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CHAPTER I

INTRODUCTION

1.1, Statement of the Problem:

It is well known that the polymerizaiién in bulk, of the last
‘few percent monomer in‘a folymér—monomer gystem, requires either one
or a combination of the folloQing:

- (1) In‘the case of fhermal Bulkipolymerization, temperature
should be raised substantially to shorten the reaction time’(this is
known to cause chain degradation thch is not desirable), or else cata-
lyst should be used, and although this‘is a better appréach, the gatalyst
is costly, and may affect the produced polymer properties in an undesir-
able manner,

(ii) When radiation energy is used, the marked acceleration, ob-
served in the rate of polymerization between 40-90% conversion (Hj) ceases’
above this range and the % conversion vs time plot tends to level off, and
therefore, a relatively long irradiation p;riod is required‘to bring the
reaction to completion. |

Higher dose rates and irradiation te&peraturés speéa up the feac-
tioﬁ (H3, C4) (see Fig. C &D), a lower molecular weight polymer is pro-
duced which is generally not desirable, |
| | It is thereforeg‘clear, that a large amount of energy (thermal,
radiation, or a combinétion of both) is required, particuiarly when no
catalyst is used, to bring a polymer-monomsr system of é % conversionv
greater than 90%, to a 100% polymer in a reasonable time,

Polymerization is known to proceed via a free radical mechanism
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- for a large number of monomers including styrene (Bl, C4) (some contri-
bution of ionic mechanism'takes‘place at very low temperatures). It is
also wéll known (B7 ) that free radicals become trapped in the solidifying
polymer, Accordingly, the aim of this résearch.was to use gémma rays to
generate free radicals in a highly converted éystem, and to investigate

the decay of free radicals together with the progress of polymerization
after irradiation, A series of annealing temperatures (equal to and above

ambient) was contemplated.



CHAPTER II

REVIEW OF PREVIOUS WORK

2.1, Historical Review:

2.,1.1., Polystyrene and‘Styrene:

Prior to 1786, styrene was first discdvered by Newman (B17.
He separated an “essential oilﬁ from storax; this oil was later found
to be styrene.

Most of the credit for the discover& of styrene is given in the
literature to E. Simon (1839). Ref. (512) was found to be the earliest
mention of the hame "styrol", Siﬁon obtained styrene by the distill-
ation of a "natural balsamic material - storax (liquidamber)", He noted
the styrene's ability to form a jelly-like material (i.e. polymerize)
after several months of sforage. Bonastre (B16), eight years earlie;
then Simon, also obtained styrene by the distillation of balsam and described
its properties. Although Simon may have the credit for naming the material,
it had at least been isolated and described by Bonastre earlier, Simon
believed that the solid residue obtained after several moﬁths of styrol
storage was "styrol oxide",

Blyth and Hoffman (B14 ) in 1845 proved that this was not correct
and that the solid body has the same chemical structure as styrol.  They
named it “meta-styrol"., Blyth and Hoffmgp (B15 ) were élso the first to
demonstrate the depolymerization capacity of polystyrene to styrene under
the influence of temperatures of 200°C and higher. In (1866), Berthelot's
(B11) studies revealed the impoftance of cafalysts indspeeding up the poly-

merization process.



Before 1930, the monomer and the polymer were produced more Sr
less on the lab scale. About 1930, the Dow Chemical Company started
styrené manufécture; by World War II, styrene was playing a major role in
the manufacture of synthetic rubber, Today, its tonnage production has
reached second or third place among the synthetic aromatic organic chemicals,
Polystyrene, (CSHB)n' is formed by directly heating the monomer; at
times-in the presence of a catalyst., The average molecular weight decreases
with the increase of the polymerization temperature, addition df-catalyst,
and the presence of impurities. The value of n fér commercial polymers

ranges from 500-2000,

2.1.2., Styrene Pélymerization:‘

Kronstein (x 7), made a 'serious attempt to analyse the process
which takes place before solidification, He found that polymerizatiqh
proceeded in two steps: a) thickening, followed by b) gelatinization.

Ostromislensky (O; 3) advan;ed some valuable ideas about the
mechanism by which polymerization proceeds, Staudinger (S16 ) was also
a dominant figure in the field of polymerization, _ He put forward the
theory about polystyrene chemical structure, proposing that it consists of
a large number of styrene monoher units connected through their vinyl groups,
aﬁa suggested to call the compound."Polystyrene" rather than "Metastyrene',

For commercial purposes, polymerization of styrene in bulk proved
'to be superior to the suépension and emulsion methods. Héwever, it in-
volves the difficulty of controlling the temperature, due to the exothermic
nature of the reaction.

2.2. Polystyrene, Its Properties and Uses: -

The main properties of polystyrene which caused its widespread use


http:poly~erizat:i.on

are:
(i) Excellent moldability over wide ranges of pressure and
temperature,
_(ii). Extremely good dielectric properties .

(iii) Dimensional stability and rigidity-

(iv) Low moisture absorption «
(v) Easily coloured .
(vi) Odourless and tasteless -

(vii)  Thermoplastic -

(viii) Low specific gravity.

(ix) Chemically inert and resistant to the corrosive effects of
inorganic liquids, |

(x) Above all, its low production\éost hakes it a very attractive
investment., Ref. (B.,17) provides a table containing all
the physical constants of polystyrene,

Polystyrene and the styrene-based molding and extrusion plastics

- are used in the following applications: )

(i) Packaging: small molded containers, lids and closures,
botfles and jafs. Foamed polystyrene as cﬁéhioning
material |

(ii) Appliance housings and parts, for which purposes, a iittle
over 25% of the sfyrene based plastics are applied,

(iii) Engineering uses: its copolymers usually have good mech-
anical properties such as impact resistance, It is part-

icularly used in automative industry such as "instrument

clusters and dash panels, seat, door, and roof panels",
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boats, telephones, 1uégage, shoe heels, and pipes.

(iv) Miscellaneous: £oys, houseware, wall tilés

(v) Its excellent dielectric properties makes it attractive to
use in miscellaneous radios and radar accessories (coil
forms, sockets for small tubes, spacers, sﬁand-off in~
sulators, and connectors for cables).

Its low heat distortion point has limited its application where’

heat.is involved.
The reader is referred to Ref, (B;i?) foria‘completéVgoverage of

polystyrene fabrication, application, and uses.,

2.3, Molecular Weights:

| Polystyrene's physical ﬁroperties, 1ike any -other polymer, dep;nd
on its average molecular weight, molecuiar weight distribution, and chain
geometry,

> 3.

A polystyrene sample witﬁ an average molecular weight of 10

3

e,
approximately 10” monomer ﬁhits/chain, may have chains consisting of 50
monomer units up to chains consisting of 2 x 101+ mononer units, Macro-
molecules forming the polymer mass vary in their degfees of polymerization;

as a result, any polymer sample is characterised by a molecular weight dis~

tribution that can be represented by a distribution curve of the type (see

diagram below),

No. of

Figure 2.1,
molecules

Molecular weight



-,

Different methods of molecular weight averaging give several types of

average'molecular weights. A polymer sample containing n, monomer

1
molecdles each of molecular weight Mn,n2 dimer molecules of molecular
weight M2 and... ng molecules of molecular weight Mi etc... There-

fore, according to (C12 ):

Ni = The fraction of molecules having the molecular weight Mi
=n/3 0y
i
W, = Their weight = n, M,
i il
W = Their weight fraction = Wj

PR

i
The number average molecular‘weight is the mean molecular weight obtained

by counting the number of molecules:

M =) niM./Xn, =7—. N, M
1 1 b

The weight average molecular weight is the mean molecular weight obtained
by counting the weight of molecules with a given molecular weight:
2
Moo=y WM, /Z W, o= 2 w M, =Z ng M /Z n, M
i i i i
The Z~average molecular weight:

_ ) 3//? 2
. o -
MZ __E (WiMi) Mi//EzwiMi _2 niMi . niMi
i i i i

The diagram given below illustrates the relative positions of Mn' Mw’ and

MZ on the molecular weight distribut;on curve

No. ©f
‘ Figure 2.2,
molecules Mn My M, -

Molecular weight



Mw/Mn is known as the degree of despersion

(a)

Figure 2,3.
(v)

Va) Polymer with a narrow molecular weight distribution e.g.
Mw/Mn = 1;2

b) Polymer with a large molecular weight distribution e.g.

| Mﬁ/Mn = 2.5
A truly monodispersed sampié gives Mw/fvim = 1.0, The terms: number
average Mp, weight average M, and Z average Mé molecular weights have
been introduced and defined by Lansihg and Kraemer (K, 6).

The most widely used technique to determine the number average
molecular weight of a polymer is thé osmometry technique. Light
scattering is used in determining the weight average molepular weight
and the Gel Permeation Chrohatography provides the most rapid method

for determining molecular weight distributions.

2.4, The Effect of fesidual monomer on the polymer properties:

The presence of any residuél monomer in the polymer, greatly'
affects the lattef's properties. For, inspi;e of the rapidity of
polymerizatioﬁ at thé'beginning, it slows down when the solid state is
reached, so that after it is about 90% completé the remaining poly-
merization proceeds at a very low rate (B17, H10, R.3, H.1l).

Any unpolymerized monomer reduces the polyme; he;t distortion

point and eventually produces blushing and crazing, Finally it promotes
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discolouration of the product at high temperatures or in the sunlight;

which.is due to the monomer sensitivity to oxygen, In addition, since
styrené is toxic on ihgestion, polymer containing any residual monomer

cannot be used for food contéiners.

2.5. Polymerization, its nature and means:

Styrene polymerization is a chain reaction which can be accome-
plished by all known polymerization techniques. The reaction is repre-

sented schematically as follows:

GO, o (HO-oeme)

—_—
|n
(See P11 & P17-22for details) :

The exact nature éf the beginning and eﬁd of such a polymer chain
is not certain, This reaction pfoceeds by heat alone and/or with the
aid of catalysts, Tonizing radiation is another source of energy by
which polymerization can proéeed; In bulk, the rate increases expontén—
tially with temperature, requiring months at rdom temperature but only
a few hours at 150°C (C.4 ), )

The problem of polymerizing the last traces of monomer is of great
importance due to the impracticality of continuiﬁé the reaction for long
periods of time, On the other hand, leaving traces of monomer in the poly-
mer will greatly harm the polymer properties as was previously mentionéd.
Fortunately, a brief finishing treatment at higher temperatures with the

use of special polymerization catalysts is a current method of producing

a low volatile content polymer.
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Ultra violet spectrophotometrj‘is a good tool for the determiﬂ-
ation of unpolymerized styrene in polystyrene, eépeciéily for the last
2% monomer,

2.6. Polymerization by Radiation:

| — |
2.6.1. Historic Background and Development:

Since World War II, the ﬁse of high energy radiation to initiate
polymerizatibn has attracted much attention, As early as 1938, Hopwood -
and Phillips (H.E, H.6); used ¥-rays and fést neutrons to polymerize
several vinyl monomers. S-shaped conversion curves were obtained.

Most of the work reported in the eérly years of investigation is not
technically‘valuable due to the fact that it was carried out under un-
satisfactory experimental conditions (dosimetry problems, the presence of
oxygen, etc...).

Magat (énd his co—workers)rin 1948 studied the radiation induced
polymerization of some vinyl monoumers with specialbemﬁhasis on styrene.

He stﬁdied the effects of different types of.radiation on the polymérization
reaction, such as ¥rays (C.3, C. 5), X-rays (P.5), and the mixed radiation
from a nuclear reactor (C.5 L.1l).

Chapiro (C.h),'provides a good literature review of the progress
made in the field year after year.

The main features of radiation polymeriz;fion are basically similar
to fhose of conventional free radical polymerization, the radiation role
being merely limited to the primary events which lead to the free radicals
production and to a few specific secondary effects. At high cohversions,
thé polymer itself is radiolyzed and the polymeric free‘radicalskthus

generated, contribute to the chain initiaticn.
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Mom— 2R’

P Wiy 2P° (or R' + P*)

(For more detail on the elementar& reactions, see P17)

The initiation by polymer radicals P°, results in a polymer molecule
of higher molecular weight than if a small radical R’ is invqlved.

From the considerable amount of experiﬁental data‘now available,
it is establishéd that in most caseé the polymerization by radiation
at and above R.T., can be fully accounted for by free radical processes.
However, conclusive evidence ig now'available for the contribution of
-ionic reactions in some specifié systems under paftiCQlar conditions
(0. 2, S.8),mainly when the reaction is at very low temperatures, or when
the monomers are in the sélid state (L.3 ). Ref. (P.3) is of the unique
opinion that styrene polymerization is génerally an ioﬁic one if the monomer
is very pure and dry.

2.6.2. The Nature of Radiation:

Different types of radiation possess the name "ionizing radiation".
This term indicates that a certain type of radiation is capable of producing
ions directly or indirectly in a mgdium of common elements such as air or
water, This implies that the radiation enérgy is higher than the ion-
ization potentials of 02, N2,‘and H2 (i.e.710~15 e.v.). This represents
a lower limit for the term ionizing radiation, On thé other hand, the

upper limit reached at the present time exceeds several B,e.v, (1 Bev=1094e.v.).

& and X-rays are electromagnetic waves not capable of producing
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ionization directly, but are capaﬁle of transferfing their energy to
charged pafticles which are themselves ejected from the absorbing
molecules and create secondary ionizing tracks (Ci+).

| Gamma radiation main sources-are cdbalt 60 with é half-life
of 5.3 years, and cesium 137 with a half-life of 33 years. The first
is by far thé most widely used as a gamma ray source due to the ease
of its preparation and because the beam of gamma rays emitﬁed is
similar in penetrating power to that emitte& by radium.. It provides
two stréng gamma protons with eﬁergies of 1.17 and 1.33 M.e.v.
Ref. (515 $18 .provides a complete summary of i;adiatior} sources.

2.6.3. Radiation Yields:

The yield of a certain change as a result{of thebirradiation of
matter depends upon:

a) the intensity of radiation

b) the number of active chemical species produced per photon

of radiation.

2.6.3a. Radiation Intensity

Radiation intensity is defined as the energy flowing through unit
area perpendicﬁlar to the beam per unit time. Generally, it is expressed
in ergs per square centimeter second, or watts per square centimeter.

Until recent years, the amount of radiation received by a chemical
substance was determined by measuring the ionization produced by.the sane
radiation beam in air, followed by deriving the amount of energy dissipated
in the irradiated ﬁedium from that released in air by using the mass ab-
"sorption coefficients ratio. This is cailed an exposure dose and is

expressed in roentgen,
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On the other hand, a measure of the radiation energy actually
intéracting with the irfadiated'matter is called the absorbed dose, and
is expressed in rads. The rad is defined as the unit of abéofbed dose,
and is 100 ergs per gram or 6.24 x 10%? electron-volts per gram or 2.78
E watt hr/gm.

2.6.3b, The G Value

Burton ( 322) introduced this term for expressfng radiation-
chemical yields, It is a measure of the absolute chemical yield of an
irradiated syétem egpreséed as the'number’of individual chemical events
occuring per 100 e.v. of absorbéd energyf Therefore, G (c-1) is a'symbol

for the absolute number of cross links produced per 100 e,v, absorbed.

Similarly G{(R) = no. of free radicals produced
100 e.v. of absorbed energy.

In.hydrocarbons, the G(R) values fall within 0.01-10.0, the lower
values for aromatic hydrocarbons énd the higher values for aliphatic ones.
This difference is explaiﬁed as being the result of resonance energy
absorption by the benzene ring which stabilizes the moleculés against the
breakage of a C-H bond, If a chain reaction results from radiation, the
G-value of the reaction canvreach a few millions. |

A styrene molecule is resistant to radigtion as a result Qf the
conjugation of the vinyl double bond with the phenyl ring.

This structure‘results in the falling of all éarbon atoms in the
samerplane, and owing to the delocalization of g electrons, any excess

energy corresponding to an excited state will be randomly distributed

‘over the whole molecule (C.4). It follows that only a fraction of the

total energy is available for rupturing a certain bond, Therefore, the
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probability of free radicals production from a structure of that nature
is-low. Ref. (C,4 ) collected values for G (R’) for styrene from the
literature, and plotted the logarithm of the dose rate vs G (R')‘(see
Fig. E ). A

Chapiro averaged data for G(R®) for styrene to be = 6.69 radicals
per 100 e.v, Data obtained at dose rates lower than 2-3 rads/sec result
in values around the above given figure; howevef, for dose rates higher
than that, the reported G(R®) values fall to about 0.3. A value of 0,22
is reported by (8.7). .

These vélues are calculated from experimental rates of poljmer-
ization with the assumption that the simplified kinetic scheme applies (see

P19) to the reaction over the whole range of dose rates.

Chapiro related the observed decrease in G (R*) at high dose £at¢s,
to the fact that the simplified kinetic scheme no longer applies when thé
dose rate reaches a critical value,  He reported that some investigators
dﬁwmtumeﬂmtimoammmt

However, the result obtained in the present investigation, for
G(R’) of styrene monomer is = 0,215, and it applied a direct means of
experimentally measuring the free radicals' coﬁcentration, rather than
the uncertain kinetic method that was carried out at high dose rates.

This result, along with other results reported in the literature
for polystyrene free radicals, contradicts Chapiro's explanation for the
cause of the lower G(R') values obtained at high dose rates.

The molecular struﬁture of polystyréne is 1éss'stablé than styrene

monomer since the polymer has less resonance stabilization, Comparison
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with similar systems for which experi@ental results are reported lead to
estimating G (R°) for polystyrene to be'twiqe,or moré as great as that of
the styrene monomer (C.4). Later in this chapter experimental values
ﬁéporting the G(R‘) for polysty;ene will be given.

| . :

2.6.4, Degradation and Cross Linking:

Radiation éan affect pol&mer molecular weight in two ways. The
first is by linking molecules together, therefore, increasing the mole-
cular weight, or it éanAdec?ease it by inducing’main-chaih degradation,

Polystyrene is clasified as ; cross linking polymer, This
simply means that G(c-1) is greater than G (degradation) (in vacuum).

The linking‘involves tHe_benzehe ring as well as the main chain, with
liberation of hydrogen G= 0,013 - 0,026 (¥,1). The ratio of degradation
to cross 1inking'which;is generally -accepted is O to 0.2,

.Various methods of measuring yielded different results (c.9, 5.1D.
Recently Ref. (K,5) introduced aldireét method for detefmining cross linking
and chain scission in.polymers.

The presence of oxygen causes linking of polystyrene to be replaced
by degradation (w.i). Oxygen diffusing into polystyrehe after irradiation
causes carbonyl and hydroxyl groups to be formed, possibly by reactién with
free r;dicals or double bonds (S.6 Ch). B

2.6,5, Free Radicals as Formed by Radiation:

Free radicals are speciés that possess an unpaired electron (e.g.
CH'B, Cg H’5, C1° and N'a)., Species with two independent unpaired electrons,
such as éHa-CH2~CH2—CHé are called diradicals. They contain two essen=

tially independent odd electrons,

In conformity with spectrographic nomenclature, if the two electrons
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have parallel spins, the species is called a triplet, If they have
anti parallel spins, tﬁe species is called a singlet. Triplet
species are often produced in photochemical and.radiolysis processes
(P6).

Little is known about the mechanisﬁ_by which radiatioﬁ produces
chemical changes in pélymers. ‘Irradiation of polymers at or below room
temperature, followed by testing samples for the presence of free
radicals with the use of Eﬂectron Spin Resonance spectrometry, gave
positive results. Examples can be found in Refs. (Al A3, A6, A7, C1, F1,
K., 2 K.3, 0.1, M.7, S.2, T2 Wj)

Refs, (A3, F.1, S.2, S.l) reported the detection of free rédicals
in irradiéted polystyrenes., The reported fesults are often different.
Estimate yields of free radicals obtained by the Electron Spin Resonance
technique will be given later in the chapter. However, the one usually
accepted for polystyrene is G:O.2'(A.3). Later in the chapter there will
be a return to the sﬁbject of free radicals, for a brief discussion of
their methods of entrapment.

2.7. Polymerization Kinetics:

Vinyl monomers such as styrene, polymerize through an addition
- redaction, The polymer produced from such a reaction is a repetition
unit of the monomer,

CH -CH - CH - CH - CH - CH - CH -

:::: [::::] [::::]
monomer polymer

A free radical mechanism is the general case for such reactions,



17

although under special conditions the mechanism could be an ionic one.
Refs.(B21,P.2) are suggested as a good review for such mechanisms.,

The 6ther major class of polymerization reactions is the con-
densation one, where two molecules get together with the production of
of big molecule (polymer), and a small molecule such as water, e.g. a
hydroxy acid:

HO-R-COCH + HO~R-COCH-—»HO~R~-CO0-~R-COOH + HZO

dimer

HO-R-COOR-COOH + HO-R-COOH—~» HO-R-COO0~-R-CO0-R-COOH + HZO etc...

trimer

This type of reaction however;.is not relevant to this invest-
igation. Ref. (B21) can provide the reader with adeguate information
on the subject,

The first stép iﬁ the free radical polymerization is the
initiation éne. The reaction can be induced by heat or radiation, with
or without the presence of a catalyst. The presence of a catalyst

facilitates the understanding of the initiation step.

e.g. Azobisiobutyronitrile

(CH3) ~C-N=N-C(CH3) A
2 | | 2 >
CN CN

[

N. +2 (CH,) ¢

CN

The produéed catalyst free radical reacts with the monomer, pro-
ducing a new radical capable of propagating with other monomer units to

form long chain free radicals:
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(CH.) -é+CH=CHz——>(CH) -C-CH- CH

32 2 -2
CN CN
(CH.) - C-| CH~CH.| - CH ~ CH + n monomer
30 = 2 2 j
2 | P units
CN <

The use of a catalyst, somewhat complicates the kinetics of poly-
merization duekto its coﬁsumption during the reaction, It follows that
the cataiyst effeciency is apparently changing, thus causing.the rate of
free radical production to vary along the progress §f poiymerization:

- _%%_ = kd c
where ¢ is the catalyst concentration,

The use of radiation aione, eliminates such a source of coﬁplexity,
but on the other hand introduces others, such as the initiation by poly-
meric radicals (C.4).

When thermal or radiation energy is used alone, the first product
might be a mono or a diradical. Several investigators support each
theory with a greater tendency towards the diradical. Refs.(F;Z,H.8)
support the thermal diradical theory and Refs.(B.3,M2, M3) support the
radiolysis diradical one. Ref, (B2l) is a good review for all theories
put together,

The kinetic scheme of both catalytic and radiation polymerizatibn
are very similar., The main difference is-caused by the non discriminatory

nature of radiation. This leads to the Breaking cf.anyﬁintermoleculaf

bond to generate free radicals. Consequently, monomer, polymer, or even
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solvent molecules (if present) can produce free radicals under the effect

of radiation. The initiation reaction can be represented for radiation

polymerization by:

- M —AVWA—> R’ 2.1,
and for a catalyst initiated reaction:
. Kd
Cc T ———2 ZR'C 2.1a. .
- K, : ,
R, + M —=—— &, 2.1b.

This reaction as applied to azobisisobutyronitrile and styrene monomer has

been previously given in detail on (P18 ).

K
Propagation: R, + M P > RN’ : 2.2.
or R >
K, | _
R, + M ——> R 2.3,

This reaction proceeds until the long chain radical collides with another

one, causing the termination of both,

. Termination:
Ko
a) By combination R’ + R e : 2.k,
r o8 r+s
b) By disproportionation
Kta '
R’ L+ R’ > P + P 2’50
r ts r s .

In the latter, the tfansfer of a hydrogen atom from one radical to another
terminates both, but c;uses one of them toiacquire a double bond.
Transfer:

Active centres may be transférred from an active mo}ecule to an
inactive one, following their.;ollision. This usually causes a growing

chain to be terminated, but the newly formed radical may start propagating
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on its own, therefore, the overall reaction rate is not affected, neither
is the total free radicals concentration, but chain transfer necessarily

lowers the average molecular weight: -

R‘r + SX Kt-r-__.~> R X+ 8° 2.6,
- ) r N ’

- K
8 +M S —sm__ o Ry ' 2.7.

Where SX could be a monomer, or any added substance (such as a solvent),
and X is the most labile atom (usualiy H or CL)(C,4 ).

In order to determine the‘reactionifafes; simpiifying assumptions
have been introduced, and.can be found in most polymerization kinetics
monographs such>as (8.1, B21).

The first assumption ié that the propagation rate coﬁstant is
independent of the propagating radicals chain lengths:

K = K T et —— = K
pl p2 p

This is also assumed to apply to:
Ktc th and Ktr
The second assumption is to neglect the monomer consumption in
reactions other than the propagation one, i.e. from equation (2.3.)
-alm] - K [RJ{I[M]»
dt )
therefore, for all chain lengths: -

- 5[0

[#{] represents the summation of all free radicals of different chain

L]

Consequently, the change in R’

lengths:

1 concentration with time would be:
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I is the rate of R‘1 formation., The rate of change for longer free rad-

o] - D] % FID
b [ e b [
- e [

The final assumption is that the free radical concentration reaches

icals:

a steady state in a very short time:

d {R* o= 0
dt

Therefore, the rate of initiation (I) = the rate of termination:

I .= ' Kt [?zf ' 2.8.

The rate of initiation by radiation: _

I L = . ¢M Dr[M] R 2.9.
Where ¢M[M] is the free radical production rate in the monomer expressed
in moles/litre/rad, and Dr is the dose rate (Dr is relatively constant,
varying only slightly due to the gradual diminishing in the radiation,
source's strength). On the other hand, when initiation is by a catalyst,
and Co is the initial catalyst concentration: ;

C = C0 exp -%dgl 2,10,
considering that not all catalyst free radicals succeed in propagating a

growing chain, an efficiency factor (f) could be introduced to relate I to
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C (see P, ): : N ‘ -
I-= Zf- Kd C=2f Kd Co exp 1%dj§ 2.11,

and using the second assumption, the overall reaction rate = the monomer

consumption during propagation only:

6, B [

K, K‘t-% e [M] | 2.12.

R

Where I could be reprgéented by (2.9.) for radiation kinetics and by (2.11.)
for the catalyzed one. Equation (2.12,) is the classical free radical |
kinetic equation illustrating thatAthe overall rate is proécrtibnal to the
square root of the initiation raté. In cases of gamma initiation accordingly,
the overall rate is proportional to the square root of the dose rate, The

overall rate equation is:
R=K k2§ [M] ) F[n] 2.12a,

Deviations from this relation were first reported by Refs., (C.6, C.8) during
their radiation studieé on the stjreﬁe polymerization for a dose rate range
0.006 - 7.3 rads/sec., They found thgtfthe dose rate exponent in equation’
(2.12,) is less than half at the highest dose rates used in their investi-
gation, This is interpreted to be due to high initiation rates causing
some of the produced radicals hot to convert rapidly to growing chains i.e.
the monomer units do not catch all.formed free radicals, causing them to
recombine without initiating polymer chains.

Very recently, Huang and co-workers (H.9) published results for
the radiation induced free radical ﬁolymerization of styrene over the

\
L

temperature range -0.,3 to 49.5°C and at radiation intensities 9.5 x 10,

5

3.1 x 105, 4,0 x 107, and 1.0 x 106 rad/hr., and came to thé result that

the overall polymerization rate is proportional to the 0,44 - 0.49 power
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of radiation intensity, and that GR.(styrene) is 0.5 - 0.8, On the other
hand, Refs. (H. 3) investigated polymeriéation of styrene over the entire
conversion range, but provided a kinetic analysis of the linear portion
of the sigmoidal curves only (see Fig.C & D). = Temperatures investigated
are: 50%¢, 70°C, 85°C, 95°%, 109°C, and at dose rates of 178, 58, and 2k
rads/sec. for each temperature. Although these are higher than the dose
rates used by Chapiro, no decrease in the dose rate exponent was observed
for temperatures 50°C and ?OOC. But at higher temperatures, the dose
rate exponent was found to be 0.25 and 0.12 at 85°C and 95°C respectively.
At 109°C, the dose rate exponent was found to be zero, This was attri;
‘buted to an early setting of the gel effect.

At high rates of initiation, the simplified‘kinetic scheme giyen
on the previous pages does not apply, and a more detailed one that takes
into account mutual reactions involving free radical intermediates must
be used. The reader is referred to Ref. (C,4) for details of the com-

- plete kinetics,

2.8. Polymerization at Higher Conversion Regions:

As polymerization progresses, deviation from the conventional
kinetic scheme starts to occur, At conversions‘ranging‘from iO—}O% (B.7)
a sudden increase in both the overall polymerization rate and the moiecular
Qeight, takes place. _Ref. (M.l ) reported that the polymerization of
several monomers in the liquid state is accelerated when it reaches a cer-
tain conversion, Trommsdorff (T,5) attributed this behaviour to a de-
crease in the termination rate constant Kt which becomes diffusion con=-

trolled as the viscbsity of the system increases. This was later con-

firmed by Matheson et al. (M.4), This behaviour is generally known as
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the Gel-effect or fhe Trommsdorff effect. Styrene was_reported not to
show .this behaviour if thermally polymerized, Ref., (B,2) attributed
styrené's behaviour to a very small termination rate constant Kt which
is not much affected by the viscosity increase,  Accordingly, Ref. (W,2)
concluded that Kt could not be diffusion controlled for styrene, On the
other hand, Ref. (R.2) indicated the presence of a Gel-effect during poly-
styrene polymerizatioﬁ.

Medvedev et al. (M.6) were the first to develop the view that
trapping free radicals in viscous media renderé them unreactive, Invest-
igators tried to correlate the diffuéion rates_to the décfé;;é’in thé Kt
value (R.4,V.1), Rabinowitch équation for a rate constant of a second

order reaction was uéed for that purpose (R,1).

K = nVexp (-E/RT)

N 1 ’,a?YOexp (~E/RT)
Joft T T2 (D, + D)

E = activatiqn'energy of reaction
Y = frequency factor
a = shortest disténée between two lattice points
n = coordination number of lattice
No = nﬁmber of lattice points
Y = constant. )
T = absolute temperature
R = gas constant
Dl & D2= diffusion coefficients‘of the two réacting particles

and since a, N, and n are constants, the equation can be written as:

K = A exp (~E/RT)
1 +[B exp (-E/RT) / (D, + Dz)]
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where A and B are constanfs.
When the’diffusion of the polymer chains is unhindered, the equation
simplifies to:
K = A exp (~-E/RT)
i.e. the classicalArrheniusgquation. On thé other hand{ if D1 aﬁd D2, are

very small with respect to B exp (-E/RT), the equatiom reduces to:

K = A(p1+D2)"/B

i.e.When a critical viscosity is reached the reaction becomes diffusion éon—
trolled.

Applying the Rabinowitch eqﬁation to polymer systems is sometimes
criticised, The reason is thé assumption used in its derivation "the two
diffusing partioies are identical with the solvent molecules". Thereforé,
applying it to long chain molecules is not very favourable. However; in
good solvents as the monomer (such as in the case of styrene) Ref. (K. 8)
Justifies its use,

Vaughan (V.1) polymerized styrene thermally at 12500, and found
that the termination and the propagation reactions become diffusion con-
trolled, with a pos%ibility of the transfer reaction behaving in'the same
manner at higher percentage conversions, Spencer and Williams (S14) poly-
merized styrene at_125°C; the mol;Cular weight_ﬂas about 360,000, The
termination and propagation reactions started to be diffusion controlled
at 28% and 64% respectively. For styrené; Matheson et al.(M4) reported
a 40% acceleration of the overall rate at 44% conversion and 50°C, - Fuji
(F?7) polymerized styrene photochemicaliy at 2500 up to a 70% conversion .

and reporte@ an acceleration of 5.2 fold and 16.9 fold at 38% and 60% con-

version, respectively, He assumed that the rate comstants of the individual
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reactions are independent of both chain length and valence character of the
radical (i.e. mono or diradical).' He also assumed that Kp and Ktr are

independent of conversion. - Using the equation:

' 1 Qng
Y (U

where :
E, = overall activation energy of the reaction
Ep = activation energy of the propagation reaction
Et = activation energy of the termination reaction
n = order of the termination reaction
R = concentration of the kinetic chains
T = the absolute temperature
q = the quantum efficiency of production of kinetic
chains

Fuji found that Ea first decreases as'the order of the chain termination n
decreases. n was found to be 2 at 40% at 25°C, and 1.5 at 68%, meaning
that a fraction of free radicals become inactive due to a monomolecular
termination (self termination). This type of termihation,.apparently in-
volves an occlusion of‘the chain end in regiohs where it is sterically in-
accessible i.e. it becomes shielded by the coiliﬁg of the molecule,
Shielding decreases by: -

a) thermal disturbance 

b) molecular weight decrease

¢) the addition of chain transfer substances
Accordingly, at relatively high temperatures, no change.in k or the term-

t

ination reaction order is expected to occur,
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Chapiro (C.4) pointed out that the K, decrease causes:
a) an increase in the kinetic chain's life
b) after effects may arise
¢) with the decline in the rate of termination and with
fﬁé initiation rate praétically constant, the con-~
cgntration of free radicals increases.
As a resulf, the classical stationary state treatment does not apply to the
kinetics, This leads to tfémendous difficulties in solving the elementary
differential equations. Furthermore, the various rate constants become a
function of conversion. This explains the reason for the/i;ck of a complete
quantitative treatment of the Gel effect. Ref., (N.3) indicates that for
'séveral monomers K, is inversily proportional to the medium's viscosity even
at very low conversions., . The critical conversion is a function of dose
rate and reaction temperature (L.1).
For styrene, accgrding to Chapiro (C.4), the Gel effect sets if poly-
merization is by radiolysis only. He attributed the effect to the radio-
lysis of the polymer molecules ieadingfto an increase in the-fate of initi~

ation as a result of Gﬁ being greater than GM:
I =V|:GM. i + o [F] ] D,

The effect of temperature.is very complgf at high conversion regions,
Generally, as the temperature increases, the mobility and accessibility to |
the growing chains increases. If terminétion is rate controlling,the over-
all rate decreases, If however, propagation is the controlling step, . temp-
erature increase leads to a very rapié overall rate, Thi;lis pronounced
when the system is near the glass transition temperature, or if it contains

a high concentration of trapped radicals (B.4),
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occurs at higher conversions for all monomers due to the fact that Ep is

According to several authors, the decrease in Kp relative to K

greater than Et (B8, B9, B16)., Robertson (R.4), in her studies, suggested
tﬁat Kp decreases at about 50%.

} ‘Schneider et al. (S.3) were the first to use the Electron Spin
Resonance for free radicals studies. Ohnishi and Nitta (0,1) found that
the decay of radicals ppoduced in PMMA by gamma radiation followed a second
order mechanism with K, = 0.1 1/mole sec.

Benson and North (B1Q advanced a theory for the diffﬁsion con-
trolled terminaéion mechanism, Tﬁey suggested a two step process: First,
two polymer chain radicals diffuse together to form a proximate pair; once

this has been formed, the two chains may diffuse apart without termination,

or termination may occur making the second step for their suggested mechanism:

A + B ?5 Ano.mooB 2'13.
> .
<.._._....._.._..,.
PPN T Y 2.k,

Step (2.13.) représents a translational diffusion of the chain centres, Step
(2.1k4,) represents a segmental diffusion of the active ends to within term-
ination distance, |

They came to the conclusion that step (2.14.) is always rate. con-
trolling, h

Dole and Keeliﬁg (D.3) and Dole et al. (D.%) have cited evidence
indicating that trapped.radicals migrate along the polymer chain before they
mutually terminate each other, |

At very high % conversion chains become heavily interwined with the

result that the diffusion of polymer molecules as a whole, no longer con-
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tributes éignificantly to the collisi;n frequency of radicals with each
other, and radical diffusion wiil depend on configurational changes of
relatively short portions of chain molecules. Schﬁlz (S. 4) confirmed
this view. The Brownian motion of chain segments is independent of chain
lengths and can take place even in a medium of infinite viscosity.

2.9. The Glass Transition Temperatures

When a liquid or a rgbbery polyme: is cooled theré exists a narrow
température interval known as the glass transition temperature (T ), where-
in the properties of the éample undergo a- profound change to,a,hgrd glass solid.
Polystyrene is a linear thermoplasticbpolyMer,'the commercial product being
atactic and\therefore, a&orphoﬁs. " The glass transition temperature (Té) is
associated with the amorphous phaée of polymers, vTheC%) is perhaps the
most important parameter of an émorphous polymer (T.4). An amorphous
linear polymer is like a ﬁowl éf cooked spaghetti which is at a constant
wriggling motion, especially at ﬁigh temperatures, This segmental motion
takes place ip the void space offered by the free volume in the polymerié

Ve

mass. Ref, (Fl, W6) found that =& = 0.025 at Tg for all amorphous polymers

to the first approximation. Where:

V = molar volume

Vf = the free volume = VeV

v = specific volume )

v = volume/gm of the;éolidly packed polyher

By lowering the temperature, the free volume shrinks, and the thermal
energy becomes small compared to the potential energy barriers for rotat-

ional and translational jumps of the polymer segment.  The Tg is generally
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attributed to the ability of groups of atoms in the polymer chain to uhder-
go co-operative localised motion by overcoming a thermal energy barrier.
Below the Tg’ thermal energy is not available to allow segmenté of the chain
to move .as a whole, Once Tg is exceeded, the motion of the segments result
in a rubbery molecule.

Tg is sometimes called the internal melting point, or the softening
point of the polymer. For completely crystalline materials, melting pdint
Tm can be easily observed. But since the material becomes completely
crystalline below Tm’ there_is no‘chance to ohserve a Tg as the érystallized
material is further cooled (B20). Siﬁce polymers contain sizeable portions
of amorphous material, they will give evidence of both Té and Tm‘ VMany
properties change by passing the Tg' Frgm a classical point of view the
restriction~freedom of motion change is associated with a volume change (see

Fig.2.h below) (B13).

Figc -2040
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Volume »
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1

Temperature’
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The measure of specific volume vs. temperature is the most usual method for
Tg determination. Other methods of ocbserving the Tg involve detecting
changes in the following properties with temperatureé heat capacity, thermal
%xpansion, stiffness, brittle point, tensile stréngth, and others.,

1 ‘ :
2.9,1, Important Parameters Affecting Tg:

2.9.1a. The Solubility Parameter (8):

The cohesive energy density is used té describe the interaction be-
tween segments of polymer molecules. It is defined as the molar energy of
vaporization divided by the molar VOlﬁme:

CED = | E vap/V
'The solubility parameter (8) is equal té:

§ - = CE)E = (% vap/N)?

Tg increases with & . An experimental method to determine (8 ) is‘given
in Ref. (T.4). & for polystyrene = 8.56.

2.9.1b., The Energy Barrier impeding rotation around the bonds in the chain (Vol:

As Vo increases, the internal chain mobility decreases (T.4),

2.9.1c. The Geometric Chain Stiffness:

‘1‘g increases with the increase of the geometric chain stiffness.

2.9.1d. The Chain Length 712

The glass transition temperatu

rerdggends on the chain length 5 in

the following way:

e
g g0

c = a constant for each polymer

Té‘n = the limiting value for Tg at infinite chain

length
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It was observed experimentally that:

¢/it ——» zero when T ——3 500 or more,
i.e. 'l‘g = Tgw for values of 1 equal to or greater than 500 (T.4 ), It is
interesting to note that for crystalline polymers:

For symmetrical polymers such

& as polymethylene.

For unsymmetrical polymers such
Tg / T, - 0.67 . as polytriﬂuorochlvoroethylene or
isotactic polypropylene.
In general 0.5 T < T ¢ 0.67 T (in °K) where T is the melting po:mt
Ref., (Bl?,B 6, F3) found Tg for polystyrene to be = 100°C
Numerous investigators had put f_orv_uard mathematical models relating
the glass transition temperatures to the molecular weight—vis;:osity relation~
ships. Ewart (E1) found that the relation:
Log M = (Log " + 4,013 / 0.7%
(where: "l = intrinsic viscosity & M ) 3 x 10b',) holds for polystyrene over the

molecular weight range of 5 x 104 to 8 x 105.

This result was confirmed
by Ref. (X ) for molecular weights 3 x 104 to 1l x 106_. Pepper (P.1) worked
on polystyrene in ‘benzene at 25°C for molecular weights ranging from-800 to

11,000, The following equation represents h;ihs results for M {3x th:
Log Mv = (Log M + 3.38) / 0.60
This equation has been confirmed and successfuliy used by Fox and Flory
(F ). According to Fox and Flory the effect of molecular weight of a poly-

mer (M) on its glass tran51tn.on temperature - (Tgp) cam be represented by: - (F})

T = T - 2 J Né M
gp goo f / (cxp. )
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Where:
| P = density of polymer
N = Avogadro's number
| e é the contribution of a chain end to the free volume
% ap = the difference between thé volu@e expansion co=-

efficients of the polymer in melt and in a glassy
state .
This relation was successfully applied (H.7) to methyl methacrylate and
styrene, For polystyrene-it becomes: .

Tgp = 373 -'\K/M

'K is a constant whose reported value ranges fron!QOS to 1.7 x 105) (F.3, Fh,
F.5), depending on the range of molecular weight fof which it can apply.

-~ 2.9.1e. The‘Polymer to Monomer Ratio:

The glass transition temperature of a polymer-diluent (Tgs)’ depends
upon the volume percentage of the polymer,
Kelley and Bueche (K.4) derived Tgs on the basis of the free volume

theory, by assuming the additivity of the free volumes of each constituent,

4;8x10”L’Q T +o (1-Q) T
Tgs = - P _gp m p gn

4.8 x 10 Qp + o (l-Qp).
Q, = " volume fraction of the monomer
Qp = volume fraction of the polymer
Tgp = thé glass transition temperatﬁre of the polymer
Tgm = the glass transition temperaturé of“the monomer
o o= the difference between the volume coefficient of
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expansion in the melt and in the glassy state
for the monomer

This relation was successfully used by Ref (H.?7) for studying the diffusion
controiled polymerization of methyl mefhacrylaté, and styrene, They found
that Tgs corresponds to the limiting conversion in methyl methacrylate,
Howeﬁer, in the present investigation, (see Chap.VI), apparently no relation
was found to exist between Tgs and the 1imiting éonversion.

2,10, Free Rédicals, their Formation, Trapping and Detection:

Definition: Free radicals are species that possess one drjﬁégé'ﬁnpaired
electrons. |

The history of radical irapping goes back‘about three decades;

Most texts éublished in the early 1930's stated that free radicals are non-
existent. Much earlier than that, in the 18th and 19th cénturies, the

term radical was used by Gay - Lussac, Leibig, Berzelius, Bunsen, and others
to indicate either a combined portiSn of a molecule or a "free" radical,

For about 130 years, attempts have beep made to reach a concrete conclusion
about free radicals'! existence. See (P6and B7 ) for details,

Lewis (L5) and his students were the first to study the production,
trapping and stabilization ofrfree radicals at low temperatures in rigid
media,  Subsequently, Spectrophotometry and Electron Spin Resonance were
used to study free radicals entrapped in glasses,

From 1930 to 1950, free radical's studiés showed that they comﬁine
with very little or no activation energies (S17), therefore, preserving
them in 100% concentration could be done only near, or at, absolute zero
temperature, The other alternate is to dilute the radicals with molecules

that form a rigid structure, Consequently, an easy way to produce stable
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radicals is by freezing the material and either expose it to electromagnetic
radiation, or bombard it with particles as elgctrons, protons, or neutrons,
Free radicals can also be trapped from the gas phase by freezing the stream
at ver& low temperatures. The easiest wayrfor their formation in the gas .
phase is by heating or by>an.é1ectric discharge,

The E.S.R., is a powerful tool for studying frozen free radicals.
In many cases, information about their structure could also be obtained.
Physical methods df free radicals"studies‘are much more promising than the
‘chemical ones. In addition to the‘E.S.R. technique, other methods such
as: |

.a) absorption specéra: visible, near ultra violet, infrared,

or ultra violet

b) mass spectrometry

.c) low temperature X-ra& studies

d) low temperature emission spectra

e) magnetic susceptibility measurement-
f) refractive index

g) calorimetry

h) dielectric constant measurement

i) thermal conductivity measurement

are also being used,

The E.S.R., is the most selective énd most sensitive for singling
out free radicals. It has the unique advantage of fair concentration
determination, Its main disadvanéage is the centering of all E.S.R.
spectra at about one location "g = 2" causing superposition of.épectra.

The recording of the spectra as the first derivative of absorption is not
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very convénient either, (See section 3.6.2, for basic principles of
E.S.ﬁ. theory).

Infrared methods are best used to yield information concerning de-
tails of the processes accompanying free radicals' production. The major

methods of free radicals' production in the solid phase are:

1) electron_bbmbardment
2) photolysis
3) X~ or ¥-rays radiolysis

The reader is referred to Ref., (B.7) for detailed information,

Statistical analysis of the limitiﬁg free radical concentration
~was attempted by Refs. (G1, Jlj, aﬁd it could be concluded that 10-14% of
"the matrix is the highest 1imit.f6r free radicals to be successfully en-
trapped. However, thesé studies assumed free radicals to have spherical
shape, which is far from:being the case for polymers.

At liquid nitrogen temperature, most organic radicals possess very
long life times that could be measured in years. In materials that are
solid e.g. plastics, cellulose,.sugars; and paraffinsji radicals can be de-
tected after storage for periods ranging from hours to months (B.7.

The change in chemical properties under the effect of radiation
represents a good means of distinéuishing betwegg‘organic and inorganic
compounds. The reactions in organic compounds are generally irreversible
e.g.:hydrogen evolution during irfadiatioﬁ, degradation, polymerization etc...

Sisman and Bopp (S13), classified materials according to their re-
sistance to radiation. '

i) | mostly elaétomers which show a large decrease in strength

for exposures of 108 to 109 rads,
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ii) materials appreciaﬁly affected by 107 to 10'° rags.
include nonrigid and some moderately rigid plastics
iii) materials showing good stability up to 1010 rads., mostly
highly'rigid‘plastics
Polystyrene belongs to the third class.

2,11, Activation Energies, below and above transition points:

Activation energies are usually obtained ffom the sidpe of the line
in Arrhenius! plot. Discontinuity of the line is often observed, This is
usually attributed to a phase change or a change in mechanisn, ~ Since a
change in the physical state of the matter accompanies Tg,'it is not sur-
prising to find that numerous investigators reported discontinuity in the
Arhenius plot as applied to varied systems, Réf. (C14) gives a complete

'coverage of the relevant literature.

According to Ref (Clh); molecules equal 'to or largér than the
monomer unit rejuire, for their diffusion, a co-operative movement by the‘
micro-Brownian motion of severai monémef units i.e. the so éalléd polymer
segment,to take place, Below Tg’ other transitions may occuf, produced
by the motion of short sections of the main chain or of branches. The T
is the transition of highest gemperature, and is the one most pronounced
(o transition), Other transitions may be denoted B, ¥, etc... in order
of temperature decrease (although this nomenclature is not always observed),

Deutsch et al, (Ref, D2), used dielectric and dynamic mechanical
properties measurements to obtain values for the activation energies of «
and B transitions for PMMA and PMCA, Powlgé (P.4) used the NMR technique
to obtain energies for the two transitions for PMMA,  Ref (0.1) obtained

a value for the a transition of PMMA by Electron Spin Resonance studies of
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the decay reaction of free radicals. Table (2.1.) sums up the results

for PMMA / : 2.'1;
E B Method of
: o B
f’ Above Tg Below 'I'g measurement Reference
|
‘ 80 values of tensile - D,2
modules
20 | dielectric - D.2
18 aud, freq. vibr, . D2
27 +10 ' . NMR Pk
18 + b NMR P.h
28 ESR 0.1

The higher values of Ea over E_implies a larger moving entity. The B -

B

transition is assigned to the motion qf the carboxy methoxy groups, while
the a transition is assigned to the motion of chain segments.

Ref, (C.7) who studied the padiatiog initiated polymefization of
MMA in dilute solutions in mineral oil at temperatures.ranging (—6300 to
-196°C) found that Arhenius plot for the polymerization rat; showed a break
at (—106°C) which was interpreted as the glass transition temperaturé 6f
ﬁethyl methacrylate monomer.

When styrene monomer was irradiated in the solid state, the acti-
vation energy of the polymerization reaction was found to be ~1,2 K cal/mole,

by moving up to higher temperatures a change in E occurs at -18°C and becomeé
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equal to é.S‘K cal/mole, The change in E was attributed to a change in
the ﬁechahism of polymerization, being predominantly ionic at temperatures
below -18°C and changes to a mainly free radical one at temperatures above
-18°: at -18°C both mechanisms contribute equally (C.3). Ref. (C.2) in-
vestigated the effect of change df phase on the‘rate of‘polymefization by
radiation, and obtained for styrene a discontinuity iA the Arhenius plot
with the activation energy increasing by 2-4 K cal/mole in passing the tran-
sition point.

Nara et él. (N.1) irradiated polypropylene in vacuum with gamma rays
at (-196°C), The values of activation ene}gy'of freé radicals decay at
“two temperature regions (TA) agq (TB) were 11 K cal/mole and 48 K cal/mole
respectively, which were found to Ee-close to the values obtained for mole-
cular motions by mechanicél stgdies at those two temperature regions:/IB K
cal/mole and 58 K cal/mole, (they represent the ¥ and B transition in this
polymer). The latter being that aésqciated with Tg' Nara et al. (Né)
conducted a similar study on polyethylene a year later, and obtained for

the activation energies of free radicals' decay reactions the following

values:
Table 2,2,
Temperature region ' ‘TA : TL TB
High density polyethylene 0.k 9.4 18.4
Low density polyethylene 0.7 23,1 4,8

Ref. (S.9) used the N.M.R. technique to study the transition be-
haviour in polystyrene-diluents systems through distortion of absorption
lines in transition regions. They suggested the existance of two major

mechanisms in the course of liberation of the segmental motion in the trans-
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ition region, Ref, (T1) studied the change of activation energy of poly-
merization at the monomer transition point under the effect of pressure and
found a tremendous increase at this temperature and higher,

2,12, Free Radicals Decay:

In polymer research, so far, the creation of trapped radicals by
irradiation to study their decay, structure, and after effect, was carried
along'either one of the two following patterns: |
a) Irradiation of a 100% polymer undef such conditions that the formed

free radicals are stable for.long peribds of time. This was usually

achieved by irradiating in vacuum at reasonably low temperatures.

Free radicals decay studies were performed by post-irradiation

annealiné at higher temperatures. The Electron Spin Resonance

is a common technique to follow free radicals decay. (See basic

_.principles of E.S.R., section 3.6.2,)

b) Similarly, free radicals were created b& irradiating 100% monomers
in the solid state (at very low temperatures). When this was
followed by highef temperatures annealing outside the radiation
field; fast polymerization rates were generally observed, together
with free radicals decay.

2.,12.1, Free Radical Decay in irradiated polymers:

In the Electron Spin Resonance technique, the free radicals con-
centration is proportional to the area under the absorption curve, This
area can be computed by double integrating the area u£der the first deri-
vative curve obtained from the E.S.R. spectrometer,

Ref, (F-1) found that the free radicals population in polystyrene

irradiated at room temperature seemed to decay only moderately, if at all,
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in two’weéks at R.T., but decregsed by 30% after 15 minutes at 75—8000.

The initial concentration from irradiation at 298°K was less than that from
irradiation at 77°K. In the absence of growth and decay curves, it can

not be asserted whether the low yield at 298°K indicates a low initial yield
or concurrent production and decéy. Ref. (A3) irradiated polystyrene, with
gamma rays, at R.T. in vacuum. The spectrum obtained was reported un-
changed for several months,

Kampbell et al. (K.3) found that ¥ irradiation of poiyethylene ter -
phthalate (50% crystalline) at (-196°C) in vacuum; produces free radicals
for which the yield is prpportipnal to'the.totél dose within the range (O~
‘20 M rad), and is independent éf tﬁe irradiation temﬁerature within the -
range (-196°C to 25°C).,  For a‘doée rate of 0,2 M rad/hr.band a total dose
of 2 M rad, post-irradiation anﬁealing at room temperature causéd the free
radicals to disappearvwithin a few minutes; by increasing the total dose
to 5 M rad, free radicals stayediloﬁger, at room temperature. when the
total dose reached 50 M rad followed by heating at 160°C , which is higher
than Tg' and lower than Tm‘ the initiai signal decayed largely in 20 minutes
without change in the spectrum's shape, Ref. (H2) irradiated polytetra-
fluoroethylene and obtained stable chain side radicals with very small
amounts of chain end radicals confirming earlier results by Ref. (510),

The latter are not stable under irradiation and transform into chain side
radicals., By oxygen and radiation rupturé, all is transformed into chain
end'radical which transforms again to chain side radical. This is an
example of a simultaneous formation of two freebradical$, and the use of
the E.5.R. technique to determine the decay of one and formation of the

other, The effect of temperature was also investigated.
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Ohnishi and Nitta (01) found that gamma irradiation of PMYA in
vacuum, builds free radicéls' concentration up to a limiting value, They
have also found that their rate of decay follows a second order mechanism,
%hida ef al. (S10) reported a first order decay below Tg for the above men-

éioned system during the first 20 minutes.~ Thé order was found to change
at temperatures higher thanng.

Tamura et al, (T2), studied the decay of free radicals formed
through irradiation of four different kinds of polyethylene with 2 Mev
electrons to a dose of 10 M rad, Both alkyl and allyl free radicals were
detected, The alkyl radicals decayed much faster than the allyl. The

-effect of introducing monomer into the system showed that it apparently
speeds up the decay of allyl radicals only. The decay was found to follow
first order kinetics,

Nara et al. (N1), studied the decay of free radicals produced in
irradiated polypropylene in the two temperature regions near 170°K and

. 260°K. The decay was found to foliow second order kinetics in both tem-
perature regions, Ref., (AD5) feporﬁed that PEO free radicals decay slowly
below Tg’ with a sﬁdden rise in the decay rate as the temperature rises

above T ,
g

2.12.2. Free radicals in irradiated solid monomers:

Radicals were fqund to be successfully trapped in irradiated mon-
omers at low temperatu%es. Post»irradiaéion annealing at higher temp-
eratures 1eéds to rapid polymerization rates,

Atherton et al, (A7) used U.V, radiation to initiate the catalysed
polymerization of methyl methacrylate and glycol dimethacrylate to form a

copolymer., More radicals were found to be trapped in the copolymer as
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the DMA ;ontent is increased, the reason is that trapping is favoured
by iﬁcreasing crosslinking. Free radicals decayed 35% at room temp~
erature while they lost only 7% at 0°C in a half hour,

Bowden and O'Donnell (B.18), subjected octadecyl methacrylate
(m.pt = 12°C) to gamma radiation at (~l96°C). This was followed by post
irradiation annealing at (-20°C to 12°C).  The conversion VS.'time curves
showgd the typical post irradiatién polyMerization shape consisting of
rapid initial rate followed by a sudden levelling qff.‘ The initial ragé
and limiting conversion were found to rise with radiation dose and temp-
erature,  When oxygen was allowed in, the.raté decreased as a result of
~the oxygen being an inhibitor éf ffge radical polymérization.

According to Ref. (K.Z); fadiation of malcimide monomex at 61°C in
the solid state produced?free radicals, which slowly decreased at 61°C .
No post irradiation polymerization was observed, but free radicals decay
followed first ofder kinetics, Irfadiation'was conducted at (-196°C),

17

the concentration of free radicals was calculated and found to be 1.8 x 10

f.r./gm., which decreases to 8.5% of the initial value if kept at 60°C for

2L hours. At 70°C, practically no free radicals were left after 2# hours.,
Kaetéu et al. (K.1), irradiated glass forming systems (acrylamide

and acrylic acid) and found that: ' ' -

é) radiation at a temperature less’than Tg causes no in-source poly-
merization but only rapid post irradiation poiymerization on

heating at a temperature higher than ?g due to the release of the peroxy

radicals.

b) radiation at a temperature more than Tg causes in source poly-

merization and no post irradiation polymerization,
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Decay of the E.S.R. signal in U:V. irradiated PMMA was studied by
Ref. (M.7) attempting to solve the controversy between several investi-
gators concerning whether the spectrum arises from a single free radical
Jr two free radicals, ‘While heating for 30 minutes at 110°¢C completely
\
destroyed the E.S.R. signal, a rather broad single resonance remained

after heating continuously at 80°C.

2.12.3. Concentration of trapped radicals and G-values:

Schneider (S.2 irradiated commercial polystyrene with X-rays in

15

vacuum at room temperature, He obtained a concentration of 3 x 10

7

spins/ml for a dose of 10 roeptgens. Schneider encountered some diffi-
"culty due to a fasf decay at room tempefature. The E.S.R, pattern ob-~
tained was a triplet,

Ingram et al. (I2), detected no occluded polystyrene free radicals
in the precipitated polymer, but reported a goncentration of 1019 spins/ml
as radicals trapped in low temperature glass, The shape of this signal
- was different from the usual three lines spectrum for polystyrene, in being
a one broad line evidence of poorly'resolved hyperfine interaction,

Florin et al, (F.1), obtained E.S.R. spectra for ordinary as well
as for deuterated polystyrenes which were gamma irradiated. The Reported
G_values are: » —
a) 0.08 for samples irradiated at 77°K and observed at 77°K and 300°K
b) 0.015 for samples irradiated at 300°K and observed at 300°K

Abraham and Whiffen (A3) irradiated polystyrene with 8 rays at room

temperature and obtained a triplet with a G-value = 0.2, Shields et al.

(S1), obtained a single sharp line for x~irradiated polystyrene.
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2.12.4, Free Radicals Structure:

Abraham and Whiffen (A3) discussed the spectrum's shape they ob~
tained for polystyrene free radicals and indicated that at first it must be
supposed that the main splitting arises from two equally coupled profons'
though the large line width obtained indicates that others may somewhat
couple, Accordingly, the radical end ~CH (C6 HS) - CH‘2 is an obvioué
suggestion, However, this structure is vefy unstable and can achieve
stability by delocalizing £he unpéired electron over the aromatic ring and

the radical structure, shéwn below, would probably be the right one:

- CH2 - ? - CH2 -
This is in accordance with Charlesby's (C10) observation of the small yield

of c~¢ fission, With appropriate geometry of the main chain one proton of

each - CH2 - would couple stronger than the other.

Florin et al. (F.1), through the study of ¥~irradiated deuterium
substituted polystyrenes revealed more about the hyperfine interaction.
They suggested that the observed similarity of all deuterated polystyrene
radicals spectra indicates that the possibility of hawving a strong hyper-

fine interaction with any main chain hydrogen is remote:

. B
? C or

®

-
- .

:
®

?
®

However, strong evidence is in favour of this radical. Accordingly, they -
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concluded that the principle hyperfine interaction is with the two ring

hydrogens in the ortho positions:

s oRad @ Loda o]
£ === (Y =i

Cc
H [::::] H
. H |
They excluded the possibility of positions other than the ortho by the
fact that poly (p-deuterostyrene) and poly (m-methylstyrene) showed the

same spectrum obtained for polystyrene free radicals.,



CHAPTER IIT

METHOD OF APPROACH TO SOLVE THE PROBLEM

3,1, Available Information:

As outlined in (Chapter II), kinetics and mechanism of high conver-
sion.polymerization is complex, ‘The kinetic scheme and éssuﬁptions that
apply to the low conversion region were found to be not applicable to the
highbregions (D1, C4). Te complexity is even greater at conversions
higher than 90%, when the curves of conversion vs. time startvto level off,
Investigators have developed mainly qualitétive, and partially quantitative
theories‘abéut the middlé convérsibn regions, It was found thai the rate
constants of termination, pr0pagaﬁion, and possibly chain transfer dre a
function of the % conversion. ‘This has been outlined in more detailjin
(Chapter II) and will be:discussed more profoundlj as applied to this in-
vestigation in (Chapter IV). ‘

In order to appreciate the new approach taken to solve the froblem
(as outlined in Chapter I), a resume of relevant areas covered in the liter-
ature follows: The references given serve merely as examples; Chapter I1
however, is more elaborate in covering and discussing them,

i Thermal polymerization in bulk (no catalyst (B17,H10,HL , R )).

ii Bulk polymerization using radiation enegéy (different types) at
varried temperatures (CE,'CB , C4, cl1, pi1, H3), |

iii Irradiating monomers at very low temperatures, creating entrapped
free radicals (practically no polymerization takes place during

this stage), followed by post irradiation annealing at higher tem-

peratures causing polymerization to occur at high initial rates

47
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(B18, c1, K1, K2 ).~
iv ~ Irradiation of 100% polymer, at.temperaturés.(well below Tgp)
wheréby sufficient trapping of the formed free radicals may oécur,
" followed by post-irradiation at higher temperatures (occasionally
% over Tgp),>enab1ing the investigator to study the free radicals'
decay behaviour (A7, Flﬂ,__HZ, K2, N1, N2, 01).
One area seemed to bg‘neglected i.e. creating tfapped free radi-
cals in a highly convefted system by radiation, followed by studying their
behaviour when annealed at higher temperatures, |

3.2, Theoretical Approach:

This investigation was chiefly concerned with the behaviour of the
trapred free radicals with respect to temperature,  In order to accom-
plish this objective successfully, irradiated samples which are to be an-

nealed must possess similar properties i.e.

a) Same % conversion,
b) Same molecular weight and molecular weight distribution,
‘ c) Same free radicals concentration,

Once these are secured, experimental measurements can yield gquantitative and

qualitative data which might help to clarify the following:

i Free radical concentrations and G—values;

ii Order of termination mechanism, -

iii Rate constants of termination mechanism,

iv Activation energies of termination,

v Effect of the glass transition temperature on ii, iii, iv.

vi Conversion vs. time curves as opposed to those withuno pre-~irrad-

iation treatment (H10 H1) (see Fig., A & B).
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vii Variation in the number average molecular weight during annealing.
viii The chemical structure of the trapped free radicals, .

3.3, Experimental Approach:

Ref, (H3) provides conversion vs. time curves for styrene poly-
merization in bulk using gamma rédiation. They cover threé different dose
rates, three different temperatures, and the whole conversion range (see
Figs,C &D), With the help of that data, the following approach was ad-
opted:

¢

3.%.1. BExperiments starting with styrene monomer:

By‘obse:ving the same experimentalchnaitions as those of other

~ workers .(HB), it would seem téibe-possible to develop monomer-polymer
‘systems of prechosen conversioné (e.g. 80, 90%), and follow the decay of
free radicals by annealiﬁg at given temperatures, after irradiation, In
this case, comparison can be made with Refs,(H1, H10) (sée Fig.A & B).

This comparison, in fact; is not very accurate, due tébthe antici-
pated difference in properties (molecular weights etc.) of the two poly-
mers, However, it will be shown 1atef that the effect of these differ-
ences was found to be small in our case,

The dose rates to be used in polymerization are to be the same as
the ones used by Ref. (H.3). Aséuming successnén obtaining post~irradi-
ation polymerization curves, comparisons were to be made between them and:
a) Thermal bulk polymerizatibn (convéfsion vs. time) curves carried

out at temperatures identical to the post-irradiation annealing

ones (B17 H1IO R?), (see Fig.A & B). |
b) Conversion vs, time curves fbr gamma irradiation induced.polymer-

ization at temperatures identical to the annealing ones (H3).
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c) Each other, to determine the effect of:
i Irradiation temperature and dose on the efficiency of free
radicals! trapping (related to the Gpe value) and their
chemical structure. | .
| ii bThehannealing temperature on ghe free radicals decay méch-
| anism and rate, ‘ | |
iii Température on the post-irradiation pol&merization rate,
iv Irradiafion éose rate on the post-irradiation polymerization
rate (see Fig.5.1 &A5;§ -/5-9).
v % conversion at which the radiation-induced reaction is
stopped, on the efficiency of free radicals' trapping.
In addition, variations in the number average molecular weight (if any), with
the progress of post-irradiation polymerization, could be measured. -The |
glass transition temperature's role in affecting:

- Free radicals' trappihg efficieﬁcy.

- Free radicals' decay rate an@ mechanism,

- Post-irradiation polymerization rates,
were also to be investigated.

However, this 1ast factor (Tg)’ proved to have a major'role. Con-~
sequently, in all the investigated topics, a majdr portion has focused on
it, N

Experiments stafting with monomer encountered several difficulties,
which were found to introduce.a certain degree of inaccuracy when attempt-
ing to interpret the results: |
i Although polymerization curves (H3) (see Fig.C & D) were obtained

with the use of the same monomer, experimental setting,and pro-
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cedure; it was found that stopping the radiation-induced reaction at
a predetermined % conversion was practically impossible; this might

be attributed to:

! a) The hot air feeding the radiation reactor was not effectively
% distributed.
b) Slight differences in dose rates received by samples irra-

diated at 4”»and 6" distances from the centre of the source,
(Chaptef v explains this point in detail.)

c) The extremély fast reaction in the region 40-90% conver-
sion introduced a difficulty in estimating the exact time
necessary to stop the radiation induced reaction at a pre-
determined % conversion,

ii It is established that polymers produced by using different dose
rates will have molecular weights inversily proportional to the
dose rate (B,5, Ch, H3), and is therefare expected to affect the
post-~irradiation polymerization rates.

A1l these factors ihtroduced a bulky obstacle, which prevented the
achievment of complete similarity in properties (see sectiop 3.2, in.this
chapter) between samplés from two sets, theoretically intended to be irrad-
iated at the same conditions i,e._theoretically identical.

5.3.2, Experiments starting with highly converted systems:

Two Monsanto samples (code name (c-1) and (c-2)) were used as starting
material (see App. I for Chemical Analysis of samples). A major advantage
of these samples is their very close molecular wéights, In addition, having

two different % monomer enables the study of the effect of % monomer on the .

rate of free radicals' decay,
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Irradiation was chosen to be at room temperature. This choice

was bésed on the following: |

A The glass transition temperatures of the system (Tgs) of both samples

f ‘were theoretically estimated (using a mathematical model relating

| Tgp to Qp) to be greater_than room. temperature (see thpter VI and
App. ;X ) i.e. both systems were believed to be glassy at room temp-
erature, Consgquently, trapping of free radicals in high con=-
‘centrafions seemed‘to be highly probable,

ii Practically no polymerization in-source would be taking place (C:L),
for relatively short irradiation periodé. Consequently, the pro-
blem of starting the aﬁnealing process with sets of samples which
are different in their % conversion or their properties, would be
eliminated,

iii Irradiation of polymers, at room temperature, was oftem found in
the literature (see Chapter II) to be a convenient means for success-
fully trapping free radicalé, in concentrations high enough to be
easily detected by the sophisticate& Flectron Spin Resonance tech-
nique,

A study of the effect of temperature on:
a) . The rate of free radicals' decay.
b) The rate of post—irradiation polymerization.

could therefore be carfied out quantitatively; in a convenient manner, To

overcome any other difficulty, it was decided to apply one dose rate fof

a constant period of time to yield a fixed total dose., From previous dosi=-

metry determinations (D1l), and from those carried out along with the experi«'



ments, the dose rate at any specific date could be estimated with reason-~
able accuracy. Accordingly, the necessary time increase was added, to
account for the source's strength decay, and to provide all irradiated sets
with a-constant total dose. Keeping a constant total dose, the very slight
continuous decrease in the dose rate with respect to time, could be safely
assumed not to have a measurable effect on the trapping efficiency. It was
proved later that this assumption is justified, as the concentration of free
radicals immediately aftef radiation .[R;] was found td be constant through-
out the investigation. |

Using the E.S.R..technique, several investigators repérted the pre-
sence of free radicals in irradiated polystyrene; however, the identification
of the struéture is still debatable. Pifferent free radicals' concentrations
in irradiated -polystyrenes have beeﬁ reported (3 x lO15 - 1019 spins/ﬁl) (A.2,

A3, F1, 5.1, S.2), Variations in results depended upon:

a) Irradiation temperature.

b) Electron Spin Resonance measurement temperature,

c) . Physical properties of the irradiated polymer,

d) Presence of air; during irradiation, dﬁring annealing, or

during E.S.R. measurement,

e) Dose rate and total dose,
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CHAPTER IV

EXPERIMENTAL WORK

Techniques and Theories .
Irradiatioﬁ’setting ahd geometry. ‘
Reaction vialé.

Sample preparation,

Dosimetry.

% conversion determination:

i  Gravimetric methods of analysis.

ii U.V. spectroéhotometrié measurements,
Measurement of free radicals' concentratign using Electron Spin
Resonance spectrometry,

Determination of the number average molecular weight by Osmometry.

A brief theoretical background accompanies every measurement tech-

nique description, together with a sample calculation,

4,1, Irradiation Setting:

4,1,1, ¥-rays Source:

A radiation laboratory (hot-cell) associated with McMaster Nuclear

Reactor contains a cobalt-60 source used as a ¥-ray emitter, The nominal

source strength is 5,000 Curie, and is distributed in a cylinder 7" long,

3" I.D.

The active material is distributed in the form of 12 rods 3/8"

I.D. and 1 1/8" long. The hot-cell is provided with an observation win-

dow (made of lead glass), remote control manipulators, electric hoist, a

water well for th: source's storage, and a pass through sys%em comminicating

with the reactor pool. 'The reader is referred to Ref. (H,4) for an elabor-

Sk
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ate and more detailed description of the source and the hot-cell,

L,1.2. Irradiation reactor:

An aluminum box, 28" long x 18" wide x 28.5" high, placea on a
éable 2?" high, was used as an air bath; Three sides were insulated with
%er—Test, therfourth, facing the hot cell's observation window, was made
of methylmethacrylate sheet, A movable aluminum cover was used to allow
the Co-60 source, in and out. An air blower was connectéd to one side of
‘the box through a 4Lm diameter pipe at which opening in the box, a perfor-
ated plate evenly distribuﬁed the ho£ air, The air was heated in tﬂe
duct by a 3,000 watt heater, and the temperature regulated by a De Khotinsky

- thermoregulator

This arrangement's purpose, was to provide a constant temperature
air bath within about + 0,2°C, - It was found later, however (1.3), that a
temperzture gradient existed, caused by a popr.distribution of the hot air
influx. |

41,3, Reactor's Geometry and its effect: -

Figure (4.1) is a diagram showing the reactor, In the centre, 6
sample holders are mounted on a metallic rod A , S is the radiation
source distributed in the form of 12 rods of cobalt-60. B is a metallic

concentric cylinder carrying 24 sample holders which are at 4" distance

from the centre, C is a larger metallic concentric cylinder carrying 36
sample holders which are at 6" distance from the centre, P1 and P2

are 2 metallic concentric cylinders which are used to protect the vials
mounted on A and B from being broken in case the source struck any of
them while béing placed. Self screening is thought to be partially re-

sponsible for the observed irreproducibility of conversion vs, time plot
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during irradiation (C13. Considering two runs, although there will al-
ways‘be a constant distanée between the C f B ‘and A cylinders and the
source, no guarantee can be made that a constant distance exists.between
each individual Co-60 rod on one hand, and a saﬁple position on any of the
cylinders on the other hand, Iﬁ addition, for the B and C samples,
it is obvioué that for the former, every second position receives equal

| amounts of dose, and for the latter, equality is for evefy third position
only. This results in putting an upper limit on the number of identical
positions (12) i.e. equal to the number of co-60 rods. -

In the second part of Fhe investigatioﬁ, the temperatﬁre gradient

. problem did not exist, since ir?adiation was carried out at room temﬁer—
ature, and the irradiati@n geometry problem was salved by marking the C
cylinder at two locations opposite to each other, in line with a thira
mark on the obsérvation window, In plaéing the soﬁrce in position, care
was taken in order to bring the two.arms of the source's handles to fall
on the samé line as the three artificially made marks, This insured a

constant position for the source,

L,2, Sample reactor vials:

Annealed Pyrex vials, of gpproximately 10 c.c, in capacity, were
used to contain the irradiated samples (wﬁether‘monomer, or polymer-monomer
system), The vials had a constricting neck ending in a standard male |
tapered joint B 14, The 1oadea vials, were connected to the degassing
system, and evacuated, with the monomer frozen in liguid nitrogen.  After
sealing,-the samples were brought to ;oom temperature, and irradiated under

appropriate conditions,
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4,3, Sample preparation: -

Two types of samples were used,. This caused only a slight differ-

ence in the procedure.

k3.2, Vials Filling:
E i  Starting with styrene monomer (uninhibited, kept in dark bottles,
| at refrigerator temperature), a iO c.c, hypodermic syringe was
used to introduce the monomer into the vials; this was due to
the narrowneés of the vial necks which prevented the liquid from
flowing freelyf The syringe was fitted with a 6" stainless
steel needle which helped to introduce the monomer into the wide
- bottom part of the vial without touching the walls of the narrow
upper parté. |
ii When starting with solid (c-1 or c=-2), éamples (see App. I’for
chemical analysis) slow direct-introduction was possible,

4,3,2, Degassing:

Oxygen acts as a free radical scavenger. Therefore, before samples'
_irradiation, they must be thoroughly degasséd. Numerous invéstigators have
reported the effect of oxygen on: polymerization rate (B18), free radicals
decay (C.l, K.2), and on the shépe of the obtained spectrum (XK,2, H2), as has
been shown in detail in (Chapter II), A brief description of the degassing
procedure fgllows: ‘ ~= R
- Greasing the vials' mouths with silicone high vacuum grease,
- Connecting the empéy vials to the vacuum system (see Figh.2) which
can handle 8 samples at a tiﬁe, and are tested for any leaks, using
a leak detector coil, ' -

- The valves connecting the vials té the system are closed, vials dis-

connected, and filled with samples as previously described,



. fusion pump, and valve B’ is opened, The system is then under 10~

Greasing is repeated if necessary.

The filled vials are connected to the system (valves still closed),
and Dewar flasks filled with liguid nitrogen are mounted-to be used
as freezing baths,

15 minutes freezing while system is under about 10'-3 Hg vacuum,
Valves are then opened and degassing is allowed for 15 minutes.

For styrene monomer:

Close valves, replace liquid nitrogen baths with warm water ones
causing thawing. = This williexPel any air traces entrapped. | Re-
freezing (15 minutes), and degassing (15 minutes), still using the
primary pump only,.

For both samples again:

Valve A is then shifted to be cbnnected only to the mercury—dif«

' 6
mercury and this is allowed to continue for at least 15 minutes, pre-
ferably a half hour.

Close valves, remove liquid nitrogen baths.

Sealing of the vial necks follows, using oxygen flame,

The degassed samples are placed at refrigerator teﬁperature until

used for irradiation.

Vials should be chemically clean, This can be achieved by:

acids, and leaving them

Filling them with boiling 1:1 H,S0, :HNO,

for a few hours,.

5 times washing with tap water, 5 times with distilled water and 3

times with acetone,
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- 1-2 hours drying in an oven at about 120%¢.

kL, Dosimetry:

L,4,1, Introduction:

r ‘The unit fér the absorbed dose, the réd, is increasingly being used
%n radiation chemistry. It is clear that the absorbed dose depends on the
properties of the particular medium in which it is measured. The absorbed
dose is defined by the amount of energy per unit mass received by a material
exposed to lonizing radiation at the place of interest (W.D).

| ‘Experimental methods desigped to determine the absorbed dose have
been long known, The majority of the early ones relied on measuring the
_ionization producéd in air caused by radiation. However, the difficulty
lay in relating this value to the energy absorbed by the irradiated matter,
Calorimetric techniques are used to determine the absorbed dose directly

in fundamental units, Microcalorimetric ones are much more accurate,

The disadvantage of these methods is ihat in the former case, the accuracy
is poor due to the extremely small amount of energy usually dissipated

from sources, while the latter method is considered tedious and time con-
suming. These methods can be used to aetermine the strength of the source,
Once this is known, iﬁdirect methods using secondary indicators, can be

used for routine measurements, as long as they cén show a constant response

over as wide as possible a range of intensity.

4,4,2, Fricke Dosimetry:

This is a successful method that has long been used for diosimetiry
using a secondary indicator which possesses the above mentioned property,
and in addition, is simple and relatively fast. Swallow (Sifb, presents

this technigue in detail, Briefly, it is based on the oxidation of the
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ferr?us ion in a ferrous sulfate solutipﬁ to the ferric ion, by radiation,
using'spectrophofometric ﬁeasurements for the determination of ferric ions,
which can be determined with high accuracy.at the absorption peak of 3040 X.
The G value for fhis oxidation rgaction when Co;60 ~radiation is.used,
amounts to 15.5 (5S18. The yield of ferric ions is proportional to the

3 5

absofbed dose for doses between about 107 - 107 rads (W.S). The low sen-—

sitivity of this system, restricts it to the measurement of large doses.
However, very accurate results are usually obtained if the total dose lies

8

between: 1 x 10'° - 2.4 x 1018 e.v/gn (85). The absorbed dose in this

system is calculated using the‘felation:

D, = 2.9% x 10* (1-0,007 (£-20% 0.D, b h,1,
EE = total absorbed dose in rads
t = the temperature in °C at which 0.D. is measured,

0.D. = optical density of the irradiated solution.

dose rate

(rads/sec) absorbed dose in rads

]

time of irradiation (seconds) A L, 4,2,

The absorbed dose in the polymer system can be then derived from the exper-
imentally measured one for the Fricke solution, The following formula is

used for this purpose:

. . u f ) .
D = D —_ ‘.
p 1 (f)p (u) f . L, 4,3,
where: A '
Dp = - Dose rate for the polymer system,
Df = Dose rate for the Fricke solution.
%5 = The mass energy absorption coefficient of each system as

indicated by the subscripts, and is a measure of the stop-



ping power of the system.

L. 4, 245, Experimental Procedure:

1) Fricke solution preparation:

i ‘Triply distilled water was used, and was obtained by repeated dis-

% tillatioﬁ of an alkaline permanganate solution, made by édding a
few NaOH pellets to 0.1 N potassium permanganate solution (KMnOh)

3

ii This water was used to make about 10" “M ferrous émmonium sulphate
(AR reageni) ENH4)2 SO‘1L . Fe SO,+ ' 6 HO = 392.16] , in 0.1 N
reagent grade sulfuric acid, which contains approximately 10‘3M

Na Cl.

- idd Oxygen was bubbled in the obtained solution for a few hours, after
being passed in concentrated sulfuric acid to remove any organics
from the gas,

iv The oxygen saturated solution is then kept in a dark brown glass
bottle until used.

v Fresh solutions had to be.pfepared ¢ach time new dosimetry is attempted

if the time lapse between the two is more than a few days. If only

one or two days have lépsea since its preparation,vresatﬁration with
oxygen is the only additional step.

2) Dosimetry Vials:

Vials similar tq thoée used for polymerization, (except for not having
a grouhd joint atAtheig mouths) were used'for dosimetry, These yials must
" be extemely clean before being filled with 10 ml of Fricke solution, This
was done by using boiling concgntrated HZSOA:HNO3 1:1 followed by 10 times

thorough  washing with distilled water, using triply distilled water during

the last three or four times, The last washing step uses the Fricke solution



itself.

'3) Vials Positioning:

The vials when irradiated, were connected to the sample holders and
at the same positions used for the polymerization reactions,

Previous Dosimetfy data were available (D.1). Consequently, the
approximate time needed fér irradiating the Fricke solution at each position
to give accurate results, could be estimated, Table (4.,3,) shows the late
Dosimetry measurements at different positions.

After irradiation, éhe amoﬁnt.of absorbency of .each sample was ob-
tained by using a Beckmap D.K, spectrOphotémetér set ét 304 mu, Base line
~ checking was repeated after eaé@ sémple using non-irradiated Fricke solution
in both cells, The accuracy wés'also checked by measuring the trénsmittance

occasionally and checking that the

absorption = Loglo ' 1
: _ transmittance

In detérmining the dose rates at positions B and C , every second position
and every third position satisfies the. equality need, as was ﬁentioned
before. However, no difference could be detected when adjaceﬁt positions
were measured expefimentally..

L. 4,2, Results and Calculations: -

The following is a sample calculation:
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Sample code

Time of irradiation

ln number . Position - in seconds Absorption Average
L 112 n 520 81.5
b 113 8 420 83

82
hn 114 5 420 82
AL 115 9 420 81.5

Substitutiﬁg with the average value of absorption in equation 4,4,1, to

calculate the total dose D, using the latter in equation 4,4,2, Therefore,

the dose rate =

5%.38 rads/sec.

TABLE 4.2,

L'_”

Sample code

number

Position

Time of irradiation

Absorpfioh

in seconds Averagé
b 116 b 2h0 L8
Ln 117 8 2ko 45,5
46,5
Ln 118 5 240 45,5
Yo 119 9 240 4y

Similarly from the given table a dose rate of 52,96 rads/sec is obtained,

Therefore, the average dose on this date at 4" = 53,17 rads/sec,
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A summary of the experimentally obtained dose rates by Fricke Dosimetry

is shown in Table 4.3.

Table 4.3,
Dose rate in rads/sec.
Date -
1in 411 6n
10-4-69 176.7 58.3
10-7-69 166.5 - 53.2 21
8-9-69 170.3
12 11-69 167.0
15-12-69 165.2

The constraint of short irradiation time in the case of 1" measurements causes
this highly precise technique to be vulnerable to errors up to fivefpercént
(5.18).
The experimentally determined dose rates are those absorbed in water,
In order to determine their counterpart in the polymer, equation (4.3,) was
used, However, the values of the mass energy absorption coefficients for
-polymef and water must be known.
Given any compound Xa Y ,’ its mass ene;gy absorption coefficient for

& given photon énergy can be calculated from the relation:

2
: (;f'>xa Yb

a wx_<:%9x "+ b u&,'<i%£)y bk,



where:

u & u;) the mass energy absorption coefficients
(Jo )x (/o y of the elements x and y. |

W and W = the ratio between the weight of elements,

1

x and y and the compound's total mole-
cular weight,
a and b . = ' the unit's number of each element in

the compound

Accordingly, (}) for styrene and polystyrene are practically the same,

Ref. (W.%) lists the value of = for several compounds and elements, It

j)

was found that:

]

(Jl—; )styrene
(fli )water

According to equation (4.3.), using an absorbed dose rate in water of 168

0.02876

i

0.02970

rads/sec. as an example, therefore:

D _ 168 x 0.02875‘
polymer = -~ 0.02970

= 162.7 rads/sec,

As the dose rate is constantly decreasing with time, a slight calculated
increase in the radiation time is added when the aim was to use a constant
total dose throughout the investigation, (as in the case of irradiation of

(c~1) and (¢=2), at room temperature).
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4,5, Percentage Conversion determination:

When polymerization is in progress, the proportion of polymer to
monomer steadily increases. In order to measure this change experiment-
élly, several methods are available, the best known is based on separating

the polymer and monomer,

4,5,1, Gravimetric method of analysis:

Two types of sampleo were handled,

- Starting with monomer, polymerizing it at 85 C or 50 °c by radiation,

- Starting with (c-1) and (cf2) (see App. I for chemical analysis)
irradiation at R.T. to create free radicals (practically no poly-
mefization takes place during this step). |

After irradiation, one vial is jmmediately quenched in liquid nitr-
gen and processed for conversion determination at time zero., The rest of
the samples are annealed at the desired temperature, Post~irradiation
annealing was carried out in a hot aif oven, whose temperature cohtrol is
about % 1°C (except for the cases where the.investigation waé,at room temp-
erature, Temperature varied within = 1,5°C).

In the case of (c-1) and (c-2) samples, the rate of post- ~irradiation
change is high at elevated temperatures, causing the time intervals between
each two samples to be short. In order to overéome the error caused by
the time factor needéd for a sample to acquire gge 6ven’temperature, a
metallic socket, heated.by an electric coil and connected to an autotrans-
former, was used to heat the samples up to the desired annealing oven temp-
erature in about one and a half minutes. The necessary variac setting
for each temperature was determined bi trial and error, usiﬁg a thermocouple

and a stop-watch.
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At the end of the required post-irradiation annealing time for a

sample, the vial is quenéhed in liquid nitrogen to stop any further

reaction, and samples for % conversion or E.S.R. measurements are taken by

breaking the vial, Th

rest of the procedure is as follows:

(]

About 1-2 gms of sample ére weighed accurately.

Approximately 50 ml of dioxane are used to dissolve the poiymer with
about 0.1 gm of hydroguinéne inhibitor added to frevent any further
polymerization.

Complete dissolution is accomplished by allowing samples to sit for
two days.

Precipitation of the éQlymer is achievediﬁy adding the dioxane sol-
ution drop by drop to 15 foid excess of methanol, stirred with a
magnet. |

The précipitate is allowed to settle for a day, then is filtered
through fine pores sintéredxglass 50 ml crucibles, using a vacuum
filtration set that holds foﬁr samples simultaneously. |

The precipitate obtained contains all the polymer with the except-
ion of such small molecules as dimers or trimers whicﬁ might pass
to the filtrate with the monomer,

A vacuum oven set at 65—7000 is used for drying the precipitate.

- The oven is connected to a suction pump through a vapour trap where

dry ice is used as a cooling medium together with some methyl
alcohol,

Weighing the polymer will yield the % polymer in the original poly-
mer-monomer sample.'

The gravimetric method is fairly accurate but its absolute error
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would be considered relatively high for investigating conversion at the
last 5% monomer, A good method for estimating traces of monomer is the
use of the U.V. spectrophotometry, Its absolute accuracy is the best for
#he last 2% monomer, but the more the % monomer, the lower the accuracy,
| : . .

|
4.5,2, % Conversion determination by U.V, spectrophotometry:

U.V. spectrophotometry is a relatively rapid and accurate method
for the determination of monomeric styrene in a polymer-monomer system,
It is most suited and highly efficient in determining concentrations with
the last 2% unpolymerized monémer.. It can be used for higher monomer con-
centration; by diluting the investigated solution, but this would naturally
. lower the absolute accuracy. \When % monomer is ardund 10%, it is advis-
able to determiné it both gravimetrically and spectrophotometrically as a
double check,

Styrene absorbs U.V, radiation 40-100 times as strongly as poly-

styrene at 245 mu wave length. The experimental procedure steps extracted

from Ref., (I.3) follows:

1) Approximately O.1 gm of polymer sample is Qeighed into a 100 ml
Erlenmeyer flask, 50 c.c. of reagent grade chloroform is added
by meansbof a burette,

2) The solution is allowed to sit overnighg to ensure the dissolution
of the polymér present, B

3) 10 ml of fhe abéve solution ére added with agitation to 90 ml
(delivered accurately by a burette) methanol in a 125 ml Erlenmeyer
flask to precipitéte the polymer. g

L) The resulting solutionAis filtered through a sinte;ed glass crucible

(no vacuum applied) and the filtrate is used for absorption measure-



ment,

5) . The reference standard is 10% chloréform in methanol (accurately
measured'by means of a burette).

Note: " Care must be taken that ;ﬁe reference solution is prepared in a
similar manner to that of the solution containing the polymer
(exactly the same chloroform: methanol ratio). Otherwise, chloro-
form and methanol are present in different relative quantities, and
the result will be affected.

Remark:

It is necessary to check for base line drift occasionally by filling

the two cells with the referenée standard and checking for the 0% and 100%

absorption, A calibration curve for the aBosorbance vs, sfyrene concens

tration (Fig. 4.3%.), Ref. H.3) was used in determining the % styrene monomer,

The reader is referred to the D. K. Beckman U.V, spectfophotometer manuai

for operational detail.

Sample Calculation:

Assuming an absorption = 0.2 therefore mg styrene/100 ml = 1,14 from cali-
bration curve) this value is equivalent to the amoumt of styrene in the

solution (10 chloroform + 90 methanol).

Therefore, dilution factor = 22 5

10 —
Therefore mg styrene in the sample = 5 x 0.14 = 0©.70
Assuming sample weight = O.l‘gm
' % ctvp 0.7 x 1. %) = 4
Therefore % styrene =1600(gny) 0.1 (wt) X 100(%) = 0.7%
Therefore % conversion = 100 - 0.7 = 99.3%

Note: Styrene monomer is miscible in all proportioms with methanol (B.17).

Polystyrene is insoluble in methanol (B17) (tested.by Staudinger and
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Heuer for two molecular weights 130,000 and 5,000 and found in-
soluble in both cases). On the other hand, it is completely
soluble in both chloroform and dioxane,

4.6, Electron Spin Resonance Spectrometry:

4,6,1. Introduction:

Chapter II showed how free radicals play the major role in’the
process of polymerization, Thelr characteristics have been covered in
detail, In order to acquire some information concerning their behaviour,
the& must be- generated in large conéentrations, at conditions such that
their recombination is relatively slow to provide tﬁe investigator with
sufficient time to detect and étudy them,

Numerous\techniques of free radicals' detection are known. The
E.S.R, technique is the most selective and most sensitive for singling out
free radicals. The technique also has the advantage qf being able to
determine concentrations. In some cases,‘identification of free radicals
could also be achieved. The two major disadvantages of the E.S.R, spec-
trometry technique are: ’

1) The centering of all E.S.R. spectra around the same value of g
which causes a troublesome superposition of spectra,
2) The recorded spectra are éiven in terms of the derivative of

absorptiorn with respect to the magnetic field,

4,6,2. Simplified Theory of E.S.R:

The E.S.R. technique is based on using the main property of free
radicals i.e. having an unpaired electron and a magnetic moment associated
with it, A detailed discussion of the theory can be found in the liter-

ature (A4, T.1), However, some basic theory is briefly given to help



appreciate the scope and limitations of E.S.R.

‘ The odd electron‘orbiting around the nucleus possesses an angular
momentum in addition to a spin angular momentum caused'by its spinning.
This spinning can give rise to a rotating magnetic dipole which acts like
a small magnet, |

Under the effect of an external D.C. Magnetic Field, the magnet
will orieﬁt itself in a definite direction, Electrons possessing moments
in the applied filed's direction will align themselves in‘the same direct-
ion, On the other hand, those spinning ip the opposite direction, will be
aligned anti parallel to the applied field's direction. The latte; is an
. unstable state and has a higheh energy position,‘and is accompanied 5y an
energy absorption, The diagraﬁ shows the separation of electrons into the
two energy levels, The‘principle of B.8.R. is simply tb make accurafe

electron translations of ‘the observed transition from the low energy level

to the higher one, with the absorption of energy AE = hvy (I1, W3):
++gu H
/7 A & o
7/
’
No applied 7 : = ] s ant
< AE = h)) = guH h = planks constant
field N © ‘v = frequency
. ,
N \ 4 5
\ -
zguoH .
ey H

h) = gu H
The obtained splitting which was caused by a magnet, if subjected to a
radiation of frequency , 50 that the quantum hY is equai‘tb the energy

difference between the two levels; will cause resonance to occur between them,



The impinging energy is absorbed by electrons in the lower energy level
causiﬁg them to excite to the uppér level, Simuitaneously, the upper
level electrons emit radiation of ffequency7v and fall to a less excited
#evel. ~ For any system in thermal equilibrium, more electrons lie in the
iower level than in the uppef one, hence, a net absorption of radiaﬁion of

frequency y .

The Maxwell-Boltzmann expression gives the numerical ratio of the

electrons in the two states:

Nl/NZ = exp (~AE/KBT) 4.5.1,
N, " = - number of electrons in the upper state
N2 = number_of electron; in the loer state
AE = the separation between the two levels.
= ' ny
KE = Boltzmann constant
T = the absolute temperature

~ and the whole relation is very close to unity (I3).
Consequently, greater sensitivity is usually obtained by measuring

at lower temperatures, to increase the difference between N, and N The

1 2°
resonance is able to continue due to some other mechanism apart. from the.
stimulated emission,  More details can be found in Ref./(I]).

The following relation gives the energy difference between the upper

and lower states in terms of the magnetic field:

AE - = guoH 4.5.2.

g = ' called the "g~factor", and is a physical

property of the electron and is a dimen-
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sionless constant,
u = Bohr megneton,
H = - The magnetic field intensity in the appar-
atus' direction.
To summarize, an equation in the form:

AE = hY = gu H 4.5.3.

is the basic relation of the E.S.R. spectrometry, and only an electro-
mégnetic quantum of this frequencj will cause a transition between the two
states to occur, The quation represents resonance between the quantum
energy and the energy difference between the two lévels.

The E.S.R. spectrometer is designed in such a way so as to detect
the microwave energy absorbed by the freé radicals present, from which the
number of free radicals can be obtained. The spectrum shape obtained was
very similar to those found in thé literature for irradiated polystyrenes.

L,6,%, Experimental Technigue:

In the present iﬂvestigation. irradiation and post-irfadiation
annealing.were both carried out under vacuum, ‘vHowever, the vacuum was
broken immediately after anneaiing and samples were stored at liquid
nitrogen temperature in N.M.R. tubes placed in a dewar flask, to preserve -
the free fadicals. During the few minutes needed for E;S.R. measurement,
samples were taken out of the liquid nitrogen bath, allowed to warm up to room

\
temperature, and placed in an E,S.R., tube. The signal's shape remained
practicaliy unchanged during the decay runs (emphasizing the preéence of one
type of free radicals).

The instrument used in the present investigation is a spectrometer

type JES-3BS-X (Japan Ilectron Optics), Spectra are measured in the neigh-
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bourhood of 9200 mc/sec. The reader is referred to the manual for oper-
ational details.
The recorder in the E.S.R. spectrometer yields the first derivative

of absorption. The number of spins is proportional to the area under the

‘absorption curve, In order to determine the absolute free radicals' con-

centration, the area under the absorption curve of the sample should be
compared with that under the_absofptionbcurve obtained for a sample of

radical concentration, o ol Diphenyl-8 Pycryl-Hydrazyl (DPPH) was used as

‘such a standard. Since polystyrene. free radicals are extermely stable at

liquid nitrogen temperature, it was used aé a secondary standard for free
radical coﬁcentration de£erminé£ioﬁ. Samples chosen for this purpose were
those for which no post—irradiatidn annealing was performed, i.e. zero post-
irradiat%on'time [%‘é], and weré always kept under liquid nitrogen. As
will be seen in Chapter i, the free radicals' concentration were:

a) For (c~1) samples 1.9 x 1017/gm

b) For (c~2) samples 2 x 101?/gm

Care was always taken for the spectrometer settings to be the same in all
cases.r

In order to yield areas under the absorption curves, it was necess-
ary to perform a double integration of the first derivative recorded signals.
Wyard (W.7), suggested a fairly fast and accurate method. The method is one
of numerical integration. On thé first derivative spéctrum, the magnetic
field is divided into n intervals, each of length h, the value Y of the

ordinate is written down. Wyard derived a double integration formula which

s
also corrects for basis line.drift:



.
2 - )
A = +n Y (m-2r+1) Y 46,1,
r=1

The formula was used to obtain the numerical free radicals concentration in
| . ; .

ﬂolystyrene secondary references by comparing their obtained areas to that

obtained from the DPPH standard of known free radicals concentration using

the same spectrometer settings:

n

N/, A 4.6.2.

For signals whose shape does hot change while decaying, as observed for
polystyrene free radicals, peak heighls were used for relative decay com-
parison, with only the first sample undergoing the double integration tech~
nique vs, the secondary standard, as a double check:

1

H./H

/h, 4.6.3.

"W
DPPH possesses one unpaired electron in each molecule, i.e about 1.53 x
102l spins/gm. This ﬁecessitates that a minute weight would be taken as
a reasonable standard, which would probably‘be céupled with a weighing error.
Mixing with a diluent as starch free of free radicals, overcame the weighing
problem, but the homogiﬁity of the mixture was doubtful, .A DPPH solution
in benzene of 1m M/L, waskfinally used as a primary standard (Bl2, V2),

The G-value of polystyrene reported by Ref. (A.3) is = 0.2, The one

obtained in this investigation is about 0.43 (see Chapter V), Both values.

. . * o -
are to be taken as very approximate (a - 50% is the approximate expected
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accuracy.
,'On the other hand, relative decay studies are much more accurate
and successful, especially in cases where the spectrum's shape does not

change while decaying.

L,7. Determination of the Number Average HMolecular Weight by Osmometry:

L4,7.1, Theoretical background:

If a solutipn is separated from the pure solvent by a barrier permeable
to solvent molecules only,.a difference in chemical potential (ﬁ) will be
taking place, being less for the solvent in the solution, than that of the
pure solvent, To keep the system's equilibrium, i.e, to equalize the solvenf's
chemical potentials (u) on both sides of the barrier, an excess pressure may
be applied to the solution, The required excess pressure is known as the

osmotic pressure 7w, and is related to the change in chemical potential by:

A ul = - TE Vl L"c?olo

where V1 is the molar volume of the solvent, For very dilute solutions:
V = ‘ ol 2 - . o aC o
AN RT lnxl RTx2 h,7,2

where X and X5 represent the mole fractions of solvent and solute, As the

solute concentration tends to zero:

c, V
x, ¥ 21 4.7.3,
M2
where 02 = solute concentration in g/cm3 of .solution
M2 = solute molecular weight,

At infinite dilution:

W " RT . .
- = - 1'*‘.70’"’.
M
C2 ‘ )
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From equatioh (4,7.4,) if it holds over a finite range of solute concentra-

tioné, plotting (ﬁ§~> Vs, 02 will yield a straight line parallel to the 02
2/0 .

axis, Consequently, any g measurement would yield the correct M2 value,
However, for polymeric solutions, deviations occur, and the resulting line

is not parallel to the C. axis. According to Ref., (M,5), the felationship

2

for a real solution's osmotic pressure could be expressed in the form of ‘a

virial equation:

| 2
T - (_%4__ oAy C oAy CT L) W75,

RTC
where A, and A_ are the second and third virial coefficients, The terms in

2 3

c equal to and above the second power are very small., The slope is practi-

cally equal to the second virial coefficient A_ which represents the solvent

e

- solute interaction,

L,7.2, Experimental Technigue and Calculation:

A high speed membrane osmometer model (Hewlett-Packard model 502)

was used for Man determination,

Samples were dissolved and precipitated following the same experi-
méntalAsteps as in the % convérsion determination outlined earlier in this
chapfer.

A known weight of the resulting poiymer'ﬁas then dissolved in
toluene in a concentration of about 10 gm/1. Three dilutions were pre-
pared very accurately, resulting in 4 different concentrations to be used
for osmotic pressure measurements, The osmotic pressure for each solution
is the difference between the final digital counter reading"ahd that found

for the solvent, The obtained value 1, is divided by the concentrations



in gm/litres, and the extrapdlated value at zero concentration is the one

used for molecular weight calculation:

(3). - T
C ' Mn
c->0 -
w T = osmotic pfessure
C = concentration
R = gas constant
T = absolute temperature in degrees Kelvin
Mn = number average molecular weight

The value of "R" in litre atmosphere clegree'-1 molenl equals 8.205 x 10—2.

This is converted to pressure units of cm of toluene by multiplying by cm
of toluene per atmosphere, which will depend on the toluene's temperature.
For most purposes the value of (0.862) which is the toluene's density at

25°C can be used, since it varies 1% per 9°C,  The value of "R" then is:

8.205 x 10™° x 1026/0.862 = 97.66

!

where 1026 cm is one atmosphere of water,

The temperature used was BOOC accurately controlled by the instru-

ment. Therefore: o
RT = 97.66 x (30 + '273)‘ = 2.96 x 10'*

(App.10 ) represents a numerical example, and a typical plot

showing the extrapolated line used to obtain (%g) Mn was therefore

c—>o0’

obtained by a straightforward calculation.

4.8, Determination of the Temperature inside the vials:

It will be shown later in Chapter V, that the post-irradiation

reaction is fast, at T)>Tgs. The reaction is exothermic, consegquently, a



possibility exists that some heat is being generated faster than it could
be diésipated.‘

A COpper;-constantan, and a Chromel~Alumel thermocouples were chosen
to measure the temperature inside the vials, = About 1" long 1/8" I.D. side
connection, was attached to the reaction vials at their narrowest part of
the neck, and thermocouples were inserted and sealed. Results of measure-
ments were as will be shown in Chapter V, with the maximum being for (c-1)

samples at 170°C = 1 —» 172 = 1.5°C.



CHAPTER V

Sequence of Experimental Study

The prime aim of this investigation, was to identify the condi-
tions (% conversioﬁ, temperature, and dose ra£e) necessary for trapping
high concentrations of free radicals in highly converted styrene-poly-
styrene systems,

| Post-irradiation annealing at varied temperatures, aimed at in-
vestigating the following areas:

a) Polymerization ratgs during pdst-irradiation annealing.

b) Trapped freé radicals, their rates of decay and mechanism,

- during post~irradigtion annealing.,

¢) Changes in Mn durihg post-irradiation annealing.

For a quantitatife treatment of {a, b and ¢) to be possible, sets
of samples must be identical before .annealing (% conversion, molecular
weights, and free radical concentration).,

Two courses for the invéstigation have been followed::

i) Experiments starting with styrene monomer

This procedure did not prove to be suitable for quantitative de-
ductions, However, some qualitative deductions were reached, whichv
helped selecting a better course for the investigation, namely: part (ii).

ii) Experiments starting with highly converted samples (c¢c~1 and c-2) (For

analysis, see App. I).

This procedure, on the other 'hand, proved to be convenient for

gqualitative and quantitative analysis,

83



Definition:
The term M"set of samples" is applied to both cases (i) and (ii),

and represents a number of samples which normally undergo the following

steps:

1) Degassing.

2) - Irradiation at a certain temperature,

3) Post-irradiation annealing at a chosen temperature, and the se-

quential removal of sampies from the oven, in order to determine

the following properties, as a function of time:

a) The concentration of free radicals (if present), using the
E.S.R. technique,

b) The ¥ conversion,’using gravimetric or U.V. spectrophoto-
metric anal&sis}

¢) The number éverage molecular weight Mn' using the‘Osmometry

| technique (performea oh three sets only).

5.1, Experiments starting with Styrene Monomer:

a) Using data curves from Ref., (H3) (Fig. C &D) radiation induced
polymerization wasvperformed on sets of samples at SOOC and 85°C. Irra-
diation was stopped when the system theoretically reached a predetermined
% conversion (e.g. 90%). Howevef, a great number of difficulties arose,
which made it impossible to obtain the desired % convefsion. (See Chap~-
ter IV for details.) Consequently, sets of samples coming out of the
"hot-cell" were not identical. Most irradiations were carried out at 1%
from the centre; a few sets were irradiated at 4" and 6",

b) Post-irradiation annealing at 100°C and 140°C followed. The

change in the % conversion with time, during annealing, was determined
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for all samples, (Fig. 5.1. to 5.10),

The change‘of % conversion vs, time for unif}adiated samples at
100°C and 140°C was available (H1, H10) (Figs. A and 5.1); it was there-
#ore péssible to make a comparison between the two cases,
| In all cases the % con#grsion change during post-irradiation
annealing was found to be similar to\that fof unirradiated samples (with-
in experimental error), Fig. (5.10) is the only exception. An inter-
pretation is provided in the coming chapter, |
c) Occasionall&, the‘presence of trapped free radicals wés checked,
using the E.S.R. technique. No free radicals were detected, (See the

. following chapter for details.)

5.2, Experiments starting with highly converted systems:

(See (App. I) for the analysis of (c-1) and (c-2),)

The two Monsanto supplied samples (about 93% and 98% conversion)
are closely similar in molecular weights,  Accordingly, if they are to
be treated in a specific manner, the differences in results (if any) can
be related to the difference in the residuval monomer content,

.a) Irradiation was carried out at room temperature, to a total dose
of 0,742 M, rad., (165 rads/sec. x 75 minutes x 60)., Irradiation was
limited to 1" from the source's centre, and therefore, only six sample
holders were available (see reactor description Chap. IV), This repre-
sented a constraint on-the maximum numberrof samples that could be
handled in each experimental run, To increase the number of experimental
data for each set, two runs, each consisting of six samples (3 (c-l)vand |
3 (c=2)) were irradiated at the above mentioned conditions, The interval

between the two runs was approximately two months, and [R’o] was measured

N
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!

for every.sample; consequently there was no need to reserve a sample for
J}PCJ detgrmination in every set where [R'q] is defined by "the free
radical concentration immediately after irradiation." [h'o] was found

to be constant throughout the investigation, The measured values of [R'J
are given in (tables 6.1 and 6.2), The % conversion did not change by
irradiating uﬁder the above mentioned conditions.’ Accordingly, all (c-
1) sgts were identical immediately after the irradiation treatment (free
radical concentration, % conversion, molecular weight). The same applies
to(c-2) sets. ‘ - e

b) Post~irradiation annealing at varied temperatures, above and be-

low Tgs’ followed, Every set of samples was treated as described on

fage ).

The three experiﬁentalbmeasureménts ([hzlj % conversion and Mn)
have been executed to clérify the behaviour of frapped radicals in re-
lation to temperature, their efféét'in promoting poét-irradiation poly-
merization, and their influence over Mn. Values of [?ﬂ s (the free
radical concentration at any tihe), are given in:

i)  Table (6.1.) for (c-1) samples, annealed at temperatures

below Tgs'
Fig. (6.1) shows [hi] vs., time at temperatures less than Tgs’
and Fig, (6.1) is the corresponding plot of 1/ [Rﬂ vS. time.'

ii) Tables (6.22) and (6.2b) for (c-2) samples, annealed at temp-

eratures, below and abdve TgsE’ respectively.
Figs. (6.2a) and (6.2b) are the corresponding R° vs. time
N \ -

plot; and Figs., (6.2a) and (6.2b) are those of the corres-

ponding l/[Rj vs, time,
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The change in the % conversioh with time, at Qaried post-~irrad-
iation annealing temperatures ié given in: Fig. (6.3) and Fig. (6.4) for
(c-1) and (c-2), respectively.

Figs. (6.5) and (6.6) represent the change in the % conversion
with time at lOOOC‘and 170°C for (c-1), withoﬁt pre-irradiation,

Finally, Mn was measured fbr 3 sets of samples, and the results

are given in Table (6.4).

5.3.' The Glass Transition Temperature of Styrene =- Polysfyrene Systems (Tgbl
For free radicals to be trapped in high concentration in a pure
polymer, the latter must be in the glassy state (see Chapter II). It is
therefore logical to assﬁme thai the same applies to polymer-monomer .systems.
Tgs' the glass transiti;n'temperature of the system, is a function
of the polymer to monomer ratio. Kelly and Bueche (K,4) derived a model
which gives ‘1‘gs as a funétion of conversion; (For the theoretical deri-

vation of Tgs and T s for (c-1) and (¢c~2), respectively, see App. 9.)

gs2
Know1pg Tgsi and Tgsz helped in selecting the necessary irradiation
temperature. Annealing temperatures were chosen to be evenly distributed

above and below T .,
gs



CHAPTER VI

Results, Assumptions and Discussion

This chapter is divided into two parts., The first part out-
lines the results obtained by starting with pure monomer, These could
only be analysed qualitatively, and their discussion immediately follows
the results presentation,

The second part, is. concerned with the results obtained by
starting with the two highly converted solid samples (c-1) and (c-2).
Quantitative deductions are presented; The results are grouped in point
form. Their discussion follows in another section, together with the
assumptions made, \

6.1, Experiments starting with pure monomer:

6.1.1. Irradiation at 85°C:

a) Results:

Attempts to stop the radiation induced reaction at a pre-deter-
mined conversion were not successful, Consequently, annealing was per~
formed on "sets of samples" which possess different % conversion i.e. non-
identical sets.,

Electron Spin Resonance measurements were conducted on several
samples; none yielded a detectablé concentratiop‘of free radicals,

Irradiation was mainly at 1" from the centre, Post-irradiation
annealing was at 100°C in most cases. Figures (5.2 and 5.8) show plots
of conversion vs. time, No 2 "“sample sets" possessed the same conversion
at the start of annealing, However, it was‘interestingrto'pote that vari-
ation of conversion with time, during annealing, had more or less a similar

pattern in all cases, It was also comparable to the rate of polymerization

105
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of unirradiated samples (in the same éonversion regioﬁ). i.e. It did not
show & post-effect, In Figure kS.l) which represents post-irradiation
annealing at 14000, no post-effect was noticed either,
b) Discussion:

Failing t§ detect any trapped radicals by the Electron Spin Reso-
nance Spectrometer, might indicate a concurrent production and decay of
free radicals, the decay being fast enough to prevent the accumulation of
large-concentrations of free radicals. The rapid rates of decay can be
explained by the fact that, irradiation was always carried out in the
rubbery state i.e. at temperatures above Tgé (see the theoretically esti-
mated Tgs (App.9), for % éonverSioné at which the radiation induced reac-
tions were stopped). The absen;e'of the post-effect, is attributed to
the failure in trapping rédicals; which if present, would have promotéd
rapid polymerization rateé.

Different dose rates dufing irradiation are expected to yield
“"sample sets" with different molecular weight characteristics, Conse-
quently, the similarity of post~irradiation polymerization patterns is
somewhat surprising (see Figure 5.8).

6.1.2. Irradiation at 50°C:

a) Results:

The radiation induced polymeriation ofwgtyrene took place at 5000;
It was followed by post-irradiation annealing at 100°C. (Figure 5.9) ill-
ustrates the change of conversion with time, du}iné the annealing of two
sets, removed from the radiation field at 86% and 88.8% conversion. Simi-

larly, (Figure 5.10) illustrates two sets removed at 92,4% and 93.8% con-

version. No post-effect was observed in (Figure 5.9). However, (Figure
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5.10) shows a post-effect, illustrated by the high initial polymerization
rate.
b) Discussion:

For the two sets shown on (Figure 5.9), the radiation was stopped
vhile the % conversion of the systems corresponded to (Tgs) lower than the
radiation temperature 50°C (see Tgs for 86% and 88.8% conversion, in App.
9).

Accofdingly, radicals were being‘formed in rubbery media, and
their decay is expected to be very rabid during the course of their from-
ation., This explains why no post-effect was observed during annealing.
(Figure 5.10) differs from (Fig§re 5.9), in that radiation was stopped
after the systems were transformed to the glassy state (see Tgs for 92.4%
an& 93.8% conversion), thus enabling some free radicals to be trapped.
This explains the observed rapid initial polymerizationArates during
annealing.,

6.2. Starting with highly converted systems ((c-1) and (c=2)):

Irradiation was limited to a fixed total dose of 0.742 M rad.,
at the 1" positions, It was carried out at room temperature, where both
systems are well below their Tgs (gee App. 9, Tgs at 92,95 and 98% conver=
sion), thus allowing high concentrations of fregvradicals to be trapped.
In addition,‘no polymerization took place during irradiation, It-was
therefore possible, to obtain several idenﬁical sample sets of either (c-
1) or (ec-2), immediately after irradiation,

A quantitative treatment of the changes taking‘plgge during poste
irradiation annealing, was performed. The following topics were invest-

igated:



a)
b)

c)

a)
e)

f)

g)
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G-values, of the polymér and monomer,

Order of termination reaction.

Rate constants of free radicals; termination reaction as a
function of temperature.

Acti;ation energies of decay, below and above Tgs'
Variation of number average molecular weights with the pro-
gress of post-;rradiation polymerization

The chemical structure of the trapped radicals,

Change of % conversion with time, during annealing, at

varied temperatures.

Experimental and theoretical results are to be introduced in the

following order:

1.

2,

Results summary.
Calculations and assumptions used in obtaining the results

and their discussion, -

6.2.1. Results summary:

6.2.1a, G-values:

The G, i.e. that of entrapped polymer free radicals,

2
= 0.43 z 50%
= 0.215 :

- 50% ‘(ass??ing 6, = ¥ Gp)

6.2.1b, Free radicals' decay, order, and mechanism:

Free radicals' decay rate is a fairly good "second order" at all

investigated temperatures, and at both the rubbery and glass states and

for both (c~1) and (c-2) samples., ) This could be represented by:

v[®] - 1/R] = ke



Free Radicals Decay Data

A (c-1) sample

Replicates at time zero:

107

[R’é] = (19.0, 19.0, 19.1, 19.3, 18.9, 18.8) x 108 = 19 x.1016 F.R/gn
Table (6.1)

Pemp. °¢ | R F.R/gm x 10716 | 1/r gn/F.R.x 167 ¢ (urs)
22,5 = 1.5 17.7 0.565 50
15.1 0.663 100
13.7 0.730 200
11.5 0.870 300
10,1 0.990 400
9.3 1,075 500
40,0 = 1 17.2 0.581 4
17.2 0.581 -8
15.8 0.633 12
15.4 0.649 16
14,1 0.709 20
13.1 0.763 2k
50.0 2 1 17.8 0.562 2
15.5 0.645 b
15.2 0.658 6
13.5 0.7k 8
12.7 >0.787 10
12.5 0.8 12




B (c-2) sample

Replicates at time zero:

6

[@-é] = (20, 20, 20.1, 20.4, 19.8, 19.7)x 10%° 6

= 20 x 10%° F.R/gm

Table (6.2 .a)

. For T¢ Tgs
Temp. °C | R° F.R/gm x 10 -7 | 1/Rgn/F.R x 107 | ¢ (hrs.)
22,5 1.5 1.87 | 0.535 50
1.66 0.602 100
145 ' 0.690 200
1.31 0.763 300
1.19 0.840 -~ koo
1.06 ' . 0.943 . 500
50,0 < 1 1.79 | 0.559 2
1.68 '0.595 4
1.62 0.617 6
1.52 0.658 8
1.38 0.725 10
1.32 0.758 12
70.0 21 1.35 0.7k 1
1.13 0.885 2
0.88 1.136 3
0.78 1.282 "
0.66 - 1.515 5
0.58 1.724 6
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For T) Tgs'
Table (6.2.b)
Temp. °¢ | R F.R/gn x 107 | 1/R gn/F.r x 1077 | t minutes
100.2 T 1.2 0.81 1.234 10
0.65 1,538 15
0.46 2,174 25
0.33 3,030 35
0.28 3.571 R
0.21 - 4,762 60
110.4 ¥ 1.2 0.372 2.688 10
0.218 4,587 20
0. 144 6.944 30
0.115 8.696 4o
0.093 10.753 50
0.074 13,514 60
120.5 % 1.3 0.134 7.463 10
0.115 - 8.696 12,5
0.092 10,870 15
0.073 13.699 20
0.059 16,949 25
0.048 | 20.833 30
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6.2.1c. Rate constants of decay:

Calculated rate constants of the termina%ion reaction at different

temperatures are listed below within 95% confidence limits:

Activation Energies for Decay

Table (6.3)

° ¢ Kynl/mole, sec. | B K cal/mole
22,5 = 1.5 139 £ 0.05
50,0 = 1 35,60 & 2,28 22,9 % 1,7
70 i1 " 319.74 * 9,10
100.2 % 1.2 6.663x10° * 148
110.4 ¥ 1.2 20.027x10° 2 500 32 i
120.5 £ 1.3 63.527x10° & 1143
22.5 £ 1.5 1.78‘330.08
o ¥ 14,57 + 1,54 212y,
50.0 = 1 39.13 % 3.43

(Figure 6.1) is a plot of free radical concentration vs. time at temper-
atures below (Tgs) (for (c-1) sample), (Figure 6.,1') shows the best fit
obtained when plotting 1/ R* vs. time. (Figures6.2.a and 6.2.a') are the
same as (6.1) and (6.1') but appliéd to (c=2) sa@Ple at T below Tgs'

" (Figures 6.2.b and 6,2,b') are plotted in a similar way,‘for (c-2) sample,
at temperature above T_ .

gS

6.2.1d Activation energies:

The calculated activation energiés for the decay reaction above and

below (Tgs) for (c~2) samples, and below (Tgs) for (c-1), are listed in the
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vtable on the previous page.

(Figures 6.1" and 6.2") shéw best fits obtained by the least squares tech-
nique (see App. VII) as applied to Arrhenius relation for (c-1) and (c-2)
samples., |

6.2.1e. Molecular weights:

The number average molecular weights for three sample sets deter-
mined by osmometry are listed below along'with the corresponding % con-
versions and annealing temperatures,

Number Average Molecular Weight Data

Table‘(6.4)

Sample Temp, °C  [Time min, % Conv. Mo x 1070
c-1 172 . 0 92.95 126.6*
c-1 172 10 98,12 130.,0
c-1 172 . 15 98,39 126.,0
c-1 172 .20, 98.94 131.6
c-1 172 25 00.06 120.0
c-1 172 30 98.82 120.8
c-1 o172 o 98.90 124,9
c-1 . 100.5 0 92.95 126.6*
c-1 100.5 10 95,40 128.7
c-1 100.5 15 96.12 130.0
c-1 ©100.5 20 - 97.58 118.4
c-1 100.5 30 97.73 126.0
c-1 100.5 45 97.61 123.3
c-1 100.5 60 97.70 |  120.0
c-2 100.2 0 98.00 120,0*
c-2 100.2 10 - 98.48 121.8
c-2 100.2 15 98.57 - 126.0
w2 100.2 25 99.29 116.0
c-2 100.2 25 99,2k 113.9
c-2 100.2 45 99.35 | = 127.0
c=2 100, 2 60 99.35 118.4
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* The M given by Monsanto are: 126.6 x 107 and 120.0 x 10° for (c-1) and
(c-2), respectively. Three (c-1), and three (c-2) samples were tested
prior to and after irradiation, and Mn values fluctuated around the values
given b& Monsanto., i.e. effect of radiation was (-) ve, or in other words,
the sensitivity of the Osmometer could not detect the small change’in Mn
(if any).

6,2.1f., Free Radical Structure:

The Electron Spin Resonance'Spectrometer yielded a signal corres~
ponding to the first derivative of aﬁsorption'with respect to the magnetic
field,

The signal's shape obtaiQed in this investigation resembles that

obtained by Ref., (F.1), who attributed it to a'free radical of the struc-

ture:
H H
| . |
—_— ——— c . ‘ ? —
H ® ® H

with the principal hyperfine interaction with the two ring hydrogens in the
ortho positions.

6.2.1g. Post-Irradiation Polymerization:

(Figures 6,3 and 6.4) represent plots of % conversion vs. time at
varied annealing temperatures for (c-2) and (q-l) samples, respectively.
It is clear that initial rates of polymerization are high, indicating a
vpositive post-effect, (Figures 6.5 and 6.6) show the énneéling treat-

ment executed without pre-irradiation, for purposes of comparison.
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6.2.2. Calculation, Assumptions and related Theoretical Aspects,

follo@ed by Discussion of Results:

6.2.2a, G R values:

'i) Related theoretical aspects: The.definition of the G-value
preceded (Chapter II). Differenf values of G were often reported in the
literature for the same polymer, (see section 2.12.3). They presumably
resulted from differences in:

- Means of free radical trapping.

- Conditions under which they Qgre.formed.

~ Conditions under»whigh E.S.R. meésurements were executed.

~ The presence or absence of air,

In the case at hand, polymer free radicals were formed as well
as monomer free radicals.  Their G-values ére probably different, Chapiro

(C.4) estimates G,,. for styrene to be = % GP' for polystyrene. The theor-

M
etical ground upon which this rélaﬁi&n is based, is given in detail in
(Chapter II). Dean (D.1) is of the opinion that they are almost equal.

Another point of importance is the effect of gamma radiation
on polystyrene., Two possibilities are obvious:

a) Chain sission (degrading polymers).

b) Croés linking (cross linking polymers).
sevérai polymers exhibit an intermediate behaviour,

Numerous theories atte@pted to interprét why polymers fall into

those two categories, but none appear to be entirely satisfactory. An

empirical rule of thumb exists:

polymers having the structure {~ CH, - are cross linking polymers

2

—Cy i
1

n



114

;:). are degrading polymers.
n

Accordingly, polystyrene is a cross linking polymer.,

|
[ ii) G-values calculation: (c-1) and (c-2) chemical analysis is

whereas, those having the structure (E:CHZ -

™= Q-

2

i
given in (App. I). If:

N = Avogadro's number 6.023 x 10°3

i}

Mst

‘Molecular weight

104,14

of styrene monomer

Therefore, the number of styrene molecules in 1 gm, pure styrene:

= -g— 5.8 x 102l
st :

1]

a) Calculations as applied to (c-2)

(See App. I for analysis.)

1 gm. of (c-2) contains:

5.8 x 1021 x 0,02 = 1.16 x 1020 monomer molecules/gm sample

N x0.98 5 x lO18
MP2

polymer molecules/gm sample

Where Mp2 is the polymer molecular weight (see App. I).

Total absorbed dose:.

D rads/sec. x time in minutes x 60

t

]

Dt = 165" x 7% x 60 = 0,742 M rad

4,63 x 1012 e.v/gm

L

(see App. II)

The experimentally determined free radicals' concentration immediately after

radiation: [Rnl = 2% 1017 spins/gm (average of 6 readings see Table 6.2)
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G-value total (i.e. P* + M*)

A [Rjo x 100
T D

(2]
i

R

0.43

In order to determine the individual G-values, namely G,. and

M

Gp., a feel for their relative values must be at hand ;

If we use Dean's (D.1) conclusion i.e. Gy. = Gp., therefore:

Gyo = Gpo & 0.43, If however, we use Chapiro's (C.4) hypothesis i.e.
M = % GP., therefore: total free radical concentration = monomer radicals
+ polymer radicals = total dose [(wt. % monomer Xx GM') + (wt. % polymer

x Gp.ﬂ

M .
100 , 100

4,63 x lO19 x 0.02 x @

2 x 107 Free radicals/gm sample
Thus: G = 0,218

G = 0.436

Using the calculated G-values:

[R‘;l = 4,63 %1007 x 0.98 x 0.436
P 100

1.98 x 107 polymer radicals per gram sample.

1}

Similarly a value of: 0.02 x lO17 monomer radicals per gram sample is ob-

tained, Thus, about 2 x 1017 polymer molecules out of 5 x.lOlg/ gm, under-

go the tranformation to free radicals. This is equal to 4% of the total

+ 4,63 x10"7 x 0.9842 6

M.
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number of polymer molecules. (this result is of importance in ihterpreting
molecular weight data, which are to follow on P,139),

b) Calculation as applied to (c-1) (see App. I for amalysis)

1 gm. of (c~1) contains:

21

5.8 x 10 x 972.05 .= 4,09 x 1020 monomer molecules
100 ‘ /em sample

N x 0.9295 = b4 x 108 polymer molecules |
MPl ' _ ' ' ’ " /gm sample

Where My, is the polymer molecular weight.

Tot»l absorbed dose: D; = 0,742 M rad

= 4,63 x 10*? e.v/gm. (see App.II)
The total free radical concentration measured experimentally at time zero

after irradiation:

[R'o] = 1.9 x 10% free radicals/gm

(see Table 6.1)

Reapplying the same assumption, and following the same calculating proce~

dure as for (c-2), the individual G-values were found to be:

GM. = 0,213

G

pe = 0.426

iii) Discussion: ;

Chapiro et al. calculated G,,. at dose rates ranginé from 95.5 to

M

515 rads/sec., and obtained values varying from 0.30 to 0.46,  Other GM'
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values are reported by Ref. (C.k) for dose rates 0.0059 to 78 rads/scc,

He suggested an average G,. value of 0,69 that exists up to a dose rate of

M

2-% rads/sec. Further dose rate increase; causes GM. to decrease sharply
to values ranging from 0,22 - 0,46, Chapiro summarised allidaté in the

form of avgraph (Fig. E) relating the dose rate to G He attributed the

}i..

decrease in GM’ at high dose-rates, found by nﬁmerous investigators, to a
misuse of the simplified kinetic equation in a range of dose rates where
it no longer éppliés, or to an inaccurate meaéufément of doée rate (e.g.
data of Seitzer and Tobolsky). | |

Accqrding to the accufacy limitations in using the E,S.R., tech~
nique in determining the absoluie free radicals céncentration,'(see Chaptex

IV and Ref. A.3, 0.1, N.1), the average value of GM' = 0,215 and is with-

P . . ' .
in « 50%, This value is based on the assumption that GM‘ =

1/2 G ..f
This implies that there is practically no chance for GM' to be within the

0.69 raﬁge. If however, . is equal tovC

e (D.1), (where the average

Gy
_ 0,436 + 0,426
I 2

is in error by (~50%) in order for G

computed G = 0.43 ); it requires that the result

p* to be in the neighbourhood of 0,69
anticipated by Chapiro (C.U), = This possibility is considered remote,

Consequently, the decrease in G,, with dose rate increase, reported by

M
many investigators, could be actually occuring and might as well have an-
other explanation than Chapiero's, It is concluded that an excellent

sgreement exists for G-values calculated uéing (c~1), and thosec calculated

using (c~2) samples, The average GP. could be taken as = 0,43,

6.2.2b & ¢ Free radicals decay and the corresponding mechanism:

i) Related theoretical aspects:

Free radicels can only be terminated in pairs (B.7 and C,4). The
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“ kinetic scheme given in Chapter.II, asserts this statement.

In the low conversion regions, chain termination is established to
be of a second order nature. Fuji (F.7) reported a decline in the term-
ination order starting from about 60% conversion, This spggests the
occurrence of self termination i.e. polymer radicals become apparently
terminated without mutual collision, due to the high viscosit& developed,
and to the shielding of free_radicéls by their polymer coils, making them
inaccessible to each other,

The termination rate constant-Kt waé also found to déérease with
conversion increase. (See Chapter II for details and literature review,)
_Several researchers have investigafed the free radicels decay in pure’
polymers (100% conversion). Sécohd order mephanisms, as well as first
order ones, were reported‘(see Chapter II). The free radicals termina-
tion, was found to be of éecond order nature in the present investigation.

Rabinowitch's (R.1) equation'for the rate constaﬁt Kt of a second

order reaction is represented by:

A exp (~E/RT)
t 1 + (B exp (-E/RT)/(D; + D))

where E is the activation energy of the reaction, D1 and D2, are the
diffusion coefficients of the two reactants, —
When polymer chains can move freely, Rabinowitch's equation‘re~

duces to the classical Arrhenius fdrm:

K, = A exp (~E/RT):
On the other hand, when D1 and D2 are much smaller than B exp.(—E/RT),

Rabinowitch's equation reduces to:


http:conversi.on

and

where

and if

then

where
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Kt = A (D1 + DZ)/B
D = Do exp (-Ed/RT)
D° = the diffusion coefficient at infinite dilution
Ed o= the activation energy of diffusion
D = D, (e.g. chain segments)
K, = A.D exp (-E4/RT)/B
= A' exp (-E d/_RT)
A' = A.DO/B = constant,

ii) Assumptions:

For the study of the termination mechanism of free radicals in

(c-1) and (c-2), the assumption of K, being constant throughout polymer-

t

ization was put forward, This can be justified as follows:

a) All reported studies, attempting to relate Ki to the % conver-

sion, were within the 20-70% conversion region, at which, the
system is a viscous liquid undergoing a fast change in properties
for every few percent increase in conversion, Tgs for such
systems is far below 0% (see App.9), while temperatures at

which investigations wefe carried out,;are much higher than Tgs'
Such is not the case with (¢-1) and (c-2), for which, only a

few percent monomer is in the system, causing it to be either

in a glassy or a highly rubbery state, depending on the temper-

b)

ature,
Excluding the case where (c¢-l) samples are annealed at temper-

atures higher than Tgs; the change in conversion is so small,
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i

that Kt could safely be assumed a true constant over such a
narrov range., As a result, free radicals decay studies were
carried over (c~2) samples at temperatures above and below

only.

T o+ and over (c-1) samples at temperatures below TgSE

gS

iii) Mechanism of decay, and experimental results discussion:

A second order model, that could be represented by:
1/ R - 1/ R‘o , = KtT

gave a reasonable fit at all investigated temperatures. Plotting 1/ R*
vs, T gives a straight line, its slope is .the rate constant Kt’ and the
intercept is 1/ R'o. A computer programme.(App.VII) based on the least
squares method (VB), was usedvtg;obtain the best slope Kt,’at each tenmper-
ature, within 95% confidence limitég, The linearity assumption was checked
by computing the corelatién coefficients (the latter were found to be 9ery
close to unity). The calculated rate constants can be found in table (6.3),
and are given in 1/moles sec., (a sample calculation for the transformation
spins/gm to moles/l is given in App. IV). For free radicals decaying at
room temperature and at 50°¢, thé values of Kt for (c-1) and (c-2) are Close.
The t-test for the difference between 2 slopes (see App. 8) have been per-
formed, and the obtained value of t was greater than the tabulated one for
the correspohding degrees of freedém. Thereforg, it can be said that Kt for

(c-1) and (c-2) at 50°C cannot be the same (at the 95% level). This might

be attributed to the difference in the monomer content of the two systems,

6.2.24, Activation Energies of Decay:
A reaction rate constant can be represented by the Arrhenius equation

(L. 4):
K = A exp (-E/RT)
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taking logarithms:

In K In A = E/RT

Similarly, Rabinowitch's equation reduces to:
| . :
|

| In K = In B -~ E/RT

for diffusion controlled reactioﬁ. Thus plotting:
In K vs, 1/T
gives a straight line whose slope = -E/R, where E is the activation energy,

and R is the gas constant.

6.2.2d4,1, Activation Energy for (c=2):

Plotting 1n K vs. 1/T, éix points were obtained, which were found
to be better represented by two straight lines (Fig. 6.2"). The least
squares method (V.3) was used to find the best fit, (see App. VII)., The
correlation coefficients were computed and were.found to be extremely closé
to unity, At temperatures lower thankTgsa, the apparent activation energy
of decay for (c~-2) was found to be 22.9 K cal/mole (see Table 6.3, and App.
.VII). On the other hand, a value of 32 K cal/mole was obtained for the
decay at temperatures higher than Tgsa' A t-test was performed to com-
pare the two slopes (see App.8), and the obtained t value was found to be
higher than the tabulated one at the appropriate Aegrees of freedom (at the
95% level), indicating that it cannot be said thét the two lines have the
same slope (at this 1evéi). The slopes of the two lines were subjected to
a severe and bias test, A line was drawn between the lower confidence
limit of K (at 22.500) and the higher confidence limit qf Kt (at 70°C), and
the obtained line was compared fo a line drawn between the higher confidence -

limit of Ky (at 100,8Q and the lower confidence limit of Kt (120.500). Tye
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result showed that the activation energy below Tgs is less than activation

2

energy above it, even by using such a severe test, During -the course

of polymerization, the theoretically estimated TgsZ

87°C to a maximum of about 96°C at the highest temperature tested (see App.

increases from about

VII). By extrapolating the two obtained. lines, the intersection was found
to be at about 9100. This value is within the range (87-96°C) theoreti-
cally estimated, The agreement between the theoretically estimated Tgs2
and the experimentally obtained one, is remarkable. This indiqates the
validity of the assumptions made throhghout the process. However, other
possibilities sﬁill exist. | |

1) Instead of extrapolating the two lines, extrapolate only the

1n‘K \\ﬁ

lower one:

T~

1/T

This suggests a sudden increase in the frequency factor, at the
glass transition temperature, This behaviour is not unlikely
since suddenly the chains have more freedom to move as the temp
erature reaches Tgs’ This however, shifts the.discontinuity
in‘the Arrhenius plot to a little ovef the theoretically esti~
mated Tgs’ but this difference could be accepfed as an experi-
mental error,

2) Bxtrapolation of the steeper line only:

in K N




135

This is the case where a sudden decreaée in the frequency factor applies.
A tentative explanation could be; as a larger entity might be moving, the
vibration frequency might be less. If this is the case, then the differ-
ence between the experimental aﬁd theoretical ?éé is too high to be accepted,
All sorts of deflections and discontinuities in the Arrhenius plot

occuring at the glass transition temperatures and melting points, could be
found in the literature. (Chapter II gives several examples.,)

| An example of close similarity to our case is the work by Ref, (0.1),
who studied the decay of free radicals in PMMA, It almost perfectly fitted
a second order mechanism, The rate constants in the gla§sy region were
determined énd were found'to be in the same order of magnitﬁde as those ob-
tained for polystyrene, in this inVestigation. Ref. {0.1) repofted an

activation energy for decay of 28K cal/mole at T less than'Tg

A change in the activation energy; with a phase change, is a common
phenomenon, but the observed increase in the transformation from a glassy
state to a rubbery one (22.9 to 32)‘is not simple to imagine. One would
rather expect a diminuation in the mediﬁms resistance (i.e. a smaller barrier
for the decay reaction) associated with such a change.

However, Deutsch et al, (D.2) reported for the « transifion of
PMMA a value of 80 K cal/mole using mechanical heasurements, and for the B8
transition values of 18 and 20 K cal/mole obtained by audio frequency vibra;
tions method and dielectric properties measurements, respectively.

In nuclear magnetic resonance study of PMMA (P.4), Powles, esti-
mated the activation energies for the.a and B transitions to be 27 Tk

cal/mole, and 18 Yux cal/mole, respectively. The greater activation

energy in the « region over that in the B one; implies a larger moving
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entity. This has been atfributéd to‘the association of the B region with
the mobility of the carboxymethoxy groups, while in the « one, we get the
motions of chain segments in addition,

- This explanation might Qell be applied to clarify the results ob-
tained in the preseﬁt investigation. The acgivation energy obtained for
the reaction in the glassy state might be attributed to the vibrating move-
ment of the chain end carrying the freé radical, and the moving entity 
would be the free radical unit plus a few monomer units that might be attached
to it, The transformation to the rubbery state does not allow polymer chains
to slip over one another, i.e. the chain centre of gravity remains fixed,
However, chain segments become liberalised, and can move freely (which is not.
the case in the glassy state), The increase in activation eneréy associated
with this transférmation. can be therefore attributed to the motion of a

larger entity,

6.2.24.2 Activation FEnergy of (c-1): (effect of % monomer)
(Figure 6.1") and Table 6.3) show that for free radicals' decaying

in (c-1) at T less than Tgsl’ an acti?ation energy of 21.4 was obtained using

 the same method of analysis as in (c-2). This value is close to the value
obtained for (c~2) in the same temperature range. (App; VIII) demonstrates
the statistical method employed in'comparing the two slopes (t-test).
According to the value obtained for (t), the lines could not be treated as
having two statistically different slopes.

Thus it can be concluded that a difference in monomer concentration
does not necessarily cause a change in the activation energy as long as the
system is in the glassy state. However, this statement cannot be asserted

until further studies are performed, using samples with larger differences
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in monomer concentration, to enable accurate determination of the effect

of % monomer on the activation ehergy of free radicals decay.

6.2.2e Post Irradiation Polymerization:

i) Related theoretical aspects::

The kinetics of conventional polymerizétion can be represented by
either the simplified scheme, or the detailed one, given on (Chapter II),
This kinetic applies only to low conversion polymerization, Deviations
start to occur sometimes as léw as at 10% éonversion. The middle region
of conversion, characterized by a sudden acceleration in thew?ate of poly-
merization (Tromsdorff's effect), has been investigated. A qualitatiye
treatment is established, MecﬁaniSms were suggested, some of thch repre~
'sent the kinetics fairly good, dp to 40% conversion. This regibn extends
to about 80% conversion, and sometimes to 90% conversion, after which a
sudden and sharp drop in the rate is noticed, followed by an almost complete
cessation of polymerizatién before the completion of the reaction, under the
normal cénditions.

Roche and Price (R.3) pfoduced the conversion vs. time‘plots for the
thermal bulk polymerization of styrene at various temperatures, up till
about 90% conversioh. It was found that it takes about 60 days to reach
99.5% at 125°C (B.17). Rates as much as 60%‘hig}'1er than Roche and Price's
were reported by Schulzet et al. (S.5) at témperétures 79.5 - 131.5°C,

Mark and Raff came up with intermediate values, do did Hui and Hamielec
(see Figures A and B) (HJ], H.10). So far, very little is known about the
last 10% conversion region.

ii) Discussion of results:

Conversion vs, time plots for (c-1) at 170°C and 100°C without pre=-
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irradiation are given in Figures 6.5 and 6.6). These are used for comp-
arison with the (c-1) samﬁles, which havé been irradiated, before annealing
at 172°C and 100.5°C. (Figure 6.4).

f (Note:.the small difference in the reaction témperatures was caused
by the heat of the fast reactiont and it is obvious that the latter is not
the causé for the dramatic ratg difference in both cases.)

Post-irradiation polymerization studies, can be found in the liter-
ature. Investigation was chiefly concerned with irradiating a solid mono-
mer(i.e. 0% conversion) at low temperatures, and post-irradiatihg at higher
ones, Bowden (B.18) applied such treatment to octadecyl methacrylate
(other examples can be found in‘Chapter 1I). ‘The post-irradiaﬁion poly-
merization is characterized By a very high initial rate, followed by a
sharp, sudden decrease, )

Bowden (B.18) took advantage of this shape in treating the linear
part of gach conversion vs, time plot as a zero order réaction, which he
callea the apparent initial overall rate, Rie, and determined it as a
.function of time,. Arrhenius relation was used to find the activation
energy for Rio and was.found to be 20 K cal/mole.

The post-irradiation polymerization curves for (c-1) and (c-2)
were similar in shape to those reported in the literature for experinments
starting at 0% polymef. Although it was possible for Bowden (B,18) to
treat his data in this ﬁeculiar way, which served only in providing a feel
for the effect of temperature on the apparent initial overall rate, but
did not épecify any mechénism for the individual reaction s?eps, it was

felt that attempting to treat the data obtained for (c~l) and (c-2) in a

similar manner, is not justified, This can be explained as follows:
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1) All rate constants at this cogversion region are prbbably a fuﬁc-
tion of % conversion. This is probably not the case with Bowden's
investigation since he was dealing with a low conversion region.,

2) Assuming thatirate constants and activation eﬁergiés; are true
constants over the slight observed change in conversion, proved to
be successfully used in the analysis of free radicalé' decay data.
Severél factors prevented taking this approach as applied to the
whole polymerization reaction:

a) The observed change of conversion is éo small, that a deduction
of values for reaction rates, might be in great error, This
is not the case in free radicals' decay, for which the amount of'
change is substancial and therefore, any experimental error will
be relatively small,

'b) (4.,5) experimental points fell in the levelling off region,
leaving just (2-3) data points to help determine the}initial
rate, This is considered statistically poor. Accordingly,
all experiments should be repeated on a smaller time scale in
order to overcome this difficulty. This, as has been proved
in Chapter IV,is very difficult to achieve experimentally at
high temperatures (as aﬁplied to this experimental setting).

Kaetsu (K,1) stated that if in«éource poi&merization oceurs, pbst-

irradiation polymeriation does not take pléce. On the éther hand, if
irradiation causes no in-source polymerization at the specific temperature,
post-irrédiation polymerization may occur at higher ones. The latter part
of the statement proved to be:correct, but the first half s;éms to need

. some refinement,
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(Figure D ) indicates that bynirradiation‘at SOOC polyﬁerization
occurs to completion., (Figure 5,10) sﬁows that stoéping radiation (at
SOOC), after the system passed from the fubbery to the glassy state,
a}lows some free radicals to accumulate, due ﬁo the reiatively slow decay
;ates at T less than Tgs’ causing fast initial post—ifradiation polymeri-
zétion rate, -

Horie et al. (H.7), studied the thermal polymerization of methyl=-
methacrylate and styrené. Their data indicates the cessation of poly-
merization when the system‘reachesngs, i.e, a limiting conversion will
always be shown, if the system is polymerized at temperatures less than
.Tgp’ The iimiting conversion is ﬁhe composition corresponding Fo a Tgs
equal to the polymerization temperature, On the other hand, by using
irradiation, Hodgins (H.3), for example, proved that this is not the case,
since he brought reaction to completion at SOOC, ?OOC, and 8500, while
Tgp = lOOOC. Moreover, a limitingrconversion is shown in the present
investigation, even when temperatures exceed T o* Therefore, the limiting

conversion needs more investigation to be adequately explained.

6.2.2f. Effect on Molecular Weight:

i) Theoretical aspects:

Different types of molecular weights characterize the polymer.
They have been briefly discussed in (Chapter IV),
Collegative property measurement is used to determine Mn’ and the

most successful method uses osmometry, according to the relation (C.12):

T RT
Iim — = —
C—30 c M
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Where:
T = osmotic pressure,
c = concentration.
R = gas constant.
T = temperature.

A sample calculation is given in (App. 10) accompanied by the theoretical
and experimental aspects of this technique.,

ii) Discussion of results:

Accurate measuremeht of changes in the Mn can lead to indicate
whether termination is occuring by combination or by disprOpértionation.
It might also show if substancial transfer to the monomer is taking place.
However, initial Mn data obtained duringbthe post-irradiation annealiqg of
(c-1) and (c~2) (see Table 6.4) indicated the fruitlessness of further in-
vestigation. This is due to the iow ERﬂ free radicaL/EP] dead polymer
ratio (about 4%), and to the accuracy limits of the measurement method
(about 5%)., It was therefore concluded that the preseﬁt experimental
conditions cannot yield information to indicate the nature of the termin-
ation reaction, nor the role of the transfer action.

6.2.2g. Structure of the obtained free radical:

Electron Spin Resonance can help in the identification of free
radicals, however, it is a very’tedious and sophisticated techniqug.
Florin et al. (F.l) studied the gamma irradiated polystyrene and deuterated
polystyrenes. Small changes in shapes of the E,S.R. signal were observed,
depending on the irradiation temperature ané the temperature at which |

measurements were carried out (see Chapter II). The signal obtained in
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the present investigation resembles that obtained by Florin. A resume of

his interpretation follows:.

The obtained similarity of all deuterated polystyrene spectra in-
dicates that the radical cannot have strong hf, interaction with any main

chain hydrogens, such as:

L
VWA ¢ ——— € ——— C VWA
O o

N ® |
or VWAMA ¢ C — CWWA
|
H H

Nevertheless, strong chemical argunments favour the radical mentioned. There-
. fore, it is proposed that the radical has the shown structure but the princi-

pal hf, interaction is with the two ring hydrogéns in the ortho positions:
H
| .
VWWW(C  ——ooo C
R
H

@O@

Florin also gave arguments for the reason of excluding positions other than

H—Q—

the ortho ones (see Chapter II).



CHAPTER VII

Summary and Conclusion

7.1 Experiments starting with pure % monomer :

This approaéh faced some experimental aifficulties, nevertheless,
some conclusions were deduced:

a) No post-irradiation effect is observed if polymerization by radi-
ation was stopped at Eompositions corresponding t;’Tgs below
irradiation temperature. |

b) The anticipated molecular weight differences in Systems polymerized
by‘ﬁsing varied dose rates caused only liftle effect on the post-
irradiation polymerization ratesf

¢) Polymerization can be taking place in—sourée followed 5y a positive
post-irradiation effect (Figure 5.10). This phenomépon occurred
Aonly when irradiation was carried until the sysfem paésed to the
glassy state; ‘

7.2 Experiments on (c-1) and (c-2) samples:

The relation between Tgs and the system's composition helped in
choésing an irradiation temperature (room temperature), and post-irradia-
-tion temperatures (above and below'Tgs).

In order to trap radicals (in high concentrations) in a styrene-
polystyrene system when irradiation is at room temﬁerature the system must
be 82.5% (by volume) conversion or higher (see App. IX) (‘I‘gs at 82.5% =
room temperature), | |
- Gp. value was obtained ¥ 0.4% and by putting:

143
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a) Gy. ¥ 1/2 Gp., (C.4), therefore Gy is about 0,22
b) Gyo ¥ GP., (p.1), therefore GM' is about 0,43
- These values are within : 50%. This agrees with othervpubliéhed data

in this region of dose rates and contradicts Chapiro's argument about

Gy« being actually a constant (0.69), throughout all dose rate ranges.

- Free radicals were detected by irradiating (c-1) and ©¢-2) ét room

‘temperature. The trapping efficiency seems to be the same for both
.Sjstems'inspite of the difference in % monomer. | This might be due
to the-fact that: | |

1) Both are in the glassy éfate._

2) Both correspond to a Tgs‘mgch.higher than room temperature,

- Free radicals were found to obey a seéond‘order decay, to a fair de-
gree. Rate constants and activation énergies for decay‘haye.beeﬁ
calculated.

- A discontinuity was detected in the Arrhenius plot showing an increase

. in the apparent actiVatiqn ehergy of the termination reactions in the
rubbery state over that in the glassy state. The latter might be
attriﬁuted t§ a larger moving entity, namely: a chain segment as

, oppoéed to ihe radical end group. '

Chain transfer might have a role in the termination mechanism, but
this cannot be‘asserted due to the accuracy limitations of molecular weight
detérmination methods.,  The samé applies for the nature of the termination
reaction whether gombination or,dispr0portionaﬁioﬁ. - These can only be
experimentally measured if [B';]was about fi?e folds greater, sp that P;/P'

will be substantial,
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Through statistical analysis it Qas shown thét at the'95% level, the
rates of decay are somewhat faster for systems with-higher % monomer;
7For the acfivation enérgy, on the other hand, it cannot be said (95%
confidence level) that it is different for (c-1) and (c-2). The ob-
tained values,rhowever, indicate that the assumpfion that K _ is

t

practically constant over small changes in conversion, is justified, -

t

a relatively large difference in % conversion. The same is also

since only a slight difference was obtained between values of K, at
true for activation energies,
Post-irradiation polymerization was found to be very little at temp~
eraturés below Tgs (although it seems to be zero at rooh femperature
but it is likely that some polymerization might occur if it were
analysed over a period of abqut a month, On the other hand, at
temperaturés above Tgs’ verj high initial ?ates wererbserved (be~
having as zero order reaction), followed by a spdden and sharp decrease
to an almost cessation of the reaction.. In this respect it behaves
in quite an identical manner to'experiments carried on irradiated
monomer reported in the literature.
No attempt was made to determine apparent initial overall rates due
to the fact that they are probably associated with an intolerable %
error (due to measurement limitations) espeéiallx in cases of slight
conversion changes'(where the assumption that rate constants are
practically constants, can be applied).
The limiting conversién incre;ses Ey_tempérafure increase, but seens
not to be related to Tgs' J

Molecular weight measurements were found to be of no great value, since
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the méasurement's accuracy limitations, bractically engulfs foreseen
changes, This can be attributed to the low P*:P ratio. v
The E.S.R. signal was found to resemble that of Florin (F.1), a re-

sume for his interpretation of the structure is given.
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Suggestions for Future Investigations

The determination of Kt can proceed to lower conversion regions (e.g. -

down to 85%). Polymerization must always be carried over a small

range to enable the gée‘of the assumétion that Kt is a true constant
over suéh a narrow range., This method can provide different values
of K, over a wide range (e.g..SS% to 100%). The change of K, with
conyersioﬁ at such high regions can therefore be investigatéd. |
More experimental work can be carried out to fill the gap in the
Arrhenius plot, Also, similar to Kt’ the effect of % monomer, on

the activation energy, needs more experimental datta to establish it.

n K \
\
1/T

Irradiation might be carried out for much longer periods of time with

the aim'of creating a higher concentration of free radicals (perhaps
fivefold), Thus, the ratio R°/P would be higher, and M measurement
might clarify the nature of the termination reaction (whether combina=-

tion or disproportionation).
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APPENDIX I

Samples & Chemical Analysis:

i

f |
1) Sample (c-1):

Monsanto Analysis (22, 4, 1969)

i

'7.6% residual monomer .~

Authors Analysis (August 1969) 7.05% residual monomer

M = 126,600

n

M, = 339,000
W o o= 88

'2)'Samp1e (c=-2):

Monsanto Analysis = 2.1% Monomer
Authors : = 2,0% Monomer
M | a 120,000

n ’ .

M ' = 355,000

3) Chemicals:
Methyl alcohol, Chloroform, Toluene, dioxane are all.of feagent grade

quality.

L) Styrene monomer: - -

Uninhibited pure styrene. Chemical composition is given in Ref. (D.1).
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1l rad

1 Mrad

APPENDIX II
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100 ergs/gm

6.24 x 1013 e.v/gm

' 2.78 x 159 watt. he/gm

10% rada = 10 joules g;m"1

Ref. (S.17 and C.4),



APPENDIX ITI

Estimation of the density of the system:

i ,
|
. Polystyrene density - 1.06 (B.17)

Styrene density ' = © 0.9019 (B.17) .

Assuming the additivity of volumes:

1, Sample (c=2):

The volume of 1 gm sample = 0.98/1.,06 + 0,02/0,9019 = 0,947 ml,

Thus, the density 1/0.947 = 1.0566 gm/ml.

2. Sample (c=1):

Similarly a value of: 1,050 gm/ml. was obtained for the density of (c=1).
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APPENDIX IV

Concentration of Free Radicals at time zero ‘%' J

1. Sample (c=2):

2 x 107 spins/gm

i

Free radical concentration

1 gn mole = 6.023 x 10°°
17 '
2 0 -
Free radical concentration = ____5_}_.__ = 3,32 x 10 7 moles/gm.

6.023 b'e 1023

Density of the mixture \ = 1.0566 'gm/c'm3 (App. III).
Concentration of free radicals = 3.32 x 10_7 x 1.0566
= 3,51 x 10~/ moles/ml.

s 3,51 x 10-4 moles/1.
2. Sample (c=1):

[' J = 1.9 x 1017 spins/gm.

= 1.9 x 107
6.023 x 10°°

3.155 x 1077 moles/gm.

Density = 1.05, gm/ml. (App. III).
Free radical concentration = - 3,155 x~10-7 x 1.05
= 3,31 x 10~ moles/ml

= 3.31 x 10-4 moles/ml
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APPENDIX V

Estimating Styrene's glass transition temperature (Tgm):

Ueberreiter and Kanig (U.1l) related the glass transition tempera-
ture to the molecular weight as follows:

1/Tg = (1/373) + (0.517/M)

For polystyrene fractions of M} 200,
‘Assuming extrapolation could be appiied, and putting M=10#‘
Therefore: ’

T, % 131°K = - 142%
The value of the constant was put as (0.864) by Fox and Loshaek (F.B),ibut
was found to give an illogically low value for Tgm’ This was also based
on a similar case, where Chapiro (C.?),’experimentally meésured'Tgm for
methyl methacrylate and found it to be'-106°C, while it was thought to be

around -130°C.
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APPENDIX VI

Statistical Analysis of results:

a)

b)

As applied to thé termination rate coqstants (Kt):

A computer programme using the least squareé (V3) method was used,
(See App. VII,) The following values havebbeen calculated:
- The best fit, leading to determine the slope Kt’
- Correlation coefficients to evaluate the linearty assumption,

- Limits of K., within 95% confidence.

7 points, the initial one with five replicates, were used. The repli-
cates increased the accuracy of the method by increasing the number of
degrees of freedom by five. (T.3.)
=~  Results can be found in (Table 6.3).
As applied to activation energy determination:

Each line is composed of three points only., Nevertheless, corre1a~

tion coefficients obtained were satisfactory in asserting the linearity

-assumption which is considered feeble as we have just one degree of

freedom, The slopes of the lines were compared to each other using a

t-test (see App. VIII),
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APPENDIX VIII

Comparison between slopes of two lines (V.3):

Activation energies of free radicals' decay for (c-1) and (c~2)
samples at temperatﬁres less than'Tgs, was féugd to have close values,
It is known that the slope of each line equals -E/R  (where E is the
activation energy and R = the gas cons£§Zt).

A statistical test was performed to check whether it is possible

to say that the two slopes are different or not.

Y
1
—
o 2
x;

Where B is the slope and £i is the error,

Least squares estimate of the slope of the first line:

(Y () - I x () - %)

Y k(i) - 72

' X, o+ Xo o+ x, +,
- 1. 2 .3 e

where X
N
x1+x2+x3

]
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DIMENSION X(12)sY(12)
DIMENSION AA(6)sBBI6)sCC(6) .
C NN IS THE NUMBER OF OBSERVATIONS .
C IK IS THE NUMBER OF EXPERIMENTS
. NN=12
’ IK=6
EN=NN
DO 2 1=8,12
X(I):-UQU
2 CONTINUE
- | DO 50 II=141IK
EWRITE(b,IZO)

IT
L READ(5s1vu} (X(I)sI=1s7)
READ(Ss1uu) (Y (I )s1=1sT)
READ(5+s9u) (Y1) s1=8412)

DO 4 J=1s12
Y(J)=14U/ZY (J)

.4. - GRTTENRE 100y x

WRITE(6s1U0) Y
XS::U.U
YS=veu
SX2=U.O
SY2=0.0"
SXY=UeU
DO 10 I=1sNN
XS=XS+X (1)
YE-YS4Y LIy
SX2=SX2+X (1) %%2
SYZ=SY2+Y (1 )%%2
SXY=SXY+X(I1)*Y(I)
10 CCNTINUE
XM=XS/EN
YM=YS/EN _
WRITE(651U2) XSsYS3S5X2sSY2sSXY s XMsY-M
BETA= (EN#SXY-XS*YS) / (EN#SX2=XE%%2)
ALPHA= (YS—BETA%*XS)/EN '
AA(TT)=ALPAA
BB(IT)=BETA
CC(II)=ALUOGIABSIBETA))
V1=EN*SX2~— xs**z
“V2=EN%SY2-YS¥*
R=(EN%*5XY- waYb)/SQRT(Vl*VZ)
D=2.228%BETA®SQRT((1sCG-R*¥2)/(EN-2.0))/R
“WRITE(65136) D
CNF1=8ETA-D
CNF2=BETA+D
WRITE(6s51u4) ALPHASBETA
WRITE(6s1U5) R
WRITE(6311u) CNF1sCNF2
50 CONTINUE A
y WRITE(6+125) AA
WRITE(65130U) BB
WRITE(69135) CC

90 . FCRMAT(5F1142)

100 FORMAT(7F1l.2)

102 FORMAT (//29H X5,YS,3XZ SYZaSXY,XM,YM ARE$47F135)

104 FORMAT(36H THE ESTIMATES OF ALPHA AND BETA AREsZ2F16.5)

105 FORMAT(//14H ~—==>=——m- R= 9F1645)



http:FORMAT<7Fll.2l

FORMAT (//3UH
FORMAT (//16H
FORMAT (//2UH
FORMAT (//2UH
FORMAT (//2UH
FORMAT(//12H
STOP | '

t

THE CONFIDENCE LIMITS AREs2F16.5)

CASE NOe »14) : ' ’
leO/RCO == sy6F1445)
SLOPE K =——=36F1445)
LOG(SLOPE) 36F1445)
D=sE16+5) '

(1.l

END

ERI‘\ 56

e e i | o e,
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Y + Y, + Y, +

'Y' = l 2 3 vee
B Y1+Y2+Y3
3

The least squares estimate of the slope of the second line can be repre-
sented by a similar model,

t is given by:

t = 3,
© 1st line. 2nd line,
82p = Pooled variance of estimate,
2 2
. 28 4 (n-2) 83 s
n, +n, - b
- A - g,y - b
Where: | ,sl = e B 5.
, (x, =x) (Y, - 1)
and: r = A 1 6.

\Z 6y - 0% - D7

S22 can be represented by a similar model,
Substituting in equation 3 for the value of Sp’ ’él, 82, and ¥ (xi—;c),
and putting B, =8, (i.e. testing the assumption that the two lines have the

same slope, the obtained value of & was found = 1,396. This value is

smaller than the tabulated one (4.303) for the appropriate degrees of free-
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dom, at the 95% level. Thus, it cannot be said that the two linés h;ve

statistically different slopes at this level, |
The same test was carried to compare the slopes of the two lines

in (Figure 6.2%). ‘The obtained t was found = 5.05, Thus, the latter

two lines are different at this level.
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APPENDIX IX

Theoretical Estimation of the Glass

Transition Temperature for a Polymer-Monomer System:

A definition for the glass transition temperature can be found in
(Chapter II). Tgs of (polystyrené—styrene) system at any composition can
be theoretically derived if the glass transition temperatures, of both pure
100% polystyrene (T ) and pure styrene monomer (T ) are known, T _ is a

polysty gp p y gn gp

function of the polymer molecular weight, This can be represented as

follows:

where:
Tg«> : = The glass transition temperature

for an infinite molecular weight

polymer = 373°K ‘ Ref.(B.6).
K is a constant

Kelley and Bueche (K.4) showed that K is related to the free volume'per

chain end () by the following (seé also P.38):

K = 2 N}Oe/é
where:
N = Avogrado's number
P = ‘Density of the polymer given

as (1,052 - 1,065) by Boundy

and Boyer (B.,17), and as 1.06 at
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room temperature by Bueche
(B.20). ‘

e . = 65 23 for polystyrene (F,3)
« 0,6 of monomer molecular
weight.

o ‘is the expansioh coefficient
and may be assigned its univer-

sal value of 4.8 x 10-4 (W,6 and

K.%).
Substituting by the given values in the equation:
] = 100 - 1.43 = 98.57°C
gp2 3 = 90.57
T = 100 - 1.36 = 98,64°C
epl 3 9

a value of 99°C can be used for both as a reasonable approximation.
Kelley and Bueche (K.4) have put forward a model relating Tgs to the vol-
ume fraction of polymer in the system (QP). This model has been proved -
valid and useful by Ref. (H.7) with the assumption of the additivity of

the free volumes of polymer and monomer,

-4
5\ 4,8 x 10 QT *+an (1-q) Tgmz

T =
gs . _L}, i
,{4,9)(10 Q tam @) 3
_p P
where:
Qp = polymer volume fraction.
0

R = C

gp » i -
o m = the difference between the volume

expansion coefficient of monomer in
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Assuming the additivity

knowing their densities at room

Styrene d25

Polymer d25
d

100
~a) Sample (c=1):

At room temperature Qp

o
At 100°C
QP

H]

161

melt and in the glassy state

11.7 x 10‘“

Ref., (F.5).
monomer glass transition temper-

ature no experimental value was found,

Ref, . (U,1) advanced a formula re-

‘lating the glass transition temper-

ature to the molecular weight for very
low values of the latter. A short
extrapolation led to obtaining a value

for T, = -142°C,  (See App. V.)

of polymer and monomer volume fractions, and

temperature and at 100°C to be:

0.9019 d = 0.83%61 Ref. (B.17).

100 ~ -
1.06 '
Ref. (B.20).
1.03
91.6% L ‘QM = 8.4%

An average of 91.8% Qp and 8.2% Q) can be conveniently used. Substituting

for all the values in the Tgs equation we get:

Tgs‘(c—l)

b) Sample (c-2):

At room temperature Qp

At 100°C Q,

o
-

i

n

61.2%
97-7% ' - . - QM = 2.3%
97.5% Q= 2.5%
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1]
i

6% o Q= 2.

Average values of Qp are used

In the same way:

n

°
The above calculated Tgs values are those for (c-1) and (c-2) just

after irradiation and before annealing. As annealing progresses, Tgs

simultaneously increases,
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APPENDIX X
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LABORATORY WORK SHEET
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