. Infra-red analyses showed that for 

the same dose 8.22 x lo-4 Mwoo vinyl groups are destroyed 

per weight average primary 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 Gx = 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 0.54 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 formation 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. 'fhe 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 poly.mer to 

the antioxidant, or from quenching of the poly.mer by the anti

oxidant. 

'l'he large decre13-se in Gg and Gx in the range 0 - 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". 

'fhe 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 poly.mer 

sensitizes a reaction which leads to the decomposition of B. 

This reaction would only occur if the B in the polymer is 
1 
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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 

representa a molecule of poly.mer and HN(Ar) 2 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 appro:ximately two. Radicals 

R• and H• 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 1/1/L-----7- RH+ + e 

There are two possible initiating reactions for Fig. 31B. 

---Jt.)o RH2E 

-----7) RHK + e 

Radical mobility shown in Fig. 310 can occur by two mechanisms. 

For the first (14) the activation energy (183} is 10 Kcal. per 

mole. 

---3l) R1H + Ra • 

_ ___,.> R2H + R3 • 
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The activation energy is unknown for the second (185) • 

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. Endlinks 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 shawn. 

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. '.i:he relative probabilities are based on the 

interpretation of the results given in the body of this thesis. 



Summary of possible reactions. 

high probability 

unknown probability 

low probability 

183 



breakl + 

;[r ~(Ar) 2 

HN(Ar)t' 

Figure 31A 

11 ----+ 
< . 10 

( chain. to) 
cha~n 

fa1o~g) 
\.cha~n 

Hs 



Figure 31B 

R1• + H• 

hll-!, HN(Ar) a i r+ 
break ~ HN(Ar)afi ~ RH~ _____j 

heat+r-:_HN_(Ar_)_a _____ ... __ ~_-_-__.1 ~--~-R~*-~~~~) 

R H~ fchain to) 
2 

\ chain 

R1 • + CHa=CH • H2 + R1H 

RsH or RaH• r_}l 1 

+ 
l ___ --

~ 1 
1 v 

R1.HR 2H R1R 2 + Ha R1H + heat R1.H + h 



rchain.to) 
\ cha~n 

Rs• 

Figure 31C 

( along) 
R1• chain 

1 (10) (10) 

~ HN(Ar)e 
R1R 2+------ R1 •----- + R1H + •N(Ar} 2 

1 Ill 
1 111 
1 1 Il 
! 11 1 

~----- -_-_-_-_ -_-_-_-_l 1 L ... _-_-_-_-_-_-_------
1 1 1 1 

1 R 2 H 1 •N (Ar} s 1 H2 
1 

•R1.RaH 
1 1 1 1 

y + ~ ~ 
•R1RsH R~N(Ar) 2 R1H + H• R1R2R8H 



FiSU;re 31D 

( another) R. H 
\chain 1 a 

1 

: ( 8} 
1 

R1 · 1- Ha (~:in) 
1 
1 ( 8) 
1 

--- _1 
1 1 
1 1 
1 IRl.H 
1 1 
1 1 

H• 1 1 HN(Ar) a 
+-------- H• ----- -- r Ha + N(Ar} a 

R1H 
l5) 
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Viscosity and Sedimentation Data 

for the Polymer Fractions 
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TABLE IX 

Viscosity data for the fractions 

-----------------------------------------------------

conc. 

g.d1.-1 

0.2376 

0.1585 

0.1188 

0.0951 

0.0684 

time 

sec. 

365.8 

256.6 

212.1 

188.5 

161.4 

Fraction 1 

3.154 

2.222 

1.828 

1.625 

1.391 

9.063 

7.711 

6.968 

6.575 

6.163 

f1()uncorrected for B 4.87 g.-1d1. ~]corrected for B 5.38 g-1d1. 

s1ope uncorrected for B 7.50 g.-1d1. 2 s1ope corrected for B 
21.5 g.-1d1. 2 

-------

conc. tirne 

g.d1. -1 sec. 

0.3165 512.5 

0.2111 336.1 

0.1582 263.0 

0.1266 227.6 

0.0845 182.4 

Fraction 2 

4.418 

2.897 

2.268 

1.962 
1.605 

10.800 

8.986 

8.001 

7.598 
7.160 

~)uncorrected for B 4.92 g.-1d1. [~]corrected for B 5.13 g.-1d1. 
s1ope uncorrected for B 14.27 g.-1d1. 2 s1ope corrected for B 

15.60 g.-1d1. 2 



conc. 

-1 g.d1. 

0.2641 
0.1886 

0.1467 

0.1200 

0.1016 

Viscosity data for the fractions 

time 

sec. 

298.7 
234.3 

202.8 

184.5 

172.2 

___________ " __ _ 
Fraction 3 

2.574 
2.019 

1.748 

1.591 

1.485 

5.961 
5.403 

5.099 

4.925 

4.775 

186 

f~]uncorrected for B 4.04 g.-1d1. [~]corrected for B 4.30 g.-1d1. 
s1ope uncorrected for B 1.20 g.-1d1. 2 s1ope corrected for B 

8.14 g.-1dl. 2 

conc. 

g.d1. -1 

0.2900 

0.1934 

0.1450 

0.1160 

0.0965 

time 

sec. 

269.6 

210.2 

183.2 

167.8 

158.4 

Fraction 4 

2.325 

1.812 

1.579 

1.446 

1.366 

4.570 

4.200 

3.994 

3.761 

3.792 

~]uncorrected for B 3.41 g.-1d1. [~] corrected for B 3.65 g.-1dl. 

s1ope uncorrected for B 4.03 g.-1d1. 2 s1ope corrected for B 
4.58 g.-1d1. 2 



J87 

Viscosity data for the fractions 

.,...,.--·-
]'ra.ction 5 

conc. time i[r 1( spic 

g.d1.-1 sec. -1 1 g. d • 

0.3052 251.1 2.165 1.165 

0.2035 199.6 1.721 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 

f?J]uncorrected for B 3.00 g. -1d1. U7J corrected for B 3.18 g. -1d1. 
s1ope uncorrected for B 3.02 g.-1d1.2 s1ope corrected for B 

3.39 g.-1d1. 2 

---"'--------·----------------

cane. 

g.d1. -1 

--·,---...--~ 

0.4146 
0.2765 

0.2073 

0.1659 

0.1380 

time 

sec. 

270.6 
210.7 

184.2 

170.0 

160.2 

Fraction 6 

2.332 
1.816 

1.588 

1.465 

1.381 

3.213 
2.951 

2.836 

2.804 

2.760 

f~Juncorrected for B 2.49 g.-ldl. [~] corrected for B 2.59 g.-1dl. 

s1ope uncorrected for B 1.73 g.-1dl. 2 s1ope corrected for B 
1.86 g.-ldl.2 



TABLE IX (Cont'd) 

Viscosity data for the fractions 

Fraction 7 

conc. time '(r 
dl -l g. • sec. 

-~----~--

0.4013 235.9 2.033 
0.2676 190.3 1.641 

0.2006 170.4 1.469 

0.1605 158.6 1.368 

0.1336 151.5 1.306 

2.574 

2.395 

2.293 

2.287 

2.289 

188 

l -1 [r]Juncorrected for B 2.11 g.- dl. [rp corrected for B 2.19 g. dl. 

slope uncorrected for B 1.13 g.-1dl. 2 slope corrected for B 

1.22 g.-1dl. 2 

---·----·--- -·------~ 

Fraction 8 

conc. t :ime l[r lLsp/c 

g.dl. -1 sec. g.-ldl. 

---·~--·--· ··-----·-· ... ··--
0.6412 283.5 2.444 2.248 

0.4277 218.2 1.881 2.060 

0.3206 199.2 1.640 1.996 

0.2565 173.6 1.496 1.935 

0.2137 162.8 1.401 1.876 

f~Juncorrected for B 1. 74 g. -ldl. [Y{J corrected for B 1.81 g. -ldl. 

slope uncorrected for B 0.744 g.-1dl. 2 slope corrected for B 

0.802 g.-ldl. 2 



conc. 

g.dl.-1 

0.6344 

0.4232 

0.3173 

0.2538 

0.2114 

T~LE_ IX ___ ( Cont' d) 

Viscosity data for the fraction 

time 

sec. 

245.6 

196.5 

161.6 

162.0 

155.7 

Fraction 9 

'Ir 

2.117 

1.693 

1.502 

1.396 

1.342 

1.760 

1.638 

1.582 

1.561 

1.617 

f~pncorrected for B 1.40 g.-ldl.[ry]corrected for B 1.48 g.-1dl. 

slope uncorrected for B 0.567 g.-ldl.2 slope corrected for B 

0.606 g.-ldl. 2 

cene. 

(.)' dl -l 
o• • 

0.8475 

0.5653 

0.4238 

0.3390 

[7j]uncorrected 

time 

sec. 

253.1 

200.7 

176.2 

162.7 

for B 

::E'raction 10 

'lr 

------------------------

1.06 

2.182 

1.730 

1.519 

1.403 

1.394 

1.291 

1.225 

1.189 

g. -ldl. [7(] corrected for B 1.10 g. -ldl. 
-1 2 slope uncorrected for 0.300 g. dl. slope corrected for B 

0.321 g.-1dl. 2 
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Viscosity data for the fractions _______ ,_ . '"-

conc. 

-1 g.d1. 

0.4450 

0.2968 

0.2225 

0.1780 

time 

sec. 

126.2 

116.1 

111.8 

109.9 

::B1ract ion 11 

1.358 

1.233 

1.172 

1.139 

0.1188 108.9 1.092 

[~]uncorrected for B 0.745 g.-1dl. [1] 
s1ope uncorrectect for B 0.131 g. -1d1. 2 

conc. 

g.d1. -1 

0.4969 

0.3314 

0.2485 

0.1988 

0.1656 

time 

sec. 

145.0 

135.5 

130.3 

127.8 

125.8 

Fraction 12 

1.250 

1.168 

1.123 

1.102 

1.082 

______ , ______ ._ 

0.804 

0.785 

0.773 

0.781 

0.774 

corrected for B 0.786 g.-1d1. 

s1ope corrected for B 
0.145 g.-1d1. 2 

'Y{sp/c 

-1 1 g. d • 

0.503 

o. 507 

0.496 

0.513 

0.496 

[~Juncorrected for B 0.503 g.- 1dl. [~] corrected for B 0.632 g.-1dl. 

1 t d f B a.-1dl. 2 1 f s.o9e uncorrec e or -- ~' s ope corrected orB 
-1 2 g. dl. 
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APPENDIX l' 

TABLE X 

Sedimentation data for the fractions. 

----------------------------------------------
l!1raction 1 Fraction 2 Fraction 3 

c (1/s)x1o11 
c (1/s)x1o11 c (1/s)x1o11 

g.d1. -1 (sec. )-1 g.d1. -1 (sec. )-1 g.d1. -1 (sec. )-1 

··----- --
0.0614 0.380 0.0727 0.382 0.1128 0.583 

0.0925 0.429 0.1038 0.468 0.1410 0.668 

0.1098 0.434 0.1555 0.638 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 1.030 0.3065 1.095 

0.3610 1.390 1.1750 3.320 0.3850 1.351 

0.4520 1.290 

0.4750 1.515 

0.5450 1.460 

Eq_uation Equation Equation 

1/s = 0.260c + 2.19 1/s = 0.264c + 2.27 1/s = 0.2.722c + 2.93 
mean % dev'n. mean % dev'n. mean % dev 1n. 

9.54 3.47 1.93 
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TABLE X ( Oont 1 <l.l 

Sedimentation data for the fractions. 

Fraction 4 Fraction 5 ]
1raction 6 

c (1/s)x1011 
c (1/s)x1011 c (1/s)x1o11 

g.d1.-1 (sec. )-1 g.d1.-1 (sec.)-1 g.d1.-1 (sec.)-1 

--
0.0749 0.531 0.1020 0.725 0.0771 0.741 

0.1134 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 o. 2080 0.990 0.1870 1.052 

0.2155 0.962 0.2880 1.110 0.2400 1.220 

0.2710 1.048 0.6900 1.990 0.3190 1.298 

0.6420 2.045 0.4000 1.490 
1.4600 3.970 

Eo_uation Equation Equation 
1/s = 0.264c + 3.51 1/s = 0.212c + 5.24 1/s = 0.230c + 6.05 
mean % dev'n. mean % dev 1n. mean % dev•n. 
2.72 1.87 2.74 
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TABLE X (Cont'd) 

Sedimentation data for the fractions. 

Fraction 7 ll1raction 8 Fraction 9 

c (1/s)x1o11 c (1/s)x1o11 c (1/s)x1o11 

-1 (sec. )-1 -1 -1 -1 (sec.)-1 g.d1. g.d1. (sec.) g.d1. 

0.0768 0.813 0.0866 0.952 0.1160 1.130 

0.1047 0.934 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 1.143 0.3650 1.870 0.2130 1.351 

0.2305 1.210 0.4470 1.890 0.2515 1.429 

o. 3840 1.560 0.617 2.240 0.2905 1.471 
1.338 3.965 1.1320 3.560 

Equation Equation Equation 
1/s = 0.228c + 6.95 1/s = 0.239c + 7.78 1/s = 0.241c + 8.27 
mean % dev'n. mean % dev'n mean % dev'n. 

2.28 2.57 1.55 
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APPENDIX II 

Viscosity, Solubility and Swelling Data 

for the Irradiated Poly.mer 
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TABLE XI 

Viscosity data for samp1e D4 containing 11.32% B, R = 22.6x1o+4 rads. 

time cane. ??r 'Yfsp 1{ spic 

sec. g.d1.-1 g.-1d1. 

225.4 0.33655 1.936 0.936 2.785 
183.2 0.22436 1.574 0.576 2.560 

164.6 0.16827 1.414 0.414 2.465 

153.9 0.13462 1.322 0.322 2.390 

147.1 0.11218 1.264 0.264 2.355 

----' 
time for so1vent = 116.1 sec. 

f??J (uncorrected for B) = 2.16, frl] ( corrected for B) = 1.86 

s1ope (uncorrected for B) = 2.43, s1ope (corrected for B) = 2.36 
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TABLE XII 

Viscosity resulte for unirradiated and irradiated polymer. 

'--~-

Rxl0- 4 rrp slope of [1(JR/fryb R/R 
"lsp/c vs. c 

g 

rads g:1dl. -1 g. dl. 

Sample Al, o.oo% B 

0 2.370 2.275 0 0 
5.8 2.365 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 0.998 1.725 

Sa.mple Bl, 0. 52~!~ B 

0 2.330 2.150 1.000 0 
5.3 2.300 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 
31.5 2.435 2.830 1.045 0.5900 
41.9 2.545 3.060 1.092 0.7850 
52.4 2.640 3.360 1.133 0.9820 
62.9 2.655 3.400 1.139 1.1770 

Sample 01, 2.10% B 
0 2.265 2.250 1.000 0 

22.9 2.350 2.545 1.038 0.332 
45.7 2.515 2.875 1.110 0.661 
67.9 2.660 3.230 1.174 0.985 
79.2 2.630 4.230 1.161 1.145 

Sarnple Dl, 2.10% B 
0 2.340 2.380 1.000 0 

11.7 2.410 2.445 1.030 0.1700 
23.7 2.450 2.560 1.047 0.3440 
35.1 2.480 2.755 1.060 0.5120 
52.7 2.620 3.215 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 3.150 1.141 1.182 __ ,_. ______ _. 
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Viscosity resu1ts for unirradiated and irradiated po1ymer. 

Rx1o- 4 [rp s1ope of [7[] R/['Y]]o R/Rg 
'lsp/c vs. c 

rads g:1d1. -1 1 g. d • 

-·-
Samp1e D2, 5.30% B 

0 2.310 2.230 1.000 0 
22.6 2.380 2.405 1.030 0.3280 
45.2 2.455 2.820 1.063 0.6551 

-·---- ---·-------
Sample D3, 7.13% B 

0 2.265 2.310 1.000 0 
22.6 2.360 2.500 1.042 0.3280 
45.2 2.415 2.680 1.066 0.6600 

----~-·-

Sample D4, 11.32% B 

0 2.310 2.140 1.000 0 
22.6 2.434 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'/o 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 1.895 1.034 0.255 
87.0 2.530 2.750 1.059 0.527 

126.5 2.645 3.255 1.107 o. 767 
153.8 2.685 3.560 1.124 0.932 

·---·-



Rx1o-4 

s 

Weight 

g. 

Samp1e E2, 0.00% B 

85.5 0.4167 

2 .o 0.4930 

280.0 0.4650 

377.0 0.2611 

samp1~_:B1 1, o.oo~ :12 

567.2 0.5880 

1155.0 0.5294 

1698.0 0.4925 

2350.0 0.5007 

3120.0 o. 79 

TABLE XIII 

So1ubi1ity and swe11ing 

---------------------··'-·---·-----·---
s +-Vs 1/va 

46.80 1.152 48.2 

.10 0.888 24.9 

25.30 0.756 23.8 

19.50 0.638 18.4 

12.35 0.4 18.00 

5. 27 0.282 11.85 

2.62 0.188 9.85 

1.31 o. 8.51 

0.81 0.0 6.42 

R/Rg 

4.27 

11.55 

14.00 

18.85 

.3 

57.8 

84.9 

117.0 

1 .o 

(I/R )x108 

(rads r 1 

117.0 

43.3 

35.7 

26.5 

17.60 

8.65 

5.87 

4.26 

3.20 

'"""' (.0 
Q:) 



rrABL.E XII_L(Cont' d.) 

So1ubi1ity and swe11ing data 

" __ .,...... __ , ....... --... --·-------·-·· .. ----... - ------·~-·- ... -
Rx1o-4 Weight foS s +-Vs 1/vs R/R g (I/R )x108 

rads g. (rads)-1 

----- ----··· 

Sam~1e B1 2 0.51~ B 

428.0 1.8010 • 70 1.115 .oo 8.01 23. 

563.0 1.8159 .20 o. 908 • 10.55 17.76 

998.0 1.8057 .34 0.475 13.30 18.65 10.02 

1608.0 1.8151 7.42 0.347 9.20 30.15 6.22 

Samp1e 81, 0.51% B 

2350.0 1.8070 5.020 0.274 7.80 44.0 4.26 

29~30 .o 1.8000 3.400 0.218 6. 78 54.8 3.41 

3520.0 1.8041 2.060 0.164 6.36 65.8 2. 

4700.0 1.8007 1.0 0.112 5.73 .o 2.13 

'"'-' 
c.o 
(.0 



TABLE XIII (Cont 1 d.) 

So1ub ty and swe11ing data 

---·~----, -
Rx1o-4 Weight 7oS ô +-Vs 1/vs R/Rg (I/R)x108 

rads g. (rads )-1 

Samp1e 01 2 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 18.3 16.80 8.62 

1625.0 0.6007 15.60 0.551 14.4 21.30 6. 

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 3.18 

4240.0 0.2753 2. 0.200 7.4 • 60 2.36 

5090.0 0.2655 3.36 0.222 6.9 74.00 1.97 

~~IIJ:].:J:: ê__Qh- ~!.;Jj~~ 

287.0 0.7003 59.70 1. 370 - 4.16 .80 

424.0 o. 7001 48.70 1.170 • 50 6.14 23.60 

695.0 0.7007 29.80 o. 30.80 10.05 14.40 

948.0 0.6998 22.10 0.6 23. :;;o 13.65 10.80 

1320.0 0.7003 19.00 0.627 18.70 19.15 7. 

18?0.0 0. 7020 8.57 0.387 .20 27. 5.51 

3470.0 0.6830 5.43 o. ~, 

57.40 2.97 ) -
:5420 .o 0.6811 2.57 0.186 7.40 

!'\;:) 
78.70 1.85 0 

0 



XIII {9ont'd.) 

8o and swe11ing 

---~-----"-~ _ ... ~~ ....... -·-- ··~·-~-... -
Rx1o-4 Weight ,JôS s + ...;s 1/vs RIR (I/R)x108 

' g 
(rads )-1 rads g. 

·-·----

Sam~1e D4 1 11.3~ B 

631.0 0.6002 43.4 1.090 34. 9.15 .80 

1194.0 o. 6004 24.9 0.748 21.30 17.32 8.36 

1768.0 0.6005 14.8 o. 15.50 25.65 5.65 

2320.0 0.7000 10.8 0.438 13.00 33.70 4. 

3000.0 0. 700'7 6.5 0.321 9.68 43.50 3. 

3750.0 o. 7001 4.9 0.271 8.80 54.30 2.66 

§a~pJ_~_S.?...t._?0_,0if.J2 

389.0 0.5997 51.20 1.220 - 3.89 25.70 

554.4 0.6050 50.30 1.210 - 5. 

780.0 0.5 42.80 1.080 - 7. 12.80 

1 5.0 0.6080 23.10 o. 22.9 17.30 5.76 

1'7'77 .o 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 

60.0 1.0004 3.34 0.219 15.5 • 60 3.17 

3750.0 0.5990 6.72 o. r 15.7 37.50 2.67 0 

4270.0 0.5994 5. 0.2 .9 • 70 2.34 
!:\:) 
0 
1-1 



TABLE XIII (Cont'd. l 

Rx1o-4 

rads 
i 

g. 

;·("; 

(OÙ 

.S8:_r~P.1iL~2 L.-Q.~ . .9_Q.z~ J3~ 1.~~.~-q:L~ !~cl in ai!: 

190.5 o. 59 go.oo 

• 5 o. 72.40 

.o 0.3137 49.80 

?.0 o. 18.20 

1460.0 0.3689 8.23 

2280.0 0.3147 6.28 

.o o. 3. 25 

ed in air 
.,.__,.,..,..... ·------· 

1038.0 0.3112 45.2 

16'30.0 0.3259 .8 

2650.0 0.3343 22.6 

4480.0 0. '5071 10.8 

6100.0 0. '3247 10.8 

and swe11ing 

s + ~ 1/vs 

1.840 -
1.580 -
1.200 14.60 

0.609 4.06 

0.369 3.35 

o. 3 2.94 

0.213 2.39 

1. 47.7 

1.029 39.2 

0.701 19.1 

o. 6 12.8 

o. 12.8 

B/R g 

~---~~-- .. _, ______ _ 
(I/R )x108 
(rads )-1 

~----.. ··~·..,-·••·""' ~ ·•·-·- ·~-... ·-- •' •~• •- -~..-v~--

3.65 52.63 

4.57 41.07 

8.78 21.37 

16.60 11.32 

27.40 6.85 

42.70 4.39 

73.70 2. 

6.15 9.64 

9.64 6.13 

15.10 3. 7'7 

26.60 2.2) 

.10 1. 

!\J 
0 
[\j 



?03 

APPE.NDIX lii 

Radiation Induced Gas Yield Data 



1PABLE XIV 

Gas yie1d data 

--.. - ............. ~·-~-··-· ______ ...,..,........_ ... _____ . ____ ·-· ···---··~~··· "~··"'---~·--·---...---.. --··--·"·'"" ··~·-....,. ............................ _ ... '""''"'-~·~·-··-·--... -~.,·~~-·-·-" 

Rx1o-4 
rads cm. 

hl 
cm. 

- ~- .. -~ .. . " ····---·~-------~·- ._,._ __ ..,., ___ ~-·-·~ .... 

t3 

17.0 1.05 

567.2 5.00 

1155.0 7.25 

1698.0 8. 50 

3120.0 .65 

Samp1e E2 0.00~ B ___ :.:::...t..__. ____ 

85.5 

2 .0 

280.0 

377.0 

2. 

3.50 

3.55 

3.55 

0.20 

0.20 

0.20 

0.30 

0.30 

0.30 

0.50 

0.25 

0.30 

2 
- hl 

2 
(cm. ) 

1.06 

24.90 

52.50 

72.10 

1'55 .80 

6.16 

12.00 

12.00 

11.10 

l'lei 
g. 

-·". - ~ 

0.588 

0.529 

0.493 

0.501 

0.518 

o. 
0.493 

0.465 

0.261 

y x 106 

mo1es/g. mol es/100 e.v. 
'W'"~~~ ..,_, ____ _,. .... ·-·~ ·-'~~·,.---·- ·-· 

0.11 

2.64 

6.17 

9. 

.40 

o. 
1. 

1.61 

2.49 

o. 
0.450 

0.517 

0.522 

0.506 

1.040 

0.636 

0.555 

0.637 

'::\j 
0 
....... 



Rxlo-4 

rads 

SamJJ.LE: .. 

.4 

428.0 

563.0 

998.0 

1608.0 

ha 

cm. 

4-95 

7.85 

9.10 

12.15 

.60 

Sampl~ Cl, 2 .].;rb B 

.4 1.2 

67.7 1.3 

78.8 1.4 

5 .4 5.0 

. o 7.2 

1625.0 8.4 

h:r. 

cm. 

0.80 

0.25 

0.30 

0.50 

0.25 

0.30 

0.20 

0.30 

0.25 

o. 
0.20 

TAlŒE XIV (Cont 1 d. 2 

data 

\Veight 2 2 
ha - h~ 

(cm. ) g:. 

23.8 1.800 

61.5 1.801 

82.6 1.816 

147.4 1.806 

243.4 1.815 

1.35 0.350 

1.65 0.300 

1.92 0.300 

24.90 0.600 

57.70 0.601 

70.40 0.601 

y x 106 

moles/p..;. 

o. 
1.98 

2.69 

5.10 

7. 

0.23 

0.32 

0.37 

2. 

5. 

6.82 

G g 
molecules/lOO e.v. 

0.460 

0.447 

0.462 

0.492 

0.467 

0.512 

0.457 

0.456 

o. 4-06 

o • 

0.406 

"""" ·;_y 

0 
CJ1 



-~-.. --.-· 
Rxlo-4 h2 

cm. 
-·--·------
Sarnp]._~Ol, 2 .l;o B 

1920.0 9.00 

3150.0 11.40 

4240.0 9.20 

90.0 9.60 

SamE1e D2 2 5.2~ B 

286.0 ?.90 

1132.0 7.65 

1715.0 9.15 

2320.0 9.80 

50.0 10.80 

.ê_?t!.ll..Pl: e D :2J_J..! 
64.8 l ·~·-• / :> 

135.4 1.75 

270.5 2.45 

XIV, (Cont 1 d.} 

Gas yield data 
__ .. ____ ,_.,._ .. ______ , ---·-~-"-··-··-·-- ---

hl 
2 2 Wei y x 106 Gg h2 - hl 

cm. (cm. )2 g. moles/g. molecules/lOO e.v. 
·------.--·-·-----,·-

0.20 80.9 0.600 7.85 0.395 

0.10 29.9 0.601 12.62 0.386 

0.40 84.5 0.275 17.88 0.407 

0.30 .1 0.2 20.10 0.382 

0.25 15.1 0.701 1.40 0.423 

0.25 58.4 0.701 4.85 0.413 

o. 50 83.4 o. 700 6.92 0.390 

0.25 95.9 0.601 11.72 0.?12 

0.50 116.3 0.600 11.30 0.382 

o. 70 1.33 0.299 0.25 0.372 

0.15 2.94 0.?00 0.49 0.?93 

0.?0 5.91 0.?00 1.10 0.'393 
l' 

"'V 
0 
O"J 



--·------ -·- ---- ----~------- --
Rxlo-4 ha hl 
rads cm. cm. 

Sam:Q1_e D3, 7 .lfo B 

1140.0 4.80 0.25 

1400.0 5.00 0.25 

1405.0 7.55 0.30 

2750.0 3.85 0.20 

3410.0 8.40 0.25 

~ample D4, ll.3fo B 

2.3 1.10 0.30 

4.6 o. 90 0.20 

6.8 1.40 o. 40 

7.9 1.30 0.20 

631.0 5.10 0.20 

1194.0 6.80 0.20 

1768.0 8.20 0.20 

2320.0 10.35 0.30 

3000.0 11.85 0.25 

3750.0 13.10 0.30 

~ABLE XIV (Cont'd.' _____________ _)_ 

Gas yield data 

2 2 hs - h1 VJeight 
(cm. )2 g. 

~-----

22.9 0.311 

24.9 0.262 

56.9 0.311 

14.7 0.162 

70.4 0.310 

0.72 0.350 

1.17 0.350 

1.80 0.320 

1.65 0.272 

25.90 0.600 

~-6. 20 0.600 

b7.20 0.601 

107.10 0.700 

140.40 o. 701 

171.40 o. 700 

y x 106 
moles/ g. 

4.22 

5.52 

10.60 

5.29 

13.20 

0.012 

0.020 

0.033 

0.035 

2.530 

4.540 

6.530 

8.920 

11.700 

14.2 50 

Gg 
molecules/lOO e.v. 

o. 358 

0.381 

0.373 

0.364 

0.373 

o. 504 

0.410 

0.471 

0.432 

0.385 

0.363 

0.357 

0.371 

0.376 

0.368 

""" 0 
""-.] 



Rxlo-4 h:a hl 
rads cm. cm. 

TABLE XIV fCont 1 d. ) 
-----~---~----·-

Gas yield data 

2 
- hl 

(cm. )2 
Weight 

g. 
~--·-··~~- ----------·-·- ------------· 
Sample 02, 60. 37& J3 

389.0 6.60 o. 70 43.01 o. 600 

554.4 6.00 0.30 35.91 o. 605 

780.0 7.55 0.50 56.75 0.599 

1735.0 8.35 0.35 69.58 0.608 

2730.0 9.65 0.45 93.00 0.600 

3160.0 13.10 0.30 17'7. 50 1.000 

3750 .o 9.90 0.40 97.84 0.599 

4270.0 10.25 0.20 105.16 0.599 

SamE1e G2 100~ B 
-

631.0 1.50 0.30 2.16 1.000 

2320.0 2.15 0.20 4-59 o. 980 

5420.0 
(measured gas yi by 26.200 mass ctrometer volumes) 

y x 106 
moles/g. 

4. 

3.45 

6.28 

6.62 

13.80 

10.25 

8.95 

10.92 

0.256 

0.5 

1.180 

G 
mo1ecu1~s/lOO e.v. 

2.520 

1.110 

0.732 

o. 370 

0.487 

o. 
o. 330 

0.248 

0.039 

0.024 

0.021 

N 
0 
cc 
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Sù1•IT•IARY AND CONTRIBUT IONd 'l'ü KNOWLJ<JDGE 
---·-·~•'• ---~ --··-·---·~•• ________ ,.._c_·--·-<'~-· ... --

1. A sample of poly(butadiene-co-styrene) was divided into 

twelve fractions by precipitation from a dilute benzene 

solution. The intrinsic viscosities [~] and weights of 

all the fractions were measured and tbe sedimentation rates 

and coefficients, (s ), were determined for the nine 
0 

highest molecular weight fractions. From the sedimentation 

and viscosity data the n1xmber of crosslinks per molecule 

for each fraction was calculated according to several 

theories. The results indicated that only four fractions 

of highest intrinsic viscosity contained nonlinear molecules. 

The extend of nonlinearity increased with increasing 

intrinsic viscosi ty. t 1rom the se resul ts and the weight 

of each fraction the mxmber of crosslink uni ts -per weight 

average primary molecule, S 
0

, was calculated. The theory 

of Zimm and Kilb (73) gave b :::::0.78, whereas the .. 0 

Stockmayer-:Pixman theor:v (72) and that represented by 

equation 14 gave much lower values. 

2. 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 hig,hest intrinsic 

viscosity. 



3. :&'rom the nu.r:nber average molecular weight of the 

unfractionat polymer, F~0 , which was determined by 

osmometry, and the intrinsic viscosity of the unfractioned 

polymer, 6
0 

was found to vary from 0.30 to 0.66. 

4. The -partial specifie volume of the polymer in benzene was 

found by pycnometry to be independent of concentration 

and equal to 1.02 g.-1ml. Using this value and the sedi-

mentation and viscosity data of the nine hi est intrinsic 

viscosity fractions, the molecular weights of these nine 

fractions were calculated. 

5. Two sets of viscosity average molecular weights, Mv' of 

the fractions were calculated using two different rela-

tions between intrinsic viscosity and molecular weight. 

These relations were determined by other workers, (134, 

5 ). Values of N calculated us 
v 

the relation for low 

temperature polymerization agreed well with the molecular 

weights, N"''s ' calculated using rrp and Sa· However, 

there was serious disagreement wh en Flv was calcula ted 

using the relation for high temperature polymerization. 

6. A molecular we distribution curve has been obtained 

using the weigh ts of the fractions, and 1'1 for the nine '?S 
highest molecular w ght fractions, and ~ for the three 

lowest molecular weight fractions. B'rom this curve it 

was estimated that the ratio of the weight average to 

210 



number average molecular weight of the unfractionated 

polymer, Mwo/~0 , was equal to 2.84. This value of 

M /iVi led in turn to a value of 0.36 for S • wo no o 
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7. 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. 

8. .B'rom the mann er which the solubility depended on dose, 

5
0 

was e imated to be 0.8. This value approximates 

that calculated from the fractionation data by the Zimm 

and Kilb theory (73). 

9. The number of crosslink units formed per 100 e.v. absorbed 

by the sample, , was calculated from Mwo and from the 

value of e radiation dose requir to produce incipient 

gelation, RO'. 
D 

If N 
WO calculated from r~no and f'rom the 

experimentally determined molecular weight distribution, 

Gx is found to be 9. 4. From I~"Ino and the mann er in which 

solubility decreased with dose, a more reliable value of 

Gx = 1.6 was obtained. The discrepancy in Gx values 
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suggests that ~ calculated from the experimentally dewo 
termined M.W.D. is less than the true value. Therefore 

the experimentally determined molecular weight distribution 

was narrower than the true H.W.D. If Gx is equal to 1.6 

when calculated from Rg and ~0 , the ratio Mw
0

/Mno must 

be approximately 8. This value for Mw
0

/Mno corresponds 

to S = 0.8, therefore S must be approximately 0.8. 
0 0 

This implies that all the viscosity theories considered, 

except that of Zimm and Kilb, underestimate the effect of 

nonlinearity on viscosity. 

10. 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 = 1.6. Therefore swelling data provided further evi

dence that S
0 

= 0.8. 

11. 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 S which was much less than 0.8. Apparently these 
0 

theories underestimate the effect of nonlinearity. 

12. Mass spectrometrie analyses revealed that the gas evolved 

on irradia ting the pure polymer contained 87 .1;~ hydrogen, 

4.8% ethylene and 8 .1;0 higher mass number consti tuents. 



The number of molecules of evolved per lOO e.v. 

absorbed, Gg' has been determined by gas yield measure

ments. :B'or the pure polymer G ::: 0. 52. ]'rom this value 
g 

of Gg, from Gx = 1.59 and from the gas composition, it 

was calculated that for every crosslink unit formed 

0.0031 molecules of ethylene were evolved. 

?.13 

13. The com~osition of the gas evolved from pure antioxidant, 

B, after a high dose was 53.1% hydrogen and 46.9/o higher 

14. 

mass number constituents. Ga for pure B was slightly 
IS 

dependent on dose and had an average value of 0.2 over 

the range examined. 

G was found to be indeuendent of dose over the range g À 

0 - llf~ B, but was very dose dependent for a sample 

containing 60% B. 

15. After irradiating the pure polymer in vacuo to a dose of 

150 J:.Irads infrared analyses showed many vinyl groups were 

destroyed. Ultraviolet analyr;:,es indicated that irradiation 

in vacuo caused the formation of diene and triene groups. 

By a calculation using Gx = 1.6 it was found that for 

every crosslink unit formed 0.71 vinyl groups were des-

troyed. 

16. When B was added to the polymer both Gx 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 po1ymer from 

radiation. The percentage decrease in Gx was greater than 

in G • The extent of the protection increased with in-
g 

creasing B content up to a concentration of 2~ B. A 

constant degree of protection was observed from 2 - 11~ B. 

17. For a samp1e containing 0.52% B the degree of protection 

decreased with increasing dose. The degree of protection 

was independant of dose for samples containing more than 

2% B. 

18. So1vent extraction of irradiated protected polymer showed 

that 21.3 potential cross1ink units were prevented for 

every molecule of B destroyed or attached to the polymer. 

Therefore, protection must invo1ve either charge transfer, 

excitation energy transfer, or quenching. 

19. Infra-red and ultraviolet analyses revea1ed that the extent 

of oxidation which occurred when the pÙre polymer was 

irradiated in air was much greater than in the absence of 

radiation. On1y a sma11 amount of oxidation occurred when 

po1ymer containing B was irradiated in air. Solubility 

results indicated that when either pure polymer or 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. 



20. A reaction mechanism is proposed to account for the 

radiation induced effects in pure polymer and polymer 

containing B. Radiation induced nonlinearity and 

evolution are considered to be caused by two distinct 

processes each which leads to crosslink or endlink 

formation and gas evolution. One of the processes in-

volves ions and exhibits a negative deviation from the 

"mixture law, 11 because of charge transfer to B. The 

other process involves exc ed molecules and exhibits 

a positive deviation from the "mixture law" because of 

excitation ener~v transfer from B. To account for the 

value G for the sam:ole containing 60?~ B i t g 

nroposed 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 B. This third process is sensitized by the 

polymer, but it can only occur B is dispersed in 

egates. 
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SUGGESTION0 iPOR J:l1URTHER WORK 

l. The fractions studied in the present work were probab 

somewhat polydisperse. If a refractionation technique 

were employed or if a large nwnber of fractions were 

obtained, the uolydispersitv of the fractions would be 

low. With such fractions the validity of the theories 

relat molecular nonlinearity to intrinsic viscosity 

could be tested more accurately. 

2. A solvent should be found which would give clearer and 

more pronounced ultracentrifuge schlieren patterns than 

those obtained with benzene. With such a so t the 

sedimentation coefficient for low molecular weight 

fractions mip;ht be deterrnined. iurthermore, a more 

suitable solvent mi make it uoss e to estimate the 

molecular wei t distribution each fraction. 

3. number average molecular weight of each fraction 

should be determined. From this the degree of poly-

disuersity could be determined by comparing the numher 

average molecular weight to the mo cular weight 

calculated .from the intrinsic viscosity and the sedi-

mentation co icient. 
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4. 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 present work is related to non

random crosslinking and degradation produced by nonlinear 

units, or to inherent inadequacies of tbe theories 

5. in the nresent work was t2;reater at low doses tr1an at 

htgh doses. rt'1hi R dose denendency can arise from nonb_near 

uni ts formed during polymeriJ0ation causint2: degradation or 

from errors in samnle nrenaration. The determination 

gas compo tian and for linear polymer irradiat to 

low doses would reveal the rel importance of the two 

possibilities above. 

6. The possibility of a third gas nroducing nrocess coul.d be 

examined by measuring Gg and gas conrposi tian over the 

entire range of antioxidant concentration. 

7. Infra-red analyses following the irradiation of a polymer 

containing ~ would indicate the extent to which B protected 

the vinvl groups. ThiR information could then be related 

to the decrease in Gx and Gg caused bv B and to the gas 

comnosition of a sample containing B. 
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