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SUHi.'IARY

This thesis describes an investigation into the photolytic

degradation of poly(methyl methacrylate) and poly( ethyl methacrylate)

films using 253.7 nm radiation from a low pressure mercury lamp.

The degradations were done under vacuum at temperatures above the

softening point. The progress of the reaction was followed using

a thermistor gauge calibrated differently from the usual Pirani

method. For comparison molecular weight changes were followed

through viscometry. These data along with the results of other

experiments were used to determine a number of kinetic and other

parameters such as order with respect to weight, rate dependence

on light intensity, rate constants, rate expressions, activation

energies, quantum yields, etc. A number of tables and figures

have been included in the thesis to illustrate these results.

Conclusions have been mainly based on kinetic data but other

evidence has been considered as well.



 



CHAPTER I

INTRODUCTION

The term "degradation" has been used to cover a variety

of processes, mainly physical deterioration or chemical modi¬

fication. Many polymer degradations involve only minor chemical

changes. These changes are important, however, because they

bring about modifications in polymer structure or cause inter¬

actions between chains, both of which affect the physical

properties of polymers and therefore their commercial applications.

Degradation can be caused by physical means such as heat, light,

high frequency sound, ionizing radiation, and mechanical working;

by chemical means such as oxidation and hydrolysis; or even by
1

biologica.l agents such as microorganisms .

The term "depolymerization" is often used as a synonym for

degradation but a better and more literal definition is the

breaking of polymer chains into smaller fragments which have

approximately the same empirical formula as the parent molecule.

These fragments are usually monomer.

The most common types of degradation reactions studied are

those caused by heat - thermal degradation, and light - photolytic

degradation. Photolytic degradation became of interest when it was

discovered that sunlight, like heat, caused rubber to deteriorate.

This led to studies of the effect of ultra-violet light on natural
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2 3
rubber ' . The thermal breakdown of rubber had been described many

L

years before'1. In the 1920's investigations were made into the

photochemically initiated depolymerization of other compounds,

5
including polymers of p-vinylanisole , and dimers and resins of

cinnamic acid^. Little progress could be made in the understanding

of these decomposition reactions until the nature of polymers

themselves was more clearly understood. As time went on and more

polymeric substances came into general use the solving of the

problem of why some of them were degraded by ultra-violet light

became more important. By the 19505S a great deal more was known

about polymers and their structures. This knowledge eventually

led to a greater understanding first of thermal degradation and

later of photolytic degradation. The 1950's saw considerable

advances in these areas. The first detailed photo-degradation

studies were made on poly(methy'l methacrylate) by Cowley and

Melville » Since then many investigations have been made.

Apparatus and Methods

In most work mercury vapour lamps have been used as the source

of ultra-violet radiation. The low pressure "germicidal" lamp is

a convenient, relatively monochromatic, low intensity source of

253-7 nm radiation. Medium pressure lamps provide radiation at a

number of wavelengths in the 220 to 400 nm region - a desired

wavelength is readily isolated by the use of filters. High

pressure lamps give high intensity radiation over a continuum of
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wave lengths in the same region. These and other ultra-violet
8 9

radiation sources have been described in detail ' . Intensities

of radiation from these sources can be varied by the use of screens,

by varying the distance of the sample from the source, or by

placing filters between the sample and the source. Determination

of the intensity of the incident radiation can be made by oonven-

8 10 11
tional uranyl oxalate actinometry ' '' or by the more rapid

9 12 13 8 9 14.
ferrioxalate method 9 5 ". Other methods are available * *

The mechanism of photodegradation can be studied in solution

or with bulk polymers in the form of films or powders. Quartz

cells or metal boats are commonly used as containers. Polymer

15
purity is always a problem. Jellinek and Bastien noted that

sample history had a marked influence on the result of polyacrylon-

itrile photolysis in solution. Isaacs^ observed 'large variations

in quantum yield for hydrogen formation from polystyrene films

cast from different chlorinated solvents.

A number of analytical methods may be used to assess the

changes in a polymer during irradiation. The commonest technique is

to evaluate molecular weight changes using viscosity measurements,

although this method is completely valid only where a "most

probable" molecular weight distribution exists before and after

degradation and no cross linking occurs. Light scattering and

osmometry also have been used to follow molecular weight changes.



7/here crcsslinking occurs it is indicated 'by the polymer becoming

progressively insoluble. In these cases gel fraction methods may

be used. Volatile products from the photolysis of solid polymers

usually are analysed with a mass spectrometer or gas chromatograph.

The evolution of vclatiles during degradation may be followed

with a pressure measuring device such as a Pirani, thermistor,

or thermocouple gauge, by thermogravimetry, or by ma.nometric

techniques.

in order to determine the mechanism of a photolytic degra¬

dation it is necessary first to have a thorough knowledge of the

degradation products. Further information concerning the mechanism

may be deduced from the kinetics of the reaction, quantum yields,

the variation in molecular weight with conversion, absorption and

emission spectra, etc.

This thesis is concerned with the effect of ultra-violet

radiation from a low pressure mercury vapour lamp on polymethacrylate

films under high vacuum at temperatures above the softening point.

The progress of the reaction was followed with a thermistor gauge

and by determining molecular weight changes through viscometry.

The mechanism of each reaction was exa.mined mainly from a kinetic

standpoint although a great deal of other evidence was considered

as well.
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Theoretical Considerations

Photolytic degradation is caused by the absorption of

energy in the form of photons. This causes free radical reactions

which ultimately lead to main chain scission, crosslinking,

unsaturation, and the formation of small molecule fragments.

Let us consider the progress of a polymer molecule after absorption

of a photon. Most organic molecules lie in a singlet ground

state. The molecule may revert to the ground state by emission

of a photon (fluorescence) or by radiationless transitions and

the generation of heat. In some instances intersystem crossing

can take place, and the molecule will find itself in an excited

triplet level of lower energy. Again the reversion to the ground

state may be accompanied by photon emission (phosphorescence) or

heat. If the molecule has sufficient energy in the excited state,

either singlet or triplet, dissociation or rearrangement may take

place. Reversion to the ground state may also be accomplished by

transfer of energy between the excited molecule and a second

molecule. For a diagram of the above processes see figure 1.

Photolytic processes can be separated into two groups -

primary and secondary. A primary process involves the immediate

effect of the light on the absorbing molecule: deactivation

through fluorescence, heat emission, energy transfer, etc., or

destruction by transformation of the starting material into
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FIGURE 1

EXCITED STATES AND FHOTOPHYSICAL TRANSITIONS

BETWEEN THESE STATES

Singlet

Solid lines = radiative transitions

Wavy lines = radiationless processes
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new compounds. Secondary processes are the reactions of the

molecules, atoms, or radicals produced by the primary process.

One of several things may happen in a secondary process: (a)

energy transfer which initiates a chemical reaction may occur

through collisions between excited molecules and other molecules,

(b) atoms or radicals produced in the primary process may react

to give stable products, or (c) the excited molecules may react

directly with other molecules in the system to form products.

If the energy of excitation is greater than, or equal to,

the bond dissociation energy of the weakest link in a molecule,

then cleavage reactions may occur. It is important to remember

that,because the absorbed energy may be transferred,the site at

which the ultra-violet light is absorbed is not necessarily the

same one where bond rupture may take place. Bond dissociation

in polymers may lead to a main chain break, i.e. scission.

This is one of the two principal reactions involving the polymer

backbone which may take place when polymers are exposed to

ultra-violet radiation, the other being crosslinking.

The reactions occuring in a polymeric system undergoing

photolysis may be classified as direct or indirect. Direct

reactions come about from the absorption of a photon by the

polymer followed by bond homolysis and the formation of degradation

products. For example, if a C-C bond is broken:



p + hv P
n+m n+m

P v P + P >- products.
n+m n m

In the indirect reactions, "foreign" molecules - polymeric or

small molecule impurities - or even other functional groups in

the same polymer become involved. They similarly can be excited

and undergo reactions to form free radicals. These excited molecules

or fragments may eventually interact with the polymer to give

products similar to those arising from the direct reaction.

The reverse reactions may also occur: excited polymer or polymer

radicals may interact with the "foreign" molecules. These

"indirect" processes can lead to degradation and they may involve

energy transfer or free radical processes:

P + s"~ *-S + P"~
n+m — n+m

P + s'- > S + P*
n+m •* n+m

An obvious example of an indirect reaction is the effect

of atmospheric oxygen on polymer photo-degradation. In regard to

chain scission, oxygen ca.n play the role of apparent inhibitor,

e.g. poly(methyl methacrylate), accelerator, e.g. polystyrene, or

1 1
seemingly be without influence, e.g. poly( ot-methyl st.yrene)

Other examples are the influence of "sensitizers" on the cross-

20
linking of polyolefins and the effect of residual solvents in
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16
films . The existence of an indirect effect is readily seen in

the photo-degradation of polymers in solution. Apparent quantum
21

yields for the random scission of poly(cx-methyl styrene) and
22

poly(methyl methacrylate) are markedly dependent on the solvent.

Let us consider various polymer reactions. Chain scission

and crosslinking are of major importance since they affect

molecular weight and physical properties. Besides these two?

other reactions such as decomposition and rearrangement of side

groups are possible.

Reactions of the Main Chain

^• Chain Scission

(a) Initiation. There are two possible mechanisms.

The first is random initiation in which chain scission occurs at

random points along the chain leaving radicals which tend to be

large compared to a monomer unit. Examples of reactions in which

random initiation is thought to occur a.re the room temperature

23
photolytic- degradation of poly(methyl methacrylate) , the

2Zl
photo-degradation of poly(cx-methyl styrene) , and the thermal

25
degradation of polybutadiene " . Weak links (links more suscep-

2^
tible to scission than normal) have been postulated to explain

the occurrence of random scission but the existence of these

27
links has since been questioned
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In the second mechanism, end-initiation, the bonds joining

the end units to the rest of the chain are particularly vulnerable

and thus are exclusively broken. The result is the formation of

long-chain polymer radical along with an end-group radical.

The end groups in polymers ce.n vary considerably depending on the

initiator used in the polymerization and the type of termination

that occurred. For example, azo-bis-isobutyronitrile cata,lysed

polymerization of poly(methyl methacrylate), in the absence of

transfer and assuming termination by disproportionation,will give

molecules having at one end a catalyst fragment and at the other

either the saturated or unsaturated structure formed in the

disproportionation:

cn ch7

(ch )

cooch^
and

cn ch„
i I 3

( ch3) - ch
cooch7

,1

Half the molecules will be of one form, half of the other. Any

end initiation should take place at the unsaturated end as the

c—c bond is more vulnerable than the others. Reactions in which

end initiation is thought to take place include the high temperature

photo-degradation of poly(methyl methacrylateand the thermal
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po
degradation of the same polymer (200° to 240°C)

(b) Depolymerization. This is a depropagation reaction

in which polymer radicals peel off monomer molecules, Whether the

decomposition of a particular materia.1 will result in a high

monomer yield depends in the first place on the production of the

necessary radicals in the initiation process Following the

initiation one of several things may happen. One possibility is

a rapid decrease in molecular weight without any monomer being

given off. There is no unzipping (depolymerization) as other

reactions are predominating. Voiatiles other than monomer may be

evolved, however. Most room temperature photolytic degradations

are of this type. A second possibility is partial unzipping in

which small amounts of monomer are formed In such a cese either

a fra.ction of the chains depolymerize, e.g. the thermal degradation
o 2

of poly(methyl methacryla.te) below 220 C ", or termination has

prevented the reaction going to completion, e g. the photolytic
2Zl

degradation of poly( 0(-methyl styrene) . The final possibility

is complete unzipping in which large quantities of monomer are

evolved as the chains completely depolymerize. There is no

termination. For end-initiation the molecular weight of the

2g
residue will remain nearly constant or may even rise slightly

due to more rapid degradation of low molecular weight material.

Random initiation will give a different result. The molecular
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weight will decrease with conversion to monomer. The extent and

rate of decrea.se will depend a great deal on the distribution of

29
molecular weights within the sample . Examples of complete

unzipping include the thermal degradation of poly(methyl methacrylate),

especially low molecular weight samples, at temperatures well
2g

above 220°C and the photolytic degradation of poly(methyl

isopropenyl ketone) at 150°C

The extent of unzipping depends on the polymer involved,

the means of degradation, and the temperature. In many degradation

reactions there is a temperature below which no depolymerization

will occur. Above this temperature there is unzipping, the extent

of which may increase as the temperature increases. This "floor

temperature" for depolymerization is connected to the ceiling

temperature - the temperature above which the corresponding

polymerization reaction does not occur . The existence of these

temperatures is due to the reversibility of the propagation and

depropagation reaction:

propagation
P + M ~ > P .

n n+1
depropagation

Below the floor temperature the polymerization reaction will be

favoured, between the floor and ceiling temperatures polymer and

monomer will be in some sort of equilibrium,and above the ceiling

temperature the depolymerization reaction will be favoured.
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Ceiling tempera.tures for thermal polymerization - depolymerization
2^

reactions are quite high (r^/300°C for pure styrene) but those

for photo-polymerizatior/depolymerization reactions would tend

to be much lower. A great deal of the work on monomer-polymer

31-34
equilibria was done by Dainton and Ivin " who- were the first

to explain ceiling temperature in terms of the reversibility of

propagation and depropagation. Ivin's investigations included

studies of the photo-polymerization/depolymerization reactions of
33 36

methyl and ethyl methacrylate . The ceiling temperatures

calculated for these monomers are 164°C and 173°C, respectively.

2. Crosslinking

Under some circumstances ultra-violet radiation can

cause crosslinking, the formation of intermolecular covalent

links which lead to a three-dimensional network, The polymer

ultimately becomes insoluble. Crosslinking is more commonly

brought about by using high energy radiation. This is the usual

method for producing crosslinked polyethylene"^. Other methods

are heating (thermosetting), as in the case of many resins, or

incorporation of impurities into the polymer structure to give

chemical crosslinking. An example of this is the incorporation

of peroxides in polyethylene. The peroxides are stable at normal

processing temperatures but decompose to provide free radicals

37for crosslinking at higher temperatures , Ultra-violet radiation

causes crosslinking in a number of polymers when certain impunities
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70

or "sensitizers" such as benzophenone or p-benzoquinone are present

Crosslinking may be largely due to reactions of polymer

radicals resulting from cleavage of side groups from the main chain.

The crosslinking may be by polymer radical combination or by

addition to an unsaturated site in another chain. Whether or not

crosslinking takes place is dependent to a large extent on the

structure of the polymer. In order to illustrate this let us

consider the fact that polystyrene readily crosslinks on being

exposed to ultra-violet radiation"^ while poly( cx-methyl styrene)
22,

only does so if sensitizers are present . The former has hydrogen

atoms alpha to the pendant substituent groups; the latter has

methyl groups in the same position. The CK-hydrogen in polystyrene

is readily transferred and the resultant polymer radical resonance

stabilised. Combination with other polymer radicals occurs

resulting in branched chains and eventually a three-dimensional

network. On the other hand the methyl groups in the poly( cx-methyl

styrene) prevent formation of stabilised radicals and scission

takes place rather than crosslinking. A similar comparison may

be made between poly(methyl acrylate) and poly(methyl methacrylate)

When crosslinking does occur it has a c onsiderable effect

on photo-degradation results. It makes molecular weight determin¬

ations impossible, of course, although sedimentation pattern and

gel fraction studies can be made. Crosslinking interferes with
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the determination of the rate of evolution of volatiles.

The rigid structure has a much higher bulk viscosity which

slows down the rate of diffusion of monomer thereby confusing

any determination of overall rate and possibly allowing

complicating side reactions.

Reactions Involving Side Groups

1. Decomposition

This type of reaction involves a chemical change

in a side group which results in the formation of a volatile

product and a nonvolatile residue. The most common

reaction of this type is ester decomposition in which the

ester splits into an acid and an olefin. Examples include

the thermal degradation of poly( t-butyl methacrylate) which

yields isobutene as the volatile fragment leaving methacrylic

acid in the polymer chain^ and poly( n-butyl methacrylate)

which gives off 1-butene^, The mechanism of the poly(t-butyl

methacrylate) reaction is as follows:
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ch7 ch, ch, chv ch,
i 3 J 3 I 3 i 3 / 3

^-CH - C-CH - C~ » ^CH0— C — CH„— C~+ 2 CH„= C
I 2 | 2 | 2 | 2 \
C=0 C=0 C=0 C=0 CH,

I ii 3
0-C(CH ) OH OH/, H -v—3/3

« |
0 CH,- polymethacrylic acid isobutene
V
/ \

CH, CH
3 3

H2
CH CH

3\r/C\r/ 3V^CHC\^ + H9°
ch^t I | 2 2

0=c 0=0
0

a polyanhydride

Ester decomposition seems to occur only in thermal degradations.

Photo-degradation of the above polymers does not cause ester

decomposition but results in the production of monomer only.

Other decompositions are possible. Many of the volatile

products in polymer photo-degradation are a consequence of side

chain cleavages. The nature of the products will vary with the

polymer under irradiation. An example is poly(ethyl acrylate)

which photo-degrades in vacuum or under nitrogen to yield U ,

CH. , CO, and C0o as volatiles It is suggested that secondary

radicals are formed by the homolysis of the pendant ester side-

groups rather than by homolysis of main chain tertiary hydrogen

atoms. The mechanism proposed by the authors consists of a
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primary process;

H . H
, hv |

^-CH — »- <^CH — + C=0
2 I 2 * I

C=0 0-CoHr
I 2 5
0-cx

2 5

followed by chain scission or crosslinking. Various products may

q
be formed by reactions of the radical ;

• C00CoH *- C0o + C„H*
a P dap

H* hv
> HC00C„H *• C„Hr * 4 HCOO* —* C0o + H* —> H„dp dp d d

hv
> CoH_0* + HCO* —> CO + H* -v H„2 p 2

The CnH * and C„H 0* radicals can be thermally equilibrated and/ord p d p

react by paths other than decomposition. Similar processes have

been proposed as possible mechanisms for the room temperature
J ^

photo-degradation of poly(methyl acrylate) and poly(methyl
2 ^

methacrylate)

^• Rearrangement

This type of reaction is associated with the development

of colour in nitrile-containing polymers. The thermal degradation

of polymethacrylonitrile is an example^. It appears that

there is an intramolecular linking of nitrile groups:
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CH,
CH3 GH3 CH3 2V x *VXI 2 I

^CH0-C-CH-C-CH0 C-^ >2 I 2 | 2 I
CN CN CN

ch3 CH3 CH3
j /CH2XI /CH2\\

C C C'

I I I
.e c cv

N ^ W' N

The reaction is initiated by an impurity, methacrylic acid, v/hich

has been incorporated into the polymer.

The photolytic degradation of polyacrylonitrile in bulk
1 5

may also involve a rearrangement . Exposure to ultra-violet

radiation leads to crosslinking and the development of a yellow or

brown colour. One reaction that may take place is:

II H H H H , H H H H H
I I I I I hv I I I I I

r^C- C — C—C— C~ »- ^C— C— C — C=C^ + HON
I I I I I III
H CN H CN H H CN H

After removal of HCN, cyclization may also occur:

^-C-C-C-C >■ \r^ V/I I I II H C C
H CN H C-^ | ||

A H\Nr

H H H H ,
r>.

>-
I I I II H

H H11 I
C,
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Review of Y>rork on the Photochemistry of Polymethacrylates

The pioneering work on the photo-degradation of polymeth¬

acrylates was that of Cowley and Selville who irradiated poly(methyl
~3 -3methaerylate) films of thickness 1.8 x. 10 cm to 8.5 x 10 cm with

1 Ll.
light of wavelength 253-7 uul and intensity 3-1 x 10 quanta

_2 -1 -5 -2.
cm sec . (2,1 x 10 V/ cm ). This investigation was a further

development of the thermal degradation studies of the same polymer
28

by G-rassic and Melville . Cowley and Melville studied the formation

of monomer during the irradiation of thin films in vacuum by means

of a molecular still, the monomer evolution being followed with a

calibrated Pirani gauge. The degradations were carried out at

temperatures ranging from 130°C to 200°C, the polymer being a

highly viscous liquid at these temperatures. They concluded that

the primary process was photo-initiation at the chain ends.

The initial rate of monomer formation was considered to be pro¬

portional to the 0.5 power of the absorbed light intensity (la)

although the value of this light intensity exponent varied with

temperature. Rate constants for deprop'agation and termination were

obtained by the rotating sector method. The rate constant, k^,
o 2—1

for depropagation at 167 G was 5-8 x 10 sec '. The rate constant
I

_> -j
for termination was k = 1 x 10 1 mole sec at the same temper¬

ature, The energy of activation for the termination reaction was

calculated to be 9.0 x 10^ j/mole which indicated that termination
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is diffusion controlled, Simha4"' pointed out that this would

mean that there was a viscosity contribution in k and that

studies over a sufficiently wide range of molecular weights might

permit the separation of this contribution. Cowley and Melville

determined that the overall activation energy was of the order of
U- / . , O

3.35 x 10 3/mole. This was determined over the range 170 C to

0
200 C since there was a break in the activation energy plot at

about 165 C. Below this temperature the energy of activation

appeared to be approximately 12.5 x. 10K j/mole. This value is

almost identical to the energy of activation of the diffusion of

methyl isobutyrate (similar in structure to monomeric methyl

methacrylate) through poiy(methyl methacrylate) determined by

Steal1^, This would appear to confirm the authors' conclusions

that the change in activation energy is due to the slower diffusion

of monomer in the more viscous medium. The quantum yield in the

initial stages of the reaction at 163 C was found to be 220

monomer units formed for each quantum absorbed.

..49 ,

Monig ' irradiated pol.y(methyl methacrylate,) in chloroform,

dioxane, and benzene solutions of concentration 0.51 gru/l at 20°C.
The extent of degradation was followed through changes in viscosity.

The mechanism appeared to be one of random scission with no pro¬

duction of monomer. Decomposition in a given time period varied

considerably with solvent, indicating solvent participation in

the reaction.
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_ SO
Frolova and Riabov exposed polyynethyl methacrylate)

~3
powder and films of thickness 8-9 x 10 cm to ultra-violet light

in a high vacuum at 25°C. G-aseous products were evolved. The

quantum yield for a wavelength range from 303 nm to 313 nm was

2.3 x 10 4 molecules of gas evolved per quantum absorbed. No

molecular weight measurements were reported. By shorter wavelength
1U.

irradiation of samples tagged with C , it was shown that the

ester groups were the primary source of these gases and that
51

methyl formate was a major product
52

Shultz irradiated films of the same polymer of thickness

.021 to O.465 cm with 253-7 nm light of intensity 5-8 x 10 4 V cm ^
at 26°C in air. The result was almost solely chain scission,

with essentially no crosslinking. This was later confirmed in an

investigation by Fox, Isaacs, Stokes, and Kagarise which included

a study of sedimentation patterns. This absence of crosslinking

53is known to exist even with ionizing radiation . It is possible

to crosslink poly(methyl methacrylate) by ultra-violet radiation

38
but only in the presence of sensitizers . The appearance of a

broad absorption peak near 285 nm, indicating the formation of a

new chromophore, was noted in the ultra-violet absorption spectrum

after the irradiation. The quantum yield for random scission was

-2
2.3 x 10 scissions per absorbed photon which is comparable to the

-2 54value 3.2 x 10 deduced by Gardner and Epstein . A complicating
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factor was the change in the light absorption coefficient with

increasing time of oxpocurc,

55
Fox, Isaacs, and Nestler irradiated thin films of poly-

(methyl methacrylate) having phenyl or 1-cyano-1-methyl end groups

with 253-7 nm light at room temperature in a vacuum. The degra¬

dation reactions were followed by noting changes in molecular

weight and by examining volatile products with a mass spectrometer.

The authors observed rapid chain scission with the formation of

extremely small amounts of monomer. The degradation was accom¬

panied by a slight general increase in the ultra-violet absorption

above 253.7 nm.

Charlesby and Thomas^0 irradiated poly(methyl methacrylate)

in the form of films and benzene solutions at room temperature

both with ultra-violet light and gamma-radiation. The results for

irradiation in solution showed that the degradation was linear with

dose, and was effectively independent of polymer concentration

over a 20-fold range in concentration. This indicated that the

benzene did not participate in the reaction. In spite of the

high absorption of the solvent, there appeared to be no energy

transfer to the polymer. Irradiation of films with low and medium

pressure mercury lamps gave similar results. Film photolyses were

carried out in atmospheres of air and nitrogen. The quantum yields
—2

were within 5°/° of each other, 1.2 x 10 scissions per quantum.



23

In addition to the band near 285 nm observed by Shultz, bands

near 2J+0 nm and 250 nm were noted in the absorption spectra of

both ultra-violet- and gamma-irradiated films. The latter two

bands decayed with time and decayed more rapidly with heat.

Electron spin resonance spectra of ultra-violet- and gamma-

irradiated polymer were identical, indicating that the same free

radicals were present. It was concluded that there was random

initiation, but that this was not followed by a significant

amount of depolymerization. It was noted that this differed

considerably from high temperature results such as those of

Cowley and Melville but that differences due to temperature were

also found in the results from high-energy irradiations. With

high-energy radiation at room temperature the polymer chain Is

fractured at random, but there is no significant depolymerization.

no chain reaction is Involved, and little or no monomer is liberated.

At high temperatures, however, a chain reaction does occur, there

is depolymerization, and a considerable amount of monomer is

57evolved. A later investigation by Charlesby and Moore at

temperatures up to 180°C amplified the comparisons made at room

temperature and confirmed many of the similarities between degra-

dation by ionizing radiation and ultra-violet radiation.

58
Maxim and Kuist compared the production of chain scissions

by ultra-violet degradation with that produced by high-energy
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radiation. Polymers studied included poly(ethyl) and poly(methyl

methacrylate). The authors noted that the energies involved in

ultra-violet radiation are dependent on wavelength and acre of the

same order of magnitude as those of chemical bonds. This is why-

ultra-violet degradation is "bond selective" and why, unlike high-

energy radiation, its effects vary with wavelength. In high-

energy radiation, energy flux is nearly constant throughout a

polymer film; whereas with ultra-violet radiation, the energy

flux generally decreases logarithmically with increasing depth of

penetration. Equations were derived from high-energy radiation

theory, taking into consideratiob the above factors, to relate

radiation dose and the number of scissions.

25 -=5
Fox, Isaacs, end Stokes' irradiated thin films (1.5 x 10 cm)

of poly(methyl methacrylate) formed by the evaporation of methylene

chloride solutions. This was done in vacuum at 25°C with a

11 2
medium pressure mercury lamp of intensity 2.9 x 10' quanta/cm -sec.

-2
The quantum yield for random scission was 3.9 x 10 scission per

-d -2
quantum absorbed at a px-essure of 2.b7 x 10 " Jim . A hundred¬

fold increase in pressure did not affect the results. The quantum

yield in air was 1.7 x 10 ^ scission per quantum. Methyl formate,

methanol, and methyl methacrylate were formed in quantum yields of

0.14, O.48, and 0.20 molecules per quantum absorbed, respectively,

indicating a depolymerization of about five monomer units per chain
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break; methane, hydrogen, carbon monoxide, and carbon dioxide were

also evolved. Quantum yields were essentially independent of the

incident intensity of the radiation and appeared to be a function

only of the total energy absorbed. In the photolysis of gases,

this is generally interpreted to mean that the termination stop

is first order in respect to the radicals involved. In a polymer

sample, small reactive radicals might interact fairly rapidly,

but the somewhat immobile polymer radicals resulting from homolysis

of a chain are unlikely to combine readily. Therefore It was

concluded that some sort of disproportionation reaction probably

is involved in the termination of poly(methyl methacrylate) radicals,

A slight dependence of quantum yield on molecular weight a/as noted.

The authors confirmed the findings of a number of other investi¬

gators by noting the appearance of a new absorbing band at about

285 nm in the ultra-violet absorption spectrum of the polymer.

The same spectrum was obtained after degradation in either the

presence or absence of air. This new absorption remained with the

polymer even after reprecipitation which indicated the presence of

a new chain cliromophore. This was thought to be a carbonyl

containing species formed by a secondary reaction after homolysis

of the ester. The authors concluded that the mechanism involved

random homolysis of main-chain carbon-carbon bonds;
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ch ch, ch, ch,
I 3 i 3 h i 3 i 3

^-ch—c— ch— c — ch„ >■ ch — c- + -ch-c— ch„2 , 2 | 2 2 , 2 | 2
cooch7 cooch, cooch, cooch,3 3 3 3

This would be followed by stabilization by a reaction such as

disproportionation:

ch ch,
i 3 i 3

^CH0-C-CH • CH„— C = CH„ + ♦COOCH, ,2 | 2 2 2 p
COOCH

3

and the *C00CH^ radicals would react to form a number of products:
•COOCH, —► C0o + CH • —*• CH,3 2 3 4

H* hv
> HCOOCH,, > CH^ * + HCOO* —> C02 + H- —>• H2

hv

CH,0 • + HCO' —> CO + H- —> H„3 2

CH^O* —> CH^OH
HCOO* + CH^O- —>- CH^OOCH + H2C0

At the same time, photolysis of the ester side-groups could occur

in either or both of two ways:

CH, , CH,
I 3 hv ,3

r^-CH —C-^v. v CH — C^~ + CH,0-2 | 2,3
COOCH, CO3

I

CH,hv , 3
*- ^CIi2— + * COOCH,,

II
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The radical I in combination with a hydrogen atom leads to

an aldehyde group on the polymer chain. It is possible that this

group is a necessary percursor to a chain break,
59

Frolova, Efimov, and Chekmodeeva investigated the light

stability of commercial poly(methyl methacrylate) glasses. They

irradiated relatively thick films (2 and 4 mm) for long periods

of time (<^500 hrs) at 25°C under sunlamps. The degradation

reaction was studied by following changes in the ultra-violet

spectrum, softening point, and tensile strength. The authors

concluded that the chromophores originally formed by irradiation

were themselves eventually degraded. In another investigation^
poly(methyl methacrylate) films and plates cast from benzene and

ethyl acetate were irradiated at room temperature in air and in

vacuum. The polymer samples had been prepared by photolytic

polymerization at 25°C or initiated by benzoyl peroxide at 40°C.
The degradations were followed through changes in the ultra-violet

(in ethyl acetate solution) and infra-red spectra. The new ultra¬

violet absorption band near 285 nm noted by other investigators

was found to shift to higher wavelengths with further irradiation.

This wes explained as being due to the formation of 0=0 and

conjugated Cb=C bonds. In samples polymerized with benzoyl

peroxide a new ultra-violet band appeared at 330 nm. In the
-1

infra-red spectrum new bands appeared at 1615 and 1540 cm
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_ -j
(C=C bonds) and the band at 1750 cm was broadened (oxidation).

The following degradation mechanism was proposed:

C00CH CH
I 3

CH — C - CH0— Cz I z •

•CH0

^CH0— C2 I
> ^CH2- C or ^-CH=C

C00CH
"3

+ -C00CH
3

C00CH
i 3

CH

^ CH2- C— CH2 + CH2= C-

Fox and Price irradiated poly(methyl methacrylate) (5 gm/1)

in methylene chloride and other solvents at room tempera.ture. The

quantum yields for random scission were independent of polymer

concentration but markedly dependent, on the solvent used There¬

fore it was concluded that they should be evaluated on the basis

of energy absorbed only by the polymer, i.e. after subtraction of

the effect of optical filtering by other constituents of the

solution. Calculated in this manner the quantum yields in degassed

methylene chloride and dioxane solutions at 25°C were reported to

be about 0.14 scissions per quantum with some variation due to

the radiation source itself and with slight dependence on intensity.

Oxygen acted as an inhibitor. It was concluded that solvent

radical attacks may not be as important as other means of trans¬

ferring energy to and from the polymer. The authors also studied

the effect of small amounts of a variety of additives on the

quantum yields for scission of poly(methyl methacrylate) in the
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above solvents at room temperature in the presence and absence of
i 8 22 1

air ' ' . For degassed solutions quantum yields for random

scission based on energy absorbed only by the polymer were little

affected by either intensity or polymer concentration. The

effects of added solutes were similar whether or not oxygen was

present. The authors were able to show a correlation between the

degree of inhibition or acceleration of degradation and the

lowest excited triplet energy levels of the additives. This was

interpreted to mean the existence of an electronic energy transfer

mechanism and that poly(methyl methacrylate) may undergo photo-

degradation from an excited triplet state.

Somewhat similar studies of "indirect" photo-degradation
62

were carried out by MSnig and Kriegel who investigated the

sensitizing effect of polycyclic aromatic hydrocarbons on the

photolysis of poly(methyl methacrylate) in solution. Radiation

that was absorbed by the additives but not by the polymer was

used. The mechanism of the sensitization probably involves an

oxygen-transfer reaction which includes both the solvent and a

photolysis product from the polycyclic hydrocarbon.

65
Jellinek and 'dang made a kinetic study of the 253.7 nm

photolysis of poly(methyl methacrylate) in 2-chloroethanol solution

under nitrogen at 25°C to 159 C. The extent to which oxygen was

present in these solutions was not known. The experimental rate

constants were dependent on polymer concentration which indicated
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participation of the solvent in the photolysis. Thermal degradation

was negligible even at 159°C. An absorption peak at 224 nm

increased with time of irradiation at 54° to 159°C, the increase

corresponding to the amount of monomer formed. The intensity

exponent was approximately 0.6 and the energy of activation for

monomer formation was 37-2 kj/mole, both of these results being

similar to the high temperature bulk degradation results of

Cowley and Melville^. The kinetic picture differed from that of

Cowley and Melville in that even at elevated temperatures random

initiation was indicated. The kinetics of the process satisfac¬

torily fit a sequence of direct random photolysis of the polymer

and random scission caused by solvent radicals followed by monomer

formation and a diffusion controlled second order termination.

It should be pointed out that repolymerization may also occur

since the monomer produced remains in solution and therefore in

the vicinity of a number of polymer radicals.

Allison^ irradiated poly(methyl methacrylate) and copolymers

at 30°C in vacuum. Aldehydes were chosen as comonomers since their

23
participation in the chain scission reaction was suspected . The

polymers were irradiated in the form of expanded films produced

by a freeze-drying technique. During degradation at least one

molecule of carbon monoxide was evolved for each chain scission.

Other products were methyl formate and methanol. The ultra-violet
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absorption band near 285 nm previously noted by other investigators,

was tentatively assigned to aldehyde groups formed as a result of

irradiation. It was concluded that chain scission in poly-(methyl

methacrylate) was primarily the result of these photo induced

aldehyde groups. The following was given as a possible mechanism:

CH, , CH. CH7 COOCIL CH7
< 3 hv ,3 i 3 i 3 i 3

^CH -C^ >^CH—CH-C^ or ^C-CH„-C~-2 I 2 | "I l 2 i
COOCH. -CO CHO CH0 CHO

5 9 2

+ CH^O-
CH7 , CH. „ CH.
I 3 hv ! 3 -H || 2

► '^CH -C^ J- ^CH0-C^ >-^-CH — CH. + CH^ .2 i 2 • 2 3
Cn°

+ 'CHO or CO

Price and Fox^ investigated the changes occurring in the

surface layers of films, including poly(methyl methacrylate),

subjected to ultra-violet radiation in air. These changes were

followed on a time basis by the measurement of contact angles for

wettability by pure liquids with the film surface as well as by

spectroscopic methods.. The formation of polar groups in the film

surface, as shown by changes in infra-red spectra, was well

correlated with increases in wettability (shown by decreases in

the angle of contact) observed with hydrogen-bonding liquids such

as water, formamide, and ethylene glycol. Contact angle changes

were evident at much shorter irradiation times than those nec¬

essary for the appearance of spectroscopic changes, and therefore
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constituted an earlier indicator of film degradation. The authors

concluded that changes in the wettability of polymer surfaces

during irradiation in air are a useful means of following the

photo-oxidation of the materials in the earliest stages of

degradation. They showed that these changes can, in many cases,

be correlated with the nature of the products formed.

Gardner and Henry ^ studied the sensitivity of mixtures of

syndiotactic and isotactic poly(methyl methacrylate) to chain

scission induced by ultra-violet light. The number of bond breaks

per gram was calculated and plotted against quanta absorbed per

gram. The data, though somewhat scattered, indicated that mixtures

containing 20 to 50 weight per cent of the isotactic form had

twice the ultra-violet light resistance, i.e. half the number of

bond breaks per quantum, expected if the two isomers had degraded

independently. The data agrees qualitatively with previous
69 70

evaluations by electron radiation"y and optical properties ,

and suggests that a stereocomplex is formed when a 2:1 ratio of

syndiotactic to isotactic forms occurs. The stereocomplex

structure forces an arrangement in the syndiotactic chains involving

a close proximity of the ester groups, making internal conversion

to the ground state easier, and giving a lower quantum yield for

chain scission.
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71
David, Verhasselt, and Oeuskens studied the effect of

ultra-violet radiation on isotactic poly(methyl raethacrylate).

The tacticity before and after irradiation was determined from

MR spectra. Irradiation caused a change in tacticity, a sort of

racemization of the polymer. These results were comparable to

72
those found by Thompson in a similar investigation in which

electron irradiation was used. It was concluded that racemization

is associated with main chain scission rather than side chain

breaking. Of these chain scissions only a fraction result in two

smaller chains. The other fraction must recombine, presumably in

a random fashion, and so isotactic sequences become racemized.

One consequence of this investigation is that it indicates that the

termination mechanism in the photolytic degradation of poly(methyl

methacrylate) is one of recombination.

73
Karda.sh and Krongauz irradiated solutions of poly(methyl

6
methacrylate) (molecular weight = 5 x 10 ) in benzene with 253.7 nm

light. A plot of polymer concentration versus quantum yield

reached constant value at 3.2 x 10 ^ scissions per quantum. Thus

the polymer is not decomposed by the light directly. The addition

of a free-radical acceptor almost completely stopped the degradation.

The results show that irradiation probably induces the formation

of benzene free radicals which then react with the polymer.
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74 /

David, Fuld, Geuskens, and Charlesby irradiated poly( methyl

methacrylate) films, mainly of thickness 5.5 x 10 cm, in vacuum
— 4 —2

with 253-7 nm light of intensity 7.8 x 10 ¥ cm . Similar

samples were irradiated with gamma-radiation. The films were then

heated to 160°C which caused depolymerization to occur. This

appeared to be initiated at unstable points formed during the

irradiation. The fraction of polymer volatilized was independent

of dose and of initial molecular weight. The effects of gamma

and ultra-violet irradiation were similar but the latter led to

a lower monomer yield.

Almost all of the previously described investigations

involved only poly(methyl methacrylate). Other methacrylates that

have been studied are the poly(n-butyl) and poly(t-butyl) members

of the series. Grassie and MacCallum^ irradiated these polymers

with 253.7 nm light at 170°C in vacuum and determined that both were

completely converted to monomer. A search for other products,

particularly butene and methacrylic acid, yielded negative results.

Preheating of poly(t-butyl methacrylate) at 170°C was found to

inhibit the photo-degradation. This was explained in terms of acid

migration along the polymer chain so that intramolecular anhydride

structures could be formed by the elimination of water between

75
adjacent acid units. MacCallum carried out a more detailed

study of the photolytic degradation of poly(n-butyl methacrylate)
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using conditions similar to those of Cowley and Melville^, As
, 0 \

this polymer has a much lower glass transition temperature (22 C)

than the methyl ester (105°C) it was hoped that some of the

problems due to slow diffusion of monomer found by Cowley and

Melville could be avoided. A plot of molecular weight as a fraction

of the original versus per cent degradation to monomer interpreted
26

in the usual manner implied end-initiation. However, hydrogenation

of the unsaturated chain ends had no effect on the rate of

depolymerization which indicated that initiation does not occur

solely at the chain ends. It was concluded that random initiation

29
can take place. Since then MaCallum has shown through kinetic

analysis that random initiation with complete unzipping can give

the same sort of molecular weight-conversion to monomer relation-

ship as had been predicted for end initiation . Isaacs and

Fox^ also studied the photo-degradation of poly(n-butyl methacrylate)

but at lower temperatures, 50° and 100°C. In addition to monomer,

1-butene and n-butyl formate were produced.

Purpose of the Investigation

A great deal of work has been done on polymethacrylates, all

but a very small amount of it involving temperatures well below the

glass transition (T ). Most of the research has been on poly(methyl
&

methacrylate), mainly because of its commercial importance.

Investigators seem to agree that the mechanism of the room temper-
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ature photo-degradation of this polymer, in solution or as a

solid, is one of random initiation without unzipping. The results of

studies of the reaction at temperatures above the T give no such
g

agreement. Cowley and Melville^ claim that the reaction is end-

65
initiated while Jellinek and Wang , who irradiated the polymer in

solution, conclude that the mechanism is one of random initiation

followed by unzipping. High energy irradiation, which usually

gives results similar to those of ultra-violet irradiation,

produces random initiation accompanied by depolymerization at

57
temperatures above the T . The results of the photo-degradation

g
o 7%

of poly(n-butyl methacrylate) at 170 C indicate random initiation' .

No work of any note has been done on poly(ethyl methacryiate).

This polymer has a lower T than poly(methyl methacrylate) so that
g

degradation would be less apt to be complicated by diffusion effects,

hue to the relative lack of information on the high-temperature

photo-degradation of polymethacrylate& and the fact that not all

the information available is in agreement, it was decided to

examine the photo-degradation of poly(methyl methacrylate) and

poly(ethyl methacrylate) at temperatures above their T ?s.
O

The mechanism was looked at through the kinetics of the

reaction rather than through molecular weight changes. According

to Simha, Wall, and Bram^"'' the change in molecular weight with

conversion alone is insufficient to decide 'whether a polymer

molecule suffers random or chain-end scission. For instance, if
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the decrease in molecular weight is directly proportional to the

amount of monomer produced, then ordinarily it is assumed that

the reaction is end-initiated. The authors show that given the

right combination of molecular chain length and kinetic chain

length, a randomly initiated reaction will give the same result.

In fact, direct proportionality between decrease in molecular

weight and monomer formation can stem from any mechanism by which

one involatile stable residue remains after a molecule has under¬

gone some degradative process.
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CHAPTER II

EXPERIMENTAL

Introduction

A knowledge of the polymerization characteristics of a

compound is important to an understanding of the degradation of its

polymer. The rate constants of the polymerization of ethyl meth-
1 2

acrylate are similar to those of methyl methacrylate and also

n-butyl methacrylate^. All three polymers yield monomer under

ultra-violet irradiation^. Therefore it is reasonable to use infor¬

mation collected about the degradation of poly(methyl) and poly(n-

butyl methacrylate) as a guide to the study of the ethyl ester.

5 6
The work of Cowley and Melville and MacCallum were used as guides

for much of the present investigation.

Preparation of Polymers

The monomer was Puriss grade ethyl methacrylate supplied by

Koch-Light Ltd. It was washed four times with dilute sodium

hydroxide to remove the hydroquinone inhibitor. This was followed

by four washings with distilled water and drying over anhydrous

sodium sulphate for 12 hours. The monomer was then filtered and

distilled under reduced pressure. The infra-red spectra of a

sample of the purified monomer was taken and the frequencies of the

principal peaks were compared with the values reported by Davison and

Bates''. This and the finding of only one peak on the gas liquid
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chromatograph was taken as evidence for the purity of the monomer.

Polymerizations were carried out in sealed tubes at various

temperatures (40° to 60°C) with varying concentrations of 2:2'-

azo-isobutyl nitrile (0.3 to 1 .0% by weight), recrystallised from

a chloroform/methanol mixture, as initiator. The tubes were evacuated

and degassed several times after the addition of monomer and initi¬

ator and before the polymerization. Polymerizations were carried to

around 15% conversion. The polymer was precipitated from the

polymer-monomer solution by adding to four litres of methanol.

After filtering it was reprecipitated by dissolving in "Analar"

acetone and then running the solution into a large volume of vig¬

orously stirred methanol. This operation was then repeated, slowly

dropping a dilute acetone solution into a large volume of stirred

distilled water. The polymer was obtained in the form of thin

gauze-like sheets. The product was filtered with suction and allowed

to stand for a day, then dried under vacuum at room temperature for

48 hours. It was then ground to a fine powder and dried for a

further 36 hours under vacuum at 50°C.
The poly(methyl methacrylate) sample used was supplied by

Dr. J.R. MacCallum. It was a polymer prepared in benzene solution,

the molecular weight being reduced by transfer to solvent. The

initiator was the same as above.



45

Degradation Apparatus

The technique consisted essentially of degrading a polymer

sample in a heated brass boat in a molecular still and measuring

either the pressure of monomer produced or the actual amount of

monomer evolved. All degradations were carried out under high vacuum

in the apparatus illustrated in figure 2. The polymer was contained

in cylindrical brass boats of inside diameter 2.84 cm, inside depth

1.25 cm, and weighing approximately 28 grams. A boat was placed

on a bed of sand in the vertical reaction tube. A bath of molten

Wood's metal controlled at the required temperature was used to heat

the tube and therefore the sample. The ultra-violet light entered

through a silica disc cemented with picene wax to the tube. During

use the apparatus was continuously evacuated by a mercury-vapour

pump backed by a Speedivac rotary pump. The degradation was first

folio1,7ed by trapping volatiles and measuring the amount collected

and later through the use of a thermistor gauge. The polymer

residue in the boat was available for molecular-weight measurements

and spectrophotometric determinations.

Preparation of Samples

Polymers were irradiated in the form of films of thickness

-3 -3
0.3x10 cm to 14 x 10 cm which were cast directly into the

brass boats used as irradiation vessels. The films were prepared by

placing a small, weighed amount of the polymer powder (generally

between 5 and 50 mg) in the boat, dissolving the powder with a
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small quantity of "Analar" chloroform, and allowing the solvent to

evaporate. This was repeated until a film of apparently constant

thickness was cast on the "bottom of the boat. The films were then

heated at 70°C in a vacuum oven for 24 hours to remove most of

the solvent.

The Heating System

The Wood's metal bath is illustrated in figure 3? the

circuit in figure 4. The bath was a cubical steel block, 10 cm on a

side, with a centered 5 cm diameter hole bored completely through it.

The block was covered with 1 cm-thick asbestos sheathing. Four

cartridge heaters (250 V, 125 W) were inserted into holes drilled

through the block and supplied from the mains through a Variac

transformer. Two of the heaters were run constantly while the other

two were operated on/off by an Ether "Transitrol" controller

activated by a copper/constantan thermocouple which was sealed into

the heating block. In practice once the required temperature had

been reached the first two heaters were able to keep the block at

a constant temperature without the controller cutting the other

heaters in and out. The method of temperature control was found

to be quite efficient. It maintained the temperature of the bath

constant to about ± 0.5°C at temperatures between 120° and 200°C.
The temperature was measured with a 0° to 360^0 thermometer kept in

the bath alongside the reaction tube. The reaction temperature was

assumed to be that of the bath. This assumption was borne out by
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FIGURE 3

WOOD'S METAL BATH

(WITHOUT ASBESTOS SHEATHING)

C = Cartridge Heaters
T = Thermocouple Wires
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FIGURE 4

HIATIN& AMD CONTROL CIRCUIT FOR WT&L BATH

HEATING BLOCK

240V
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experiments which indicated that the temperature of the sand in the

tube was within a fraction of a degree of the temperature of the bath.

The Light Source

The light source was a General Electric Company Osram 125

watt MB low pressure mercury arc lamp with envelope removed, fed
8

through a choke and condenser. According to Hanovia literature

approximately 90fo of the radiation given off by a typical low

pressure lamp is of wavelength 253.7 nm. A study of the output of

the G.E.C. lamp employing methods similar to those of Cowley and
5

Melville led to a similar conclusion. Since longer wavelength

radiation was not significantly absorbed by the films used, and

energy emitted at shorter wavelengths (principally 185 nm) was

absorbed by the quartz window, the 253.7 nm radiation was assumed

to be the only photolytically active energy in this work. The

light intensity which was measured periodically using a uranyl
Q -j 7 2 )

oxalate actinometer , was 5.7 x 10' quanta/cm -sec. (4.5 x 10

W/cm ). The lamp was switched on 90 minutes before a degradation

run or intensity measurement in order to allow it to reach constant

temperature and intensity. The ultra-violet absorptions of poly(methyl

methacrylate) and poly(ethyl methacrylate) were determined by mea¬

suring the transmissions at 253.7 nm of a series of films of different

10-12
thicknesses on a Unicam SP 800 spectrophotometer. Quantum yields

for monomer formation and chain scission were calculated.
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Trapping

The trapping set-up employed was similar to that of Brockhaus

13
and Jenckel except that only one trap was used. A calibrated

capillary tube immersed in liquid air acted as the trap. A method

was evolved in which the film was irradiated for ten minutes and the

volatiles trapped during that period and also for an additional

twenty minutes beyond that. This long period of collection was

necessary in order to effect complete trapping. After each trapping

operation the level of monomer in the capillary tube was measured

with a cathetometer. The amount cf monomer collected was determined

from the tube calibration. The whole procedure was then repeated

until the film had been irradiated for a total of 50 or 60 minutes.

In this way the amount of monomer formed in given time intervals

could be determined and therefore the change in weight of the film.

Thermistor Gauge

A commonly employed pressure gauge is the Pirani gauge which
A J

uses a hot wire as a pressure detector . A thin wire or filament

of tungsten, nickel, or platinum is heated to about 200°C by the

passage of electric current. Since the heat conductivity of a gas

at sufficiently low pressures decreases with a decrease in pressure,

the rate of heat loss from the wire will vary with pressure.

Therefore the temperature of the wire is dependent on the gas

pressure, rising as the pressure falls. The change of resistance of

the wire with temperature and consequently with pressure is measured
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"by a Wheatstone bridge. As long as a single product is being evolved

in a degradation the pressure is a measure of the rate of evolution

of volatiles.

An alternative to the Pirani gauge is the thermistor gauge

used in this investigation in which the Pirani filament of metallic
1 L

wire is replaced by a thermistor or semiconductor , usually glass

covered. Thermistors are mixtures of oxides, including those of

iron, nickel, copper, zinc, and manganese, which are subjected to

a special heating and sintering treatment during manufacture.

They have large negative temperature coefficients of between one and

six percent per degree centigrade and are commercially available

in the form of small beads, rods, or discs. The thermistor was

15 16
first used for pressure measurement by Meyer and Weise , later

17 18
by Becker, Green and Pearson ', and also Varicak . A thermistor

gauge is more sensitive, runs at a lower temperature, and is less

apt to become contaminated than a Pirani gauge.

The thermistor gauge used in this investigation was based on a

glass-covered probe thermistor (Fenwal Electronics type GB 52 P8)

enclosed in a 1.2 cm diameter glass tube (figure 5). The overall

circuit is given in figure 6. The tube was thermostated in an

ice-water bath at 0°C. The thermistor, which had a nominal

resistance value of 2000 ohms at 25°C when measured at a very low

power dissipation, was incorporated in a Wheatstone bridge circuit

with 500 ohm resistance arms and a variable resistance for balancing.
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The bridge was connected to a Solartron LM 1619 digital voltmeter

reading to 0.1 mV so that the voltage necessary for a constant

current could be read directly. The bridge circuit was fed with a

constant current of 15 niA and this produced a dissipation of approx¬

imately 30 to 40 mW in the thermistor. Due to the self heating

effect the thermistor temperature was raised some 40 to 50°C above

ambient. The actual temperature of the thermistor depended on

the rate at which heat could be conducted away from the thermistor;

hence the thermistor temperature and resistance value depended on

the thermal conductivity and the pressure of the gas surrounding

it. Thus, when the circuit was balanced with the variable resistance,

any subsequent change in pressure was indicated by the bridge

being unbalanced and providing a voltage output to the voltmeter.

At first calibration of the thermistor gauge by the usual

Pirani method was tried, that is, passing monomer into the still

at known rates of flow by controlling a.nd measuring the rate of

evaporation from a calibrated reservoir and plotting the voltage

reading versus the rate of flow. This ought to be done under the

identical conditions of temperature, pressure, ultra-violet light

intensity, etc. as in a degradation run. In practice this is not

easy to achieve. For this and other reasons which will be discussed

later it was decided that a better method of calibration was needed.

One was evolved in which the area under the voltage-time curve for

a degradation was plotted against the change in weight of the film.
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After a number of runs at a given temperature a straight line which

ran through the origin was obtained. This line was used as the

calibration for that temperature. Since this calibration was based

on actual degradation runs there was no possibility of a difference

between calibration and degradation conditions. Any variations

in conditions from run to run were allowed for as experimental

error in the plot. The only drawback to this calibration plot was

that rates were not obtainable from it, although weight loss over any

period of time was easily calculated. Examples of these plots are

given in figure 7. This leads to a discussion of the reasons why

the usual Pirani calibration method was rejected. Beyond the fact

that such calibrations usually are done at room temperature, thereby

ignoring vapor pressure changes with temperature and other effects,

there is another important point. The calibration is for a static

system where pressure is constant while a degradation is dynamic

with pressure varying continually. Let us consider some of the

relationships between pressure, rate of pumping, rate of monomer

flow, etc. in the system during calibration and during degradation.

When the needle valve is opened and the monomer is streamed in

there is an increase in pressure. The rate of evolution, a rate of

increase in pressure, is

dne v dPe
a

dt ~ RT at '

where n = number of moles of monomer evolved. At the same time
e
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the action of the pumping system tends to decrease pressure. The
A I

rate of pumping , a rate of decrease in pressure, is SP, where

S = a pumping speed constant and P is the pressure of the system.

Therefore the overall rate of change of pressure is the rate of

evolution minus the rate of pumping, i.e dP/dt = a - SP. In

calibration runs a constant gauge reading is obtained. Therefore

= 0, where v = voltage, and since pressure isafunction of voltage
"J (3pPQ< ( —.. -*—•) for a Pirani gauge J , ^ = 0 as well. In this steady

state (&)p = SP, where (a)p = rate of evolution of monomer at
constant pressure. Since POCf(v), then (a) = k f(v) . The rate

of flow of monomer is ploted against a function of voltage, The

rate of flow apparently corresponding to a measured voltage is

taken directly from this calibration curve. However, the pressure

dP
dt
dP

varies continually during a degradation run, so tt ^ 0. Therefore,
dP

since — = a - SP the rate obtained from the calibration is not
dt

dP
the rate of evolution, a, but is another entity, a - — . Ordinarily
dP

is considerable and cannot be ignored. The relationship

(a) = k f(v) does not hold and such a calibration, even if it is

done at the correct conditions, is not usable except where dP/dt« a

or for peak voltages where the change in pressure is zero.

Measurement of Degradation

A weighed boat containing the polymer film was placed in the
_2

reaction tube and the system was evacuated to approximately 0.1 Nm

The hot metal bath, preheated to the desired reaction temperature,
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was raised to immerse the lower six cm of the tube. The ultra¬

violet lamp was started at this time but the quartz window was covered

with a shutter. The sample then was heated for 90 minutes before

removing the shutter. This period of time was necessary for complete

removal of volatiles and to allow the voltage across the thermistor

gauge to return to its zero value. The film then was irradiated

for 30 minutes to two hours, most runs being for 90 minutes. Voltage

readings were noted at one minute intervals for the first ten

minutes then at ten minute intervals throughout the degradation.

When it was decided to stop the reaction the shutter was replaced.

The voltage readings were noted at one minute intervals for five

minutes then at five minute intervals until the voltage became

constant or until there was only a very small constant drop in

voltage. This usually took 20 to 30 minutes. A voltage-time

curve is reproduced in figure 8. The boat was reweighed after the

degradation in order to determine the weight loss. Reaction temper¬

atures of 120° to 180°C were used for poly(ethyl methacrylate)

samples, 160° to 200°C for poly(methyl methacrylate). Changes in

a voltage-time curve with variation in temperature are illustrated

in figure 9.

From the weight loss/area calibration the ?reight loss over

any period of time or the total weight loss at any given time could

be determined once the areas under the voltage-time curves had been

calculated.
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Some runs without irradiation were done to see if there was

appreciable thermal degradation at the highest temperatures used for

photolytic degradation. Other experiments involved doing model runs

in the absence of polymer with monomer being flowed from a reservoir

through a needle valve into the system. The build-up and decay

curves obtained indicated that starting a photolytic degradation by

removing the shutter produced the same effect as opening a valve

connected to a monomer source. Replacing the shutter was the same

as closing a valve. Therefore it was assumed that the build-up

and decay were due to slow diffusion of monomer and not natural

induction and decay periods of the reaction.

Determination of the Bffect of Variation in Light Intensity on Rate

A series of experiments was carried out in which 20 mg samples

prepared as before were irradiated for short periods (5-10 min.)

over a ten-fold variation in light intensity. The degradation runs

were done at 180°C in the case of poly(methyl methacrylate) and

160°C for the ethyl ester. The average rate at each intensity was

determined from the weight loss and the time. The light intensity

was varied through the use of calibrated filters which consisted

of various concentrations of acetic acid in distilled water contained

in a cell having polished silica windows 2 cm apart. The trans¬

mission for each filter was determined by placing the cell with the

acetic acid solution in the beam of a Unicam SP 800 spectrophotometer

and measuring the transmittance at 253-7 nm.
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Investigation of Products

Two methods were employed in examining the volatile products

of degradation, infra-red spectroscopy (i.R.) and gas liquid

chromatography (G.L.C.). The polymer residue was examined using

infra-red and also ultra-violet absorption and emission spectros¬

copy (U.V.)• No quantitative measurements were made by any of the

techniques.

Infra-red spectra were measured on a Perkin-Elmer 237

Grating Spectrophotometer. Volatile products were examined either

in a gas cell or as liquid samples. Degraded polymer was examined

in the solid state using films. Ultra-violet absorption spectra

were measured on a Unicam SP 800 Spectrophotometer. The degraded

polymer was examined in the form of films. Ultra-violet emission

spectra were determined on a Hilger and Watts SF1 Spectrofluorimeter.

Degraded and undegraded polymer samples in chloroform, acetone, and

methylene chloride solutions were used. Gas-liquid chromatograms

were run on a Griffin D6 Chromatograph which has a gas-density

balance as the detector.

Molecular Weight Determinations

The only method used for determining molecular weights was

the measurement of viscosity. This is a rapid method with relatively

few sources of experimental error but it is not absolute as is

osmometry or light scattering. Solution viscosity is empirically

related to molecular weight for linear polymers.
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Before going further, the following definitions should be

* 19made :

relative viscosity (viscosity ratio) = 4rel = n/fl= t/t0 ,

where tQ is the flow time of a reference liquid through a viscometer

and t is the flow time through the same viscometer of a dilute

solution of polymer in the same reference liquid.

specific viscosity = = i7?rel) ~ 1 = (t-t0)/t0 ,

reduced viscosity = ^red = sp/c
where c is the concentration of the polymer solution in gm/lOOml,

inherent viscosity = 7^ = In n vel^C
intrinsic viscosity = 1 = (^7 /c) = (ln^7 ->/u j c-*0 v 'sp c-»0 t rel

The determination of intrinsic viscosity requires the preparation

of dilute solutions of the polymer in a suitable solvent. The

viscosities of these solutions are then measured relative to that

of the solvent. The intrinsic viscosity is obtained by extrapolating

to zero concentration a plot of either reduced viscosity or inherent

viscosity versus concentration. A correlation between intrinsic

viscosity and molecular weight for linear polymers is achieved
1 9 20

through the Mark-Houwink equation '

[7?] = ™a ,

where M is molecular weight, K and a are constants for a particular

polymer-solvent system. The constants K and a are determined by

the intercept and slope, respectively, of a log-log plot of intrinsic
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viscosity and molecular weight. The molecular weights used in

such a plot are determined by one of the absolute methods such as

light scattering. The value for a will be in the range 0.6 to

0.8 for most systems.

An equation has been developed for determining intrinsic
21

viscosity by a single point determination for dilute solutions ,

M -[(2)i/o](^,p-ln'?ral)i ,
20

but according to Bovey et al the inherent viscosity of a single

sufficiently dilute solution (c — 0.1 gm/100 ml) is frequently

taken as approximately equal to intrinsic viscosity.

The molecular weight changes due to degradation for the

poly(methyl methacrylate) samples were estimated from the intrinsic
o 22-24.

viscosities of acetone solutions at 25 C using the equation

m 7.5 x ID"5 M0'70
based on weight-average molecular weights obtained from light

scattering data. Intrinsic viscosities were determined by dilution

in a suspended level type BS/lP/SL(S) viscometer (Volac, serial

number 1933) having a flow time of about 115 sec. for acetone.

The viscometer was suspended in a constant temperature bath at

25.0 ± 0.1°C.
Molecular weights for the poly(ethyl methacrylate) samples

were determined by viscometry using toluene solutions at 35°C.
The K and a values for the polymer-solvent system at this temperature,

-5
based on weight-average molecular -weight, were 8.5 x 10 and
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25
0.72, respectively . An identical viscometer to the above, having

a flow time of about 170 sec. for toluene, was used and the bath

kept at 35-0 i 0.1°C. Intrinsic viscosities were determined by

dilution and also by single point determinations using the equation

given previously.
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CHAPTER III

POLY(METHYL METHACRYLAT5)

Introduction

Before proceeding with the investigation of the photolytic

degradation of poly(ethyl methacrylate) it was decided to test the

degradation system and techniques hy studying poly(methyl methacrylate)

which already had been the object of a number of investigations,, A

relatively low molecular weight sample was chosen as the photo-

degradation of such polymers had been particularly well examined.

Besides testing the system and obtaining information with which to

compare poly(ethyl methacrylate) results, this study also was an

attempt to determine the mechanism of the photolytic degradation of

poly(methyl methacrylate) at temperatures above that of the glass-

transition. The sample used in the investigation had a molecular
5

weight of 5-5 x 10 and had been prepared in benzene solution.

Methods

Polymer films of thickness 0.3 x 10 ^ cm to 6.8 x 10 ^ cm

were irradiated with light of wavelength 253.7 nm over a temperature

range of 160° to 200°C, Little or no thermal degradation was

found at these temperatures. Prom the calibration plots for each

temperature the voltage versus time plots were converted to weight

loss versus time and percent weight loss versus time plots. Examples

of the latter are given in figure 10. The order of the reaction with

respect to weight was calculated for each run by plotting t/P
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against t using the relationship

t/p = T~ + f 5

where t = time, P = fraction degraded, n = order of reaction, K =

n—1
a constant = kw0 . This will be explained later. The results

were checked by plotting (~)n ^ against t, substituting the

value of n determined above. The variation in rate of degradation

with changes in light intensity was examined. Overall rate constants

for the various degradations were determined. Energies of activation

for the degradation reaction were calculated from the usual Arrhenius

plots and also by a method for which rate constants and a knowledge

of the order of reaction are not needed. Quantum yields for monomer

production and chain scission were also determined. Degradation

products were examined by infra-red, ultra-violet (both absorption

and emission), and gas chromatography. Molecular weight changes

were only looked at for comparison purposes.

Analysis of Kinetic Data

1. Introduction

The determination of the kinetic parameters of a, photolytic

degradation - order with respect to weight, rate dependence on

light intensity, rate constants, activation energy, etc. - combined

with a knowledge of the degradation products should lead to a better

understanding of the mechanism of the reaction. Knowledge of these

parameters may also give an insight into the photophysical processes

that occur.
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1
2. Effects of Light Intensity on Rate

The intensity dependence of a product rate may help to

establish whether the product is formed in a primary process or from

a secondary reaction. Since only one quantum is absorbed to initiate

the reaction, the rates of primary processes are always directly

proportional to the absorbed light intensity (la). Rates of products

formed in secondary reactions show some dependence on Ia other than

first-power. In general, bimolecular termination by a reaction

involving active chain-carrying species results in a rate proportional

to Ia2. Termination which occurs from a first order reaction such

as complete unzipping leads to a rate which is dependent on the

first power of Ia. Second-order termination is favoured by high

radical concentrations or high Ia. First-order termination may

dominate at low T and at low concentrations where diffusion is
&

rapid. Thus, if wide ranges of Ia and concentrations are studied
JL

in a given chain reaction, a change over from Ia2 to Ia dependence

in the rate law might be observed as the mechanism of chain ter-
2

mination changes. This may explain the fact that Cowley and Melville

found that their intensity exponent varied from 0.3 ot 0.6 over the

temperature range 14-2° to 200°C.

Experiments were carried out to determine the dependence

of the rate of evolution of monomer on the light intensity. The

intensity was varied by placing filters of known transmission

between the light source and the polymer sample. The resultant
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intensity was expressed as a fraction of the intensity with no

filter. Rates were calculated from the loss in weight of 20.0 mg

_ o
films irradiated for ten minutes at 180 C. A first-order dependence

is indicated by the fact that a plot of rate against intensity

results in a straight line (figure 11 ) and a log-log plot of rate

versus intensity gives a line with a slope of 1.0.

3. Order of Reaction Yfith Respect to Weight

A great deal may be learned about the mechanism from a

knowledge of the order of the reaction with respect to the weight

of the sample. It has been determined that an order of 0 to 1

indicates end-initiation while an order of 1 to 2 indicates random

initiation"^.

(a) From t/P versus t plots. The order v/as determined

/ 4
from t/P versus t plots. This is a method devised by Wilkinson

based on the equation given previously:

1 nt t
K + 2 " P

dw n
derived from the general rate equation, - ^ = kw ,

written as ^dt^ = K(l-P)n •

The quantity t/P is plotted against t. The result is a straight
n 1

line with a slope of — and an intercept of ^ .

In order to check the validity of this method, data from

model 0, 0.5, 1.0, 1.5, 1.7, and 2.0 order reactions were plotted.

The results are given in figure 12. In each case straight lines

with correct or very nearly correct slopes and intercepts were
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obtained. Values for n determined in this manner were within

±0.1 of the true order. The plots of t/P against t using the

data collected for poly(methyl methacrylate) gave excellent straight

lines in nearly all cases. Some examples of these plots are given

in figure 13. Values for n varied from 1.4 to 2.1, the average

being 1.7. The variation may have been considerable but the result

did indicate that the order was somewhere between first and second.

Applying the criterion given above, this would indicate that the

mechanism is one of random initiation. If the order is 1.7, then

the molecular weight distribution is such that the ratio of the

weight average to the number average molecular weight has a value
3

of three .

(b) From the integrated rate equation. As a further check

of the first method values for (Wq/w)^"^-1 were plotted against t.

This plot was based on the integrated rate equation for n = 1.7:

0^7(^7 " = kt

derived from - ~ = kw"'*"^ .

dt

In all cases a reasonably good line resulted. This indicated that

the order was approximately 1.7. Examples of these plots are given

in figure 14.

4. Rate Constants

dw n
The rate of a reaction is given by: - -j-j: = kw

In bulk reactions it is necessary for the k to have the units of
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a first-order rate constant (time ). The rate equation becomes:

dw Kwn
dt n-1 '

wo

n-1 —1
where K = kw0 , has units of time , and can be considered to be

a true rate constant. Thus, for the reaction under investigation,

dw Kw"^ * ^ \
"

dt = ~o7i (1)
wo

1 7
Therefore, the rate should vary with (weight) and (initial

weight) . The slope of the plot of -^-=j j^(w^/w)^*vs.t xs

Tr • 1 i 1 1 \ , J. KK sxnce 7rT( —c *-=) = kt =0.7 m0.7 „ 0.7y - - - ^0.7
't

It was found that K was also dependent on weight (figure 15) and that
0 7

K x w0 = a constant = k*. (2)

But since K = kw , then
o '

k' k'
k = —n-1; TTn = —7—r > an<x

r„ 0.7\/„ 0.7n „ 1.4 '(w0 )(w0 ) w
o

dw k1 w1 * ^
'

dt " . 1.4 ' U;
wo

0 7 -1
where k* is independent of weight and has units of wt. time

1 7 —1
This gives a rate varying with w * as above, but with w0

rather than wQ This equation may be further examined by

considering the case at t = 0 or t very close to zero where w = wQ
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and rate = initial rate. The rate equation should then reduce to

_ _ r. _ k'wo1'7 = k.w °-3 (, )
dt - ri - 1.4 K wo va;

wo

At t = 0 the pressure exerted by the monomer will be the only

pressure effect acting on the system and will be proportional to

the initial rate of evolution of monomer. Since the voltage reading

of the thermistor gauge is a function of pressure, then the initial

voltage (taken as the extrapolated peak voltage from a voltage-

time curve) will be proportional to the initial rate. Log-log

plots of initial voltage and initial weight for runs at several

temperatures give an average slope of about 0.3 (see figure 16)
~o,3

which indicates that v^c*w0 . From this it would appear that

the initial rate-initial weight relationship holds and that equation

(3), the general rate equation, is correct.
0 7 -1

Values for the rate constant, k*, having units of gm ' min

were determined at each temperature using equation (2) for which

K was taken as the slope of the plot of Wq/w)^' ^- ij against
t. In addition the rate constant was determined graphically by

extrapolating plots of log K versus log w0 to unit weight. It

could also be obtained from the t/P versus t plots as the intercept
1

is 77 . Values of this K are similar to those of K above but are
IV

considered less reliable as the former are determined from intercepts

rather than slopes. For one thing, experimental error has more

effect on an intercept than on a slope. Beyond this, many of the
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t/P versus t plots tend to curve at low values of t which makes

intercepts difficult to determine and introduces a margin of error

in the determination.

Values for K from both types of plots and values for k' are

given in Table 1. Most values are based on the average of two or

more degradation runs. The 50mg samples (thickness = 6.7 x 10 ^cm)
give very low k' values, especially at high temperatures. The

2
reason for this is not certain but Cowley and Melville got similar

results for films of like thickness. Diffusion effects are un¬

doubtedly a contributing factor.

5. Overall Activation Energy

(a) Prom Arrhenius plots - log K versus 1/T.

The experimental activation energy, Ea, is usually

defined by the Arrhenius equation, one form of which is

K = Ae-EA«h
where A = a constant, R = gas constant, T = temperature in °K. A

graphical solution for E& may be obtained from the slope of a plot
of log K versus 1/T. This was done (figure 1?) using K values for

each initial weight determined from (wq/w)^'^- 1 versus t plots.

The result in each case was two straight lines intersecting at a

point corresponding to about 175°C. Above this temperature the
— 1

activation energy is approximately 41 kJ mole (40.9 ± 6.3 kJ mole

below it about 211 k.J mole ^ (211 ± 36 kJ mole ^ ). It should be

noted that the activation energy is independent of initial weight
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[CURE 17

mNIUS PLOTS

2.10 2.20
RECIPROCAL TEMPERATURE x 10^(°K~1)



over a fairly wide range of weights. The log of the overall

reaction constant, k', determined "by two different methods, was also
— 1

plotted against 1/T giving activation energy values of 1+3.4 kJ mole

and 191 kJ mole (figure 18). Since all the lines are "based on

a small number of points, their accuracy may be questionable.

However, the plots do indicate the same sort of behavior noted by
2

Cowley and Melville and the activation energies are roughly
-1 -1

comparable to the values, 33.5 kJ mole and 125 kJ mole , calculated

by Cowley and Melville.

(b) Prom plots of log t versus 1/T.

This method is based on the equation

, BeE«/ET
A

Values of t are obtained from percent degradation versus time

curves. The time corresponding to a given percent degradation is

determined at a number of temperatures. Log t is then plotted

against the reciprocal of the absolute temperature and the activation

energy is determined from the slope.

The basic equation is derived from the general rate equation,

- — = k f(w) , where f(w) = some function of weight.

We may replace w in the equation with the fraction of weight

remaining, (1-P), where P = the fraction degraded; f(w) becomes f(P).

Therefore, - = kf(P)dt

d(1-P)
f(P)

= kdt
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FIGURE 18

ARRHPNIUS PLOTS



Integration gives F(P) = kt. For a given percent degradation

F(P) = a constant, call it B.

B = kt , t = |
From the Arrhenius equation,

k =

Therefore

B B E /RT
=

Ae-Ea/RT = Ae
The plot of log t versus 1/T gives a line vd_th a positive slope.

This method is very usefull when the order of a reaction and therefore

the values for the reaction constants are not known. It also gives

a value for the activation energy as the reaction proceeds.

Plots were done for 5, 10, 20, 30, and 50 mg samples at

5, 10, and 2C$> degradation. Examples are given in figures 19-20.

The results were similar to those obtained from the log K versus

1/T plots, two straight lines intersecting at about 175°0. The

activation energy above 175°C is about 41 kJ mole ^
(40.5 i 4.4 kJ mole ), below that temperature the activation

energy i3 about i90 kJ mole . This is in excellent agreement

with the values obtained previously. It should be noted that the

activation energy is unchanged up to 20% degradation. Therefore,

the activation energies determined in this investigation are inde¬

pendent of both initial weight and extent of degradation (to at

least 20% conversion).
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FIGURE 19

ACTIVATION ENERGY

FROM LOG t VS 1/T PLOTS, 5 MG SAMPLES

RECIPROCAL TEMPERATURE x 1 O3 (°K~1)
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FIGURE 20

ACTIVATION ENERGY

FROM LOG t VS 1/T PLOTS, 20 MG SAMPLES

RECIPROCAL TEMPERATURE x 1O3 (°K 1)
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Ultra-Violet Absorption of the Polymer

The intensity of the light absorbed by a polymer is obtained

from the difference between the incident and transmitted intensities,

i.e. Ia = IQ - 1^. The transmitted intensity, I^, is given by the
equation:

Jt = i0 io"€cl>
where 6 = the molar extinction coefficient, c = concentration,

1 = thickness of the film. Since c is a constant for a given

polymer, ec can be replaced by ka, a specific absorption coef-
-1

ficient having units of cm , so that

xt = h 1°"kal •

Therefore

la = To " I0 10_kal = Io(l-10~ka1).
I may be determined from a knowledge of the incident intensity,

sample thickness, and specific absorption coefficient of the polymer.

The transmittances at 253.7 nm of films of known thickness

were measured at 25°C and log(l/lQ) was plotted against thickness

(figure 21 ). A linear plot resulted which was extrapolated to

zero thickness. This gave the loss in transmission, r, due to

light scattering and reflection. The fraction of light reaching

the polymer sample, 1-r, was calculated to be 0.966. The intensity
15 -2-1of the lamp was 3.4 x 10 quanta cm min . The intensity of the

i S
light reaching the polymer was 96. 6% of this or 3.3 x 10 quanta

-2 -1
cm mm . The specific absorption coefficient, k , was taken



FIGURE
21
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from the slope of the log(l/l0) versus thickness and found to

be 7.4 cm at 253.7 nm. This is very close to the value of
-1 5 -18.0 cm calculated from data, of Shultz . A ka value of 7.4 cm

gives a molar extinction coefficient, €. , at 253.7 nm of 0.62 1
-1 -1

mole cm . This may be compared to the value of 1.32 determined
2

by Cowley and Melville and values of 0.75 and 0.87 calculated

5 6
from data of Shultz and David et al , respectively. The low

absorption coefficient of poly(methyl methacrylate) at 253.7 nm

means that this radiation can penetrate to all parts of a thin

film with only slight attenuation. There can be no "skin effect."

From above

ia = i0(i-io""kal)
Therefore, for poly(methyl methacrylate) with the system used

in this investigation:

Ia = 3.3 x 10^(1-10 7*4 -L) quan^a cm ^m±n ^
"I

For low light absorption, ( e cl i 0.02) ,

(1-10~ecl) = 2.303 eel = 2.303 kal

Therefore

(1 _ 10"7*4 X) = 17.0 1

and

Ia = 3.3 x 10^(17.0 l) quanta cm ^min *

2
Multiplying through by the surface area of the films, 6.3 cm ,

and considering sample weight rather than thickness (17.0 1 =

2 "7 8 ""3
2.25 w, assuming a density ' ' of 1.2 gm cm ), the intensity
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of absorbed light becomes:
A A (-\ A

Ia = 2.08 x 10' (2.25 w) = 4.68 x 10 x w quanta min

Quantum Yields

1. Introduction

The quantum yield is one of the most useful and funda¬

mental quantities in the study of photo-chemical reaction mechanisms.

Its magnitude and the influence of the experimental variables on it

give important information as to the nature of the reaction.

Several types of quantum yields are used in photo chemistry:

primary quantum yields (^), product quantum yields (I), quantum

yields for fluorescence, decomposition, rearrangement, etc.

Let us consider the general reaction of a molecule, M,

which undergoes photo-decomposition by a primary process:

M + hv *- A + B

A and B are products formed as the immediate effect of light

absorption by M. The primary quantum yield of the process is

defined by:

_ d [a] /dt _ No. of molecules, radicals, or ions of A formed/cm^-sec.
* Ia ~ No. of quanta absorbed by M/cm2-sec.

The primary quantum yield, (Q^, of a primary process, i, may be

thought of as the fraction of molecules absorbing light which

undergo decomposition by that process, from the second law of

photo chemistry it follows that the sum of all n of the primary

quantum yields of the n different primary processes cannot
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exceed unity.

t%̂
i=1

When collisional deactivation, fluorescence, radiationless trans¬

itions, and other similar photophysical primary processes are

unimportant or are included in the summation, then the equality

applies.

Primary quantum yields are of great theoretical importance,

hut they are difficult to estimate in the common case where A

and B are free radicals or atoms. The total number of quanta

absorbed by M per cm^-sec, I , can be estimated easily enough.

The major difficulty lies in the determination of the rate of

yield of free radicals or atoms, d [aJ/dt, Therefore overall

quantum yields of products are more commonly measured. At times

reasonable estimates of primary quantum yields can be derived from

these overall yields; in any case, the magnitude of the overall

quantum yield of a product always provides information concerning

the mechanism. The rate of formation of some stable product is

measured irrespective of whether it is formed directly in a primary

process or in a secondary thermal reaction involving free radicals

or atoms. The quantum yield of a stable product X from the photo-

degradation of M may be defined by:

x _ a DO/at _ No, of molecules or ions of X formed/cm^-sec.
X Ia nd< 0f quanta absorbed by M/cm3-sec.
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The quantum yields of fluorescence, decomposition, isomerization,

etc. are defined in an analogous fashion.

Small quantum yields of all decomposition products (i-s« 1 )
indicate important deactivation, fluorescence, or other processes

that lead to no chemical change. Large product quantum yields

(£s» 1) indicate the importance of a chain reaction forming

these products. If the quantum yield of a product does not vary

with changes in experimental conditions, the formation of this

product in a primary rate-determining process is indicated.

2. Quantum Yield for Monomer Formation

The monomer quantum yield, ^m, assuming a constant reference
volume, is given by:

x
_ rate of formation of monomer _ dm/dt
~

rate of absorption of light ~ Ia

Since = ~ 4r , and for this reaction it has been determineddt dt

, k,1.7
that - •— - —~ and that Ia = I0(2,25 w), then

Wq *

i . 1-7 ,. 0.7k' w
_ k'w

m " I0(2.25 w)w0' " T0(?_?5)w 1-4- '§
-L0^ ^ »","»0

-1
the quantum yield in gm qua,ntum

Depending on whether ^ m is the average quantum yield over the

period of a run, the quantum yield at a given instant, or the

initial quantum yield, w will be the average weight, the weight

at a particular time, or the initial weight, respectively. It may
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be seen from the equation that <|>ra is weight dependent. Therefore

let us define a monomer quantum yield independent of initial weight,

^>m , such that = ^>m (wor7 = a constant for a given
temperature.

/ k'(w/w0)^"7 x ~ x A0/ M o 7 — i
m = 1 (2.25) ^ monomer molec. gm 'quantum , where

Mm = molecular weight of monomer and A = Avogadro's Number. For the

initial quantum yield w = w and the above equation reduces to

1 k_
ft! Mm - 0.7 , -1 , . , .

= j" 'J 2.257 mo-Lec' S111 quantum which is a maximum.
decreases as the polymer degrades. At 1O^o degradation the

equation becomes

/ k' (0.9)°' ' x 5- x A k' x x A
(T) _ . m = 7 Mffl f-i)

I0(2.25) ' { j
The monomer quantum yield may also be determined by dividing

the number of molecules of monomer evolved in a given time by the

light absorbed in that time, i.e.

TfS ? x A([9m = t fk wtT ' w^ere we = weight of monomer evolved and

t = time. The weight, w, will be taken as the average weight over

the time period, w, although this is not strictly correct. For a

low percentage degradation the error will be slight. At 1O/o

degradation the equation becomes
-°— ^ x A Q,!°33 x A

(B —Ma 1 Mm 1 (2)~

I0(ka x 0.95 w0t) " IQkat ' V ;
As before §'m = <£>(w0)0'7.
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Table 2 includes quantum yields for monomer formation at

10fc degradation calculated by both methods. The k' values used to

determine were those determined graphically.

9• Quotum Yield for Random Scission

The two quantum yields most commonly determined in polymer

photo-degradations are those for product formation and chain scission.

The former is easy enough to calculate whether there is unzipping or

not, but the usual equation for the latter breaks down when there is

unzipping and all or part of the monomer formed is removed. There¬

fore a new equation must be derived which takes into account the

loss of monomer.

Assuming complete unzipping, the total number of chain scissions

Ng, occurring during the time interval 0 to t is equal to the differen

between the original number of polymer molecules, NQ, and the number
of molecules remaining at time t, N^., i.e.

Ns = N0 - Nt .

We may define N as

w ■—
N = — x A, where w = weight, M = number average molecular

weight, and A = Avogadro's Number. Therefore

N = A(Sa - St) .s Mo Mt

The number of scissions per original polymer molecule is

Wp wt

S = ^ i scissions molec ^ .1Jo ZLa wo Mt
Mo
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The quantum yield for random scission, $ s, is
W0

no. of scissions molec x no. of molec
_ Mn

no. of quanta absorbed ~ Iat

n _ (2t)(5a)l x Wq x a
= - W°T Tk¥) t^9 scissions quantum" (3)

The above equation may be simplified. Since = (1-C), where
M 1 °

C = fraction of polymer degraded, = —, "where M = fraction of
Mt k

m-^1
"2

original molecular weight, and it has been found that (1-C) = M,

where m = the molecular weight distribution ratio, then
1_

S = 1 - (1-C)(jjf) = 1 - (1-C)m . Also, M0 = &la . Therefore

mw0

= S T^CV_w'l +.I0(kaw) t

1 2

Now since (1-C)m = 1 ~ jf + an^ we consider only

1_
low values of C, then (1-C)m = (1 ) , andx m '

$S s
u (* C \ | iaw0 . u x wn1 - (1 - -J x rlU\ x A /S=a

~ L mJ ®o
C x wn x A

= (MW)O
Io(ka¥) Io(ka*) t

$s C_X w° x £ (4)
Io(kaw) t x (Mw)o

Values for <^)s increase with degradation. For example, using

equation (3), (j)s for a 5 mg sample irradiated at 200°C is 1.02 scissions
— 1 — 1

quantum at 10fo degradation and 1.21 scissions quantum at 50^
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degradation, the limit of the use of the average weight in deter¬

mining Ia. The number of scissions per original molecule per unit
time remains fairly constant over a run but since the light absorbed

decreases, Cj5s must increase.

Quantum yields for random scission with complete unzipping

at 1 U/o degradation were determined for a number of initial weights.

It was found that <^>s varied with initial weight but that
t 0 7 -r/

x wQ * gave a fairly constant value. Therefore <3>Ss a scission

quantum yield independent of initial weight, was defined such

that (jj)s = (|)3 x w0°'7. Values for (|)s and average values
for (J)- (all at 10^ degradation) are given in Table 2 alona

-L °

with quantum yields for monomer formation a.nd approximate values

for the number of monomer units per scission ( 3v <K).
Values for are relatively uncertain and are useful only for

a general comparison with the results of other investigators.

Degradation Products

Comparison of infra-red spectra of films before and after

degradation shows no apparent difference in polymer structure.

The infra-red spectrum of the liquid polymer trapped during a run

indicates that monomer is the only product. The gas-liquid

chromatogram verifies this by giving only one peak. Comparison

of ultra-violet absorption spectra of degraded films with those

of undegraaed polymer indicates a general increase in absorption

below 325 nm with degradation as well as the appearance of a new



Temp(°C)
w

cA

mg)

$m(rao1quantum
)

Eqn(l)
Eqn(?)

t

mol
gmquantum"̂
)

(1)

(2)

x
1

i

(scissiquantum
')

.oris■1

102(scissionsgm0'1

quantum"'
)

Approximate
number

of

monomer
units

per

scission
x
1

0~A

f

160

5.0

429

493

10.5
12,9

0.39

0.24

4.4

5.5

10.3

262

339

0.62

20.3

160

185

0.34

sIi

30.5

121

159

0.29

11?0

5.4

1403

1261

34.2
39.5

2.29

0.72

4.9

5.5

11,0

827

1080

1

.96

20.1

524

710

1.29

31
2

399

.386

0.70

180

4-8

3780

3370

87.2
70,7

6.13

1

,29

6,8

5.5

9.4

2295

1130

3.27

20,1

1320

1125

2.04

J

29-7

1022

710

1,29

190

5,4

5055

4500

126.4
102.9

8.17

1

.87

6.7

5

5

10.1

3160

2460

4,45

20.0

1915

1687

3.06

30.0

1469

1039

1.88

200

5.5

5640

5630

142.2
120.8

10.21

2.19

6.5

5-5

10,0

3605

2810

5.11

20.1

2156

1930

3.50

30.8

1636

1172

2.13
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band at about 280 nm (figure 22). Ultra-violet emission spectra

were attempted for undegraded polymer in chloroform and methylene

chloride solution and degraded samples in the latter solvent and

also acetone. Excitation wavelengths of 253-7 and 313 nm were

used. Wo emission spectrum was found between 200 and 500 nm

for any of the samples.

Molecular "Weight Changes

Molecular weights of the undegraded sample and several

degraded films were determined by viscometry. For the purposes

of this investigation these values will be considered as weight

average molecular weights. Table 3 gives values for the intrinsic

viscosities (extrapolated from plots of V s-p/°) along with the
molecular weights and fractions of the initial molecular weight

for the various samples. The latter was plotted against the

fraction of polymer converted to monomer (figure 23). The values

are only approximate and there is considerable scatter but the

points fall in the general area of the curve for a randomly initiated

polymer having a molecular weight distribution ratio of

weight average molecular weight , m, . , , „ ,,~ a = = —= 3. This was expected from thenumber average molecular weight

fact that the order is approximately 1.7 and adds to the evidence

indicating that the initiation step definitely is random scission.
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TABL3
3

VARIATION
OF

MOLFCTJLAR
HFIHHT
HITH

C07F/FRST0M
TO

MONOMFR

Teran(DC)

w0(mg)

PercentDegradation
[n]

Height
Average

Molecular
'height

(x

10-5)

FractionalMolecular
Height

Undegr.Polymer

0.78

5.50

1

.00

160

30.2

5.2

0.73

4.8

0.87

170

11.020.131
.250.8

414126
9.2

0.480.690.680,72

2.84.7444.7

0.510.850.800.85

O
CD

—̂

11.420.1

503.2

0.550.80

3.35.6

0.66
1

.02

190

10.130.0

5554

0.
500.61

2.93.9

0.530.71

200

20,330.851.6

675843

0.500.89
0

59

2.96.63.6

0.531.200.65
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CHAPTER IV

P0LY(3THYL METHACRYLATE)

Introduction

The work on poly(ethyl methacrylate) differed from that

involving poly(methyl methacrylate) in a number of ways. For one

thing, two different methods were used to measure the amount of

monomer evolved. Before the thermistor gauge system was decided

on a trapping method was tried. The results from the two methods

will be treated separately but later compared. A wider range of

temperatures was used in the poly(ethyl methacrylate) thermistor

gauge investigations than in the poly(methyl methacrylate) degra¬

dations. This was due to the possibility of a. break in the Arrhenius

plot which necessitated having mere points which meant a wider

range of temperatures. Three samples were employed In the poly-

(ethyl methacrylate) work compared to a single sample used in the

studies on the methyl ester.

With the exception of a very small amount of information

in a paper by Maxim and Kuist', no work appears to have been done

on the photo-degradation of poly(ethyl methacrylate). The present

investigation was done in order to determine the kinetics and

mechanism of the reaction and to compare the results with those

from poly(methyl methacrylate) which would be expected to be

similar.
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SECTION A

THERMISTOR G-AU&E RESULTS

Introduction

Polymer films of thickness 0.7 to 13.6 x 10 J cm (mostly
..."J

0.7 to A.2 x 10 cm) were irradiated with 253.7 nm light. Thre

different polymer samples (FEMA - 1>3ff4)» ail prepared by bulk

polymerization, were used. The first two were irradiated only a

o o
160 0, the third one over a temperature range of 120 to 18CTC.

Very little thermal degradation was found at these temperatures.

Prom the calibration plot (wt.loss/area under voltage-time curve

see figure 24) for each temperature the voltage versus time plot

were converted to weight loss versus time and percent weight los

versus time plots. For examples of the latter see figures 25 an

These data were then used in the determination of a number of

kinetic and other parameters.
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Kinetic Analysis

1. Variation of rate with Change in Intensity

A series of experiments were done to determine the effect

of light intensity on the rate of depolymerization for sample

PEMA-4. The intensity was varied and the rate determined at

each intensity (For details see Chapter III, p.72 ). A plot

of relative rate versus relative intensity results in a straight

line passing through the origin (figure 27). A log-log plot

of relative rate and relative intensity gives a straight line

with a slope of 1.0 (figure 28). Both of these results indicate

that the dependence is first order, i.e. rate «C 1

2. Order of Reaction with Respect to Weight

Using data from the percent degradation versus time curves,

t/P was plotted against t for various initial weights. This resulted

in straight lines having slopes = n/2 and intercepts = 1/K, where

n is the order with respect to weight and K is the reaction constant

(for details of this method see Chapter III, p.73.). The values
1 1

found for n were checked by doing plots of (— - —) versus t andD r
w w0

1 1
(—j_ — 1 ) versus t, based on the integrated rate equations for

W2 Wq2

orders of 2.0 and 1.5, respectively. Values for the order with

respect to weight are given in Table 1+ along with the molecular

weights of the samples. Examples of t/P versus t plots for sample 4-
1 1

may be found in figure 29. Figure 30 gives (— - —) versus t plots
w wQ

for various initial weights of the same sample at 14-0 C.
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FIGURE 27

RELATIONSHIP BETWEEN RATE AND INTENSITY

RELATIVE INTENSITY
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FIGURE 28

LOG-LOG PLOT OF RELATIVE RATS

ATID RELATIVE INTENSITY
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TABLE
4

PolymerSample

Temperature
of

degradation
runs

Weight-Ave.MolecularWeight

Order
with

Respect
to

Weight

From
t/P

From

integrated

vs
t

plots

rate
plots

FEMA
-

1

160°C

2.5
x

105

1.9
(i

0.3)

—
2

FEMA
-

3

160°C

7.6
x

105

1.7
(±

0.3)

between
1.5
&

2

FEMA
-

4

120
-

180°C

3.6
x

105

2.0
(+

0.4)

—
2
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3. Rate Constants

If we assume that n is approximately 2, then K, the

reaction rate constant may be determined from the slope, k, of the
1 1

plot of (— - — ) versus t by using the equation K = kw_ (since
w wQ J ° x o •

ri1™ "1
K = kwQ ). The t/P versus t plots give K directly (intercept = 1/K),
K is weight dependent as it was in the poly(methyl methacrylate)

work. Therefore another rate constant, k1 , must be defined. Prom

the poly(methyl methacrylate) results it was thought that the general

, . nk w n-1
rate expression was: rate = —2n^2 5 w^ere = KwQ . However,

w
o

it appears that, at least in the case of poly(ethyl methacrylate),

the expression is

k'w11 k'w11 , , , v 0.7rate = —> ,\ , , where k! = Kv/„(n-1)+0.7 n-0.3 0
wo wo

This is borne out by the fact that K « w0 ^.7) ^Qr aqq q^g

samples regardless of the value of n. At t — 0, w — wn and the
0 Y

above equation reduces to initial rate = k'w0 . Experiments

indicate that this is indeed true (for details see Chapter III, p. 80.

Plots of log initial rate versus log initial weight give straight

lines with slopes very close to 0.3 (figure 31) showing that the

general rate equation for poly(ethyl methacrylate) holds. Therefore

the rate expression for PEMA - 1 is

_ dw k'w1
dt ~ 1.6 '

w„
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FIGURE 31

RELATIONSHIP BETWEEN

INITIAL VOLTAGE AND INITIAL WEIGHT

A

180°C
170°C

130°C

0.6 0.8 1.0 1.2 1.4

LOG INITIAL WEIGHT (WQ IN M&)
1.6
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for FEMA 3 is

dw k' w"' " ^
"

dt " 1.4
w

o

and for PEMA - 4 is

2 0
dw k ® w "

"

dt ' 1.7
wo

Values for k® were calculated using the equation k® = KwQ^"^.
The k' values for samples 1 and 3 were calculated from the K's

determined from the t/P versus t plots only since n / 2 in each

case and the integrated rate plots used would give misleading values

for K. The average k* value was taken as the rate constant for the

sample at the given temperature. Table 5 gives values for K and k!

for the two samples. Values for k® for sample 4 were calculated from
1 1

K's from both the t/P versus t plots and — versus t plots.w w0
Table 6 gives values for K determined by the two different methods

and the resultant k'®s. The rate constant was also determined

graphically by extrapolating log K versus log w0 to unit weight. These

values are virtually identical to the average k'*s previously determined.

T ABLE 5
, Ave k' x 10

K x 10 0.7
Polymer Temp w0 from t/P x wo
Samnl <= ( (moA vc- + r»1 n-h c; ( pm • mi n ^ ^

PEMA - 1 160 10.2 13.8
15.0 10.9
20.1 8.1 5.2
25.0 7.3
29.7 5.9
41.1 4.6

FEMA - 3 160 21.4 8.7
35.0 5.4
39.2 4.5 5.1
51.5 3.9
69.9 3.2
96.0 2.6
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TABLE 6

SAMPLE FEMA - A

Temp
(°C) w (mg)

K^j from
(1.1)

w w0
vs t plots

(min~1)

K2 from t/P
vs t plots

(min~1)

Ave k • x 10'
0

4

(K-) x w0^*7)
(gm0.7 min~^)

Ave k» x 10^

(K2 x wo0'7)

120 20.0
30.0

8 x 10-if
5.7

8.2 x 10~4
6.0 0.50 0.5

130 5.0
10.0
20.0
30.0

6.16 x 10 3
3.20
2.24
1.59

6.9 x 10~3
4.5
2.3
1.6

1.40
I

1.6 j
i
I
i

140 5.3
11.3
20.0
30.7

10.1 x 10"3
6.06
4.38
3.53

12.3 x 10~3
6.5
4.4
3.3

2.77
|

2.9

150 5.7
11.3
20.2
30.3

14.0 x 10~3
7.82
5.96
4.58

13.9 x 10~3
8.2
6.2
4.8

3.75 3.9

160 5.0
10.0
20.1
30.2

1.59 x 10"2
1.02
0.84
0.66

1.8x5 x 10"2
1.3x9
0.8x2
0.5x5

4.78 5.0

170 5.1
10.0
20.0
30.0

2.02 x 10-2
1.32
1.18
0.83

2.3 x 10~2
1.4
1.0
0.8

6.28 6.1

180 5.0
10.0
20.0
30.0

2.69 x 10"2
1.60
1.10
0.91

2.6 x 10"2
1.4
1.1
0.9

6.97 6.7
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4. Overall Activation Brier££ for the Degradation of Sample J+

(a) From Arrhenius Plots - log k versus 1/T,

This method is based on the equation k = A e ~'a/ A

and Fa = 2.303 x R x slope of a log k versus 1/T plot (for details
see Chapter III, p. 83). Two different plots were done, one

employing rate constants for each initial weight determined from the
■) 1 \

slopes of (~ ~ ~ ) versus t plots, the other using the average

values for ks, the weight-independent rate constant, given

previously. Both plots appear to give two straight lines intersecting

at about 135°C. The first plot or set of plots (figure 32) gives
~\ —'i

an average value of 43.3 kJ mole ' (43.3 - 3.8 kJ mole ) for the

activation energy above 135°C and approximately 136 kJ mole ' below

that temperature. The activation energy is independent of initial

weight over the weight range studied. The second plot (figure 33)

gives values of 42.2 kJ mole and 136 kJ recle'"^ for Ea .

(b) From log t versus 1/T plots (see Chapter III, p. 86)

The values for t used in this method were determined

from percent degradation versus time plots. Plots were done for

5, 10, 20, and 30 mg samples at 5? "10, and 2Qp/c degradation.

Examples are given in figure 34. The results are similar to those

above. Activation energies were determined from the slopes of the
o —1

lines. Above 138 C the activation energy is about 42.0 kJ mole
~ 1 — "1

(42.0 t 3.2 kJ mole ), below that temperature about 125 kJ mole

These values are in excellent agreement with the values obtained

by the other method. The activation energy is independent of the

extent of degradation over the range covered.
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Ultra-Violet Absorption of the Polymer

The transmittances at 253.7 nm of films of known thickness were

measured at room temperature. A plot of log (l/l0) against thickness

resulted in a straight line (figure 35). The slope of this line

gives the specific absorption coefficient, k . and the intercept3,

gives the loss in transmission, r, due to light scattering and
-1

reflection. The value for ka is 6.8 cm and since ka =6c, this

means that the molar extinction coefficient,6 , for poly(ethyl
— 1 —1

methacrylate) at 253.7 nm is 0.61 1 mole cm . The fraction of

light which acts on the film, 1-r, is 0.973. From before (Chapter III,

p. 93 ) the equation for the light absorption per unit time is

Ia = I0 (2.303 kal), where IQ is the incident light per unit time

and 1 is the thickness. Substituting values for In and k and^ cl

considering weight rather than thickness (l = w/7.06, assuming a

2 — 5
density of 1.12 gm cm ) the equation becomes

Ia = 2.09 x 10^ (2.16 w) = 4.51 x 10^ x w quanta min \
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TRANSM.ITTANC3 AM) FILM THICKNESS

FILM THICKNESS x. 10? (CM)



128

Quantum Yields (Sample 4 Only)

1. Monomer Formation

Two equations for the monomer quantum yield,<^m, are given

in Chapter III. The first is

^ _ dm/dt _ rate of formation of monomer / \
j-m I ~ rate of absorption of light

dm dw ,2.0 K T , rA Jrtl6
Since -rr = - -rr = kw = and I. = 4.51 x 10 x w, thendt dt wQ a >

x 2-° K(~ ) I
_ LjL— _ Mm , . -1^m " (4.51 x 10^6 x w) w0 ~ 4.51 x 1016 molec <^antum

where w is the weight remaining, wq is the initial weight, A is
Avogadro's Number, and Mm is the molecular weight of the monomer.

However, it has been shown that K varies with initial weight,

therefore k', which is independent of initial weight, is used. The

monomer quantum yield becomes

k* (- ) x -

(^/m = gm^' ' molec quantum ^■*"
4.51 x 10

which is equivalent to saying that K)°-7 . The second

equation for (J) m given in Chapter III is
Zia x A

_ Mjjj _ total no. of molecules of monomer produced
* ni ~~ Inka ^t ~ total amount of light absorbed

(2)

At 10% degradation the equations become

$> _ K
m

4.51 x 1016
and

3> °-1053 x nhv;
m ~ " TE

4.51 x 10 x 0.95xt 4.51 x 10 x t
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Table 7 includes values for the monomer quantum yield at 10$

degradation determined using each of the two equations.

2. Random Scission

Using the equation given in Chapter III (p. 99 )» the

quantum yield for random scission with complete unzipping is

_ C x x A

(J). ££ lihd° (3)
^o^a wt

At 10$ degradation the equation reduces to

0.1 x x a 0.1053 xw. iu;; -A. / ^

CD vMw/o — vivwo 3. dp'

I0(2.16)(0.95 w0Jt " 4.51 x 1016 t ~~ = t

Values for (j} at 10$ degradation were determined for the various
initial weights. As in the poly(methyl methacrylate) work Cjbg
was found tc he dependent on initial weight and another scission

quantum yield (^5 g was defined such that $3 = $ X (wo)^" ' .

Table 7 contains quantum yields for random scission along with

monomer quantum, yields and approximate values for the number of

monomer units per scission
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TABLE 7

(P.0-7
m

Temp wQ
(°C) (mg)

^ra(molec (gmw*'molec
quantum"'' ) quantum"'' )

3gn(l)3gn(2) (i) (2)

5.9 6.3120 : 20.0 93.6 91.7
30.0 66.7 75.6

130 5.0 721 854
10.0 374 447
20.0 262 255 !
30.0 186 177 I

140 5.3 1206 1220

11.3 709 725
20.0 513 504
30.7 413 378

150 5.7 1638 1545
11.3 915 945
20.2 697 693
30.3 536 504

160 5.0 1835 1923
10.0 1192 1261
20.1 983 882
30.2 772 630

170 5.1 2362 2459
10.0 1545 1608
20.0 1382 1103
30.0 971 819

180 5.0 3149 2740
10.0 1872 1733
20.0 1287 1230
30.0 1065 882

16.4 17.6

32.5 31.5

43.7 42.2

56.0 52.6

73.5 66.5

81.5 73.5

& x 10

<£>s
(scissions
quantum'"'' ) quantum"'' )

(gm0-7
scissions

2.91 X 1 0"2
2.40 X 10"2

2.71 X 10~1
1 .42 X 10-1
0.81 X 10~1
0.56 X 10"1

0.39
0.23
0.16
0.12

0.49
0.30
0.22
0.16

0.61
0.40
0.28
0.20

0.78
0.51
0.35
0.26

0.87
0.55
0.39
0.28

0.20

0.56

1.00

1 .34

1.67

2.11

2.33

No. of
monomer

molec per
scission
x 10"3

3.0 3. •

3.0

3.3

3.:

3.5

3 . 2

3.2

3.4 3.2

3.5



131

Degradation Products

Infra-red spectra ana gas-liquid chromatograms indicate

that monomer is the only product. Comparison of ultra-violet

absorption spectra of films before and after degradation shows

a general increase in absorption above about 350 ran and the

appearance of a new absorption band at about 280 nm (figure 36).

No emission spectra were found for degraded or undegraded samples

over a range of 200 to S00 nm using excitation wavelengths of

253.7 and 313 ran.

Molecular Weight Changes

Molecular weights of the undegraded samples and several

degraded films of sample U polymer were determined by viscometry.

Single-point determinations were used. Table 8 gives values for

the intrinsic viscosities along with the calculated molecular

weights and fractions of the initial molecular weight. The latter

was plotted against the fraction of polymer converted to monomer

(figure 37). The values are only approximate and it will be noted

that the scatter is considerable.
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TABLE 8

Temp (°C) w„
<SL°/0 degrad. M MiY X 1 0'

Fract. of
initial MW

Undegraded
Sample

O.84 3.6 00

140 5-6 17.9 0.77 3.1 0.86
19.8 27.5 0.73 2.8 0.78

160 10.0 53 0.70 2.7 0.75
20.1 50 0.52 1.8 0.50
20.4 36.3 0.65 2.5 0.69
30.2 38 0.61 2.2 0.61

170 10.0 34 0.75 3.0 0.83
20.0 46 0.65 2.5 0.69
20.0 53.5 0.53 1.9 0.53

180 20.0 64 0.48 1.6 0.44
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SECTION B

TRAPPING-

Introduction

The trapping method was employed in the hopes of designing

a workable system that avoided the use of a Pirani gauge. The
3

set-up was similar to that of Brockhaus and Jenckel but only one

trap was used. In a thermal degradation there is a slow build-up

of monomer production and it is necessary to have two or more traps

for stop-start runs to allow for collecting of fractions. Since

photolytic degradation produces monomer immediately one trap is

sufficient. Three polymer samples were studied. Most of the work

vfas done with samples 2 and 3 which were very similar. Their
5

weight-average molecular weights were about 7.6 x 10 although the

initiator concentration and extent of conversion in their preparation

was different. All runs with these two samples were done at 160°C.
C

Sample 1 (weight-average molecular weight = 2,5 x 10 ) was used for

a few runs over a temperature range of 160° to 203°C. Most of the
—3 —3

films irradiated were considerably thicker (2.8x10 to 17.6x10 cm)

than those used in the thermistor gauge work. The trapping method

involved collecting the monomer evolved during a degradation in a

calibrated capillary tube. The volume of the trapped monomer was

measured at intervals during the degradation. The fact that the only

material that was trapped was monomer and the weight lost by the film

very nearly always equaled the weight of the monomer collected
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indicated that monomer was the only product of the reaction. The

data collected was converted from volume/time to weight loss/time

and percent weight loss/time. An example of a plot of the latter

is given in figure 38. This section contains a short description

of the results gained from the trapping method.

Kinetic Analysis

1. Order of Reaction with Respect to Weight

Table 9 gives the results from t/P versus t plots and

(wq/w - 1) plots for samples 1-3 along with comparable data

from thermistor gauge runs (samples 1 and 3 only).

TABLE 9

Polymer t/P vs t (w0/w - 1 ) Thermistor

Sample Plots Plots gauge runs

PEMA - 1 1.8 (± 0.3) ~ 2 1.9 (± 0.3)
- 2 1.7 (+ 0.5) ~2

- 3 1.5 (1 0.4) ~2 1.7 (1 0.3)
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FIGURE 38

PERCENT DEGRADATION VS TIME

TRAPPING RUNS AT 180°C - SAMPLE 1
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2. Reaction Constants

Table 10 gives values for K determined from t/P versus t

plots along with values for k* (k* = K wQ "^). For comparison
some k' values determined in thermistor gauge runs are also listed.

TABLE 10

Polymer
Sample

Temp
(°c) w0(mg)

K x 103
(min"1)

k' x 10^
(gm^'^min-^)

k' x 10 from
thermistor

gauge runs

PEMA - 1 160 29.0
47.1
68.6

6.9
5.6
4.5

6.5 5.2

180 20.5
40.7
69.9
95.4

11.8
7.4
7.0
5.1

9.1 -

203 45.2
85.0

100.0

11.6
6.0
6.8

12.6 -

FEMA - 2 160 21 .2
31.2
39.8
48.6
61.2
71.9
81.9

9.1
8.6
8.1
5.7
5.4
4.9
4.5

7.3 -

PEMA - 3 160 20.7
31.3
41.7
50.8
62.3
72.4
85.0

7.2
7.6
6.3
5.6
5.0
4.7
4.3

6.6 5.1
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3. Activation Energy

An approximate activation energy was determined for the

degradation of sample 1 by plotting k', the rate constant, against

1/T, the reciprocal of the temperature in °K (figure 39). There

are only three points on the plot and the temperature range is

somewhat different from the other activation energy determinations.

Therefore the value for Ea , 26.3 kJ mole , is only useful as a

rough comparison to the activation energy above 135°C found in the
-1

thermistor gauge runs which is about 42 kJ mole . The temperature

range covered is in the area where the other plots flatten out

so this low value for £„ might be expected.
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FIGURE 39

ARRHSNIUS PLOT

TRAPPING RUNS- SAMPLE 1
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CHAPTER V

DISCUSSION AND CONCLUSIONS

Kinetic and Other Results

The order of reaction with respect to weight for both

poly(methyl methacrylate) and poly(ethyl methacrylate) is

between 1.5 and 2. There seems to be as much variation from one

sample to another of a given polymer as between the two polymers.

For poly(ethyl methacrylate) the order determined from both

thermistor gauge and trapping runs is approximately the same.

Both polymers show an intensity expenent of 1.0. This value

was determined at a single temperature for each polymer, 180°C
Q

in the case of the methyl ester and 1b0 C for the ethyl ester.
1

The value differs from the results of Cowley and Melville and
2

also Jellinek and Wang for pcly(methyl methacryiate). The first

two investigators found that the intensity exponent varied from

0.3 to 0.7 over a temperature range cf 140 to 200°C. The value

in the region 160 - 180°C was about 0.5 and this was taken as the

exponent for the reaction. Jellinek and Wang determined the

intensity exponent at 154°C to be 0.66 but their log-log plot of

Kexp versus percent transmission only has a few points and could
indicate a value as high as 0.9.

The rate constant, K, was found to be independent of the

molecular weight over the range covered but dependent on the

initial weight of the polymer sample, i.e. K = ~k!/(w.



This roust be taken as a thickness effect since only one size of

boat was used through-out. This effect may be considered a

function of the number of polymer molecules in the path of the

light e.nd may be compared to concentration effects that occur in

3
photo-degradation m solution. Monig , reporting some experiments

on the photolysis of poly(methyl methacrylate} in chloroform

solutions, found that the experimental .rate constants were

approximately proportional to the reciprocal of the polymer

concentration. Jellinek and '.Tang* irradiated the same polymer in

2-chioroethanol solution. They concluded that, the rate constants

were inversely proportional to the initial concentration of

main chain links, £n0J, This conclusion was based on the fact
that a plot of KPXp versus 1/ [no~J was considered to give a straight
line. However, an excellent curve may be drawn through the points

and a plot of KeXp versus l/ Ln<T) *' definitely gives a better
line (see figure LO). Therefore their data indicates that

, r -i °.7
Kexp = k5/ |^n0J which is virtually the same relationship
found in the present investigation.

The determination of the source of the initial thickness/

concentration effect presents many problems. The rate constant

in a photolysis is made up of quantum efficiency and light absorp¬

tion factors, i.e. K = (5 x Ia. Either or both of these factors

could contain a thickness effect. Let us consider the light

absorption, I . lie know that Ia = I0kal for thin films, where



144

/
/

T~

2 4

10 "/N

—i—

10

AND 10'HO 0.7

0 Kexp vs V[n0]°'7
□ Kexp vs V[n0]

= Initial Concen-
k "*

tration of Main
Chain links

FIGURE 40

RELATIONSHIP BETWEEN EXPERIMENTAL RATE CONSTANTS

P0R CHAIN SCISSION AND THE INITIAL POLYMER

CONCENTRATION-DATA 0? JELLINEK AND WANG

Line dram by Jellinek & 'Yang



145

ka is an absorption coefficient and 1 is the film thickness.

The direct relationship between I and 1 would be expected to hold

even at elevated temperatures. At room, temperature ka is inde¬

pendent of thickness. It is possible that k& might change with

temperature but such behavior is very unusual in photochemical

reactions.^ If k„ were to increase wi.th tenroerature, then theci }

quantum yield for monomer formation,^) would be expected to
decrease. This is not found to be true. If k„ were to decreasecl

with temperature, then the light absorption would decrease as well

and the rate of reaction would be less. This does not happen as

the rate of reaction increases with temperature. We may conclude

that k probably is independent of temperature. Therefore it
ci

/ v^O 7
appears that the (10) factor must be in the quantum efficiency,

^ . No reason can be given for this.

Since the rate constant varies with initial weight the rate

equation will show similar dependence. The rate expression

appears to be

dw k'
- -rr = —7 o where n is the order of the reaction.dt (n-0.3)

o

This equation reduces to rate _ k'w at t u 0, w w~.
o o

The validity of the latter has been shown experimentally.
1

Cowley and Melville found a marked decrease in rate as

degradation proceeded. Plots of relative rate (rate/initial rate)

versus percent degradation resulted in a set of curves, hates

other than initial rates were not determined in the present
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investigation. However, a considerable drop in gauge voltage

with conversion was noted and plots of relative voltage versus

conversion to monomer gave results similar to those of Cowley

and Melville. Since expressions for the rate and initial rate are

known it is possible to derive an equation for relative rate and

to determine the theoretical relationship between relative rate

and percent degradation. From before

, dw k" wn
rate _ - - (n-0.3)

wo

and initial rate = k'; .

Therefore the relative rate is

i » n / (n-0.3) n
r k' w /w„ w

r± . , 0.3 " n *1 k■wQ w0

Since w = w0(l-C)s where C is the percent degradation,

/ \ n
(1-C) s where n is the order of the

n/a r^n
r

_ wn (1-C) _

r^ n 3i wQ

reaction with respect to weight. Since in the present study n

2
was found to be around two, a plot of (r/r^) versus (1-C) would
be expected to give a straight line. Figure 41 gives a theoretical

line for n = 2.0 along with points from data of Cowley and Melville,

It appears that their results are consistent with an order of

about two.

The activation energy plots, both Arrhenius and log t

versus 1/T, appear to give two straight lines that intersect



147

FI&URE 41

RELATIVE RATE VERSUS (1-C)*" -

DATA OF COWLEY AND MELVILLE

(1-C)2
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resulting in two activation energies. The lower of the two

values, about 41 kJ mole ' for poly(methyl methacrylate), is

comparable to the activation energies obta.ined by Cowley and

Melville and Jellinek and Wang. The points of intersection cor-

o
respond to temperatures about 70 C above the listed values for the

Tg's. However, the plots may actually give curves. Such a

result from an Arrhenius plot is not unknown. Plots of the log

of polymer melt viscosity versus reciprocal temperature usually

give curves. They may be rationalised to give straight lines by

modifying the Arrhenius equation through the inclusion of a Tq
factor such that = Ae^a^ 1 For viscosity controlled

reactions, which these polymer degradations appear to be , it-

is reasonable to assume that a Tq factor could be applied to
the equation K = Ae so that the Arrhenius plot will give

a straight line instead of a curve. The equation becomes

K = Ae ^°), The slope of the Arrhenius plot should

give the true activation energy. The apparent activation energy,

Erp = l/f ' should approach the true activation energy as

a limiting value at high temperatures. With decreasing temperature,

Srp increases exponentially, attaining extremely high values at
the T . This is the trend noted in the activation energy plotss

in the present investigation. An attempt was made to .find values

for Tq so that log K versus 1/(T-Tq) would give a straight line.

By trial and error approximate values for TQ of 140°C and 100°C
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were determined for poly(methyl methacrylate) and poly(ethyl

methacrylate), respectively. The plots are given in figures

42 and 43. It is interesting to note that the value for TQ
in each case is 35° above the listed value for the Tg. The
resultant activation energies are very low, being about 0.60

— 1 —1
kJ mole for poly(methyl methacrylate) and O.65 kJ mole for

poly( ethyl methacrylate). These values are roughly comparable

to the activation energy obtained for the $-irradiation of

poly(methyl raethacrylate)^. It should be pointed out that because

the number of points is quite small and there is a fair amount

of scatter these results are only very approximate.

The ultra-violet absorption of the undegraaed polymers

proved to be similar, being very low in both cases. The molar

extinction coefficient,6 , was found to be about 0.6 1 mole 'cm

for both polymers. This value is comparable to 6 's for poly-

(methyl methacr/late) calculated from or given in the literature1'

which indicates that the samples used were comparable to those

employed in other investigations.

It was concluded earlier that the initial weight/thickness

effect probably stemmed from (]3 which is the quantum efficiency

or yield. This effect shows up both in the quantum yield

for monomer formation, and (^3 s, the quantum yield for random
Tt ~T* X Q "7

scission. In both cases (£> = (Q /(wQ) " . Both polymers show

monomer quantum yields that are considerably larger than one which
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indicates the existence of a chain reaction forming the monomer.

The scission quantum yields are low, being comparable to those

quoted in the literature for the room temperature photo-degradation

of poly(methyl methacrylate). The general increase in absorption

with degradation as indicated by changes in ultra-violet absorption

spectra of the polymers with conversion to monomer, while small,

would have a definite effect on the ^5 values. It appears that

k& increases with degradation but the extent of this increase
was not d.etermined. As long as values for Cf) are determined at
low percent conversion any error due to assuming to be constant

will be very small.

Monomer appears to be the only product evolved in the

degradation detected. The finding of a new band in the ultra¬

violet absorption spectrum of each polymer residue is in

~1 9 10 11
accordance with the results of other investigators'* ' '

These bands indicate the possibility of the formation of new

species but it is not known what they are.

Table 11 gives a summary of some of the results of this

investigation.

Mechanism

From the fact that the order with respect to weight is

between 1.5 and 2 it may be concluded that the initiation mechanism

in the photolytic degradation of poly(methyl methacrylate) and
1 2

poly(ethyl methacrylate) is one of random scission Cowley

and Melville felt that it was end-initiation. This conclusion



TABLE 11

FEMA

Result FMMA 1 2 3 A

Weight-average
Molec. Wt. x 105 5.5 2.5 7.6 7.6

™1i
t

3.6 |

Order with

Respect to Weight
1.7 1.9

1.7
(trapping) 1,7 2.0

1

Rate Expression
dw
dt

k'w1* ! ! . 1.9k'w i , 1-7k'w k'w1 * ^ .. 2.0 !k' W !

w.1 ^ 7. •j0\| 1 .4
wo w01 1.7 i

wc !
A

Rate Constant x 10

( 0.7 , -1v( gm mm. )

6.9
at. 180°C

5.2

All

7.3
(trapping)
values at

5.1

160°C

c, o jV * f

j

Activation Energy
Above Break in Plot.

(kJ mole"''). Average
of Two Methods.

AO. 7 26.3

(trapping)

- A 2.1

j
Activation Energy
from Modified
Arrhenius Plot.

(kJ mole"'' )
0.60 -- _

s

0« b 3 i

j

^>m From Rates
at 10% Degradation.
( gm® • 7mol quantum-'' )

87.2
at 180°C

- - -

56.0 |
at 160°C !

i

(Bg At 10% Degrad.
0 7(gm •' scissions

quantum""'' )

7.2x10~2
at 180°C

- - -

1.67x10~2
at 160°C

(i>A §7
(molecules per

scission)

6800

at 180°C
_ - -

3A00

at 160°C



was based on molecular weight data which could also be inter-

1 2
preted as implying random initiation and the fact that

the decrease in rate with degradation appeared to be far greater

than the change in the weight of the polymer would account for.

However, their relative rate/percent degradation data has been

shown to be consistent with an order of about 2 which points to

random initiation. A variety of subsequent reaction steps are

possible. The dependence of the rate on light intensity is first

order which indicates the possibility of complete unzipping

(no termination) or a first-order termination of some sort. The

latter seems highly unlikely. Another possibility would be

transfer. However, no evidence for transfer has been found in
11 "* h 1 r>

the thermal degradation of these polymers *' ' '* so it probably

does nut uocur in the photolytic reaction either. Thus it appears

that scission is followed by complete and rapid depolymerization.

The immediate production of considerable quantities of monomer

immediately upon irradiation and the high monomer quantum yield

would also indicate this. Therefore for the lengths of molecules

used the mechanism is one of random initiation followed by complet

unzipping.

The exact nature of the initiation step can only be guessed

at. The primary process involves the absorption of a photon of

light but the absorbing species and the primary reaction itself

are unknown. It would appear that bond breaking is a secondary



process since the quantum yield for scission is temperature

dependent. The scission process probably occurs after transfer

of energy from the original excited species, fox and Price ' '

found considerable evidence for this in the photo-degradation of

poly(methyl methacrylate) in various solvents at room temperature

There appears to be no energy lost through photon emission.

The energy provided by 253-7 nm light is approximately 470 kJ rncl

enough energy to rupture most bonds. oven if energy is transfear

to more than one molecule it is possible that the energy would

be sufficient to cause bond scission. V/hatever the process,

1 9
it is certain that it gives rise to depropagating radicals ',

Quantum yields give a certain amount of information about

the mechanism. In the photolysis of poly(methyl methacrylate}

films at room temperature values for the quantum, yield for

random scission, range from 1,2 to 3.9 x 10 * scissions quantum

while for the same reaction in methylene chloride or dioxane

7)7 ' -116solution Cg = 0.14 scissions quantum . The probable reason

for (T) s in solution being several times that for films is that

in the solid there is a cage effect such that after scission

reactive radicals are held in close proximity and may recombine

immediately. In solution there is much less probability of re¬

combination and the number of effective scissions is higher.

The bond break and make sequence found in the films would also

be expected to occur at higher temperatures such as those used in

the present investigation. This means that the total number of
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breaks that actually occur will be greater than the apparent nuin

As the temperature rises there is an increased probability of

scission becoming permanent. Therefore should become larger

This was found to be true which could be considered further evid

for the existance of the cage effect.

Suggestions for Further Work

This investigation has produced considerable data and a

certain amount has been learned about the mechanism of the

photolytic degradation of poly(methyl methacrylate) and poly-

(ethyl methacrylate). Further information about several points

would be of interest. For example, varying the area of the

sample boats would determine whether the initial thickness

effect is really that or whether it is a function of the total

amount of polymer present at the start of the reaction. A more

detailed investigation into the changes in ultra-violet absorpti

spectra and the species producing the changes could be very use.f

as could work involving emission spectra. More could be learned

about the activation energies through further collection of data

and more rigorous processing of it (preferably by computor) to

de lermine accurate values for Tc in the modified irrhenius equal
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