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The Ultraviolet Degradation and Stabilisation of Epoxide Resins 

Summary of a Thesis by M.J. Doyle 

This thesis was an investigation of the chemical and physical 

changes which occurred on exposure of two epoxide resins, one amine 

and the other anhydride cured, to ultraviolet light. 

The method of study was by investigation of the changes in both 

cured resins and the monomers from which they were synthesised. Also, 

because of the intractable nature of the cured structures, the degrad- 

ation of a number of model compounds which were structurally similar 

to the cured systems were investigated. 

The results showed that the monomer itself was susceptible to 

the radiation used. Monomer purity decreased the rate but it did 

not eliminate the degradation process. From quantum yields studied, 

the initiation was found to result in a non-chain reaction. The extent 

of degradation was proportional to the intensity of the light used. 

No "dark" chemical reactions were observed to occur with any of the 

compounds studied, although "dark" physical reactions by diffusion 

of degradation products did occur in the cured structures. 

The wavelengths of light causing maximum degradation were con- 

tained in the short wavelength region of the lamp. In the anhydride 

cured resins the 365 nm band was also found to contribute to the over- 

all degradation process. 

The photo-oxidative degradation resulted in the formation of an 

oxidised surface layer of material from crosslinking reactions involv- 

ing atmospheric oxygen. Volatile compounds were evolved during 

irradiation and their rate of concentration change confirmed the 

surface layer theory, as did measurement of the torsion modulus of 

the cured systems. 

Complete stabilisation of the materials with existing stabilisers, 

and new synergistic mixtures failed. However it was possible to 

decrease the rate of degradation in both the amine and anhydride 

cured polymers.
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INTRODUCTION 

Materials suffer change on exposure to ultraviolet light. 

The temperature, atmosphere, pressure, wavelength, intensity and 

duration of the irradiation determine the type and extent of this 

change in all organic and inorganic matter. Even the evolution 

of life on our planet may have been partly caused by the interaction 

of high energy photons with such materials as methane, ammonia, 

hydrogen and water vapours to produce the first protein molecules (1). 

This thesis is concerned with the deleterious action of light 

on epoxide resins, (based on the reaction product of bisphenol - A 

and epichlorohydrin reacted with amine and acid anhydride curing agents). 

The ultimate aim of the work is the elucidation of the mechanism of 

solar light degradation of these materials, and with this information 

to formulate and test the effectiveness of suitable light stabilisers 

in these polymers. Due to the intractable nature of these cured, 

three-dimensional materials it was necessary to examine the mode of 

degradation of model compounds with structures similar to those found 

in the cured materials. The effect of resin impurities, surface changes 

in solid polymers, light intensity and wavelength were also investigated. 

Solar radiation at sea level consists principally of long wave- 

length light (wavelength greater than 300 n.m.) and a fraction of short 

wavelength light (wavelength less than 300 n.m.). The absorption spectra 

of common polymers e.g. polyvinylchloride, polystyrene, polyolefins etc., 

do not contain absorption bands in the region above 300 n.m. and should 

not be appreciably affected by solar ageing. However these polymers 

break down rapidly in sunlight (2). Thus sunlight of wavelength less 

than 300 n.m. initiates some. and in many cases all of the photodegrad- 

ation processes in polymers e.g. the wings of the absorption bands 

attributed to carbonyl groups (acetone, wavelength maximum 280 n.m.) 

and conjugated polyene structures ( CH, (CH = CH) ,-CH.,, wavelength 

maximum 290 n.m.) are in this region. These and similar groups may be 

regarded as initiation centres for light induced ageing in polymers 

whose monomers or curing agent units do not contain absorbing groups.



This chapter is concerned with the effects of light absorption 

of polymers. The current theories on degradation and stabilisation 

are reviewed briefly; for a more detailed discussion on photochemistry 

in the gaseous, liquid and solid state reference should be made to the 

book by Calvert and Pitts (3). Discussion of the phenomenon of de- 

gradation and stabilisation of polymers and related materials is 

available in texts (4-8). 

1 - 1. Mechanism of Degradation in Irradiated Polymers 
  

The initial reaction in the photodegradation of polymers is 

usually the absorption of light by a chromophoric group present in 

the polymer molecule, or by some impurity present. This gives rise 

to an excited singlet state which can return to its initial state 

by emission of light (fluorescence), or may give rise to an excited 

triplet state and a radiationless transition accompanied by dissociation. 

The excited state may undergo quenching of fluorescence (singlet-singlet 

energy transfer to an acceptor molecule). Other reactions that can 

occur are transformation of the triplet state, photodissociation, 

or the formation of photolytic products, and/or crosslinking. 

The reaction species is not normally the result of direct bond scission, 

although if light of wavelength less than 300 n.m. is used, bond scission 

can and does occur (9). In many photochemical studies unfiltered low 

pressure mercury arcs (strong band at 254 n.m.) are used. This band 

does in some cases lead to direct scission of bonds e.g. photolysis 

of propylene oxide (light source emitting 95% of its energy at 254 n.m.) 

was said to produce homolytic cleavage of a carbon - oxygen bond with 

formation of propanol and acetone as major products (10). 

Pr y ay 
CHsCH-CH, ———»* CH,CHCH, + CHACHCH, 

/ ° 
CALCH st CHEHC Hy CHC HoC HO + CHC HL H50H 

(major) OH (major) 

The use of radiation of wavelength greater than 350 n.m. did not 

produce similar results.



The normal nomenclature of initiation, propagation and termination 

is applicable to the free radical chain reaction occurring in irradiated 

polymers. Initiation may be due to light absorption by a chromophoric 

group such as carbonyl or by some impurity, which again may be a 

carbonyl or hydroperoxide whose presence may be due to processing 

conditions, as happens with unstabilised polyolefins. The sensitising 

action of the carbonyl group of acetone has been investigated (11) 

in the degradation of polyvinyl chloride. Another impurity sometimes 

found is the metal catalyst residue, which can catalyse the decomposit- 

ion of hydroperoxides (12). Often the presence of these impurities 

cannot be determined by direct spectroscopic (or chemical) means 

because of their low concentration and indirect methods, such as 

the determination of quantum yield at different wavelengths of 

irradiation, must be used. 

Once the initial radical is formed, propagation occurs. 

If oxygen is present the immediate reaction is the formation of 

peroxide radicals, which may react with the polymer substrate causing 

chain scission (13). This reaction is known to occur in the oxidation 

of rubber (14), where hydroperoxides and cyclic peroxides are formed 

the latter giving rise to oxidative chain scission. However, since these 

reactions have activation energies of approximately 17 k.cals per mole 

they should not proceed with noticeable velocity until a temperature 

Of 100 °c is reached. In epoxide resins the curing temperatures are 

often in excess of 100 S also exotherms which occur during the 

crosslinking processes can produce, in the bulk of the material, 

temperatures greater than 100 "e. Thus photo-oxidative scission 

can proceed readily by reaction of the peroxides with the polymer chain. 

The peroxide group may attach itself to other centres of un- 

saturation such as carbon - carbon double bonds which may still remain 

in the polymers. This occurs in the photo-oxidative degradation of 

styrene (15) to produce overall 1,2 addition 

POO? + CH, Cha CoH. gore POO-CH, ar Ce CoH. 

where POO: is a peroxide radical on the polymer chain 

It has been suggested (16) that this may be the mechanism by which 

drying oils act. The termination reactions that occur are almost ex- 

clusively between two peroxide radicals, giving rise to stable products.



The Overall Scheme for Oxidative Degradation of Polymers 
  

Le ootnattation 

Ret 05 ——— ROO- + H 

2. Propagation 

ROO- + RH——>ROOH + R- 

ROOH. ————> RO- + HO- 

ROOH + RH ——>R- + RO- + HO 

3. Termination 

ROO- + ROO- ——»ROOR + 05 

1 - 2. Stabilisation of Polymers 
  

The most widely held view on the mechanism of light stabilisation 

of polymers reduces to the screening effect of a light stabiliser 

additive (17-20). It is suggested that a light stabiliser acts as a 

filter, weakening the flux of photons reaching the polymer. 

Unsuccessful attempts have been made to correlate the absorption 

spectra and efficiency of stabilisers (21). The most noteworthy 

is that of Hirt and Schmitt (22). They derived an expression for the 

protective effect of a stabiliser based on the ratio of energy absorbed 

by the polymer without additive, to the energy absorbed by the polymer 

with added light stabilisers. This ratio is always greater than unity 

because the energy absorbed by the polymer with additive is greater 

than that of the polymer alone. This suggests that any ultraviolet 

absorber, at a given wavelength, should exhibit a stabilising action 

on irradiation with light of this wavelength. However, experimental 

results show that this is not the case (21, 23). In general no 

correlation exists between the ultraviolet spectra of light stabilisers 

and their stabilising effect. 

Comparison of the Hirt and Schmitt ratio for different polymers 

(22, 23) shows that the stabilisation effect cannot be explained merely 

by screening. Nor can the sensitising effect of some light stabilisers 

with certain polymers be explained in this way. Unsuccessful attempts 

have been made to develop a theory of the interaction of substrate and 

additive, to explain the mode of action of light stabilisers (18, 19). 

Schmitt and Hirt (22) postulated a non radiative energy transfer 

between a donor and an acceptor as being the stabilising or sensitising 

effect in polymers.



The derivation of the Hirt/Schmitt ratio is based on this assumption 

i.e. the possibility of independent interaction of the reactive 

sites in a system. Some support for this theory has been found. 

by studies of the quenching of luminescence of polymers by 

stabilisers (24, 25) as is the case of polypropylene with 

4-hydroxybenzophenones. However, quenching may not be entirely 

due to energy transfer. 

The thickness of the polymer sample is also of importance 

in stabilisation studies. Grassie (26) found that the stabilisation 

of polystyrene with 2-hydroxy-4-methoxy-benzophenone was completely 

retarded in thin films, and that the additive accelerated the rate 

of oxidation of the polymer. In thick specimens the outer layers 

break down on addition of the stabiliser, but the bulk of the polymer 

is protected by the screening effects of the additive. Similar effects 

were found by Fox and Rice (27) for the sensitisation of P MMA by 

2, 4, dihydroxybenzophenone with light of wavelength 254 n.m. 

Stabilisation was observed with benzophenone, because of energy 

transfer from the P MM A molecule to the triplet levels of 

benzophenone. 

1-3) Synergism 

Synergism is the ability of a multi-component system to act 

as a stabiliser to an extent greater than the sum of the stabilising 

actions of the individual components. These systems consist of an 

ultraviolet absorber in combination with both chain breaking and 

peroxide decomposing antioxidants (6). The ultraviolet absorber 

prevents the injection of free radicals into an autoxidisable medium 

in part by protecting hydroperoxides from photolysis. Both peroxides 

and hydroperoxides are decomposed by ultraviolet radiation even at 

long wavelengths. 

Absorption Wavelengths of Peroxides and Hydroperoxides (3) 

  

Compound Absorption Wavelengths (n.m.) 

Dimethyl peroxide 850° = 200 

Dicumyl peroxide 320 - 240, and less than 240 

tert-Butyl hydroperoxide 320 - 200 

Cumene hydroperoxide 320 - 230, and less than 230



The decomposition of hydroperoxides can be represented as 

ROOH ————» RO- +-OH 

The radical pair RO- and -OH can then start a free radical chain. 

The more efficient peroxide decomposers have quite a high order 

of ultraviolet deactivating activity and suppress the decomposition 

of hydroperoxides to chain initiating fragments. 

In some pigmented synergistic systems the effectiveness of 

phenolic and amine antioxidants can be reduced (28) e.g. carbon black 

pigment in polyolefins, where the adverse effect is attributed to 

absorption of the antioxidant on the carbon surface, followed by 

oxidation (29) of the antioxidant. 

With complex systems such as epoxide resins and polyesters 

effective stabilisation by many of the known light screens, 

ultraviolet absorbers and antioxidants have failed. Successful 

stabilisation lies in developing new hitherto unknown stabilisers 

or in the use of synergistic mixtures.
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ConA PUT E eRe 

Introduction to the Chemistry of Epoxide Resins 

Epoxide resins were first prepared commercially in 1936 

by Caston in Switzerland (1) and by Greenlee in the United States (2). 

Their monomers were based on the reaction product of epichlorohydrin 

and bisphenol - A, and were the outgrowth of several decades of research 

by workers in the field of substituted ethylene oxide derivatives 

C3 Ar Oe. (6N)u, 

The most commonly used epoxide monomer is the diglycidyl ether 

of bisphenol - A, prepared by reaction of epichlorohydrin and 

bisphenol - A in the presence of caustic soda, (7) 

0 > O 
TN | fox 
CHC H-C pl Nl Svcuig CH, 

CH2 

when pure it is a crystalline solid of melting point 40 Pe. 

The monomer used in commercial resins consists of the following 

structure: 

0 7 OH ts 0 

CH-C H-C H-O C O-C H-C H-C H-O G i gl HC HEC H 
2 2 2 2 l 2 2 

CH, CH. 

n 

where n= 0.5.-1 1230 

together with impurities present which may come from the sulphur in 

bisphenol - A, the solvent from the removal of caustic soda or chlorine 

(<1%) from the excess quantities of epichlorohydrin, or from 

structures of the type 

CH 
2 | 3 OH 

\ 

CH.CHCH0 i ~ C O-CH5C H-CHSCl 

CH, 

CH, CHACI 

= | me 
CHSCH-CHs0 : O-C q 

- CHOH 
3



or 

CHACl 0 
Pius 

URHCH, of! \< ie CHACH A CH5CH-CH, 

in which ring closure, to form one of the terminal epoxide groups 

during the synthesis, has not been successful (8). A 1, 2 addition 

product (1 - 2%) is also present (9) 

O- CHyCHEC H, 
CH, 

ee wo 

A number of other ee monomers are also used commercially 

including (i). Epoxide novolacs (10) having oxidation resistant 

structures 

io 

Milla O-C H5 scl eae 
mn 

O- HCH “CH, 

ei -CH s c 

Epoxide phenol-formaldehyde novolac resin 

(ii). Cycloaliphatic epoxides (10-15) such as tricyclodecene oxide group 

XJn 
X = ester, ether, acetal etc., 

which have greater heat resistance and improved electrical properties 

(iii). Halogenated bisphenol - A types which impart flame resistance (16) 

Br 6 H Br 
O | 0 

ES. FS, 
Ms HC H-C H30 5 O-C H5C H-C H, 

ch Br 
Br 3 

tetrabromobisphenol-A



The use of long linear segments between epoxide groups gives 

greater toughness and flexibility e.g. 

0 O 

CuSHCH,O vy. \ apne \ 0-CHsCH-CH, 

CH; CH5CH CH-CH5C Hs 

oN 
OCH, CHO 

diglyciyl ether of bisphenol "PA" (17) 

2-1.2_Polymerisation of Epoxide Monomers 

Polymerisation is accomplished by the use of catalysts such as 

tertiary amines (18) 

Q oO 
he LN l a 

“CH-CHot IN —+» CH CHINK, 

ren 
ee Eh OS ta er ee a at ee 

2 z 2 
Os O 

| 
CH-CH~— 

The epoxide groups can, in the presence of the tertiary amines, react 

with hydroxyl groups in the commercial monomer (19) 

—CH-~w~ 

2 | 
OH 

The tertiary amine approaches one of the carbon atoms of the epoxide 

Oh TiC re Chl DSC R 
Me 

group, and attaches itself generally from the rear. It has been 

suggested that the reaction then requires the presence of a hydroxyl 

group or equivalent, which provides hydrogen bonding for the epoxide 

oxygen. The transition state is three membered, and favours the creation 

of an alkoxide ion from the original hydrogen donor. Once available this 

ion reacts with the epoxy group, creating a new alkoxide ion. 

Tertiary amines alone are normally required in high concentrations, 

indicating frequent chain termination. Also, the reaction of hydroxyl 

oO 
with epoxide is insignificant without amines, even at 200 C (20).
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2-1.3 Crosslinking of Epoxide Monomers 

The reactivity of the epoxide group is determined by its 

accessibility, and the electronic nature of the epoxide oxygen atom. 

The stereochemistry of bulky substituents on the reactive molecule 

may necessitate rearward or sidewise approaches. On the other hand 

if there is accessibility then the nature of the neighbouring sub- 

stituents is important. Electron attracting groups increase the rate 

with nucleophilic curing agents and the same is true of electron 

withdrawing groups with electrophilic curing agents. 

The epoxide group may react anionically 

o- 

| | 
oe eee 

| 

- 
- Nise e 

. oe Cm ee 

Anion 

or cationically where ring opening may be accomplished by an active 

hydrogen producing a new chemical bond and a hydroxyl group 

Oy. HX OH 2 OH 
ae Bae | Ve ae C+ 65 Se OO! C-C- -+ HX oy ens 

) i 2 HX e 

oF (3: HX OHX” po oN 
= ~ a HX Se ex SAT ees ee ere + HX 

oe Poas A :OH X 
. } I 

Ser el. Se ee eae 

Normal curing agents are primary and secondary amines, amido 

polyamines, organic acids and acid anhydrides. 

By ly A Types of Amine Curing Agents 
  

In order to form a three-dimensional structure, it is necessary 

for one of the reagents to be trifunctional and for the other to be 

at least bifunctional (21). The epoxide group normally used has only 

twO reactive groups, thus the amine must have three. Therefore, 

polyamines must be used, since primary amines have a functionality 

of two.
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Common aliphatic and aromatic polyamines include: 

ethylene diamine 

HEN 34 (-CH5) 5 NHo 

diethylene triamine 

HEN = (- CH5) 5 SNE (-CH3) 4 NH, 

triethylene tetramine 

HeN= GCH-)) -NH-(-CH3) 5 -NH- (-CH5) 4 = 2 22 ate 

NH, 
meta-phenylene diamine 

p, Pp - di-amino-diphenyl methane NH 

Hv- (C)- ct, - (= my 

The latter gives increased heat resistance. 

2 eo Reaction of Epoxide Monomer with Primary and Secondary Amines 

(22). 
| OH oF 

RNH~ t Nove oe e ——-Rntc- es )o 

for primary amines and 2 3 OH 

for secondary amines 

Since primary amines have only one bulky substituent, they may 

approach the epoxide carbon atoms from other than an absolutely linearly 

rearward direction, making them suitable for use with ring situated groups.
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Secondary amines approach from the rearward direction. Although the 

transition state is strained, some secondary amines are capable of 

sluggish reactivity with the ring substituted epoxide groups. 

Tertiary amines due to their size do not catalyse the epoxide- 

hydroxyl reaction. 

The reaction of epoxide with amines is second order, with an 

activation energy of 14-15 k.cal./mole (23). 

The effects of solvents on epoxide/amine reactions have been 

investigated (18, 20 and 23). It was found that the solvent could 

to a large extent influence the reaction pattern as determined by 

the types of products obtained. Non-hydroxyl solvents retarded the 

reaction because of dilution effects. Alcoholic or phenolic solvents 

catalyse the reaction by aiding ring opening of the epoxide group by 

hydrogen bonding in the transition state (20) 

N---CH-CH=> RoaNH +*%’-CH-—CH, —?! R 2 Ae ke 2\ Ste Z e SAA. 0 4 ‘0 —+ | RN-CH5CH 
: H H 
HOX | OR 

RN-CHxCH~ + HOX 
OH 

2 Bel. 6 Effects of Chlorine on Amine Epoxide Reactions 
  

Wynstra et al (20) whilst using potassium hydroxide as a 

catalyst for a glycidyl ether reaction found that the presence of 

chlorine caused precipitation of potassium chloride, and a gradual 

loss of catalytic power. No effect was noticed with the tertiary 

amine catalyst for phenol, or acid - glycidyl reactions. However, 

chlorine had an immediate effect on alcohol-glycidyl systems, 

producing acid conditions which prevented rapid reactions. 

Ch tert 8 Oe ee eG Bei 
a ee de"! 2 

O OL 

In the reaction the equilibrium lies to the left hand side of the 

equation. Insoluble chlorides would shift the equilibrium completely 

to the left. The presence of phenols and acids shift it to the right 

hand side by neutralising alkoxide ions, and generating more stable 

carboxylate



or phenoxide ions, which then react with the epoxide. Chlorine 

however adversely affects the alcohol-glycidyl ether reaction, 

because there is no similar driving force to upset the equilibrium 

and produce the necessary degree of alkalinity to ensure a rapid 

reaction. 

Zee heel] Types of Acid Anhydride Curing Agents 

Acid anhydride curing agents crosslink by reaction with hydroxyl 

groups which are either initially present in the epoxide monomer, 

or formed by catalytic epoxide ring opening (24) 

Common anhydride curing agents include: 

succinic anhydride Cl ae 

7 CL 

| YP 
CH5— “S55 

citraconic anhydride ae Le 0 

eG 
ue ee 

phthalic anhydride ae 

as 
hexahydrophthalic anhydride 

aie 

Ce 
6 

p
a
r
e
 
A
 

eS 

pyromellitic dianhydride 

0 0 
*) Go 

O O 

or No 
methyl nadic anhydride 0 

a 

<0 

ee as ae Reaction of Epoxide Monomer with Acids and Acid Anhydrides 

Fisch and Hofmann (25) showed that the uncatalysed reaction of 

anhydrides and acids proceeded by the following reactions:
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1. Anhydrides 

Li Ring opening of anhydride to form the monoester 

Fo 0 
fr C Crk 

HO-GH + De moi 
rR" Cy li 

23 Reaction of carboxylic acid and epoxide groups to form 

the diester 

0 Pee Pe: 3D 

ely O: Ce cor 
O+C—C> Bi? Eat E Ns aig 

eo Oh Cmte C-OR 
sy ee SEN > O 0 0 0 

ce Epoxide alcohol esterification 

i l 
te . t CH,CH~ mine HC O-CH=C Hn 

i \S/ es 21 
R 0 R OH 

4. Diester formation between monoester and alcohol 

0 
Cor f GOR 

H leet S 
~ . oe C-O-C-H 

i R 

o, Diacid formation from anhydride and water 

P 
Zz C—OH 

O + H.0 —~> 
ce 2 C-OH 

0 0 

oy Diacid formation from monoester and water 

f i !] | 
GOR — QOH 

HO —+ 
GOH oes 

0 

Reactions 1 - 3 inclusive are important reactions in the curing of 

epoxides by anhydrides, reaction 2 the diester formation being the 

most important.
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The formation of ethers from the epoxide alcohol reaction 

proceeds in the presence of acids as catalysts. An equal number 

of ether and ester linkages result from the catalytic cures of the 

epoxide monomers by anhydrides. 

Ele Acids 626) 

te Epoxide - acid esterification 

Ee Noy m~ 
Hz iS I 2 

Kor . ee Oe ae 
0 

8. Hydroxyl - acid esterification 

O 

Lot or 
ROH t+ > + HO 

9. Epoxide - hydroxyl esterification 

vs 

CHsCH + I+-O-H ————*®RO-C H=CH-~ 

Noy 2] 
0 OH 

10. Hydration of epoxide groups 

0 
rae! 

HO + CHSCH~ Se 

t 

In practise reaction 8 is suppressed due to the reaction equilibrium, 

although some water might be removed through alcohol formation 

(reaction 10), or evaporation during elevated temperature cures (27). 

The esterification and etherification reactions (reactions 7, 8, 9) 

play a major role during cure and are temperature dependent, with 

higher temperature favouring increasing addition esterification. 

The latter is also dependent on the nature of the carboxyl group 

and the location of the epoxide group in the molecule (28).
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An important step in epoxide cures is the ring opening of the 

anhydride. This is achieved by active hydrogens present as water or 

hydroxyl groups, or by a Lewis base. 

The common Lewis bases employed include: 

triethanolamine 

CH»0OH 
N—CH»OH x 2 

CH 0H 

benzyldimethylamine CHZN-(CH3 ) 

The Lewis base reacts with the epoxide group releasing an anion 

capable of continuing the reaction through other chain elements. 

The base reacts preferentially with an anhydride to generate a 

carboxyl ion 

0 
GO a + 

ee hh tits ens ok 
C% Pas cea a eas 
ie oe O 

O ey 

This carboxyl ion then reacts with an epoxide group, and a further 

ion is generated, which may then open a second anhydride ring. 

When active hydrogens are present the proposed initiation step is: 

O-+—-HA a 

it It : : C 
Re Goer Oar eta +0 | / eae ae d-o-¢ cc 

me 3 ee | > 

a x 

In support of this mechanism it was found that cocatalysts (amine/alcohol 

or amine/phenol) acted as synergists (29). After initiation the react- 

ion continues in such a way as to introduce alcoholic residues into 

the system, 

The reaction equilibrium of condensation esterification of 

anhydrides may be ignored, unless the water formed is removed. However 

preparatory to the carboxyl-epoxide reaction, a new reversible reaction 

is introduced when the monoester is formed.
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Volatile compounds which are part of the equilibrium may be lost 

by evaporation from the surface. Much of the weight loss experienced 

with the anhydride systems at temperatures of 150 to 200 °c may be 

attributed to the splitting out of incompletely reacted anhydrides, 

initially present as monoesters, and to subsequent volatilisation 

of the anhydride. 

    

0 
i YO 

Cake ROH 7 
ee OH 
‘ C 

0 

Reaction rate studies on the ring opening indicate that in some 

cases a termolecular transition state is formed producing two 

ester linkages 
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2 - 2. Review of Literature on the Effects of Ultraviolet Radiation 

on Epoxide Resins (30) 
  

The results reported to date may be divided into two categories: 

(a) Effects of natural weathering on cured epoxide resins 

(b) Effects of artificial weathering on cured epoxide resins 

(a) The natural weathering of cured epoxide resins has been reported 

by Pschorr:’and Cianiurulo (31), who exposed amine cured specimens out~- 

doors as specified by A S T M-D-1435-58 for up to five years.
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Glaser and Floyd (32) reported on a five year exposure investigation 

of polyamide - epoxy coatings; Lebbink (33), and Werren and Lebbink 

(34) investigated amine paint systems, both pigmented with rutile 

titanium dioxide, and unpigmented, exposed to natural weathering. 

These investigations included studies of the effect of curing 

conditions, curing agents, resin, and filler type on the rates and 

extents of degradation. 

PN eye L Effect of Curing Agents and Conditions 

Pschorr et al (31) found a greater retention in mechanical 

and dielectric properties on irradiation with higher temperature 

cured systems. They found little difference between TETA and 

a "safety" hardener. Aromatic diamines and anhydrides were superior 

to the aliphatic amines. 

Hebbink et al (33, 34) found that the quantity of curing agent 

was of importance in gloss retention on ultraviolet exposure. 

Smaller quantities than the theoretical amounts gave much better gloss 

retention. This was the case with diethylene triamine (DTA) and 

ethylene diamine (EDA), although the differences were greater with 

variation in the percentage of DTA. Equivalent amounts of DTA gave 

better gloss retention than EDA, which was equivalent to polyamines. 

The curing agent appeared to have no effect on the change in trans- 

mission, characteristic of the cured materials undergoing ultra- 

violet degradation. Glaser and Floyd (32) reported that polyamides 

were superior to amines and that epoxy esters were superior to both 

in gloss retention on irradiation. They also found for a series, 

including epoxy, vinyl and alkyd, that whiteness after exposure was 

of the order: 

alkyd > polyamide/epoxy > amine/epoxy > epoxy ester > phenolic > oleo 

resins 

Epoxy enamels were superior to alkyd enamels on long term exposure. 

De Hoff (35) reported similar results for the natural 

weathering of Epon 828 with a variety of amine and anhydride cured 

systems. Based on flexural properties, the resistance to weathering 

of the various systems was rated: 

HHPA > NMA > m-phenylenediamine > boron trifluoride monoethylamine> 

epon curing agent Z > TETA > chlorendic anhydride > DETA > DDSA > 

diaminodiphenyl sulfone.



-18- 

Sis eed s fol Effect of Resin 

Lebbink et al (33, 34) found that addition of epikote 828 

to epikote 1001 (a higher molecular weight version of the 828 system) 

had a deleterious effect on the ultraviolet stability of the latter. 

They suggested that heterogeneous film formation occurred with 

monomers of different molecular weight (828, 100@%1). They also 

proposed that poor film formation was the reason for bad weathering 

of the 828 systems. 

Oe eer a e Effects of Fillers 

Lebbink (33) found that certain combinationsof solvents 

(e.g. cyclohexanone, xylene:MIBK) had a tendency to "sweat" out 

the curing agent, and that the addition of butyraldoxim resulted 

in a noticeable improvement. 

Floyd and Glaser (32) found that the addition of corrosion 

inhibitors to the systems improved the ultra-violet resistance, 

evaluated in terms of the protective efficiency of paint films. 

The polyamide epoxy system, containing chrome green pigment, 

gave nearly as good a performance, as the same system with conventional 

corrosion inhibiting pigments (red lead and zinc oxide),which suggests 

that the polyamide/epoxy enamel should have superior weathering 

characteristics. However, they did not evaluate such systems. 

Exposure of silica filled and unfilled epoxy resin systems 

was made by Rugger (36). He found no noticeable changes after 

six months, but after a year's natural exposure the unfiltered system 

darkened, while the silica filled system chalked. After eighteen 

months exposure the colour was much darker, and the chalking more severe. 

(Orange staining, and hazing with flexible systems). Less change was 

observed up to 24 months when the tests were discontinued. Addition of 

fillers, such as quartZ and slate powder,have been reported to decrease 

deterioration due to weathering. 

Matting and Ehrenstein (37) are currently evaluating the natural 

weathering characteristics of a variety of systems, including epoxide 

and glass reinforced plastics. No results have been reported for 

unreinforced systems,
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(b) Artificial Weathering of Epoxide Resin Systems 

A number of useful studies have been reported on the ageing 

of epoxide resin systems using artificial light sources. 

Unfortunately the authors used different sources, and no details 

of the light output were given. Also, as with natural weathering 

studies, a wide variety of curing agents have been used, and no 

details of cure schedules and conditions were reported. No quant- 

ifications were reported. No quantification of the results was 

attempted, though Lee and Watson (38) did attempt to correlate 

colour formation with other properties. 

PA Sra A Mia ORI Effect of Curing Agents and Conditions 
  

Christie (39) evaluated diglycidyl ether of bisphenol-A (DGEBA) 

cured with trimethoxyboroxine, and with HHPA, using a General Electric 

black light and Westing House sunlamp, and found that the trimethoxy- 

boroxine system was more resistant than the HHPA cured system, 

Lemon's results (40) confirmed this and also showed the susceptibility 

of HHPA systems to degradation. He also found that aromatic polyamines 

were superior to boron trifluoride monoethylene complexes. He reported 

that, after exposure at 200°C for 100 - 1000 hours, considerable 

dimensional changes together with surface cracking and embrittlement 

occurred with amine cured systems. 

Lee and Watson (38) investigated a large number of curing agents, 

using changes in ultraviolet/visible spectroscopy transmission 

characteristics as a measure of degradation. Their results showed 

that resins, cured with amine hardeners which gave the lightest 

initial colour, were most resistant to discolouration on exposure 

to ultraviolet light. Amines in which nitrogen atoms were not 

situated on aromatic rings, and were separated from each other by 

methylene or propylene groups rather than ethylene groups, resulted 

in colour stable resins. Similarly resins cured with amines of 

lower functionality showed low colour formation. The discolouration 

ranged from dark brown to faint yellow. 

Using hydroxyethyldiethylene curing agent Wohl (41) found that 

a 10% reduction in strength occurred after five hundred hours ex- 

posure to radiation of wavelength 200 - 600 n.m. Also, a loss in 

weight of 1% in the form of plasticiser and other non polymerisable 

: es =6 
substances occurred during similar exposures, under a. vacuum. of 10°..torrs
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Schmitt and Hirt (42) carried out a major research project 

on numerous plastics, including high molecular weight bisphenol-A 

based epoxy resins cured with diethylene triamine and with alkylated 

melamine resins. The light source used was an unfiltered xenon 

lamp and the time of exposure was 250 hours. However, no results 

were reported for the epoxide systems used. Woelfel (43) reported 

in a less definite way on,a similar system for use as denture 

material, as did Gaubart (44) using linoleic acid dimer, polyamide cured. 

Khozin and Vaskresonski (45) studied the effect of natural and 

artificial weathering (twin mercury arc, energy output 0.27 aa cee min) 

in a polyethylenepolyamine cured epoxide resin based on DGEBA and 

furfural - acetonemodified epoxide resins of the same type. 

A polyester based on diethylene glycol and adipic acid was used for 

comparison purposes. Thermo-mechanical methods, microscopy and 

soxhlet extraction were used to follow the degradation process. 

Both epoxide systems were found to undergo a further hardening 

process on ultra-violet irradiation as evidenced by the increase 

in molecular weight and Tg. This was attributed to undercure in 

the test pieces. Fully cured systems were found to react in the 

opposite way (reduction in Tm and Tg, and an increase in high 

elastic deformation). Resins fully cured over long periods at 

room temperature, especially the unmodified ones, were most adversely 

effected, as shown by the increased quantity of soxhlet extracted 

material from the latter. 600 hours artificial ageing gave degradation 

similar to that obtained from six months outdoor ageing. 

Microscopy studies of the degraded surfaces showed the presence 

of a network of micro cracks. Unmodified specimens, cured at room 

temperature and tested under atmospheric conditions, displayed wide 

cracking,while the surface of weatherometer aged samples showed 

a more dense network of narrow cracks. Samples subjected to heat 

treatment after curing had less dense networks of cracks. 

Furan/alcohol modified systems showed a dense network of wide cracks 

for naturally and artificially aged specimens. 

The flexural and impact strength of all systems were diminished 

on ageing. There was little difference in the decrease of flexural 

strength (39-40%) for both types of ageing of the furan/alcohol 

modified specimens.
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In the unmodified samples the decrease of flexural strength 

was much smaller for both types of ageing. The drop in impact 

strenth (crack dependent) was 20-30% for all samples. These 

results agreed with those reported by Pierce (46), Somerville (47) 

and Halsworth (48). However, the latter did not specify ageing 

conditions, and the difference in the rate of degradation of the 

epoxides used was partly due to this, and also to the composition 

and dimensional differences in the samples. 

ae oy Effect of Resin 

The ageing of three types of resin. including liquid diphenyl 

propane based resin, solid diphenylol propane based resin, and a 

poly—functional novolak based resin, were studied by Lemon (40). 

The best resistance to ultraviolet irradiation was attained with 

the novolak materials and can be attributed to the highly aliphatic 

character of these materials. 

Cyclo aliphatic resins have been prepared by Trigaux (49) 

which showed a superior resistance to weathering. Christie (39) 

evaluated bisphenol-A type epoxides, vinyl-cyclohexene dioxide (VDO) 

and 34:4 = epoxy - 6:2 methyl - cyclohexylmethyl - 3,4 — epoxy:.= 6. = 

methylcyclohexene carboxylate (DDC), cured with HHPA. They were both 

found to be inferior to acrylic systems. However, the DDC resin 

showed only a 4 % decrease in light transmission properties after 

500 hours exposure (sunlamp black-lamp)while the VDO/HHPA system showed 

a 9% decrease. A trimethoxyborine TMB/DGEBA resin proved to be 

superior in light transmission characteristics to all other systems. 

Modification of epoxide resins was found by Pschorr (31) to 

affect their weathering properties. Modified liquid epoxide resins 

and low viscosity epoxide resins showed greater change in tensile 

and flexural properties, than the equivalent unmodified materials. 

Least change in dielectric constant occurred with the modified liquid 

epoxide resin. 

Modification of epoxide resins by the addition of different 

amounts of aliphatic diepoxide diluent (1, 4 - butanediol diglycidyl 

ether) was studied in accordance with ASTM-D-1435 - 58(2). Less 

change in flexural and tensile strength occurred in diluent modified 

systems. The change in dielectric constant was more pronounced with 

the increased amount of diluent present. Kurz (50) compared bis- 

phenol-A type epoxide resins with cyclo aliphatic epoxide resins,
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and found comparable flexural strength, lower heat distortion 

temperature and except for an aromatic diglycidyl ester all 

had superior track resistance. 

Trigaux (49) evaluated cyclic aliphatic diepoxides, and 

found them superior to conventional bisphenol-A epoxides in terms 

of ultra-violet resistance. The improved colour stability was 

probably due to the lack of phenolic nuclei in the resin. 

High heat deflection values were also found for these materials, 

which confirmed Pschorr's findings, that systems of highest 

deflection temperature show least surface change on ultra-violet 

exposure. This disagreed with the findings of Kurz (50). 

2a 2ee Let Oo Effect of Fillers 

Hearst (51-53) using mercury and xenon light sources 

reported in a series of papers on the effect of fillers on amine 

and polyamide cured epoxide resins. The evaluation was made by 

the yields of gaseous degradation products found by infra-red 

spectroscopy. He found that the yields of volatiles were always 

less with pigmented, than with the corresponding clear films, 

but the addition of pigment had no uniform quantitative effect 

on the yields of individual volatile products. The yield of 

carbon dioxide (major product) was not always reduced by 

pigmentation. Pigmentation greatly reduced, or eliminated the 

production of ethylene and acetone (by mercury or xenon irradiation), 

but it had comparatively small effect on the yields of acetylene 

and methane obtained from mercury are irradiation. This relatively 

small effect of pigmentation on some of the mercury arc irradiation 

products may be due to lower penetration at shorter wavelength. 

This difference in the effect of pigmentation on the yields of some 

of the volatile products indicated differences in some of the 

photodegradation reactions that occur with the mercury and xenon arc 

irradiations. 

Clauss et al (54) tested epoxy resins, (composition not reported) 

filled with titanium dioxide, using an argon filled high pressure 

mercury lamp (65,000 lumens). The lamp and the sampléng housing were 

water cooled to absorb infra-red radiations. He found that colour 

formation occurred in less than twenty six hours. In all cases 

"tinting" of titanium dioxide by pigments caused a deeper colour 

to be formed,
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In the same study cured epoxide and epoxide/phenolic adhesives 

were evaluated by ultraviolet light and gamma rays (temperature 

° ao 
100 - 150 C, and vacuum 10 torr). No results were reported. 

2 2 ee 6 Effect of Ultraviolet Light on Optical Properties 

Work on the effect of ultraviolet light on optical properties 

was carried out by Lee and Watson (38) using the S - I sunlamp. 

Nelson (55) also used this light source in evaluating the effects 

of different stabilisers on the reaction product of DGEBA/DETA, 

Wiedmann (56) tested the same system under natural and S - I 

exposures, and found that after ten weeks marked yellowing occurred, 

the S - I lamp producing the greatest initial change. The rate of 

discolouration with the sunlamp and outdoor weathering was equal 

after 5 - 6 weeks, and the maximum discolouration occurred after 

10 weeks regardless of the method of ageing. This disagreed with 

the work of Clauss (54). Schmitt (42) in his studies on the 

evaluation of ultraviolet stabilisers for plastics evaluated 

some epoxide resins cured with polyamines and melamines, using 

a Cary spectrophotometer for colour measurement. His results 

showed that unstabilised resins yellowed on ultravilolet exposure, 

and that some resins containing stabilisers yellowed during cure, 

others yellowed rapidly during the exposures. Lee and Watson (38), 

Christie (39), De Hoff (35), Woelfel (43), Crilly (57) and Smith (58) 

using a variety of light sources, reported that all systems tested 

yellowed on ultraviolet exposure. The use of tetrabromophthalic 

anhydride with epoxides resulted in rapid brown colour formation, 

due to light activated breakdown of the C - Br bond (59). 

The change in optical characteristics of epoxy mirrors 

(828/m - phenylenediamine) was reported by Sexton and Kline (60), 

and correlation was made with subsequent changes in mechanical 

properties. Their work was concerned mainly with the production of 

optical flats by replica processes. 

Tetreault (61) reported that laboratory ageing caused loss 

of gloss, and colour formation, but natural ageing resulted in 

chalking and loss of gloss. 

A variety of epoxide monomers including DGEBA, butyl glycidyl 

ether, diepoxide cyclic aliphatics and epoxidised polycarbonate were 

investigated by Slowikowska et al (62) in terms of elasto-optical 

properties.
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Voronkov et al (63) investigated the ultraviolet degradation 

of cured epoxide films by electron microscopy and infra-red spec- 

troscopy. A mercury arc operating at 80 °c was used as the ultra- 

violet source. From their results, which reported changes in the 

original globular formation and the appearance of a carbonyl band 

(1658 cm ye they proposed a degradation scheme similar to that 

of Neiman i.e. formation of the radical 

0 
Aa 

which subsequently isomerised CHyCH-CH0- 

to «CH CHC“ 
OH H 

They also proposed that ring opening of the unreacted epoxide 

groups, left from incomplete cure of the system, resulted in 

further curing initially, followed by breakdown later. The macro- 

molecular structure of the films was broken down, and replaced by 

asymetrical structural elements, and complicated secondary macro- 

molecular structures. The structural changes were accompanied by 

variation of mechanical and thermophysical properties, shown by 

change of moduli. 

Artificial weathering tests have recently been reported on 

Araldite, bisphenol-A based epoxide systems, in terms of the changes 

in transmission characterised by ultraviolet/visible spectroscopy 

and by transmission infra-red spectroscopy using a xenon light source. 

Exposure times of up to 2,400 hours were used (66). A change in the 

transmission of 60% at 400 n.m. was found after 2,400 hours. 

No carbonyl groups were observed in the infra-red spectroscopy 

even after 18 days, however a broadening of all peaks was found 

on irradiation. This confirmed the earlier work of Hearst (51). 

From surface conductivity measurements, Hearst found that a steady 

state was reached in the degradation process. He assumed that the 

majority of broken bonds recombined and that only a few of the 

free radicals so formed combined with water and oxygen. When the 

irradiation source was turned off, the conduction fell exponentially, 

and plots on a log scale showed that two rates of recombination 

were present, suggesting that two types of bonds were broken in the 

original polymer. This is not in agreement with the work of Tetreault 

(61) who reported rapid chalking for bisphenol-A type epoxides.
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Krapivin et al (64) investigated the kinetics of decay 

of cured epoxide films using laser pulses of 10° sec. duration, 

which generated crack formation and growth in the systems. 

He reported that on exposure to an impulse of light immediate 

structural changes occurred in the material, and a gas phase 

appeared, followed by cracks. Crack growth was quick at first, 

slowing down with the appearance of other cracks. The general 

plane of destructive growth varied linearly with time, in the 

beginning, because of the growing number of cracks, and finally 

because of the enlargement of existing cracks. The growth followed 

a step function from radii of 0.020 m.m. to 0.13 m.m. after 

3OVx 10° seconds. The area undergoing crack growth increased 

with time from 2 A at Loux 10° sec to 16 at at 140 x 10°° sec., 

and the number of cracks from 4 at 10 x 10° sec. to 18 at 100 to 140 

6 
x LO seconds. 

Qe a ee kee Effects of Ultraviolet Light on Electrical Properties 

A review of the work of Pschorr (31) has been presented by 

Rugger (36) which includes the effects of water and diluents on the 

dielectric constant of cured systems. 

Kurz (50) evaluated a number of cycloaliphatic epoxide resins, 

cyclo aliphatic diglycidyl esters, aromatic diglycidyl esters, and 

bisphenol-A epoxide systems. No details of curing agents or schedules 

were given for any of the systems. The same filler (20% by weight 

alumina trihydrate, and 50% by weight silica) was used in all samples. 

No details of the weatherometer were given (type DMC twin arc, with 

water spray). Practically all systems gained weight up to 2,600 hours 

exposure, after which weight loss occurred. The bisphenol-A system 

began to lose weight at 100 hours, which increased more rapidly 

after 2,100 hours. 

Tetreault (61) investigated the effect of weathering on 

epoxide insulators using natural (5 years) and artificial conditions, 

and found that on weathering, chain scission or hydrolysis occurred, 

the latter being more probable. No differentiation was made between 

the two types of ageing. On extraction with methyl ethyl ketone (MEK) 

similar extractables were found from control and weathered samples. 

It was suggested that weathering had little effect on the polymer. 

It is more likely that erosion of the weathered surface had occurred 

leaving a relatively fresh surface for the extraction procedure.
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He did, however, find that the MEK extract from the weathered 

sample had a low pH value. The acid concentration was 2 milli 

equivalents/g. of starting polymer. On the basis of this 

and the infra red results, with no noticeable change recorded, 

he assumed that little oxidative degradation had occurred. 

His results from physical tests were more significant; an increase 

in surface hardness, and the occurrence of deflection load on 

weathering. In terms of the electrical properties no change in 

tracking resistance, dissipation factor, dielectric constant 

or resistivity was observed on weathering. 

2 Sos Stabilisation of Epoxide Resins to Ultraviolet Light. 

The patent literature abounds with references to the use 

of epoxide containing compounds as stabilisers (synergistic mixtures) 

for other polymers, in particular with PVC (63). However, on the 

stabilisation of the epoxide polymers themselves few publications 

.exist (64 - 69), these include: 

(i) benzophenones (concentration QG.01 - 10% by weight starting material) 

(ii) unsaturated compounds of the type 

(concentration 0.1 - 10 mole %) 

where R, could be hydrogen or preferably an alkyl group with 
1 

L524 carbon atoms, R, could be: H, X, allyl ( 1-4 € atoms), 

carboalkoxy, carboaryloxy, phenyl, acetoxy or cyano 

iii) esters O 

ae cHo-R 
Rag . 

CheG-C-0 
2 

R hydrogen or alkyl of 1-3 carbon atoms 

Ry alkyl group 1-4 carbon atoms 

(iv) hydrogen peroxide and peroxides (dialkyl, dicyclo alkyl and 

hydrocarbon hydroperoxides © 0.01 - 3% by weight based on the amount of 

diepoxide monomer. 

A large number of the common ultraviolet stabilisers have been in- 

vestigated for the stabilisation of epoxides by Lee and Watson (38), Hirt 

and Schmitt (42, Nelson (55) and Wahl (70). These are listed (Table 2-1). 

None of the stabilisers evaluated, either prevented the initial yellowing 

on cure, nor did they prevent colour formation on ultraviolet ageing.
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Stabiliser Effect Reference 

phenyl salicylate cured clear, 38 

; but yellowed 
-tert butyl ph wat 42 4-ter utyl phenyl salicylate ia Sie 

p-octyl phenyl salicylate 

resorcinol monobenzoate cured yellow 38 

dibenzoyl resorcinol 42 

2,4 - dihydroxybenzophenone cured yellow 

2-hydroxy - 4 methoxy benzophenone » ” 38 

2-hydroxy-4,4 - dimethoxy benzophenone ” ” 55 
‘ 

2, 2-dihydroxy-4,4' - dimethoxy benzophenone » ” 42 

! 
2, 2 - dihydroxy-4-methoxy benzophenone " 

t 
2, 2 - dihydroxy-4-octyloxy benzophenone ” i 

4-dodecyloxy-2-hydroxy benzophenone » » 

2-(2'hydroxy 5' -methyl phenyl) benzotriazole cured yellow 38 

dialkyl methylene malononitriles cured clear, 38 

but yellowed 

under UV 

benzoyl ferrocene 

2 hydroxy benzoyl ferrocene 

dibenzyl ferrocene 42 

1'- ferrocene dicarboxylic acid cured yellow 38 

2-hydroxy-4-methoxy benzoyl ferrocene 

2-methoxy benzoyl ferrocene 

hexamethyl phosphoramide cured clear, 38 

but yellowed 

under UV 

hydroquinone monobenzyl ether 

sym-bibetanaphthyl p-phenylenediamine cured clear, 55 

pp’ - dibenzoyl quinonedioxine 

but yellowed 

under UV 
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EXPERIMENTAL METHODS AND MATERIALS 

3 - 1 Experimental Methods 

This chapter is concerned with the irradiation apparatus, 

choice of light source, filters and sample holders used. 

The methods of analysis including chromatography, mass spectrometry 

and spectroscopy are reviewed briefly. 

Sm Leek Irradiation Apparatus 
  

The apparatus for the irradiation studies is shown in figure 

3 -1. The sample - source distance was varied from 10 to 30 cm. 

To minimise the effect of "light spots", polished aluminium reflector 

plates were used (The aluminium was not treated to maximise its 

reflecting power). The reflector ensured a more even distribution of 

photons in all of the samples. Black photographic paper was used as 

a liner at the back of the sample vessels, whilst investigating the 

effect of incident light on the surface of cured polymers. 

The intensity of the light source was monitored during the 

warm up period. Light intensity for all of the sample positions 

used in the irradiation studies was iepavioad ; It was found that the 

inverse square law, I = p/R? (I - intensity of illumination, 

P - illuminating power and R - distance of sample from the source), held 

for distances up to 30 cm from the source (5). 

SS lee. oe Choice of Light Source 
  

Since improvement of the weatherability of cured epoxide resins 

was the aim of this research, it was desirable to use a light source 

with a spectral energy distribution similar to that of sunlight. 

Other workers: in the field of environmental ageing have claimed 

some success using filtered xenon, carbon arcs, and high pressure mercury 

lamps. The latter source, recommended by the A S TM, is an S-I sunlamp, 

manufactured by General Electric Company, U.S.A. has been discontinued, 

The filtered xenon lamp is now used by many authorities. The main dis- 

advantage with all artificial light sources used for accelerated ageing 

studies is that they emit band spectra, while the sun's output is 

continuous. Recent devices developed to accelerate natural weathering 

(6,7) claim to avoid the extraneous effects of unnatural spectral 

distributions.
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Natural sunlight is intensified by the use of mirrors. Details of 

results on polymers have been reported (8), for further information 

on artificial weathering reference should be made to the work of 

Kamal (9) and others(10, 11). 

The light sources used were a 2 kw high pressure mercury 

are (12) with a built-in filter to prevent ozone formation 

(now discontinued). and the combination fluorescent sunlamp and 

black lamp, 20 w rating (13). The latter was used in a commercially 

available cabinet (14). The combination lamps have a life of less 

than 1,500 hours compared to the mercury lamp 5,000 - 6,000 hours. 

The mercury lamp had a less erratic energy distribution, and a 

surface temperature of 300 - 500 °c during normal use. The energy 

output of the sources is shown in figure 3 - 2, 

Water cooling (Vycor jacket) was necessary to control temperature 

of the mercury lamp at 25 - 30 °c. As tap water was used for cooling, 

the effects of metal salts had to be taken into account in the 

calculation of light intensity. Use of the cooling jacket caused 

solarisation of the built-in filter on the mercury lamp. This problem 

was noticeable with the pyrex sample vessels, when short wavelength 

radiation was used. Details of this effect are shown in Table 3 - 1. 

Heat treatment removed the colour from the affected glass in all cases, 

except the filter. The use of the lamp under normal service conditions 

in lightprinting would minimise this effect, and from the actinometry result: 

it was found that the reduction in light intensity (20% after 1,000 hours) 

was proportional to the solarisation of the filter. The subsequent 

reduction in intensity up to 5,000 hours was due to mercury deposits 

on the wall of the quartz burner. 

To optimise the use of the lamps a series of filters were used 

(Figure 3 - 3). The two cut off filters were supplied by Chance 

Pilkington Limited (15). 

The shapes of sample vessels used are shown (figure 3 - 1) 

and their transmission characteristics are shown (figure 3 - 3).
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SOLARISATION OF GLASSES 

  

  

  

  

  

            

Type of Hours % Transmission| Heat Treatment % Transmission 

glass Irradiation at 300 nm (hours at 200 °c) at 300 nm 

Pyrex O 90 —_ _ 

100 65 at 80 

Lamp O 25 . a 

Filter 300 L7 a 20 

Quartz 0 98 2 = 

100 89 2 98 

400 82 2 7 

Vycor O 90 a = 

500 85 3 86 

Filter O 8 > ee 

eh 700 7.4 6 8 

   



3 -1- 3. Determination of Quantum Yields 

In studies on the photolysis and photoxidative degradation of 

polymers reported, few authors (16, 17) have measured the variation 

in spectral output of the light source used. Most workers describe 

the type of source, sample source distance and the number of hours 

irradiation. This is not sufficient for the comparison of work 

from different laboratories, because errors arise from change in 

warm up time, blank spots on filters, and progressive deterioration 

of the source during use. 

The quantum yield of a photochemical reaction may be defined 

as the change in the number of molecules of a substance in the gaseous, 

liquid, or solid state per quantum of light absorbed by the molecules 

undergoing change. Since a molecule in an excited state can lose 

excess energy by various secondary processes (fluorescence, 

phosphorescence, etc.) and since differentiation is made between 

primary and secondary photochemical reactions, it is essential to indicate 

with which process the particular quantum yield is associated. 

Consider the reaction: 

A + photons ———> B+ C 

the quantum yield of A is 

No. molecules of A consumed 

No. quanta of light absorbed by A molecules 
  Acs 

Similarly quantum yields may be written for B and C 

The second law of photochemistry states that the absorption of 

light by a molecule is a one quantum process, such that the sum of the 

primary process quantum yields must be unity. If collision deactivation, 

fluorescence, radiationless transitions and other similar photophysical 

primary process are important, the sum of the primary quantum yields 

must be less than unity. Where secondary reactions are important the 

overall quantum yield need not be less than unity. Small quantum yields 

of all decomposition products indicate important deactivation, 

fluorescence or other processes leading to no net chemical change. 

Large product quantum yields indicate the importance of a chain reaction 

forming the products.
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Oe selva ee Chemical Measurement of Light Intensity 

Systems for chemical measurements rely on an understanding 

of a photochemical reaction and an accurate knowledge of the quantum 

yield at the wavelength of interest. Both liquid and gaseous systems 

have been used, in particular the uranyl oxalate actinometer. 

Other systems include potassium ferrioxalate, acetong,nitrous oxide 

and hydrogen bromide. The potassium ferrioxalate is perhaps the most 

useful actinometer since the material is active over a wide wavelength 

range and can be used to monitor mono, and polychromatic radiation. 

Recently a solid state actinometer, using a cobalt complex, has been 

reported (18). 

Potassium ferrioxalate Actinometer 

The potassium ferrioxalate actinometer, developed by Parker 

and Hatchard (19, 20, 21, 22), was used in these studies for the 

measurement of light intensity, radiation outputs from the light 

source and quantum yields. 

The actinometer solution was prepared by mixing three volumes 

of 1.5 molar potassium oxalate with one volume of 1.5 molar ferric 

chloride. The filtered green crystals were recrystallised from water 

and dried at 50 “on giving a purity of 99.7%. Aqueous solutions of 

the crystals stored in stoppered bottles were stable for one week. 

All operations for the preparation of the actinometer solutions 

were performed in a dark room, 

Exposure to light of the ferrioxalate ion in an acid medium 

(1 normal sulphuric acid) causes the following reaction to occur: 

SS 2+ 2- 
2ete C594) 3 ——_—_——» 2 fe + 5 C,9, 200, 

The amount of ferrous ions produced was determined using the complexing 

agent 1, 10-phenanthroline in aqueous solution. 

The concentration of the actinometer used was 0.006 molar, 

and in 4 cm pathlength cells all incident quanta of radiation were 

absorbed. During exposure of the actinometer the solution was stirred 

by a stream of nitrogen to prevent air oxidation of the ferrous ions. 

During long exposures (4 - 10 hours) a neutral filter of gauze was 

superimposed on the front face of the actinometer to reduce the light 

intensity incident on the face of the cell. Decomposition of the 

actinometer was thus kept to level of 20%.
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After exposure a known volume of the solution was pipetted 

into a 25 ml volumetric flask, to which was added 2.5 ml of a 0.1% 

solution of 1,10 phenanthroline in water, followed by 1.5 ml of 0.3 

molar sodium acetate/acetic acid buffer and made up to volume. 

An equal volume of unirradiated solution was used as blank. The 

actinomer and the blank solution were left in the dark for one hour 

to allow the development of the ferrous ion complex, the optical 

densities were then read at 510 nm. The optical density at this 

wavelength is independent of the amount of buffer, providing that 

the volume added is at least half the total volume of the O.1 normal 

acid in the final solution. A solution of pH 3.5 is recommended as 

protonation of the phenanthroline cation occurs at a pH of less than 3. 

The extinction coefficient (1.1 x 10° litre/mole/cm) for 

solutions of know ferrous ion concentrations was determined using 

a Perkin Elmer Model 350 spectrophotometer. 

The number of ferrous ions (n) was then determined from the 

  

equation 

6.023 107° Va Ve 1 Cl) ‘ ? Ice ie ot 
Pye 

Vo le 

where Vy = volume of actinometer solution irradiated (ml) 

Vy = volume of aliqut used for analysis (m1) 

Va = final volume to which aliqiot was diluted (m1) 

108, 5 (1 /) = measured optical density at 510 nm 

1 = path length of spectrophotometer cell used (cm) 

e = molar extinction coefficient of ferrous ion complex 

Using the value of n, calculated as shown, the value of the light 

intensity was read from the master tables of Parker(20). 

The light intensity incident inside the front window of the actinometer 

cell was calculated from the standard photochemical equation.
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3 sides o. “Chromatography 

Thin layer (TLC) and gas liquid chromatography (GLC) were 

used in the irradiation studies. The former was used for the 

determination of molecular weight distribution of the epoxide 

monomers, employing the method of Weatherhead (23) using chloroform 

as the developing solvent. This technique was also used for separation 

and determination of the number of products in the solid or liquid 

phase. However, for quantification of product yields gas chromatography 

and wet chemical analysis were used. For preparative thin layer 

chromatography (TLC) work grooved plates (Burkard) and an applicator 

(Burkard TLC Preparative applicator, Model SA20O) were used, 

The distribution of molecular species was determined by the relative 

area (Allbrit planimeter) of the spots on the plate as shown by the 

iodine technique (24). Product identification was made by spectros- 

copic techniques and mass spectrometry. 

A Perkin Elmer GLC (Model FII) with a linear temperature 

programmer, and duel flame ionization detector FID was used for 

most of the studies. A Pye (Model 104) instrument fitted with a 

katharometer was used for non ionisable species. GLC was used 

primarily for the analysis of the gaseous degradation products 

from all systems. Mass spectrometry was carried out on representative 

samples from each batch of products as a check on the method. 

A variety of columns including Porapak R and S, Carbowax silicone oil 

and fluorosilicone oil were used. The method for quantitative work 

was based on the use of internal standards (25). 

3 - 1- 6. Mass Spectrometry 

An AEI (Model MS9) spectrometer was used throughout the work. 

Samples of solids, liquids and gases were analysed by the peak 

matching technique (26). The determination of molecular weights for 

some systems e.g. crosslinked polymers and model systems by mass 

spectrometry proved valueless due to the complex splitting patterns 

obtained. Gas analysis using the mass spectra of pure compounds 

proved to be the most useful application of the technique. 

Soe Late Spectroscopic Methods 

Spectroscopic methods included (a) ultra-violet/visible 

measurements (Perkin Elmer, Model 350 or Model 137) for liquids and 

thin films of cured polymers, both stabilised and unstabilised,
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(b) transmission infrared using the KBr pellet technique for granular 

solids, standard film holder for solid films, and KBr, Cs I, and Na Cl 

plates for liquid smears, and Nujol mulls on "wet" solids. The Perkin 

Elmer (Model 225) infrared spectrophotometer with slave recorder and 

polariser was used for quantitative work and for all reflectance work 

in the fundamental region. For pure identification purposes the Perkin 

Elmer (Model 457 or 237) infrared spectrophotometer was used. Peak 

assignment was made by reference to the texts of Hummel (27), 

Bellamy (28) and Nakiniski (29), and for gas analysis to these of Harms 

(30) and Hagen (31). The Perkin Elmer (Model 350) ultraviolet/visible, 

near - infrared spectrophotometer was used for near - infrared (NIR) 

work (1st overtones) to determine the degree of cure of amine cured 

epoxide resins. and to determine the extent of reaction with amine 

crosslinked model compounds. For further details of the application of 

the technique reference should be made to the review by Wetzel (32) 

and the text of Henniker (33). 

Soe 1) Be Chemical Analysis 

All monomers (commercial and purified), simple model compounds, 

curing agents, and crosslinked model compounds were analysed chemically. 

Details of the methods used are to be found in the texts of Lee and 

Neville (34), Potter (35), Skeist (36) Schrade (37), and Paquin (38). 

The chemical analysis of the anhydride cured monomer is also given by 

Fisch and Hofman, and others (1, 2, 3, 4). 

ol aay, Torsion Braid Analysis 

Torsion Braid Analysis (TBA) is an extension of the torsion 

pendulum method (39) for examining materials. The method consists of 

impregnating a multi-filament glass braid substrate with the material 

under test. Polymers may be applied by solvent impregnation with 

subsequent removal of the solvent (40), by coating with a solution of 

monomer and curing agent, removing the excess material, and finally 

curing of the polymer system on the braid (41), or by coating a wetted 

braid with a granular polymer (42), and then careful fusion of the 

polymer onto the braid, while allowing the wetting agent to diffuse 

out of the system. 

In contrast to torsion pendulum studies the TBA method requires 

less than 100 mg of polymer per experiment. Also, this technique allows 

study of materials which cannot supporttheir own weight. Studies to date 

with TBA include investigations of the dynamic mechanical behaviour of 

thermosets during the curing process (43),
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antioxidant activity in elastomer systems (44), thermoplastics (45), 

degradation of a thermoset polysiloxane (46), evaluation of heat 

resistant polybenzimidazole polymer (47) and correlation with other 

thermal techniques (48). An excellent review of TBA has been given 

by Gillham (49). 

The apparatus used was that described by Lewis and Gillham (50) 

shown in Figure 3 - 4. The torque head was detachable. The torque 

was induced by a spring rather than by the failing weight technique 

used in earlier studies, to enable measurements to be carried out 

at low temperatures in a liquid nitrogen cooled apparatus. 

A 15 cm diameter protractor with a movable pointer was fitted to 

the base of the sample tube in line with the graduated inertia disc 

for measurement of the decrement. 

The method of sample preparation consisted of heat cleaning 

the loosely wound multifilament glass braid in lengths of 29 cms. 

(Turner Brothers Asbestos Co. Ltd., Grade 225-1/3) in oxygen at 

250 re for 2 hours to remove the coating size. Mass spectrometric 

analysis of the volatile products evolved during the cleaning process 

showed that the heat treatment was sufficient. The cleaned braid was 

allowed to cool. and then dip coated with the epoxide resin system. 

The amine cured resin required two passes through the mixture for 

a 5% by weight uptake of polymer. It was found that this uptake 

optimised the visual determination of the period of oscillation 

on heating (below the Tg) and cooling the material. The acid anhydride 

systems required four passes for Optimum results. Globular formation 

was prevented by rolling the coated braids with a Teflon rod before 

curing at elevated temperatures. A 2 cm length of glass tubing 

(melting point tubing) was fixed to the ends of the coated braids, 

to eliminate errors in measurement due to expansion of the pin vices 

at high temperature. The braids were suspended, in tension, in an oven 

at the required temperature, and cured in a nitrogen atmosphere. 

All torsion measurements were made in a nitrogen atmosphere 

to minimise surface oxidation during heating. The nitrogen atmosphere 

also prevented condensation of water vapour at low temperatures. 

The braid sample under test was clamped in the apparatus by pin 

vices, the upper vice attached to the torsion head. The torsion head 

and release arm were rotated against the tension of the spring, and held 

by a camera release mechanism.
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Disengagement of the camera release arm caused oscillation of 

the pendulum, from which the period and the decay angle were 

measured, 

The equation for the rigidity modulus described by Lewis 

and Gillham (51) was used. 

Ger Ly (1/R*) 

R - radius coated braid 

L - length of coated braid 

v - frequency of pendulum 

I - moment of inertia of system 

Since the specimen radius is raised to the fourth power its 

accuracy is imperative. The radius was measured at 1 cm intervals 

along twice the length of the braid, and an average taken, this 

enabled a shape factor (52) to be introduced into the denominator 

of the above equation 

G = 87 Lv’ (1/R4u ) 

The results obtained using the shape factor gave good correlation 

(5% difference) with the results obtained from the Nonius Torsion 

Pendulum (53). 

The decrement was found from the magnitude of successive 

amplitudes of vibration. 

  

Tan: io =. ihe aoe 

Oo - decrement 

; 3 ee ; 
An - amplitude of n vibration 

: the : 
Antl - amplitude of (n+1) vibration 

Measurement of G and© were made at varying degrees of 

irradiation over the temperature range -100 °c to +200 °¢, Each braid 

was used once. This was necessary since the samples were heated above 

their Tg's for measurement of the rubbery modulus at 200 Pe. The values 

of G and ’® for different braid systems prepared from the same melt were 

found to be the same, within the limits of experimental accuracy. 

This allowed the construction of a curve over the temperature range 

from a number of braids during the irradiation period.
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Sines Meee IOS Experimental Technique for A T. R. Spectroscopy. 
  

A Perkin Elmer infra-red spectrophotometer (Model 225) 

with a slave recorder was used for all ATR measurements reported. 

The two ATR optical systems (RIIC Model TRY and Wilkes Model TR 25) 

used are shown (Figure 3 - 5). A number of reflection elements 

were tried including a hemicylinder, a trapezoid plate and a vertical 

double pass plate (Figure 3 - 6). All plates for infra-red work 

were made of KRS-5, a suitable material for ATR work. The limiting 

factor of the ATR technique is the refractive index (2.38) of the 

KRS-5. 

The experimental method consisted of first covering the 

crystal face with a film of slightly larger dimensions. Two faces 

were covered in the case of the trapezoid. Resilient rubber pads 

slightly smaller than the films were fitted to the back of the 

film and pressure applied. As ultraviolet degradation progressed 

it was necessary to use carbon disulphide as a wetting agent, due to 

the formation of surface irregularities on the polymer film. 

The sample holder was mounted on the ATR optical bench and fitted 

in the spectrophotometer. Infra-red runs were carried out from 

4,000 to 400 oe The crystals were washed in benzene and aceton@, 

and allowed to dry between successive spectra. Blank runs of the 

crystals were carried out at regular intervals to check for 

impurities from the materials under investigation. or from the 

atmospheres. 

3-1-11 Calculation of Quantum _ Yields 

1, Determine incident light quanta on film surface, 

2 » transmitted » y) thro’. » 3 

3. Calculate the number of absorbed quanta, 

4. From the % by volume of gaseous products & 

the total volume of volatiles per cm? of polyer 

surface,calculate the number of molecules of 

each product(s) formed. 

5.Calculate quantum yields from the number of 

molecules of each product formed divided by the 

number of light quanta absorbed to produce these 

molecules,
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iS Sue MATERIALS 

Cea 2. ee, Resins 

A commercial epoxide monomer "“Epikote 828"' was used for the 

bulk of the work. This material contains impurities (described 

previously Chapter 2). Three methods of purification were used (i) 

molecular distillation of the commercial ‘828 material giving the 

monomer '826' (18), (ii) fractional precipitation of resin 828 

from a solvent by a non solvent giving monomer '816' (18), (iii) 

thin layer chromatography (23). 

The resins were characterised by their epoxide and hydroxyl 

equivalent, defined as the weight of resin in grams which contains 

one gram equivalent of epoxide or hydroxyl respectively. The methods 

used for determining the epoxide included: fundamental infrared (34) 

and near infrared spectroscopy, chemical analysis, the addition of 

a hydrogen halide to the epoxide group using the pyridinium chloride 

he 

ek ® eC Eke ee 
| 
X 

method (34). The hydroxyl equivalent was determined by near infrared 

spectroscopy (34) and the acetyl chloride method(34). The hydrolysable 

chlorine content of the materials, present as 1, 2 chlorohydrin from 

incomplete dehydrogenation, was determined by titration with HCL (34). 

The analysis of the three monomers is shown (Table 3 - 2). 

Te A By Bs Soe 

  

Epoxide Equivalent) Hydroxyl Equivalent|Chlorine % Purity 
  

  

  

Monomer Near Chemical Near Chemical 

Infra Analysis Infra Analysis 

Red Red 

Epikote 828 | 185 185 0.014 0.015 0.021 91.8 

Monomer ‘826 | 174 175 0.014 0.014 0.020 97.5 

Monomer '816'| 170 170 - - - 100                
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OP en oa Curing Agents and Curing Process 
  

Two of the common curing agents triethylene tetramine (TETA) 

and hexahydrophalic anhydride (HHPA) were used to crosslink monomers. 

The HHPA material required the presence of a catalyst, triethanolamine, 

to promote the reaction. The quantities of curing agent and catalyst 

used, together with the cure schedules recommended by the resin 

manufacturers are shown (Table 3 -3). 

The prelimary results on vacuum and inert gas irradiated 

samples (cured in the presence of air) indicated that peroxide and 

hydroperoxide formation, due to the high temperatures encountered 

in the curing process, could have initiated the degradation reactions. 

To overcome this problem the samples were prepared by mixing the 

heated resin with the curing agent (and the catalyst when required) 

using a low speed stirfer. The mixture was transferred to a new 

container and stirred for a further period to avoid preferential 

wetting of the container surface by either component. The mixture 

was then degassed under vacuum for three minutes. The final curing 

reaction was performed in a nitrogen atmosphere. 

LAs Bes Barer 

  

Formulations and cure schedules 
  

Resin Triethylenetetramine Systems Hexahydrophthalic Anhydride Systems 

TETA Temperature Time HHPA TEAM Temperature Time 

phr*™ °c hours phr phr °C hours 

‘828’ 

‘826 10-12 25 48 80 0.5*2:5 150 4 

‘g16' 

* phr - parts of curing agent per hundred parts of resin. 

ie ee «eo Characterisation of Cured Systems 
  

The amine cured systems were characterised for epoxide and 

hydroxyl content by the near infra-red technique of Dannenberg (34). 

The results are represented (Table 3 - 4 (A)}
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TABLE 3 AaCAD 
  

Amine Cured Systems 

System Epoxide Hydroxyl 

Equivalent/litre Equivalent/litre 

'828/TETA 2,213 ty43 

'826/TETA 1.984 Lae 

‘816/TETA 1. 997) 5930 

Anhydride cured systems were characterised by the swollen particle 

technique (1, 2, 3, 4). Typical results obtained are represented 

(Table 3 - 4 (B)) 

Oo tae oe Model Compounds 

The model compounds used have been divided into two classes: 

(1) Simple model compounds, based on the commercial and pure 

monomer systems and their curing agents. The compounds are 

represented together with the preparative methods used (Table 3-5 (a)). 

The chemical properties are also represented (Table 3-5 (b)). 

(2) Crosslinked model compounds, used to simulate the typical bonds 

formed in the cured three-dimensional epoxide resins. These compounds 

were prepared under reaction conditions similar to those used with 

the resin/curing agent systems. The extent of reaction was also 

determined by GLC, spectroscopic and chemical analysis. The methods 

of preparation are represented (Table 3-6 (a)). 

Te Ac De tie oO Ca) 
  

Compound 

na Commercial material (Shell 

HO-— Ca OH Chemicals (UK) Ltd), purified by 

| 
recrystallisation from ethanol 

CH bisphenol-A # 

_CH9C H20H laboratory reagent 
=e H5C HOH 

CH »CH,0H 

triethanolamine
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Table 3 - 5 (a) Continued 
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Laboratory reagent 

Laboratory reagent, purified by 

vacuum distillation 

Commercial material (Shell 

Chemicals (UK) Limited) 

Commercial material (BP Chemicals 

Ltd.) purified by vacuum 

TETA 

0 

HSC H-CH,Cl OS 2 
epichlorohydrin 

ry 

CN 
pe 

ve 

PO 
hexahydrophthalic anhydride 

2 
Or 

CH, 

G&- methyl styrene 

0 
aoe 

()-o-cuycti-th, 

phenyl glycidyl ehter 

0 
\ 

Cl-CHs O-CHyCH-CH, 

chlorocresyl glycidyl ether 

0 
pm 

CH O-CH5C H-C H, 

p-tolyl glycidyl ether 

distillation 

Commercial material (Shell 

Chemicals (UK) Limited), purified 

by vacuum distillation 

Commercial material (Shell 

Chemicals (UK) Limited) 

Prepared by the reaction of p-cresol 

with epichlorohydrin in the presence 

of sodium hydroxide, purification 

by vacuum distillation



Table .3 = 5:-Ca): Continued 

ei oH 
: OCH,CHC H,0- 

CH, C 

i 
CH 

glyceryl ether of diphenyl propane 

OH 

| 

H -O-CH5C H-C Hs - CH. 

p p' - tolyl glyceryl ether 

TAB 

Compound 

epichlorohydrin 

chlorocresyl glycidyl ether 

phenyl glycidyl ether 

tolyl glycidyl ether 

ditolyl glycidyl ether 

glyceryl ether of diphenyl 

propane | 

HHPA 

- 43 - 

Prepared by the reaction of 

&- methyl styrene with phenol 

in sulphuric acid giving 4- 

hydroxy phenyl propane, which 

was subsequently reacted with 

dichlorohydrin, purified by 

vacuum distillation and recrys- 

tallisation from ethanol 

Prepared by the reaction of 

p-tolyl glycidyl ether with 

p-cresol in xylene, xylene 

removed by vacuum, purified by 

recrystallisation from ethanol 

3 -5(b) 
cen ane eee 

  

Epoxide Hydroxyl % Purity 

Equivalent Equivalent GLC Chemical 

/kg /kg Analysis 

108 0.009 98.6 on 

208 0.012 92.0 im 

150 me 99°.9 or 

168 0.002 99: 30 = 

- As (XG 99°75 - 

_ 4.830 29:78 - 

= = 98.28
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c O-CH5C H-C HOH 
OH 

0 a 
i 

Cc-0 -C HC HG H5 

Con 

I 
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Reflux (1:1 mole ratio of react- 

ants) phenyl glycidyl ether and 

water at 120 °C for one hour. 

Colourless liquid, 

Reflux in the presence of 0.2% 

KOH by weight, for eight hours at 

100 Gs Viscosity changes occurring 

during reaction gave an easy method 

for following the extent of the 

reaction. A 1:1’ mole ratio of 

reactants was used. The alcohols 

used were ethylene glycol, 

propylene glycol (red brown liquids) 

and isopropanol. (colourless liquid) 

The latter caused self polymerisatio 

of the epoxide monomers. 

Reflux (1:1 mole ratio) phenyl 

glycidyl ether and hexahydroph- 

thalic acid in the presence of 

0.2% KOH for six hours at 150 °c, 

Further reaction occurred through 

the hydroxyl groups. Water was 

removed as formed to prevent 

reaction with the epoxide groups - 

colourless — grey viscous liquid.



Table 3 - 6 Continued 

t 
Ca0-(t 

yee 

0 

re 
O 

coi 
ul 

rH 

ba, 
R-N pha 

5° H-C wag 

OH 

- 45 - 

Preparation as 3 except that hex- 

hydrophthalic anhydride was used 

instead of its diacid - red 

thermoplastic solid. 

Reflux (1:1 mole ratio) phenyl 

glycidyl ether and benzoic acid 

in presence 0.2% KOH for six hours 

at 150 Cs - yellow crystalline 

solid 

Reflux (1:1 mole ratio) cyclo- 

hexane and carboxylic acid in the 

presence of 0.2% KOH for six hours 

at 150 ris - viscous yellow liquid. 

Reflux amine and phenyl glycidyl 

ether. Ethylene diamine (1:2 

mole ratio) for eight hours at 

50 °C. Ethyl amine (1:1 mole ratio) 

oO 
for eight hours at 50 C. 

Intensity of colour showed the 

extent of the reaction. - 

yellow crystalline solids.
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CHW APs Ut Be R, 4 
  

Chemical €hanges on Irradiation 

Irradiation of both the amine and the anhydride cured systems, 

in an inert or an oxidising atmosphere, resulted in the evolution of 

low molecular weight volatile compounds and chemical changes in the 

polymer matrix which gave rise to colour formation. 

Infrared transmission spectroscopy failed to detect changes 

in the chemical structure of cured epoxide films greater than 20 microns 

in thickness. The use of films less than 20 microns in thickness, 

prepared by pressing between sodium chloride windows (1), did show the 

formation of a band in the carbonyl stretching frequency region, 

on irradiation of the amine cured materials. No changes were observed 

with the anhydride systems. However, because of the colour formation 

during degradation the transmission was not constant, and it finally 

decreased to less than 10% when the bands were almost completely lost. 

Cured films of varying thickness (10 - 50 microns) were prepared 

from all three monomers (828°, ‘826 and *g16) using the pressure technique. 

The amine samples were visually colourless, whilst slight yellowing was 

observed with the anhydride cured samples. All of the films were stored 

between flat glass surfaces in a vacuum desiccator for one week prior to 

use. Samples for irradiation in air or oxygen were allowed to equilibrate 

in air for one day prior to use. Preliminary experiments: showed little 

spectral differences in samples irradiated in air and oxygen, 

consequently irradiation studies in oxygen were discontinued. 

In order to investigate the effect of light penetration and 

degradation by reflected light, film samples were mounted before 

polished aluminium reflector plates and plate glass, backed with black 

photographic paper. The results from samples degraded by incident and 

reflected light allowed the efficiency of the reflector to be evaluated - 

little change in the efficiency of the reflector was observed for the 

first twenty four hours irradiation, thereafter the percentage reflection 

decreased. 

The ATR spectra of the commercial amine and anhydride cured polymers 
> 

ata a9" angle of incidence on the KRS - 5 one refflection hemicylinder 

crystal, are shown (Figure 4 - 1 and 4 - 2 respectively).
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A comparison of the equivalent transmission infrared curves for these 

materials showed a shift of all bands to slightly longer wavelengths. 

Otherwise the ATR spectra obtained were identical with their transmission 

counterparts. The band assignments, shown (Table 4 - 1 and 4 - 2) for 

the amine and anhydride cured materials, were similar to those used 

for the transmission work.
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Infrared Band Assignments of Amine Cured '828' Monomer 
  

Frequency cm 

3320 

3010 

2950 

2920 

2850 

1880 

1740 

1600 

1575 

1500 

1450 

1410 

1380 

1360 

1285 

1220 

2179 

1100 

1080 

1020 

1005 

920 

870 

820 

800 

760 

735 

725 

550 
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(Reflectance Spectroscopy) 

Allocation 

O - H stretching (H - bonded) 

C - H stretching of aromatic nucleus 

Ger HH: stretching of CH. and’ CH 
2 3 

1, 4-disubstituted aromatic nucleus 

aQ ll C stretching of aromatic nucleus 

Qa
 

ll C of aromatic nucleus 

CH, bending of gem dimethyl 

wo
 

Ether? 

phenyl - O stretching and epoxide 

CH, isopropyl and epoxide 

phenyl - O (ether) 

secondary hydroxyl 

aliphatic C - O stretching 

1, 4-disubstituted aromatic nucleus 

oxirane ring 

out of plane bending of two adjacent 

hydrogens on p-disubstituted aromatic 

nucleus 

oxirane ring (C - 0 - C bending) 

Reference 

2 

3 

3 

3 

3 

3 

3, 4 

5 

4, 6 

3 

3 

3 

3 

35 

6
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TA Bebe 4 2 

Infrared Band Assignment of Anhydride Cured '828' Monomer 

(Reflectance Spectroscopy) 

Frequency a Allocation Reference 

3480 O - H stretching (H - bonded) 2 

3010 O - H stretching of aromatic nucleus 3 

2950 

2920 C = H- stretching. of CH, and CH, 3 

2850 

ae 1, 4 -disubstituted aromatic nucleus 3 
1740 

anne Residual HHPA a 
1790 

1720 carboxyl group (ester) 1 

1640 carboxyl group acid 1. 

1600 

1580 C = C stretching of aromatic nucleus 3 

1500 P 

1440 C = C of aromatic nucleus 3 

1410 

1380 CH, bending of gem dimethyl 3). 44 

1360 

1330 asym stretching ester C -O-C 8 

1290 

1220 

TiS ester C - O stretching modes it 

1155 

1120 

1100 phenyl - O - ether 2 

1070 Sym-Stretcning © — 0, —.C 8 

1020 aliphatic C - O stretching 2 

1005 1, 4-disubstituted aromatic nucleus 2, 4
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Table 4 - 2 Continued 

Frequency ae Allocation Reference 

oh oxirane ring and anhydride groups 5 

860 

820 out of plane bending of two adjacent 3 

hydrogens on p-disubstituted aromatic 

nucleus 

800 

760 

725 

720 

550 C - O - C bending oxirane ring 6
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A eed Spectral Change on Curing of Epoxide Resins 

Few differences were observed between the spectra of the 

monomers and their cured polymers. This was due to the overlap 

of the absorption bands in the uncured monomer and in the curing 

agent with the existing bands, and with the new bands formed 

during the curing process. On curing the epoxide absorption 

band (10.93 microns) progressively disappeared, and a hydroxyl band 

appeared at 2.85 - 3.3 microns. This latter band obscured the 

N - H stretching mode of the amine curing agent. Since hydroxyl 

groups were present in the commercial '828' monomer as 

OH CH, 
~ -O-CHaCH-CH0 -¢ ~ 

CH 
and in the '826' monomer to a lesser extent, little information 

could be deduced concerning the rate of the curing reaction from 

the increase in the hydroxyl absorption. The disappearance of the 

primary amine absorption, at 7.72 and 7.81 microns, was obscured 

by the ether band of the monomer. Similar complications were found 

with the anhydride curing agent, though the anhydride carbonyl band 

at 5.59, and 5.38 microns could be distinguished from the ester 

carbonyl 5.81 microns. (The methylene bands of the anhydride are 

effectively masked by those of the monomer at 3.39 - 3.31 microns). 

Similarities were observed between the infrared pattern of 

the two systems studied, and between all cured epoxide resins based 

on a common monomer (2), and it was difficult to distinguish, by 

conventional chemical techniques, the difference between cured systems, 

although some progress has been made using pyrolytic techniques (9). 

The complexities arise from the complicated spectrum of the monomer, 

most of which are carried over to the cured polymer. No band assignment 

can be made for the vibrations of the curing agents. Also, no definite 

assignment has been made of all the epoxide resin monomer bands C4). 

Common to the curing of all epoxide resins is the decrease in 

intensity with increasing cure of the epoxide bands, 10.31, LOIS: 

11.56, and 12.40 microns. The band occurring at 8.0 microns 

(due to epoxide and ether) appeared to be unchanged during the curing 

process. This was due to slight epoxide absorption at this wavelength, 

Investigation of the cure rate of these materials, by following the dis- 

appearance of the epoxide band, has been reported by Dannenberg (10) 

and others (6, 11).
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4 - 2. A.T R. Studies 

The A T R infrared spectra of the cured materials, using the 

KRS - 5 trapezoid crystal, at two angles of incidence,are shown 

(Figure 4 - 3 and 4 - 4) for the amine and anhydride systems 

respectively. The loss in spectral definition and the shifts in 

band maxima can in part be ascribed to the change in the angle of 

o 
incidence for values greater than 39 , 

Ao re eed Qualitative Spectral Changes 
  

The change in the A T R infrared spectra for the amine and 

anhydride cured polymers, on irradiation with ultraviolet light 

(wavelength greater than 280 microns) in an oxygen atmosphere, is 

shown (Figures 4 - 5, and 4 - 6 respectively). The major absorption 

band changes are listed (Table 4 - 3 and 4 - 4). 

Tt AgB ue 4 se3 

Infrared Absorption Band Changes on Ultra-—Violet Irradiation 

Amine Cured Polymers 

  

Absorption Band Observations Duration of Irradiation 

(minutes) 

hydroxyl decrease, increase 120 

isopropylidene decrease 140 

1, 4-disubstituted decrease long period 

aromatic nucleus 

528k ingrowth of new bands 350 

6.06 80 

ether decrease long period 

aromatic.— CH. = decrease Long period 

residual epoxide decrease 40
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TABLE 4 

Infrared Absorption Band Changes on Ultraviolet: 
  

Irradiation of HHPA Anhydride Cured Polymers 

  

Absorption Band Observations Duration of Irradiation 

(minutes) 

hydroxyl decrease, increase 200 

isopropylidene decrease 580 

ester carbonyl decrease, increase Long period 

decrease 

residual anhydride decrease 130 

1, 4-disubstituted decrease Long period 

aromatic 

ether decrease Long period 

aroma t.e %=-CH. = decrease Long period 

residual epoxide decrease 150 

All systems, amine and anhydride cured, commercial and purified 

monomers, showed shifts in the absorption bands to longer wavelengths 

and a gradual broadening of all peaks. The wavelength shifts were 

most noticeable with the hydroxyl bands, being greater in the amine 

cured systems than in the anhydride systems. A sharpening of the 

hydroxyl band in the amine cured system was also noted. The band 

shifts and broadening can be explained in part by a dispersion effect 

on a ivery thin film. The thin fiilm,: in this’ case, “is. thought to. be 

a new surface layer formed as a result of the photo-oxidation of the 

original polymer. The reflectivity of an interface of two materials 

for normal incidence can be expressed in terms of the simple equation:- 

where Ny and ny are the refractive indices of the sample and the AT R 

crystal respectively. Thus a change in the value of Ny will lead toa 

different value of the reflectivity, R. The change in the value of Ny 

for the polymers under study is due to colour formation (and associated 

changes) on irradiation. The effect of the refractive index change and 

the subsequent change in the depth of penetration of the light into the
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sample surface is considered in a later section. 

Irradiation with short wavelength light caused similar effects 

to those already described. Only the rates of change of the band 

intensities differed. In particular the epoxide group in all systems 

is affected this way. This result was in accordance with the work 

of Doyle (12) and others (13, 14) on the ring opening of the epoxide 

groups of low molecular weight compounds on irradiation with short 

wavelength ultraviolet light. The anhydride cured resins showed a 

decrease in the ester carbonyl band, which was anticipated because 

of the absorption of the curing agent itself in the short wavelength 

region, 

The degradation of the amine cured systems resulted in the 

appearance of two new absorption bands at 5.81 and 6.06 microns. 

A similar result was reported by Hearst for a bisphenol - A 

epoxide resin cured with diethylene triamine, in his study of 

pigmented and unpigmented epoxide resins exposed to ultraviolet 

light from mercury and xenon arcs (15). In his study two new peaks 

were observed at 5.82 and 6.02 microns. The difference in the band 

positions reported in this study can be partly accounted for in terms 

of the different angle of incidence used (45°), Also, since Hearst's 

amine curing agent (DETA) differs from the TETA used here only by the 

secondary amine and methylene content, it is reasonable to assume that 

his new bands resulted from similar reactions to those described below. 

Hearst also reported the formation of new bands at the same wavelength 

from the ultraviolet irradiation of a polyamide cured bisphenol-A 

epoxide resin. It is likely that the new bands in ultraviolet de- 

gradation studies are derived from the monomer unit of the resins, 

oe 

FS 

The bands located at 5.81 and 6.06 microns are located in the 

infrared finger print region normally associated with the carbonyl 

function,
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The groups which absorb in this region, and which are consistent 

with a degradation scheme initiated at C - N, isopropylidene or 

ether linkage are ketone (dialkyl, singly or doubly conjugated) 

5.8 - 6.2 microns,aliphatic aldehwe 5.77, aromatic aldehyde 5.85, 

aliphatic acid 5368:—.3;85,,ester 5.76 = 5.82, aromatic acid 

5.82 - 5.94, oxime 6.0 or vinyl compounds. The presence of the 

latter can be discounted in the photo-oxidised systems due to 

the known instability of vinyl compounds to ultra-violet radiation, 

especially over long periods of irradiation with short wavelength 

light (16). Since scission of the C - N bond was thought unlikely 

from the results of pressure measurements, the results obtained by 

Hearst (15) and bond energy consideration, the presence of the oxime 

is unlikely. Irradiation with a black lamp - flUorescent sunlamp 

combination through the OY filter, which transmitted the full 

intensity of the lamp from 360 nm, showed only differences in 

intensity of the 5.81 and 6.06 bands due to the increased light 

intensity. and eliminated the possibility of scission of the C - N 

bond. The confirming band for carboxylic acids (broad diffuse band 

at 3 - 4 microns) might be obscured initially by the hydroxyl band 

of the cured system, but if it was present it would increase pro- 

portionally with its major band. However, because of variation in 

the absorption due to initial hydroxyl present, the presence of 

carboxylic acids cannot be ruled out. Since no confirming ester 

bands at 9.52 - 7.69 microns were found, the presence of the ester 

carbonyl may be discounted. Because of the complex nature of the 

epoxide resin spectra the definite presence or absence of specific 

confirmatory bands cannot be stated. 

On the basis of the exact intensities the most likely assign- 

ments are conjugated ketone for the 6.06 microns, and ketone, aldehyde 

or aliphatic acid (17) and possibly vinyl groups on irradiation in 

inert atmosphere for the 5.81 micron band. The assignment of the 

6.06 micron band to conjugated ketone is in agreement with work on 

the weathering of amine cured high molecular weight epoxide resins 

based on epikote 1004 (18).
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In air and vacuum irradiation the intensity of the hydroxyl 

absorption band decreased initially. Further irradiation caused 

an increase and a further decrease in intensity in the air and 

vacuum systems respectively. Examination of the volatile low 

molecular weight degradation products from the initial irradiation 

(Table 4 - 5 and 4 - 6) showed the presence of quantities of water. 

On the basis of this, and the results of the photochemical degradation 

of phenoxy resins by Kelleher (19) the following reaction may have 

occurred in the aliphatic section 

ri, ako HicH-cHo cO>- GH=CH-G oer 

OH 

The ether bond may have been unaffected by the radiation used since 

little change in band intensity was observed even after long 

irradiation periods. However the high intensity of the ether band 

in glycidyl ethers may have masked changes which occurred. Ether 

bond scission with subsequent recombination of radicals may have 

occurred. New ether bonds may have been formed by crosslinking 

reactions at the aliphatic hydroxyl groups yielding structures 

of the type 

aur CH, = CHi = CH, oe 

O 

CD St, Chee an a Ue 

This could also explain the presence of water in the volatile degradation 

products. Photochemical dehydration reactions of this type have been 

observed with simple alcohols which yielded vinyl compounds (20). 

The shifts of the ether band to longer wavelength may have been 

caused by the presence of these new bonds. Evidence of crosslinking 

reactions was found from the modulus changes that occurred on irradiation 

of both amine and anhydride cured systems. The loss of water and the 

crosslinking reactions were common to both air and vacuum irradiated 

polymers since the physical and chemical changes occurred to a similar 

extent in both systems.
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The subsequent increase on air irradiation in the hydroxyl 

absorption may be due to hydroperoxides and other species (carboxylic 

acids, phenols etc.). Alternatively direct ring opening of the 

residual epoxide groups could have caused the band increase. 

Examination of the rate of destruction of epoxide groups, by near 

infrared and ATR spectroscopy (Figure 4 - 7) showed that, in both 

the. surface layers and the bulk of the polymer, the ring opening 

reactions did not lead to hydroxyl formation, and the removal of the epoxide 

groups was almost complete during the period of hydroxyl decrease. 

The difference in the rate of disappearance of epoxide groups during 

air and vacuum irradiation indicated that no direct ring opening 

occurred with the radiation used. This was in agreement with photo- 

degradation studies on simple epoxide molecules (12, 13, 14) 

An ES R investigation of the degradation process detected only 

one type of radical (symmetrical absorption g = 2.006, line width 

9 Gauss) during vacuum irradiation of both amine and anhydride systems 

at room temperature. The signal intensity was weak and no hyperfine 

splitting was observed. These facts, together with the small line width, 

eliminated the presence of aliphatic radicals RO- and R-. 

Radicals of the type (i) and (ii) 

Rt) (11) CH 
, 3 

Q- C QO: 

CH 

would give the observed spectra, since ether and isopropylidene groups 

were present in both the TETA and HHPA cured polymers. Type (ii) 

radicals are more likely to occur than type (i), since no change was observe 

in the isopropylidene absorption bands during the irradiation periods 

of one and three hours required to detect a signal in the amine and 

anhydride systems respectively. 

: Scission at the ether bond, independent of the curing agent, 

would explain the presence of these radicals. Examination of the volatile 

compounds evolved from irradiation of both amine and anhydride cured 

resins (Tables 4 -5 and 4 - 6) showed the presence of phenols, which 

could have been derived from radical type (ii). The initial degradation 

of the vacuum irradiated systems could be represented as follows
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Thus degradation is the result of direct homolysis of the carbon 

to oxygen bond. Bond energy considerations show that this is 

feasible with radiation of wavelengths up to 330 nm;from the 

types of aliphatic compounds identified in the volatile degradation 

products the following scheme is proposed for the aliphatic section 

of the molecule during photodegradationand photo-oxidation, 
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The presence of acidic compounds in the volatile degradation 

products together with the formation of quinones during vacuum 

irradiation.is indicative of the presence of oxygen in the system. 

This oxygen may have been trapped in the polymer matrix. or on the 

walls of the evacuated reaction chamber. The decrease in the 

hydroxyl content after long irradiation periods could then be 

explained as being the result of depletion of the oxygen supply. 

Alternatively the oxygen may be attributed to peroxides on the 

polymer chain because of degradation of the polymer matrix at 

elevated temperatures namely: the high temperature cure of the 

HHPA system, and the large curing exotherm of the amine systems. 

Curing of the polymers in nitrogen and extensive degassing of the 

vessels did not prevent the formation of the oxygenated species. 

The peroxides and hydro-peroxides thus formed would undergo rapid 

decomposition on exposure to ultraviolet light, and the degradation 

could proceed by generation of free radicals. It is possible that 

trace amounts of oxygen in the nitrogen could have caused peroxide 

formation. However the use of helium, as the curing atmosphere, 

did not alter the type of degradation products obtained. 

In both air and vacuum irradiated systems the hydroxyl 

concentration remained constant, because of the formation of the 

phenolic compounds. Further evidence of changes in the aliphatic 

monomer section was found from the shifts of the hydroxyl absorp- 

tion band to longer wavelengths. This can be interpreted as a change 

from long to short range hydrogen bond, and molecular relaxations 

must have occurred as the environment and nature of the hydroxyl 

groups changed, giving rise to the surface crazing found in the 

irradiated epoxide systems. Because of the sensitivity of the 

techniques used no correlation was found between the time up to 

initial crack development and shifts in the absorptions. 

The large quantities of methane, ethane and hydrogen found in 

the degradation products in both air and vacuum irradiation can be 

explained in terms of the random bond scission at all bonds except 

the aromactre.C —: CC and:.©-=-H: bonds,
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The expected decrease in intensity of the ether band because 

of the loss of low molecular weight species was not observed. 

This may be explained by the formation of new ether bonds, and by 

a loss of film thickness as evidenced by the decrease in the 

1, 4 disubstituted aromatic band on irradiation (21). Since very 

small quantities of aromatic volatile degradation products were 

found relative to the quantity of aliphatic material, even in the 

vacuum systems a considerable quantity of the former must remain 

in the degraded polymer. Possibly a high degree of radical re- 

combination involving aromatic compounds occurred. 

No new bands were observed with the anhydride cured materials 

even after long irradiation periods (100,000 minutes), A similar 

result was found during thermal ageing of similar systems (21). 

Small changes in the intensity of some bands occurred together 

with a gradual broadening of all bands, which was evidenced by 

the general shift to longer wavelengths. The increase in intensity 

of the ester carbonyl band wal not associated with an increase in 

the degree of cure, since equivalent changes were not observed for 

the residual epoxide content. It is probable that the original 

intensity of the ester band masked subsequent ingrowth of other 

types of carbon bands, which were observed with the amine cured 

materials, No regular change was observed with the hydroxyl bands, 

and as in the case of the amine systems. hydroperoxides may have 

been produced and decomposed, thus giving rise to the fluctuations 

in the band intensity. A decrease in the isopropylidene, residual 

anhydride, acid and epoxide occurred at equivalent rates in both oxidising 

and inert atmospheres.



An increase in the degree of cure may have been associated with 

the disappearance of the residual anhydride and epoxide,and since 

cure in the solid state is diffusion controlled, bond scission 

must have occurred on irradiation increasing the mobility of the 

reactive groups. 

The decrease in the ether and aromatic bands as in, 

the amine systems was attributed to bond scission and loss of 

film thickness. 

Qn3 Chemical Analysis of Irradiated Polymers 

The results of the wet chemical analysis, by the swollen 

particle technique (2), of the HHPA cured polymer on irradiation 

in air and vacuum are shown (Figure 4 - 8 and 4 - 9). Since the 

ester carbonyl could have been the iinitiat:ore of degradation 

in these materials, the effect of the degree of cure in terms of 

the mono and diester content was investigated. The results of 

irradiation of the HHPA systems with varying mono and diester 

content are shown (Figure 4 - 10). 

The ATR technique showed a decrease in the isopropylidene 

band after long irradiation periods. Chemical analysis showed 

that a decrease occurred also in the free epoxide anhydride and 

ester content on irradiation. Since no increase occurred in the 

ester content with decrease of epoxide content, it can be assumed 

that degradation occurred as a result of bond scission in the 

aliphatic portion of the epoxide monomer, as outlined for the 

amine cured systems, This was confirmed by examination of the 

volatile compounds evolved during degradation (Table 4 - 6). 

The decrease in the anhydride curing agent may have been the 

result of ring opening by active hydrogens from the degradation 

of the monomer, and to some extent by breakdown of the cyclohexane 

ring. This would explain the large volumes of carbon monoxide and 

dioxide found in the volatiles. in comparison to the amine cured 

systems. Aitso since the rates of epoxide scission were similar for 

both the TETA and HHPA cured polymers, only unreacted chain ends were 

degraded initially in the HHPA systems.



- 66 - 

Consideration of the ester content showed that the rate of 

change was influenced by the initial ratio of diester to monoester 

(Figure 4 - 10). The rate of decrease was greatest when the ratio 

was least. Low diester content resulted in an incomplete cure and 

therefore a high acid and hydroxyl content. The effect of variations 

in the mono and diester contents was also seen from the evolution of 

carbon dioxide from air irradiated systems (Table 4 - 7). 

eA By Bea ad, 

Evolution of Carbon Dioxide from HHPA Systems 

    

Diester/Monoester Ratio Irradiation Time % co, by Volume 

2.25 100 minutes 60.00 

500 " 64.10 

P16 100 e 72.50 

500 4 78.00 

0.84 100 S 80.15 

500 4 92.66 

The effect was greatest for systems of low diester content. Thus the 

instability of the cure link in these materials was associated with 

the presence of the acid groups and may have been physical or chemical 

in nature. 

The ester and acid carboxyl groups should not have been affected 

by the radiation used, due to the presence of the cyclohexane ring. 

However, degradation would have been expected at the monomer section 

of the polymer as in the amine cured systems. Comparison of the 

volatile degradation products from the anhydride systems 

(Tables 4 - 5 and 4 - 6) with those from the amine systems showed 

that degradation occurred initially to some extent in both systems, 

as evidenced by the E S R results. This was attributed to the unreacted 

chain ends of the monomers. The slightly longer irradiation times 

required with the HHPA materials for equivalence with the TETA systems 

may be due to differences in crosslink density or difference in the 

ultraviolet transmitting powers of the materials.



If the latter was correct the HHPA materials should be colourless, 

while the TETA materials should be coloured. The reverse is in 

fact true of these cured resins. Therefore the curing agents 

themselves must play an important part in the ultraviolet suscept- 

ibility of epoxide resins. 

By analogy with the work of Parker, (22) who observed shifts 

an the n ——. TT and‘T! ———TY ‘absorption bands to longer wave- 

lengths by polar solvents in solution, it is possible that a similar 

physical interaction occurred between the curing agent in the polymer 

and some neighbouring groups. The effect, if it occurred, would be’ 

magnified by the rigid, three-dimensional nature of the polymer 

matrix. With anhydride cured resins this would be a hydrogen bonding 

interaction of the carbonyl oxygen and the hydroxyl group, 

O-CH3CH-~ 
| 
c=0--94 
c=0 

| 

( 
causing a greater separation in then ,7f and a energy levels. 

This does not explain the greater stability of the isopropylidene 

group in the anhydride over that in the amine systems. However, 

since the proposed interaction affects the aliphatic portion of the 

resin it is likely that the benzene nucleus, which causes bathochromic 

effects, would be affected to some extent via the ether linkage. 

Possible evidence for this or other solid interaction was found in 

polyesters by Hirt (23). Consideration of the curing agents studied 

by Lee and Watson (24) showed that colour formation occurred when 

interaction was possible e.g. diethanolamine gave clear castings 

while tert-butylethanolamine cured yellow. 

4&4 Validity of the ATR Technique for Quantitative Studies 

It was expected that during the oxidation, or curing of a 

polymer, the refractive index of the sample would increase, and that, 

with appropriate angle and crystal material the depth of penetration 

would increase with the degree of oxidation. The combination of 

difference in depth of penetration of various wavelengths throughout 

the spectrum, and the variation in depth of penetration, as refractive 

index of the sample changes during curing or oxidation,
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might preclude the possibility of quantitively interpretating 

surface-layer changes from ATR spectra. The conditions for 

validity are that the sample composition should not be 

significantly different for thickness of 1 - 10 microns, and that 

only a small variation in the refractive index occurred with the 

chemical changes being studied (25). The percentage changes in 

refractive index after 1,000 hours irradiation are shown (Tabie.45.°79 

for the 6.06 micron band. 

‘St AS Bs dacs ee 

Percentage Change in Refractive Index on Irradiation * 
  

  Polymer % Change in Air % Change in Vacuum 

‘998/TETA 30 36 

‘826/TETA 27 34 

‘816/TETA 27 30 

A maximum variation of the refractive index of 30 % and 36 % was found 

for the amine systems in air and vacuum. This variation appeared to be 

acceptable for the chemical changes under study, since little difference 

was observed in the curves obtained when the three refractive indices 

of the surface layers were used. 

4 5 Kinetics of Degradation from ATR Data 

The kinetics of the degradation reactions were investigated by 

means of the normalised optical density technique, which describes the 

change in the depth of penetration of the light into the surface of 

the degraded polymer, by the change in infrared band intensity. 

The effective thickness da? defined as the thickness required to give 

the same absorption for transmission at normal incidence (26, 27, 28), 

is given by the expression of Harrick and due Pré (26) for reflection 

from a uniformly absorbing infinite substrate of refractive index Ny 

x The large vdlues indicated colouration & density increase. 

The: crack formation did not agree with the density 

changes , indicating an error in the values which may 

have been due to the experimental technique or the 

method of data treatment used.
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2 hee 2 4 
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Os e 2 2 ee 2 we 2 
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for parallel polarised light 1b 

8 angle of incidence 

ny refractive index of the ATR crystal 

Pah incident wavelength in vacuum 

These equations are reduced, when a very thin absorbing surface 

layer (thickness d, refractive index ny) on an infinite substrate 

is used, to; 

2 

31) 
dae = 4 -n | Cos / 14 — n 

e 21: 

for perpendicular polarised light 2a 

  

4 Bod Cos © (1 - nso) (ino ~ re ) 
d_/a = 

2 Z iD 2 
(1 - N34 ) (1 + Noy ) (Sin © Ney ) 

for parallel polarised light 2b 

Values of qd, calculated from these expressions are given (Table 4 - 9). 

The a. values increase with increasing depth of penetration of the 

reflected beam (26).
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Thin surface film 

de/r. de/r>. de/d de/d 

Reflection n © N perpen- perpen- 

Element ot dicular Pera Fah dicular Farattes 

KRS - 5 6,635: 39" * 0.331 0.166 3533 7.88 

0.625 45 1 0.291 0.149 2°81 5.74 

0.628. 13%, 1 0.178 0.068 2.53 4.63 

ras e "3/n where n = 1" ana <1 a4 
T 3 = : 1 ; 

2) a angle of incidence 

N - number of reflections for the KRS - 5 crystal (hemicylinder N = 1) 

No - refractive index of the thin film taken as 1.7 

»§ - Wavelength of light in the denser medium 

The beam penetration is seen to decrease in the sequence KRS - 5, oe" 

greater than KRS - 5, 45° greater than KRS - 5, 60° The epoxide 

resins may be regarded as being infinitely thick (up to As 10 microns) 

for all reflection conditions used in the experiments (incidence angle 

be tween 30° and 60°). The experimentally observed ATR band intensity 

for a particular reflection crystal and substrate depends on the sample 

area, the degree of contact of the sample with the crystal, the number 

of reflections from the interface and the effective thickness. 

Consequently it is difficult to make absolute quantitative comparison 

of the ATR iibepeeey of a given infrared absorption, either from 

differently treated films, or for the same film under different 

reflection conditions. The problem can be overcome, in part, by using 

an absorption band as an internal standard. Ideally the band chosen 

as standard should not be affected by changes in the long and short 

range order or by extensive reaction. Nearly all bands of the epoxide 

resins studied were observed to change on exposure to long or short wave- 

length radiation,



However, the ether and benzene bands, 8.26 and 6.25 microns 

respectively, change very slowly over long irradiation periods 

and were thus suitable for use as internal standards. 

Since the benzene band was close to the carbonyl region, the 

ether band was chosen as the internal standard in this work. 

The validity of this normalisation procedure in the application 

of the ATR technique to polymer degradation has been reported 

by Carlson and Wiles (29). As a simplification only perpendicularly 

polarised radiation was used in the study, though it was found 

that theoretical separation of perpendicular and parallel components 

could be achieved from measurements with unpolarised radiation. 

45 6 Degradation of Amine Cured Polymers 
  

The ingrowth of the carbonyl bands in the amine cured polymer 

(thickness 50 microns) irradiated on a non reflecting surface is 

shown (Figure 4 - 11). 

The variation in the normalised optical density value of the 

6.06 micron band, as a function of the exposure time, is shown 

(Figure 4 - 12 and 4 - 13). A uniform distribution of absorbers 

across the thickness of the film gave rise to a set of normalised 

optical density values which were independent of the depth of 

penetration of the light beam, The normalised absorption curves 

indicated that there was extensive photo-oxidation very close to 

the film surface (small penetration depth). Little oxidation of 

the bulk of the sample had occurred as shown by the development 

of the 6.06 micron band by the transmission infrared technique, 

and also by the results of ATR examination of the film surface 

not exposed to incident radiation for relatively thick films, 

50 - 100 microns. This was due to the preferential absorption at the 

surface incident to the radiation. Thus for thick films photo- 

oxidation progressed in from the film surface exposed to incident 

light, whereas for thin films (20 microns), the ATR examination of 

the exposed and unexposed surface during irradiation showed that the 

degradation occurred at both surfaces, with a decrease in the extent 

of degradation at the unexposed surface with increasing degree of 

irradiation.



This was due to increased light absorption by the exposed film 

surface. Examination of films irradiated under reflecting 

conditions showed that ingrowth of degradation occurred at 

approximately equal rates on both sides of the film, 

The depth of penetration (dp) of the light into the 

sample, defined as the distance measured into the sample, 

normal to the interface, required for the electric field 

amplitude to fall to a value of 1/e of its value at the interface, 

is given by the expression of Harrick and du Pré (26). 

d, = rf ( 21S ine -n3., ) 

Ny 4 - ratio of the refractive index in the sample to that 

in the crystal. 

© - angle of incidence 

AS - wavelength in the denser medium 

The dp values for the three angles used are shown (Table 4 - 10) 

eA Bel B 40210 

ATR Conditions and Depths of Penetration 
  

= 
ATR Crystal Noy - dp /, 

KRS - S 0.625 39° 1 0.502 

Hemicylinder 

Oo 

0.625 45 1 0.441 

oO 

0.625 51 t 0.331 

4 d is 
N - Number of refféctions in the crystal 

In these calculations the value of Nos the refractive index of the 

polymer, was assumed to be constant. However from the observed 

colour changes on irradiation. a refractive index change was known 

to: occitr.



Therefore the refractive index at the irradiation periods where 

colour change occurred had to be used. These were calculated 

from the expressions of Fahrenfort (27) and Fluornoy (28). 

In ATR infrared studies on the photo-oxidation of polypropylene 

(29) the refractive index of the material was assumed to be constant 

over a 200 hours irradiation period. This assumption was valid for 

this study since only a small variation in refractive index occurred. 

The change in the normalised optical density values of the 

infrared bands of interest are shown (Figure 4 - 14 to 4 - 23), 

Using the equations of Carlsson and Wiles (29) and taking into 

account the refractive index changes in the polymers, the variation 

in the normalised optical density with dp can be represented by 

Figures 4 - 24 to 4 - 26 for the 5.81 and 6.06 micron bands. 

No quantitative interrelation was found between the rates 

of new band formation and destruction of old absorption bands 

such as hydroxyl and isopropylidene. The decrease in the latter 

paralleled the rate of new band formation, but atdifferent rates. 

The general broadening of the major bands, by equivalent 

amounts, was associated with the loss of film thickness, as indicated 

by the change in the 1,4 disubstituted aromatic absorption band 

(Figure 4 - 27), by the evolution of volatile degradation products. 

The effect was greater in vacuum irradiated samples than in air. 

This was due to the pressure gradient between the inside and the 

outside of the polymer films in the evacuated systems. A further 

indication of the loss of thickness and change in surface morphology 

was seen from the surface crazing, which again was greater during the 

vacuum irradiation. This may have been due to a predominance of chain 

scission reactions, while crosslinking reactions involving oxygen atoms 

would have occurred during air irradiation. The crosslinking and chain 

scission reaction can be used to explain the differences in the rates 

of new infrared band formation in both air and vacuum systems. 

In particular the 6.06 micron band showed a number of rate changes, 

and this may have been due to crosslinking reactions at the polymer 

surface, while a diffusion process occurred,
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Because of the predominance of the scission reactions in 

vacuum systems the diffusion would be expected to proceed 

at a faster rate, if the absorption band (6.06 microns) was 

related to the same species in both air and vacuum irradiated 

systems. The initial rapid ingrowth of the band can be attributed 

to reactions in the uppermost layers of the polymer, where diffusion 

controlled reactions would not occur to any great extent in either 

air or vacuum systems, 

At ey Effect of Monomer Purity on Degradation 
  

In all cases increased purity of the monomer resulted ina 

decrease in the rate of the degradation process as evidenced by the 

ingrowth of infrared bands. However, degradation did occur even 

in the '816' systems. Therefore the initiation of the polymer was 

not due to the presence of resin impurities but to some chromophoric 

group present in the polymers. The impurities may have accelerated 

the degradation processes. 

In terms of the quinone band (5.81 microns) the presence of 

1,2 or 1,3 disubstituted aromatic structures would lower the quinone 

concentration. However, it is unlikely that the overall differences 

between the three systems can be accounted for by this alone, since 

the impurities are present in small concentrations. The other main 

impurity, chlorine structures, should not themselves affect the rate 

of quinone formation since the chlorine was associated with the 

aliphatic chain. The C - Cl band, being photochemically weak, 

would be expected to undergo homolysis during the early stages 

of degradation giving rise to aliphatic chlorides and hydrochloric 

acid, as indicated by the volatile degradation products identified. 

These products may have catalysed reactions such as the polymerisation 

of quinone (30). However, since in air irradiated systems other acids 

were formed in larger quantities, it is unlikely that the small 

quantities of chloride would have contributed to the differences 

observed between the monomers.



Avan: S Product Concentration Profiles 

To elucidate fully the mechanism of photochemical reactions 

it is necessary to know the quantum yields for product formation, 

disappearance of reactants, and also the variation in quantum yields 

with light intensity and wavelength of irradiation. Also, since it 

has been established that surface reactions occur during the photo- 

and photo-oxidative degradation of epoxide resins, a knowledge of 

product concentration profiles should aid in an investigation of the 

role of oxygen at the surface and in the bulk of the polymer. 

For bulk materials the absorbance at a particular wavelength 

which results from a single attenuated reflection from the interface between 

an absorbing film and an ATR crystal is proportional to the concentration 

of the absorber, and the electric field amplitude ES at a penetration z 

into the film, and is given by the expression (26) 

co 

2] -yz 
Optical density= e[c] ee ey dz &: 

(o) 

€ - molar extinction coefficient of the absorber 

iG]= concentration of absorber at the interface 

ES electric field amplitude at the interface 

Z- depth penetration of radiation into sample 

Y- experimental constant 

and is usually expressed in the form: 

Op.=£1¢1 de 4. 

d. - the effective thickness (equations 1 and 2, 

section 4 - 5) 

for limiting concentrations viz (i) a bulk material of uniformly 

absorbing substrate, where [ Cc }is constant and (ii) a thin layer 

of absorber on a thick transparent substrate, where both ré ] and € 

are constant across the thickness of the absorber, equation 3 can 

be solved by substituting the appropriate values of ao from equations 

1 and 2. If the refractive indices of the thin layer and bulk substrate 

are assumed to be equal ( Ny ee n,) the expression reduces to:
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(i) Bulk Materials 

/ 
Optical Density Moy € (C163) 4 n,Cos@(Sin® -- ie ) a 5 

(0.D.) 

where Eo for perpendicular polarisation = 2 Cos® 

Ch nz yu 

(ii) Thin Layer 

~ 2 OD= nA £ Ic] E<d [cose 6 

where d is the thickness of the absorbing layer 

Similar equations can be constructed for the case of different 

refractive index of the thin layer and bulk material. 

(i) Bulk Materials 

ODaAn,E FE; [47m cose (Sin® —n 

2 
where Ey is the electric field amplitude at the interface 

2 y'/2 Zz 

31 

Bete? if noe 

Ez ay cos@ /(1—n2) 

(ii): Thin Layer 

OD= n,€(C],efd /cose 8. 

The optical density for the 5.81 and 6.06 micron infrared bands is given 

by the thin layer (ii) equations 6 and 8, while the optical density of 

the internal standard is obtained for equations 5 and 7, the case of an 

infinite substrate.
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For a thin infrared absorbing layer of oxidised polymer on 

an infinite substrate (unde+graded polymer), the experimental 

parameter, the normalised change in optical density value of the 

band ingrowth is given by: 

1N6 Dal ODco=Kd [c],n, (sin’a — m2 12 9. 

for No=N, 

K= ATE) Neel C]. 

Ea& foe the extinction coefficients of bands A and S 

respectively 

AOD,j- the change in optical density of band A 

O0¢= optical density of internal standard band 

and by AOD a/ODg= Kc] ngsin’e - na.) aes) 
for nstn, 

where K=47€ an, [AEICle 

R= ni 

Expressions 5, 6, 7 and 8 are polarisation dependant, as seen from 

reference to expressions 1 and 2 from which they are derived. However, 

expression 9 is little affected by relatively large changes in the 

polarisation rate of the infrared beam at the wavelength in question. 

This is to be expected since n, = n, and the sample is assumed to be 
2 3 

isotropic. Equation 10 on the other hand is polarisation dependant 

because of the anisotropy induced by oxidative degradation and is 

evidenced by the observed change in refractive index during irradiation. 

It is surprising that expression 9 is almost independent of the polar- 

isation, since the cured polymer is itself anisotropic before irradiation 

due to the random build-up of the 3-dimensional structure. However, this 

expression has been shown to hold for corona modified polypropylene 

surfaces (29). The numerical value of K and K’ can be calculated from 

a knowledge of extinction coefficient, band wavelength and original 

refractive index.
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An alternative data treatment (32) involves the explicit solution 

of expression 3 for [c]z, the absorber concentration at various 

distances from the interfaces for the boundary conditions [ e ie oa [c pe: 

at Z = 0 and [c os O as Z—> infinity. 

Wilson (31),from his work on diffusion effects in the photochemistry 

of solid films, predicted an exponential dependence of product 

concentration on depth of penetration for polymer gas reactions. 

The function 

[cl= ich e** 11, 
x= Gonsuadint 

fulfils these conditions. 

Substitution in expression 3 and integrating leads to 

0D.= E[c] n, Fe [cose(x +2) 12. 

The normalised 0.D. value is thus derived for expression 12 for the 

new band,and for expression 5 or 7 for the internal standard 

i.e. for Ny = Ng 

AD, / 00g 2y[Ch /(2y+X )). (NE ICICLE )g 8 
y = (29n, (Sin@~ m2)" yn, 

We hat 
oe 

AOD 4! ODg=( zy cl,/ayex Vg. BAUD aa 

y=(29rn,(sin%e—nZ.)'2)7), 

The three methods used to determine the variation in the 

concentration of absorbing species during irradiation were 

1. Method of Harrick (26 )and Fluornoy (28) using the 

normalised optical density curves. 

2. Plots of optical density versus ny ( derby 2,3 
21 

9 2,3 
( sin’ 8 Noy ) or Nog 

3. Explicit solution of the Harrick Equation (26)



The results from methods 1 and 2 are shown in Table 4 - 11 

and those from method 3 in graphical form are shown (Figures 4 - 28 

and 4 - 29) for the 5.81 and 6.06 micron bands respectively. 

Excellent agreement was found from the results of the three methods. 

Extensive photo-oxidative degradation had occurred to depths 

at least as great as the smallest depths of penetration employed 

(approximately 500 microns from the surface) in all of the samples 

examined, even after 80 minutes irradiation. Prolonged exposure 

to the radiation in oxygen or vacuum resulted in the progressive 

ingress of the degradation into the polymer. Also both of the 

absorption bands (5.81 and 6.06) were found to be distributed 

uniformly across the degraded layers. From the results obtained 

by Fluornoy's method (Table 4 - 12) the anisotropy present from 

the random build-up of the three-dimensional structure had completely 

disappeared at 1,000 minutes irradiation. This must have been due to 

regularity of array of the absorbers. or to diffusion of the absorbers 

through the polymer. Since the amount of light transmission decreased 

with increased degradation, the reactions in the presence of air must 

have been dependent on the permeation of oxygen into the structure. 

The change in the relative volumes of volatile degradation products 

(Table 4 - 5) at different periods of irradiation indicated that most 

of the aliphatic section of the polymers in the upper surface layers 

was lost after the initial irradiation period, thereafter only small 

molecules such as oxides of carbon, hydrogen and low molecular weight 

hydrocarbons. were present together with the aromatic compounds. 

The low molecular weight species may have been produced by degradation 

of higher molecular weight compounds, trapped in the degraded surface 

layers, or diffusing under a concentration gradient from the interior 

of the films. 

In all of the results, the distribution of the absorbers 

(Figures 4 - 28 and 4 - 29) was exponential as predicted from the 

results of Wilson (31). Therefore the three cases, inward diffusion 

of oxygen, outward diffusion of products, and surface removal of products, 

were applicable to the system,
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5 x : ; ; i i 
Absorber Concentration Variation on Air and Vacuum Irradiation 
  

Irradiation 
time (minutes) 5.81 micron band 6.06 micron band 

Al A2 v1 v2 Al A2 v1 v2 

- ‘ * - - 0.256 0.2 é J 

OUZ38. OFS 

©; 190 O713 

480 me 7 e a = = 24 20 

= 20 

< 13 

1,000 132 100 730 680 => 40 aE = 

140 100 Ti 700 31 

100 s 500 20 

33,000 _ - 5 8000 i = a 

9000 

4000 

50,000 53000 5000 = iT x 60 = = 

= = 5O 

= e 25 

x Values expressed as Molar quantities 

Al - estimated values from equation 10 for systems (8287 

(326 
(816 

A2 - extrapolated values for d_ = 500 microns for systems (‘828 

. (‘826' 
(‘816 

v1 - estimated values from equation 10 for systems 828, 826, 816 

on vacuum irradiation 

v2 - extrapolated values for d_ = 500 microns for systems 828, 826 

and 816 on vacuum irradiation
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TOA. Bib 3B AA ee 

Absorber Concentration* in Amine System (TETA/828) 
  

6.06 micron band 

Irradiation Time 

(minutes) ee pots — 

80 0.281 0.320 3.211 

1000 40.300 41.000 47.000 

30,000 69.200 69.500 70.322 

x Values expressed in molar quantities 

Gx. ‘concentration in’). x. »direction 

w tt w? 
Cy: = y plane of film surface 

Cz - n Ot, . perpendicular to film surface
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The outward diffusion and surface removal of products would 

explain the results for the vacuum irradiated polymers. 

The inward diffusion of oxygen probably occurred during 

photo-oxidative degradation, since destruction of the surface 

non incident to the radiation was found to occur. 

Outward diffusion of products and their surface removal 

probably occurred in a different manner in photo and photo- 

oxidised systems because of the different environments, matrix 

density and type of products formed. 

40-9 Quantum Yields for the Degradation Process 
  

The quantum yields determined by the graphical method of 

Carlsson (32) for the formation of new infrared bands is shown 

in Table (4 = 13)Polychromatic radiation was used in the quantum 

yield determinations and this introduced an error because of the 

wavelength effects in the degradation process. 

The small quantum yields indicated that degradation was not 

propagated by chain reactions, but by random bond scission at the 

ether, isopropylidene and residual epoxide groups. The degradation 

may have been accompanied by deactivation processes (e.g. quenching). 

Also, since the yields were higher for vacuum than air irradiation, 

the rate of bond scission was greater in the former, and deeper 

colour formation resulted. A very small difference was found for 

the 6,06 micron ketone band and was attributed to the presence of 

oxygen in the system. As expected the quantum yields for product 

formation decreased with increase of purity of the monomer used. 

Chemical analysis of the degraded HHPA cured polymers also 

showed small quantum yields (Table 4 - 14) indicating again that 

a random bond scission process occurred during the degradation 

process.
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TAB. E a) 13 
  

Quantum Yield of Photo-and Photo-Oxidative Reactions 
  

Polymer System Irradiation Period 
  Quantum Yield 

(minutes) 

5.81 micron 6.06 micron 

Photo- Photo- Photo- Photo- 

Degrad- Oxidative Degrad- Oxidative 

ation Degrad- ation Degrad- 

ation ation 

‘828/T O-1000 0.034 0.00242 0.0026 0.00254 

‘826/T O-1000 0,083 0.00234 0.00194 0.00159 

‘816/T O-1000 0.010 0.00197 0.0014 0.00080 

The quantum yields for product formation of the extracted material 

are shown (Tables 4 - 15 and 4 - 16), The aliphatic compounds had 

smaller values than the aromatic. This may have been the result 

of degradation of the former to produce further low molecular weight 

compounds which volatilised. 

The values obtained were in all cases less than one, indicating 

a random bond scission degradation process. A considerable difference 

existed between the values obtained from quantification of the products 

and the infrared method of Carlsson and Wiles (32). This may have been 

due to the long irradiation periods used in the latter determination, 

further reaction of the degradation products may have changed the 

concentration of the species. 

The primary process was the degradation of one monomer molecule 

into a number of fragments, some of which recombined giving the original 

molecule or new bonds by recombination with other species. With epoxide 

monomers scission at the ether bond was the primary process. Further 

reaction occurred in the bisphenol-A unit which gave rise to a number 

of aromatic compounds, Therefore, it was not possible to estimate 

primary quantum yields for the process. These quantum yields reported 

refer to the overall degradation reaction of primary and secondary 

reactions.
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The low quantum yields for all products indicated that no 

chain reactions occurred during degradation, i.e. removal of 

the light source caused cessation of the degradation process. 

All of the decomposition products had undergone deactivation 

after light absorption, and in the case of the aromatic compounds only 

a small fraction of the molecules were further reacted. The aliphatic 

portion of the original molecule underwent reactions to form fragments 

in both oxidative and non-oxidative reactions, as indicated by the 

higher quantum yields. The non-oxidative process showed higher 

quantum yields over the oxidative process because a larger number 

of bonds were broken, or less deactivation occurred, The deactivation 

may have occurred by emission of fluorescent radiation, or by transfer 

of excess energy to a molecule of monomer or other accepter species. 

In the solid state the molecules were restricted in their movement, 

and collisions would occur in localised positions, until such a time 

as the molecules could diffuse out through the matrix. Therefore 

deactivation would be dependent on the rate of diffusion and would 

be extensive. 

4..-- 10 Colour Formation on Irradiation 

It was not surprising that epoxide resins degrade on exposure to 

ultraiwiolet light, since both the monomer and cured polymer absorbed 

strongly up to 300 nm (Figure 4 - 30). As with other polymers (33) 

the degradation was associated with a decrease in the light transmission 

and with colour formation. The latter has been reported by a number of 

authors for epoxide resins cured with amines and acid anhydrides 

(24, 34). 

Colour formation (yellowing) is essentially the difference 

between absorption at 400 and 700 nm wavelength. However, since the 

ultraviolet region is more sensitive to colour change than the visible, 

the 350 nm region was used as the index of change. The rate of colour 

formation as evidenced by the decrease in the transmission ultraviolet/ 

visible spectrum at this wavelength, as a function of the irradiation 

time, is shown (Figure 4 - 31 and 4 - 32) for the amine and anhydride 

cured materials respectively.
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TA Beek 4 - 14 

Quantum Yields for Functional Group Changes in HHPA/828 System 

Functional Group Quantum Yield 

Epoxide 0.0004 

Monoestor 0.006 

Diester 0.0010 

Quantum expressed for 500 minutes irradiation 

Tels Balk 45 

Product Quantum Yields, Amine System, Vacuum Irradiation 

Compound Quantum Yield 

Acetaldehyde 0.072 

Propyl Alcohol 0.0068 

Phenol 0.0077 

A - Methyl Styrene 0.0004 

Irradiation Time 50,000 minutes 

LA Bub Bete =16 

Product Quantum Yields, Anhydride System 

Compound Quantum Yield 

Acetaldehyde 0.0081 

Propyl Alcohols 0.0066 

Phenol 0.0081 

& - Methyl Styrene 0.0001 

Irradiation Time 50,000 minutes
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The same general pattern was observed with all of the systems 

studied, a rapid decrease in transmission followed by a slight 

levelling off, which then decreased slowly to less than 10 % 

transmission in the amine systems. The initial colour change, 

from colourless to yellow for the amine, and from faint yellow 

to more definite yellow for the anhydride cured materials, was 

associated with the initial rapid decrease in transmission. 

In the amine cured materials the second slow stage was associated 

with a gradual 'browning' of the resins, at which time microcrack 

formation reached a maximum value. With the anhydride cured 

materials the browning was associated with the levelling off of 

the curve and gradual transmission decrease. The final colour 

observed was lighter with the anhydride cured resins, and at 

equivalent periods of irradiation these systems showed smaller 

changes in the transmission values than the amine films. 

A resistance to colour formation was observed from the 

results with the '826' monomer materials which were ascribed 

to its increased purity over the commercial '828' material. 

The variation in the composition of the systems produced little 

effect on the rates of the colour formation. This was to be 

expected since the curing agents themselves absorbed in the 

short wavelength region. 

Interpretation of the colour formation for the anhydride 

cured materials in terms of the structural changes, using ATR 

infrared spectroscopy, was not possible because of the small spectral 

changes observed. Also chemical analysis of these systems (35) 

showed no correlation with the colour formation. No correlation 

existed between the ESR data and colour formation in either type 

of polymer. This was probably due to the irradiation time necessary 

to build-up a detectable quantity of radicals. 

A considerable difference in the rate of absorber development 

existed between the transmission ultraviolet/visible and ATR techniques. 

This was due to the intrinsic difference in the mode of operation of the 

techniques (transmission versus reflectance).



- 87 - 

No relationship was found to exist between the 5.81 micron species 

and the rate of colour formation, 

The changes in the ultraviolet transmission characteristics 

of all irradiated epoxide resins (24) followed the same general 

pattern, which again suggested that the common monomer unit was 

responsible for colour formation. The rate of colour formation 

was dependent on the type of curing agent used (24). Comparison 

with the results of Tahara (36) on the UV irradiation of polycarbonate, 

and of Kelleher (19) with similar polymers gave further evidence for 

colour formation by scission of the isopropylidene bonds. 

Since the rate of transmission of light at 350 nm was faster 

for the pure 816 monomer than either the commercial monomer '828' 

or the purified '826' monomer, the initiation of the degradation 

reactions was not caused by impurities as found in similar studies 

on polyesters (37). The results obtained (Figure 4 - 31) indicated 

that the reactions leading to the change in light transmission 

characteristics were inhibited by the impurities, or by reactions 

influenced by them. The diference in the behavior of the '828' 

and '826' systems, both of which contained impurities, can be ascribed 

to the distribution and accessibility of the impurities to reactive 

sites in the systems. 

Consideration of the monomer section of the polymer showed a 

number of possible initiation centres e.g.1 ——»tt* forbidden transition 

of the benzene nucleus at 258 - 273 nm. or n——»«*transition in 

volving promotion of a non bonding electron of the oxygen to an anti- 

bonding on orbital in alcohols and ethers. Since the light source 

emitted radiation at wavelengths longer than that required for the above 

processes other factors must have been involved e.g. physical interactions 

between atoms. The most likely was hydrogen bonding between the hydroxyl 

group and the curing agent. This could have caused scission of the three 

bonds above with the resultant degradation of the resins (No experimental 

evidence has been presented for such interactions in other polymers). 

The curing agents themselves have been completely ignored as initiation 

centres because of their light absorption characteristics.
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43-13 Soxhlet Extraction of Degraded Surfaces 
  

The results of six day soxhlet extraction of the irradiated 

amine and sunparide cured polymers is shown (Table 4 - 17). 

The values quoted are relative to those from non-irradiated samples 

of the polymers. 

The expected result of an increasedyield of extractable 

material with increased time of irradiation was obtained. Also the 

yields from vacuum irradiated polymers were greater than those from 

air irradiation, which agreed with the ATR results of a predominance 

of crosslinking reactions on photo-oxidative degradation and of 

chain scission on photo-degradation. 

No overall difference was observed with the yields from '828' 

and '826' systems, which indicated that the overall rate of product 

formation was the same or more likely that the surface density of 

the surfaces was the same order of magnitude for both monomers. 

The small difference observed for the film side, incident to the 

radiation, may have been caused by a decrease in the total light 

transmission through the film, since a ‘black body' absorber was 

always used in conjunction with these samples. 

It was interesting to note that a difference in product 

yields was obtained from irradiation of films on reflecting and 

non reflecting surfaces, which further substantiated the ATR results 

on the amine systems. As expected, the difference decreased with 

increasing degree of irradiation, sbec,aus@, as the degraded 

layer built-up on the front surface of the film, the light intensity 

decreased at the film side exposed to reflected light because of 

light absorption by the coloured film, 

Variation in sample thickness showed an increase in the yield 

of extractables in the range from 20 to 100 microns with the amine 

cured films, for irradiation periods up to 36,000 minutes. This can 

probably be ascribed to an increase in the depth of penetration of 

the ultraviolet light because of degradation of the oxidised surface 

due to diffusion and volatilisation. The effect was not as apparent 

with vacuum irradiated films because of the less dense surface formed 

on degradation, little crosslinking would be expected under the vacuum 

conditions.
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With the anhydride cured polymers little difference in ydelds 

occurred with films greater than 60 microns in thickness. 

As seen in table 4 - 17 a decrease in the yields occurred with 

the 100 M thick films at 24,000 to 54,000 minutes exposure in 

air or vacuum, This again may have been due to volatilisation 

of degraded products as low molecular weight compounds. Alternatively, 

the difference in behaviour between the two types of curing agents 

might be ascribed to greater degradation of the HHPA curing agent 

and to greater surface density changes. 

Extraction of irradiated polymers after periods of dark storage 

showed no difference in the final product yields, which indicated that 

the dark reactions, if present, were of physical rather than a chemical 

nature, Some difference should have been observed in the case of the 

amine cured films since diffusion and volatilisation were found by 

the ATR technique. However, the extraction procedure may have been 

too severe on the surfaces, and the volatiles themselves may have 

been passed into the atmosphere during the experiments. 

The extracted material in all systems was light brown in colour, 

The colour was initially thought to be due to degradation of the new 

surface layer because of the thermal treatment during extraction. 

However, no variation in colour was observed for different extraction 

temperatures or different degrees of extraction. Product separation 

of the material was performed by TLC (Silica Gel, n - hexane/IPA solvent 

mixture 2:1) using GLC, (Porapak, Silicone, fluorinated Silicone columns) 

transmission infrared spectroscopy and mass spectrometry as the principal 

identification methods for the products separated. Product identification 

was aided by functional group tests for such materials as aromatics, 

acids and adehydes. The products identified are shown in Tables 4 - 18 

and 4 - 19 for the air and vacuum irradiated '828' polymers respectively. 

Similar product distributions were obtained with the '826' materials. 

The products identified confirmed the degradation scheme proposed 

earlier for the monomer units. Liebig and Laissaigne tests showed the 

presence of low molecular weight nitrogen containing products in the 

materials extracted from the irradiated TETA systems. This indicated 

that degradation occurred at the cure link or within the curing agent 

itself. Only one compound, diethylamine, was positively identified as 

a photodegradation product,
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A AS BT a Amy od: 

Percentage Yield of Ultraviolet Degraded Material after 6 Days 
  

Soxhlet Extraction 

  

Polymer System Time of Irradiation Yield % (by weight) 

(uinutes) Photo- Photo 

Oxidation Degradation 

TETA/828 80 (reflecting) 0.18 0.24 

(non reflecting) O7i5S 0.23 

TETA/826° 80 (reflecting) 0.18 0.24 

(non reflecting) 0.16 0.23 

TETA/826 1000 (reflecting) 0.79 0.92 

6000 1/21 1.53 

10,000 1.20 F712 

36 , 000 2.43 2.98 

54,000 2.50 3.14 

HHPA/828' 500 On49 0,22 

HHPA/826 6000 0.46 0.52 

10,000 1.23 1.78 

24,000 1,20 1.80 

50,000 2.96 3.09 

54,000 3.00 3.91 

TETA/826° 80 0.18 0.24 

(Dark storage 14 days) 

6000 1522 Loo 

(Dark storage 30 days) 

(Dark storage 50 days) 

36,000 2,42 2.98 

(Dark storage 60 days)



- 91 - 

TAR Leh: 14s 17. CContinued) 

  

Polymer System Time of Irradiation Yield % (by weight) 

Photo- Photo 

Oxidation Degradation 

HHPA/'826' 10,000 i.22 1.78 

(Dark storage 10 days) 

24,000 1,20 1.80 

(Dark storage 50 days ) 

50,000 2,98 3,10 

(Dark storage 50 days) 

TETA/826' 20 80 (reflecting) 0.18 0.24 

80 (non reflecting) O; 15 0.23 

50 80 (reflecting) 0.20 0.24 

80 (non reflecting) Ox1S 0.24 

100 80 (reflecting) 0.20 0.24 

80 (non reflecting) 0.16 0,24 

TETA/826 20 1,000 (reflecting) 0.79 0.92 

50 1,000 (reflecting) 0.86 0,99 

100 1,000 (reflecting) 0.86 0:99 

TETA/826 20 36,000 (reflecting) 2.42 2.98 

50 36,000 (reflecting) 2.42 2.98 

100 36,000 (reflecting) 2.43 2099 

HHPA/826° 20 500 0.12 0.22 

60 500 0.14 0.26 

100 500 0.14 0.26 

HHPA/826' 20 24,000 1.20 1.80 

60 24,000 4:73 1.91 

100 24,000 191 1.90 

HHPA/826' 20 54,000 3.0 3.91 

60 54,000 $0 3.90 

100 94,000 3.0 3.90
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Product Identification 

Product 

Acetaldelhyde 

Acetic Acid 

Bisphenol-A 

Formaldehyde 

Formic Acid 

Hydrochloric Acid 

Propionaldehyde 

Quinone 

Propyl Alcohol 

Diacid of HHPA 

Diethyamine 

 -methyl styrene 

p-isopropyl phenol 

p-isopropenyl phenol 

Water 

Molecular Weight 440 

M 460 

" My 470 

ni Ye 510 

Unidentified 

Ags 31:8 

- 91' - 

of Extracted Materials - Air Irradiation 

Polymer System 

TETA/828 HHPA/828 

% by volume of Total Yield 
  

Irradiation Time 

(minutes) 

80 6, 000 10,000 

Le. 1.2 

See Sel 

4.4 332 2.4 

1.5 LZ Zak 

3:32 2.8 " 

trace = = 

0.6 aes es: 

Lins Be TQ 7. 

18.0 8; 9.4 

0.8 LO} 0.4 

0.2 fs = 

4.4 2.4 2.0 

Ons 656 

trace trace = 

20.0 30.0 = 

= = 40.0 

14. Oe 24.4 

Irradiation Time 

500 

0.6 

te 

Deak 

OL9 

At 

trace 

0.3 

10,2 

16.4 

TZ 

0.2 

Dee 

Grae 

1.0 

2-0 

27.6 

(minutes) 

6,000 24,006 

2k 

A 

4.9 

2.0 

ee 

Hed 

10.0 

O78 

Le 

1 

3. 

1 

1 

ee
 

ee 
eS 

ee 

ub ES
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Product Identification of Extracted Material - Vacuum Irradiation 
  

  

Product Polymer System 

% by volume of total yield of extracted materials 

TETA/828 HHPA/828 

Irradiation Time (mins) Irradiation Time (mins) 

80 6.000 10.000 500 6.000 24.000 

Acetalhehyde Ort 2.0 0.4 x IRON, 2.0 

Acetic Acid L2 = - = Oe. - 

Formaldehyde R = 0.8 7 = 

Formic Acid a 0 e ed: 0.6 

Hydrochloric Acid Trace Trace oo Trace = = 

Quinone 4.6 Beit - Le 4 29 15,3 

Propyl Alcohol 320% 3.36 1.4 0.6 1 Y ABET 

Phenol 66.9 60.9 536 T9s9. 64.4 Oikeail 

Diacid of HHPA * rp - Sid: 1.4 0.2 

Diethylamine 1s, oy A - - - - 

X -Methyl Styrene rr 10.4 16.8 O76 bi7 6,2 

A-Methyl Styrene dimer a O.4 a 0.1 O33 i 

Water we vr = 0.6 7 = 

Propionaldehyde ms O34, 7 Me ma » 

p-isopropyl phenol 0.4 0.4 0.4 1.4 ta 1.0 

p-isopropenyl phenol 0.6 0.8 Ovi 0.3 0.8 On 

Molecular Weight 440 Diet a o a - = 

Molecular Weight 460 ~ 3.8 ~ e 10.7 = 

Molecular Weight 505 = = = = = Lio 

Unidentified eGE9 14.2 27.2 14.6 Oe. 21%



The degradation scheme for the amine cured system, based 

on the infrared data and the volatile degradation products, did 

not take into account the effect of the curing agent. The curing 

agent, TETA,contained primary and secondary amine groups which 

reacted with the epoxide groups during the curing process. The 

relative reactivity of the amine groups was determined by their 

accessibility to the reactive epoxide end groups. Prior to gelation 

the mobility of the reactive centres also determined the degree of 

cure. After gelation a number of amine groups remained unreacted. 

The terminal primary amine group wasmost likely to form secondary 

and tertiary amines. The reactivity of the secondary amine group 

in the original TETA molecule would be determined by the degree of” 

reactivity of the terminal amine group because of stteric conditions. 

A number of the centrally located secondary amine groups would remain 

unreacted in the cured polymer, 

Little work has been presented in the literature on photo-and 

photo-oxidative degradation of amines (20). and only short wavelength 

radiation studies have been reported. The energetic short wavelength 

radiation caused scission of the carbon to nitrogen bond. It is 

possible that the photochemical and thermal degradation reactions 

may proceed through similar pathways. However, there is no experiment- 

al evidence to date to support this assumption. Activation of the amine 

group may have occurred similar to that suggested for the HHPA cured 

resins i.e. by hydrogen bonding between the nitrogen atoms and the 

hydroxyl groups. The initial degradation of the cured polymer was 

assumed to have occurred at the ether bond, with subsequent carbonyl 

formation (5.8 micron band), and further hydrogen bonding between the 

carbonyl and the amine groups would have occurred, resulting in de- 

stabilisation of the C - N bond. Degradation of this bond in the 

presence of air could have proceeded by reactions similar to the 

"Cope Degradation" as postulated by Conley (1) for the thermal 

degradation of an amine cured epoxide resin.
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The glyoxal could undergo quinone formation (30). Since the 

6.0 micron quinone band was detected at earlier irradiation 

times than the 5.8 micron aliphatic band, it is unlikely that 

such a degradation process occurred before the ether and isopro- 

pylidene bond scission, 

In the photodegradation of the TETA cured resins the initial 

C - N bond activation would be different from that of the photo- 

oxidative degradation. Direct homolysis of the ether and isopro- 

pylidene bonds leads to the formation of the species. 

Ne 

N-CH5CH -CH 
_ | 

eS OH 

The size of the aliphatic chain containing the hydroxyl group is 

3 

small and unrestrained and would contribute to the hydrogen bonding 

already present. Hydrogen bonding would also exist between carbonyl 

containing degradation products and hydroxyl groups in the resin 

structure. The outward movements of low molecular weight degradation 

products were restricted by the polymer matrix. Therefore activation 

of the tertiary amine could have occurred by hydrogen bonding with 

resultant homolysis of the C - N bond 

ad 

7 
oo = +0-CHeCH-CHeN 
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OH bs 
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OH
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The high molecular weight materials were examined for 

functional group content by chemical analysis and by infrared 

spectroscopy. In all cases carbonyl containing compounds were 

found, which were highly aromatic and contained hydroxyl groups. 

The work of Erdtman (30) showed that quinones were polymerisable 

in the presence of acids, and the one compound identified had a 

structure as 

    

  

° i) 
a —— 

Oo 

6 es 

0 

molecular wt~300 quinone form 

Such compounds or similar ones may have been present in the degraded 

mixtures. In such compounds the resonance paths for colour formation 

to quinone structure are not destroyed. The extent of their formation 

may not be great. The structure did account for the strong ether band 

in the infrared spectra of the high molecular weight materials, which 

were the same regardless of the starting polymer. 

The yellow colour formation in both the TETA and the HHPA 

polymers air irradiated was attributed to the presence of quinone (30) 

and the final colour to the complex of quinone/hydroquinone. In vacuum 

irradiated systems some quinone was formed from impurities (i.e. air) 

in the starting systems. However, the extent of formation of the 6.06 

micron band was not related to the amount of quinone formed. The other 

assignment of this band (vinyl) can be attributed to &-methyl styrene 

and similar compounds. & - Methyl styrene is known to be photochemically 

reactive (33), and the final colour can possibly be attributed to it.
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A. 542 Diffusion Effects on Irradiation 

The existence of various controlled photo-degradation 

reactions, dependent on the rate of diffusion of oxygen into the 

polymer due to depletion of the oxygen supply in the films, was 

investigated by irradiation of layers of polymer film (Table 4 - 20). 

This method was used initially by Carlsson and Wiles (38) in their 

photo-degradation studies onpdypropylene. Evidence of diffusion 

of degradation products from the bulk of the polymer, under a pressure 

gradient, was shown by the existence of ‘dark' reactions. 

The variation in the normalised optical density values with dp 

for the ingrowth of the 5.81 and 6.01 micron bands, for up to 1,000 

minutes irradiation in air of the 828 polymer system for each surface 

of all films, (Table 4 - 20), are shown (Figures 4 - 33 to 4 - 42). 

The curves (1, 2 and 3) in each figure refer to the 5.81 micron 

(Figures 4 - 33 to 4 - 42) and 6.06 micron (Figures 4 - 43 to 4 - 52) 

band intensity variation with depth of penetration of the light into 

the sample surface of films referred to in Table 4 - 20 at three 

irradiation periods viz 80 minutes (Curve 1), 400 minutes (Curve 2) 

and 1000 minutes (Curve 3) air irradiation and 100 minutes (Curve 1), 

300 minutes, (Curve 2) and 1900 minutes (Curve 3) vacuum irradiation, 

Figures Curve Sample 

33 and 38 1 Front of film 1 (10 microns, Sample 1 

Table 4 - 20) 

34 and 39 i ue " ure Gao i " Lae 

35 and 40 1 i y test OC QO » re +) 

36 and 41 1 et Y 4-020 . . ate 

37 and 42 1 Ae "8. ¢50 a q ee 

During the first irradiation period (O - 80 minutes) the rate of 

oxidation of each surface was constant for samples 1, 2 and 3, except 

for the vacuum closure surface of each film, which implied that there 

was sufficient supply of oxygen necessary for the oxidation reactions 

to proceed, even though the oxygen concentration at the film surfaces 

decreased progressively across the layers of film away from the light source.
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This latter assumption was valid if the vacuum evacuation affected 

all of the films (dependent on the permeability of the polymer film). 

TAB Dk 4 = 120 

Amine Cured Film Sandwich Construction 
  

  

Sample Film Thickness (microns) Total Number of films 

1 10 20 20 20 50 5 

2 10 20 20 20 4 

3 LO. 205 20 3 

4 50 50 2 

The dissolved oxygen would be depleted rapidly during oxidative 

degradation. and the replenishment of further oxygen would be slow, 

since the reported oxygen permeability of epoxide films was small 

(0.0049 - o.16x" 14 C63 Siem torr) (2). Due to this small value 

for oxygen permeability, the oxygen content between alee of film 

may have been the same, accounting for the constant rate of degrad- 

ation of the surfaces of the polymers. Further irradiation caused 

a decrease in degradation at the surfaces incident to the ultraviolet 

radiation. As a result of this and the low permeability of the films 

the preferential surface photo-oxidation was thought to be due to the 

depletion of the oxygen supply available to each film surface. From 

the work of Krapivin (39), on pulsed laser degradation of epoxide films, 

morphological changes and associated crack formation occurred, which 

resulted in a density increase at the polymer surface. The permeability 

of the materials therefore was expected to have decreased further on 

irradiation and in this way degradation products would be encapsulated 

in the material. Presumably a pressure gradient existed between the 

inside and outside of the films which eventually resulted in the 

diffusion of degradation products. The results from sample 4, the two 

50 micron films, showed no comparison with the other films. This was 

attributed to the availability of oxygen within the film (which is less 

than in a composite of 10 + 20 + 20 micron films) and the decreased 

light transmission by the thicker film.
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The initiation of photo-oxidation of many polymers has been attributed 

to the presence of impurities from the preparation or conversion 

operations, which introduced chromophores (38). The decrease in the 

rate of colour formation on ultraviolet irradiation of samples of 

increased purity with epoxide resins indicated that these polymers 

were affected in a similar manner. However, if this were so, the 

initial distribution of degradation products should have been 

concentrated in particular areas or showed unequal distribution over 

a particular surface. All of the samples examined by the ATR 

technique showed uniform distribution of the ultraviolet absorbing 

species. Also, the distribution throughout the oxidised layer 

has been found to be the same within the limits of experimental 

accuracy. Since the content of all impurities in the monomer '828' 

amounted to 2 - 3% (3). the effect of concentration gradient should 

have been seen (35). A uniform distribution of ultraviolet absorbing 

species in the cured polymer suggested that some group in the monomer 

or curing agent molecule was responsible for the uniform degradation 

pattern. Attempts were made to cause surface skin effects, by the 

quenching of heated polymer melts after gelation to magnify any 

impurity effects. However, due to the irregular surface patterns 

obtained, the technique was discontinued. Similar studies on 

polypropylene (40) showed that normal quenching procedures caused no 

enhancement of the photo-oxidation process. Conley's work (1) 

on the thermal degradation (30 minutes at 270 °c) was known to produce 

carbonyl and other bands in the 5.81 and 6.06 micron regions. 

This thermal treatment was attempted in order to magnify the concentrat- 

ion of chromophoric groups. However, the thermal degradation in all 

cases resulted in a fairly even distribution of oxidised species. 

The ATR examination of similar film layers during irradiation 

in vacuum demonstrated the filtering effect of top layers during the 

degradation process (Figures 4 - 43 to 4 - 54). Since oxygen solubility 

was expected to be high in these materials, dissolved oxygen may have 

been responsible for the conjugated carbonyl band at 6.06. This band 

eventually decreased in intensity after long irradiation periods by 

reaction of the ketone or by diffusion. Also, further irradiation of the 

films caused a diminishing of colour formation , which decreased with 

distance from the source.
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The decrease in intensity of the 6,06 micron band could account 

for the deeper colour in vacuum irradiated samples. 

Examination of the dp curves for sets of films, comprising of 

a total thickness of 50 microns (Figure 4 - 53 and 4 - 54), showed 

that the extent of oxidative degradation at the inner surface of 

the third film in sample 1 (Figure 4 - 45) was less than at the 

corresponding surface of the first film in sample 4 (Figure 4 - 46). 

This was due to the efficiency of the oxygen removal by the vacuum 

system, which was greater for the 50 micron than 50 + 20 micron 

composite films. The possibility of the oxygen content at the film 

interface as a cause was eliminated, by the extent of degradation 

at the front surfaces of the vacuum film seals in sample 2 and 3 

being almost the same. The protective effect of a 20 micron thick 

polymer film was seen from the results of the photo-oxidative 

degradation in the second and third films of samples 2 and 3, the 

degradation being greater in the latter system, as was expected. 

The results of the vacuum irradiation of a 50 micron film 

and a composite of three films (10 + 20 + 20 micron), which was 

degassed for one week prior to irradiation, are shown in terms of 

dp curves (Figure 4 - 53 and 4 - 54) for the ingrowth of the 5.81 

micron band. The extensive degassing did not remove all of the oxygen 

and low molecular weight fragments from the materials, as ingrowth of 

the 6.06 micron band was still observed on irradiation. However, the 

stability of the pressure head, (10° torr) in the vacuum apparatus, 

was fairly constant after this evacuation time. Greater degradation 

occurred in the composite of three films than in the single 50 micron 

film. The degassing process removed much of the oxygen from the 

surface layers of the films, and the degradation would have proceeded 

with equal speed in both the composite and the single thick film. 

This discrepancy was attributed to the rate of movement of degradation 

products through the materials. This was evidenced by an increased 

rate of volatilisation from the composite film. 

Comparison of the evacuated side of the film surface showed that, 

in sample 2 and 3, more extensive photo-oxidation (6.06 micron band) 

had occurred in sample 3, because of the reduced thickness and greater 

oxygen permeability of the latter's composite structure. However, 

this was not the case for the inner film surface of the 10 micron 

thick films in samples 1, 2 and 3.
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The rate of photo-oxidative degradation was in the order 3~2 >1. 

The explanation must lie in the rate of ultraviolet light absorption, 

the oxygen permeability of the extra 20 micron film or the thickness 

of the film exposed to the incident light. 

The results of the vacuum irradiation of degassed films showed 

that ingrowth of the 6.06 micron band always occurred to some extent. 

This has been attributed to dissolved oxygen in the polymer matrix. 

Investigation of the extent of ingrowth of this band during ‘dark’ 

periods showed (Figure 4 - 55) that almost all of the ingrowth occurred 

during the first 100 minutes irradiation, and the subsequent ingrowth 

was caused by diffusion of the oxidised species to the upper surface 

layers of the films. The observed decrease in the intensity of the 

band after long irradiation periods was due to reaction or volatil- 

isation of the species. 

4 -.13 Dark Reactions 

The initial evidence for the presence of ‘dark’ reactions in the 

amine cured materials was found by ATR examination of irradiated 

samples stored for long periods (up to 3 months). It was assumed 

that these reactions occurred as a result of khe presence of long 

lived free radicals trapped in the polymer matrix, or from the 

diffusion of degradation products under a pressure gradient which may 

have been accompanied by inward diffusion of oxygen. 

A series of films (25 micron thick) were irradiated in air 

and in vacuum with long wavelength light, then stored in air and in 

vacuum for up to 3 months,during which time the films were subjected 

to ATR examination for changes in the 5.81 and 6.06 micron bands. Ultra- 

violet/visible spectroscopy was also carried out to determine the extent 

of colour formation by analogy to that shown by ultraviolet irradiated 

polyesters which obey the Hunter - Driffield law of photographic 

materials (41). The results in the form of normalised optical density 

curves for the 5.81 and 6.06 micron bands respectively are shown 

(Figure 4 - 55 and 4 - 56 respectively). 

Long lived free radicals in air irradiated samples were ruled 

out from the ESR results. The presence of ‘dark’ reactions was due to 

the competitive effects of outward diffusion of degradation products 

which from the results of air irradiated samples was due to a pressure
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gradient inside the film surface. The rate of diffusion was 

dependent on the degree of irradiation of the sample and can be 

interpreted in terms of the morphological changes at the sample 

surface. No change in colour, as evidenced by ultraviolet/visible 

spectroscopy, of the air irradiated samples occurred even after 

three months ‘dark’ storage. Greater changes occurred in the 

observed ‘dark’ reactions for the 5.81 micron band. This may have 

been due to the size of the compound responsible for this absorption 

which was smaller than the aromatic ketone (6,06 micron band). 

Alternatively preferential chemical reactions of the latter to form 

a highly crosslinked surface could have explained the results. 

Photo and photo-oxidative reactions were likely since some of the 

material would have been trapped in the three-dimensional structure. 

The results confirmed the earlier findings concerning the 

accuracy of the reflectance technique over the normal transmission 

method. The initial degradation was uniform thoughout the sample 

and in the case of oxidative degradation it was dependent on the 

rate of diffusion of oxygen into the polymer from both the surfaces 

incident and non incident to the radiation. A gradual build-up of 

degradation products throughout the sample occurred. The light 

transmission of the sample decreased with irradiation time and a 

protective surface layer of degraded polymer was formed. The extent 

of the surface layer varied with the irradiation atmosphere used. 

Subsequent ‘dark’ storage, in air or vacuum, of photo and photo- 

oxidatively degraded samples influenced the rate of band ingrowth 

(Figure 4 - 55 and 4 - 56). The results were interpreted in terms of 

the competitive nature of crosslinking and chain scission reactions. 

Constant evacuation of air irradiated samples caused an acceleration 

of the normal diffusion controlled process as seen in the results for 

5.81 and 6.06 micron band ingrowth. Due to the crosslinking and 

volatilisation processes at the surface,the final value of the 5.81 

micron band intensity was less than that observed in the normal 

diffusion process (air storage of air irradiated materials). 

Vacuum storage of vacuum irradiated polymers also showed different 

morphological changes at different irradiation periods.
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In this case chain scission reactions are expected to predominate, 

although crosslinking reactions cannot be ruled out since the cured 

resins contain hydroxyl groups. Air storage of vacuum irradiated 

polymers showed greater morphological changes than vacuum storage 

of similar materials. This can be interpreted as chemical reactions 

of degradation products with each other or with oxygen. Alternatively 

it may have been due to the presence of long lived free radicals 

(not confirmed by ESR work) of the type 

oh 

~<)-O)* 
CH; 

which reacted further by scission of the isopropylidene bond to 

produce the quinone species, 

Some evidence of this phenomenon was seen in the ingrowth of the 

6.06 micron species though the evidence was not conclusive. 

The 5,81 micron band in photo-degradation reactions may have been 

due to unsaturation of the type 

atts 
Las & 

| 

GH, 

and would be expected to remain constant in both air and vacuum 

storage. The small difference observed may have been due to other 

types of unsaturation which reacted with oxygen. 

No ‘dark’ reactions, as exemplified by the ATR technique, were 

found for the anhydride cured materials. On removal of the light source 

the functional group content of the material was found to remain constant 

even on storage in diffuse sunlight. However, this does not mean that 

physical changes such as diffusion did not occur. The colour lightening 

effect observed with vacuum irradiated amine films was also observed with 

the anhydride cured polymer, and due to this fact and the similarities in 

evolution of volatiles for all systems. it is assumed that diffusion of 

degradation products did occur during and after irradiation.
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Also, since similarities were observed between thermal degradation 

studies on amine and anhydride cured epoxide resins, it was thought 

that the photo-and photo-oxidative degradationswere accompanied by 

crosslinking and chain scission reactions in both materials. 

Chemical analysis of the anhydride cured films during air and 

vacuum irradiation showed on ‘dark’ storage slight variation in 

the ester content.
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FIGURE 4-43 to 4-47 SANDWICH EFFECTS (5.8I micron) 
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FIGURE 4-48to 4-52 SANDWICH EFFECTS (6.06 micron) 
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MODEL COMPOUND STUDIES 

Introduction 

The model compounds studied included curing agents, possible 

degradation products, units representing the epoxide monomer and 

compounds which contained "cure" links found in amine and anhydride 

cured resin systems. 

The commercial monotier "828' 

a 

Q cH A 
AEN 

eo os 
ve 

ob 

a 

represented two compounds, 

two molecules of tolyl glycidyl ether and one of tolyl glyceryl ether. 

The unit representing the bisphenol-A monomer section was 

CH | 3 C 
| 

Gy 4 ce Ele lS be sos 
0 | 

| CHy CH3 

the glyceryl ether of diphenyl propane. Bisphenol-A was used to study 

the absorption of light by the benzene rings. Phenyl glycidyl ether 

which was available commercially was used as the unit representing 

unreacted chain ends in the cured system. The complete list of simple 

model compounds studied is shown (Table 5 - 1). Although these compounds 

were representative of the monomer no structural correlation existed 

with the cured resins. It was therefore necessary to investigate model 

compounds representing the cure links formed from the reactions of the 

curing agents TETA and HHPA. Bonds of the type 

(1) 

Pit 

Pr 

28 
CHyCHaN 

Dee 

existed in the amine systems



= 107. 

(2) 

GeO Hose oD 

Me, 

OH 

(3) 

vette H5CH-CH50— a“ 

0 
| 
C=0 

c=0 

O 

5 
in the anhydride materials 

These compounds were reaction products of the epoxide group with the 

amine in (1) or with the anhydride in (2) and of the hydroxyl and 

anhydride in (3). Phenyl glycidyl ether was used as the epoxide 

containing molecule and it was reacted with TETA, ethylene diamine 

and di-ethyl amine. 

iy, 

pr eye es H5- 0 

OH 

@ a



OS 

Te Aes, Dee 

Simple Model Compounds 
  

Compound 

triethylene tetramine S CHS = NH-C CH ) 5 NH-C CH ) 5 NH 

hexahydrophthalic anhydride am 

ao 
2 

phenyl glycidyl ether 0 O 

7 eN 

C H5C H-C H>O ©) 

tolyl glycidyl ether 0 

Ley 
CH5CHCH5 CH, 

glyceryl ether of diphenyl propane 

ie: 

OHO rae OHO 
monomer '826' 

2 

monomer '828' 

bisphenol - A we 

-OL0- 
o&- methyl styrene Su 

CH>



oOo. 

The di-ethylamine adduct represented the secondary nitrogen groups 

of TETA. Phenyl glycidyl ether and the glyceryl ether of diphenyl 

propane were reacted with HHPA and with cyclohexane carboxylic acid 

to form terminal and central ester bonds. The acid was used to 

prevent any gel formation and to allow chemical analysis by 

conventional techniques. The compounds studied are shown in Table 

Da; 

The degradation of the materials resulted in the evolution 

of low molecular weight compounds and chemical changes in the bulk 

of the materials. The constituents of the liquid or solid phase 

were separated by TLC (acid washed silica stationary phase and 

carriers of benzene/ethyl acetate or ether/acetone/chloroform). 

GLC (Porapak~S and silica columns) was used for identification 

purposes using the internal standard technique. Since degradation 

reactions were known to result in chain scission and/or crosslinking 

(1) it was necessary to investigate molecular weight changes (by vis- 

cometry and mass spectrometry) during the irradiation. Mass spectrometry 

proved of little use with the complex high molecular weight materials 

because of the number of possible splitting patterns that resulted 

during the electron bombardment. Viscometry (Ubblode Viscometer) 

proved of greater use in the investigation of molecular weight changes. 

In some compounds irradiation resulted in gel formation. The gel was 

separated by gravity filtration and investigated by the viscometric 

technique and by infrared spectroscopy. 

Transmission infrared spectroscopy was attempted to follow 

functional group changes during irradiation. However, because of the 

poor quality of the results the technique was discontinued. Some useful 

results were. obtained,by this technique, in particular the detection of 

the ingrowth of new bands with a number of compounds, 

The volatile degradation products were collected and identified. 

Quantification, however, proved difficult because of the type of material 

used and because of the number of products obtained. 

The solid samples were prepared as thin films on the walls of the 

glass vesseéls (compounds 5 to 8) and by solvent casting (compounds 

10 to 15). Vessels containing finely divided solid powder 2 cm in depth 

were used. The low viscosity liquid compounds (numbers 3, 4 and 9) 

were applied as thin films (up to 1 mm thickness) on quartz plates 

which were then placed in a horizontal position inside glass vessels.
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TeAc Belek De sce 

Cured Model Compounds 
  

Compound 

phenyl glycidyl ether + TETA af 

x 
(No CHyGH-CHSN 

OH 
phenyl glycidyl ether + ethylene diamine 

cr 

a 
Pree es. 

Dw 

phenyl glycidyl ae + diethyl amine 

pe 
Cheever CH-CH5N 

ee 

phenyl Ae ether + HHPA 

gene O-CH; CH- ee <<) 

phenyl glycidyl Oe + cyclohexane carboxylic acid 

C-O—C H=-C H-CH--O- 
I Zi 2 
0 OH 

glyceryl ether of diphenyl propane + 

cyclohexane - carboxylic acid 

O1O-—p OO 
CH, oye
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Bulk liquid samples (5 cm, depth) were also used for irradiation 

over long periods where concentration build-up of degradation 

products was expected to occur, 

6: a1 Physical Changes 

Irradiation in oxygen or helium atmospheres resulted in colour 

formation in all compounds, save numbers 1, 2 and 9. Viscosity 

changes occurred in all compounds except the curing agents (Figure 5 - 1 

to 5 — 4). 

In some compounds (5 to 7 and 11 to 15) gel formation occurred on 

itradiation (Figure: 5° ~:5 to. 5)— 7). 

Irradiation of the curing agents with the mercury arc caused no 

chemical changes in the bulk of the materials as evidenced by spec- 

troscopic and chemical means. However, volatiles were evolved from 

both systems after 60,000 minutes irradiation. Thus although both of 

the materials did not absorb in the ultraviolet region at wavelengths 

greater than 250 nm, they were both subject to chemical degradation. 

This may have been due to impurities in the materials. Some hydrolysis 

of the HHPA by atmospheric moisture was found during photo-oxidative 

degradation in air. In oxygen filled, sealed vessels the hydrolysis 

was prevented and the time for detection of volatile degradation 

products was extended up to 100,000 minutes. The result was interpreted 

as being due to light absorption by the diacid formed, In the TETA, 

purification by distillation reduced the extent of the degradation, 

and the degradation was thought to have been caused by the impurities 

present in the commercial material. These results showed that the 

curing agents themselves were not the source of the degradation in the 

incompletely cured resins since very long irradiation times were required 

to cause the changes observed. The decrease in the free anhydride content 

of HHPA cured resins was not due to direct absorption of light by the 

anhydride, but to ring opening of the anhydride by active hydrogens 

and subsequent degradation or chemical reaction of the diacid. 

A- Methyl styrene was sensitive to the radiation used as evidenced 

by the evolution of volatiles and the changes in the infrared spectrum 

of the material. Dimerisation occurred in oxygen and helium irradiation 

together with degradation of the monomer. Reproducibility of the results 

for this material was poor and confirmed the earlier work of Fox (2).
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The colour formation with the simple models was seen by the 

shifts in the ultraviolet/visible spectral shifts (Table 5 - 3) 

and was found to be dependent on the purity of the materials used. 

This was reported by Lee and Watson (3). 

eA Bia ee ead 

Wavelength Shift on Irradiation in Oxygen 
  

  

Compound Irradiation Time Maximum Wavelength 

(minutes) (nm) 

Phenyl Glycidyl Ether O 206.5 250 

60 216 278 

80 214 273 

"828' O 210 278 

60 218 278 

80 218 279 

Glyceryl Ether of Diphenyl Propane O 210 292 

60 218 292 

80 218 292 

Structures such as 

OH 

O;, s4CH. ¢ =) CH — CH. = OH 

and 

= CH, 5 - ne CH ee 

OH 

were known to be present in compounds 3, 4 6 and 7. The presence of the 

chlorine containing compounds undoubtedly contributed to the degradation 

in the systems. Purification of phenyl glycidyl ether did not prevent 

degradation as seen by the volatile degradation products (Table 5 - 4).



7 ek Oe 

To ALB ee once 

Volatile Degradation Products from Phenyl and Tolyl Glycidyl Ether 
  

900 minutes Irradiation 

  

Compound Percentage by Volume 

PhGE/O, PAGE/He TGE/O, TGE/He 

hydrogen 0.4 0,4 0.3 ts 

methane t 0.2 0.2 

ethane t t it 

propane ‘P t 

acetylene t O.1 t O,4 

ethylene t G t 

propylene t Olea? t iG 

carbon monoxide Pega 92.4 5.8 9040) 

carbon dioxide 88.4 6.2 88.0 ot 

alcohols (C-3) it “= t - 

acetaldehyde Ovt e 0.2 t 

formaldehyde O.2 @,:1 O74 t 

acetic acid 0.2 c + = 

formic acid Oud = 0,2 = 

acrolein t x i = 

chlorides it t t LF 

acetone (2 ic = t 

water 63:6 t 4.4 3.3 

aromatics te t t t 

unidentified c = = br 

PhGE/0O, phenyl glycidyl ether irradiated in oxidising atmosphere 

PhGE/He e ry - - "helium Ep 

TGE/O, totyl glycidyl ether irradiated in oxidising atmosphere 

TGE/He x vs 7 "helium 

it trace (less than 0.01 % by volume)
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The large quantities of water evolved indicated some reaction of 

the hydroxyl group, either elimination of water from a molecule 

or condensation of two molecules of this type to form a new ether 

bond. However, no evidence was found for structures such as 

One: CH, STCthies CH, ao Oe CH, 7 al 

O O 

~ —CH-~ ~—CH —~ 

No interrelation was found between changes in the ultraviolet/visible 

absorption spectra and the structural changes in the compounds seen 

by infrared spectroscopy. The degree of colouration was in the order 

3~4°<5<56'~7:<8 

Secondary colour development (browning) was observed with compounds 

which contained the bisphenol-A group. 

The cured model compounds (numbers 10 - 15) developed colour 

during their preparation. In particular the simple amine compounds 

were highly coloured (dark brown viscous liquids) and degradation by 

direct light absorption may have occurred on exposure to the radiation, 

The change in the intrinsic viscosity of compounds 3 to 8 and 

10 to 15 are shown for photo-and photo-oxidative degradation 

(Figures 5 - 1 to 5 - 4). Gel formation on irradiation is shown 

(Figures 5 - 5 to 5 - 7). In all systems the viscosity decreased 

to a constant value which was greater for photo-oxidative degradation. 

As expected little difference in behaviour was found for structurally 

similar materials e.g. compounds 6 and 7. The viscosity changes and 

gel. formation were indicative of extensive molecular weight changes 

in the compounds. The results of the mass spectrometry determination 

of molecular weight are shown (Table 5 - 5). Little useful interpretation 

could be made of the results because of their poor reproducibility, 

which was undoubtedly due to the large number of splitting patterns 

which occurred on electron bombardment. The results showed that a 

reduction in molecular weight occurred during irradiation in inert 

atmosphere because of chain scission reactions in the compounds, 

while crosslinking reactions during photo-oxidation caused an increase 

in molecular weight.
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Molecular Weight Changes on Irradiation 

Compound Irradiation Time Molecular Weight 

(minutes) Oxygen Helium 

Phenyl Glycidyl Ether O 150 150 

300 176 136 

3000 148 119 

Tolyl Glycidyl Ether O 169 169 

300 184 139 

3000 32 127 

Monomer '828' O 367 367 

300 476 030 

3000 387 356 

Monomer '826' Oo 294 294 

300 182 291 

3000 LOW 139 

5 2 Chemical Changes on Irradiation 

The chemical changes on photo and photo-oxidative degradation 

were investigated by transmission infrared spectroscopy and by wet 

chemical analysis (3). 

5 - 2. 1 Spectroscopic Changes 

Ingrowth of at least one new infrared band was found with all of 

the ethers studied. The results are shown in Table 5 - 6 for photo- 

oxidative degradation. The band assignments were the same as those 

used with the cured polymers. The rate of band ingrowth is shown for 

all of the compounds (Figures 5 - 8 to 5 - 13). The band at 6.1 microns 

was observed in all inert gas irradiated systems during the initial 

irradiation period, but decreased or disappeared after long irradiation 

periods. 

Infrared spectra of all of the compounds were complex and many of 

the structural changes which occurred on irradiation were masked by 

strongly absorbing species in the undegraded materials,
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Ti AS Bik Di. 

Spectroscopic Changes on Irradiation in Oxygen 
  

Compound 

3504 

5 

6.7 

8 

9 

10% 11 and 12 

435° 44 

15 

Spectral Changes 

Reduction in é@poxide band, ingrowth 

of hydroxyl band and band at 5.9 p 

Variation in hydroxyl and isopropyl- 

idene bands, ingrowth of two new 

bands at 5.9 p and 6.1 pp, reduction 

in 1, 4,-disubstituted band 

Reduction in epoxide, isopropylidene 

and 1, 4,-disubstituted aromatic 

bands, variation in hydroxyl band, 

ingrowth of two new bands at 

Do. and..6.1 B 

ingrowth of new band at 6.1 p 

ingrowth of new band at 6.1 BR 

variation in hydroxyl band, ingrowth 

of new band at 5.9 BR 

ingrowth of new band at 5.9 p 

ingrowth of two new bands 

5.9 and 6.1 yp 

Loss of ester band
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Drees Functional Group Changes 
  

The compounds were analysed for changes in the hydroxyl, epoxide 

and ester group contents during irradiation. The results are shown 

(Figure 5 - 14 to 5 = 19). 

yoo Identification of Degradation Products 

The volatile degradation products. for the model systems are 

shown (Table 5 - 6 to 5 - 9). The product analysis (solid and liquid 

phases) are shown (Table 5 - 10 to 5 - 15). In many of the systems 

the analysis was incomplete, because of difficulties with the identificat- 

ion of a large number of compounds and/or the small quantities present. 

Attempts to quantify the data were unsuccessful because of poor 

reproducibility of results. 

Discussion of results 
  

The decrease in intrinsic viscosity together with the type of 

compounds formed were indicative of a random bond scission degradation 

process. The greater decrease in viscosity during photo-degradation 

showed that bond scission occurred to a greater extent than during the 

photo-oxidative processes. The rate of change of viscosity was greater 

during photo-degradations for all of the compounds. This can be inter- 

preted as crosslinking during photo-oxidative degradation and bond 

scission occurring during inert gas irradiations. 

The presence of crosslinking reactions was shown by gel formation 

and occurred in all compounds save bisphenol-A which contained aliphatic 

hydroxyl groups in the undegraded state. Gel formation in both photo- 

and photo-oxidative degradation indicated that the phenomenon was the 

result of reactions of species present in the backbone of the compounds 

or from radicals derived from them, rather than from peroxide radicals. 

Oxygen present in the helium filled reaction vessels may have contributed 

to the initial gel formation. This oxygen would have been consumed in 

the formation of peroxy radicals during early stages of gel formation. 

Since the extent of gel formation was greater in photo-oxidised compounds 

oxygen may have contributed to the process. Gel formation did not occur 

in phenyl or tolyl glycidyl ether, though ring opening of the epoxide 

group would have been expected to produce compounds such as
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Volatile Degradation Products from Monomers '826' and '828' 

Compound 

Hydrogen 

Methane 

Ethane 

C-3/C-4 hydrocarbons 

Ethylene 

Acetylene 

Acetone 

Acetaldehyde 

Formaldehyde 

Propionaldehyde 

Acetic Acid 

Formic Acid 

Carbon Monoxide 

Carbon Dioxide 

Acrolein 

Water 

Chlorides 

Benzene 

p-Cresol 

Phenols 

Propanol 

O - Methyl Styrene 

Oxygen 

O39 

0.55 

0,04 

0,01 

0.07 

0.03 

0.69 

0.06 

8.12 

89.88 

0,02 

0.01 

0,40 

0.03 

'g26' 

% by Volume 

Helium 

.94 

sai 

, 36 

88 

gel 

109 OO
 

© 
OF
 

7Or
r 

100
 

ce
 

69.45 

7,26 

Oxygen 

0.52 

0767 

0.01 

0.01 

0.01 

0.04 

On or 

0,04 

1.88 

£9),92 

0.03 

0.03 

0.23 

0.03 

* 500 minutes irradiation 

n= Graces less than 0.01 % 

ic
o 

00
 

Helium 

7.50 

040 

6.41 

0.63 

0.18 

66.75 

7.88 

0.58 

0.04
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Volatile Degradation Products from models 5 and 7 

Hydrogen 

M ethane 

Water 

Acetylene 

Ethylene 

Ethane 

Acrolein 

C-3/C-4 hydrocarbon 

Acetone 

Acetaldehyde 

Formaldehyde 

Acetic Acid 

Formic Acid 

Carbon Monoxide 

Carbon Dioxide 

Benzene 

Phenols 

«-Methyl Styrene 

C-3 Alcohols 

Oxygen 

0.37 

x 300 minutes irradiation 

tir Grace 

% by Volume 

Bisphenol-A 

Helium 

Laka 

0.0L 

iE 

Olt 

0.10 

p 

OFTL 

2.00 

84.53 

9. 30 

eto = 

GE DPP (5) 

Oxygen Helium 

lo 10.22 

O..67, LO. 69 

03:93 0.44 

a 0.46 

0.35 0.67 

0587 4.01 

0.07 - 

= 1.00 

2.92 0:78 

0.08 = 

0.01 t 

2°91 66.94 

89.12 3y00 

= 4° 

0.08 0.04 

os: c 

0.26 0.14
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Compound 

Hydrogen 

Methane 

Ethane 

Propane 

Acet-ylene 

Ethylene 

C-3 Hydrocarbon 

C=3. Alcohol 

CoG" Glycol 

Carbon Monoxide 

Carbon Dioxide 

Acetaldehyde 

Formaldehyde 

Acetic Acid 

Formic Acid 

Acrolein 

Acetone 

Water 

Aromatics 

Ethylene diamine 

Ethyl amine 

Dimethyl Hydroxylamine 

Unidentified 

% by Volume 

20; 

  

10 11 12. 
Oxygen Helium Oxygen Helium Oxygen Helium 

0.78 Oeor, 0.22 4.11 0.33 3.70 

tc 0.20 ts 6.20 U 33.10 

t 0.20 t 0.90 o O10 

t O71 t 0.40 G 0.30 

rt iG ip 0.01 t 0.01 

a t G ic tc ©, OL 

0.10 0.15 t 0.18 t OL 1t 

ane tc i 4: t t 

co it 0.01 e = 

3.36 82.01 Ae 76.44 1.20 70.32 

80.70 5.10 88.50 2.00 84.70 4.11 

it qr ty ip pO rOu p 

it 5 0.04 e 0.03 = 

O10 a 0.04 t 0.01 a 

OTL iC O01 t 0.04 = 

G ts i ic = = 

t t t 0.03 L 0.03 

Acta 3.20 3.73 3.46 5.12 3.20 

qe a G t t t 

a 0.01 = 7 = = 

= 5 = . = t 

= = = 0.04 = = 

10.07 Sik, 4.67 6.25 8.54 14.40 

x 

t — trace, 

100 minutes irradiation 

less than 0.01 %
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Volatile Degradation Products from Models 13, 14, 15 

Compound 

Hydrogen 

Methane 

Water 

Acetylene 

Ethylene 

Ethene 

Acrolein 

C-3 Hydrocarbon 

C-6 Hydrocarbon 

Acetone 

Acetaldehyde 

Formaldehyde 

Acetic Acid 

Formic Acid 

Carbon Monoxide 

Carbon Dioxide 

Benzene 

Phenols 

C-3 Alcohols 

Cyclohexane 

Unidentified 

TwA *Bel SB Se 

% by Volume 

se2 1- 

  

13. 14 15_ 
Oxygen Helium Oxygen Helium Oxygen Helium 

0.01 0.04 0.01 it 2.0 t, OS 

= t v 0,01 - 8.92 

4.11 c ae tc 0.91 O. 712 

= t = t e 0.44 

= t = c = O,71 

= = v G t G 

ae t ra 2s eh fe 

= C = 0,03 t 0.60 

= 0.01 + ic = 0:10 

t G iG L o ie 

0.20 O.0L 0.10 ~ 0.01 it 

0.04 = 0.10 = 0.01 o 

0,01 ic 0.01 t 0,01 a 

c = 0.02 t t = 

2.60 80.00 3.90 86.70 2.9 70.06 

90,17 6.90 91.40 5.00 90.20 Dig dia 

i c t t = c 

+t t 0.01 it it = 

t = ft rs 0.40 0.10 

ic as = G ic t 

2.84 13.02 4.44 8.23 3.49 5.60 

x 100 minutes irradiation 

t= trace
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TABLE 24-0 

Product Identification from Photo-and Photo-Oxidative Degradation 

of Phenyl and Tolyl glycidyl Ether 
  

Product Compound 

Phenyl Glycidyl Ether Tolyl Glycidyl Ether 
    

Oxygen Helium Oxygen Helium 

Phenol + ae sa e 

p -Cresol - = ae 

p -Hydroxy ~benzaldehyde “ - + fe 

p ~Hydroxybenzoic acid - - + ee 

Acrolein + - a is 

Acetone - ie ea iL 

Acetaldehyde + - +. a 

Acetic Acid + - ae a 

Formaldehyde + - ie a 

Formic Acid + - ay A 

Unidentified + + a ie 

+ Present 

- Absent
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Product Identification for Photo-and Photo-Oxidative Degradation 
  

of Bisphenol-A and Glyceryl Ether of Diphenyl Propane 

Product 

Phenol 

p-Isopropyl Phenol 

p-Isopropenyl Phenol 

Quinone 

Hydroquinone 

Acetone 

Acetaldehyde 

Formaldehyde 

Propanol 

&-Methyl Styrene 

Gel 

p-Isopropylbenzene 

Acetic Acid 

Formic Acid 

Benzene 

Compound 

Bisphenol-A 

Oxygen 

(1) 

Glyceryl Ether 

  Helium Oxygen Helium 

alp) + i 

a S = 

+ - + 

+ + - 

- - + 

~ - + 

+ + + 

+ + + 

- - + 

~ - ae 

- + + 

- - + 

= ie i 

= a s 

as a ue 

1 large quantity 

s small quantity 

+ present 

= absent
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Product Identification for Photo-and Photo-Oxidative Degradation 
  

of Compounds 6 and 7   

Product Compounds 6 and 7 

Photo-Degradation Photo-Oxidative Degradatio 
  

acetaldehyde + (8) + <e) 

acetic acid = te (8) 

acrolein + (s) Ce) 

acetone CS) eh 

formaldehyde += Cs) 4. C9 

formic acid +, .€s) +2 GS) 

propionaldehyde Gs) fat Gs) 

water + (s) + 3G) 

phenol + GL) a al) 

bisphenol-A + (s) + Cae 

p-isopropyl phenol + (8) S 

p-isopropenyl phenol + (s) = 

quinone +... (Cs) #24@ 1) 

hydroquinone ame”: 8, 7 

unidentified + Cs) Fes) 

gel + (eg + (Hy 

s small quantity 

au large quantity 

eH Present 

= absent
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Product Identification for Photo-and Photo-Oxidative Degradation 

of Compounds 10, 11 and 12 
  

Product Compound 

10 aL 12 

p.oxid. . Photo P.oxid. »Photo:-P.oxid. Photo 

Phenol + e ve Fe ; ii 

Propanol = + - Su = 4 

Formaldehyde a8 oF + - + - 

Formic Acid + = + ~ i z 

Water + + + + - e 

Gel + + + + + - 

Ethylene diamine - + - + = = 

Unsaturated amine eC + = - ~ fa 

Aldehyde ~ ~ - = oe 1 

Unsaturated ether + = = - + + 

Oxime = - + - a He 

Ethyl amine - - - a = A: 

Coloured nitrogen compounds - x + + - + 

Cea Geel yeol - - - af ie i 

P.oxid. - Photo-oxidative degradation 

Photo - Photo-degradation
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Product Identification for Photo-and Photo-Oxidative Degradation 

of Compounds 13 and 14 

Product Compound 

As) 14 

P.oxid, Photo Pi Oxi Photo 

Phenol + + + + 

Curing agent + + + + 

Benzene = = = 7 

Cyclohexane i tC) 2 Cts) 

Propanol sf p be + 

Acetone = a = + (Ct) 

Gel + + + + 

Water + ee + + 

Unidentified + + + (1) 4, CT 

C-6 unsaturated ether + = + - 

Aldehyde + e + = 

C-3 aldehyde = = os = 

P.oxid. - Photo-oxidative degradation 

Photo - Photo-degradation
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Product Identification for Photo-and Photo-Oxidative Degradation 

Product 

p ~ cresol 

Phenol 

Quinone 

p - isopropenylphenol 

Acetone 

Curing Agent 

cyclohexane 

Ether saturated 

C'='6 alcohols 

C-=18 alcohols 

p - hydroxybenzaldehyde 

acetaldehyde 

Acetic acid 

Unidentified 

of Compound 15 

Compound 

cS 

Photo-Oxid, 

+ 

Photo
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Ou=, CHod = 5CHe =, CH 

during photo-degradation, 

However, no compounds of this type were found in the degradation 

products identified. The hydroxyl content of both of these compounds 

was due to formation of low molecular weight degradation products, 

which occurred at time intervals greater than the time of elimination 

of the epoxide groups. 

Gel formation was found in compounds which contained aliphatic 

hydroxyl groups in the undegraded state. Also irradiation of tolyl 

glyceryl ether 

OH 

CH, << O - CH, - CH - CH, 0 Oe CH, 

resulted in gel formation at 

an equivalent rate, but not to the same extent as that found with the 

glyceryl ether of diphenyl propane. Therefore the bisphenol-A portion 

of the latter was not responsible for the gel forming reactions. 

Gel formation in all cases was accompanied by the formation of water 

as a volatile degradation product, which increased in quantity with 

increase in gel formation, It therefore seemed likely that a 

condensation reaction occurred at the aliphatic hydroxyl group, as 

with simple alcohols (4) 

cen See HCC eh eh prone tea HC Heer ree H5C A ano 

OH ° 

roe GaGa 

Elimination of water in simple alcohols occurs with radiation of 

wavelength less than 200 nm. This rules out the possibility of such 

reactions with the radiation source used. However bathochromic shifts 

may have been induced by neighbouring groups such as ether or the 

aromatic ring. Further support for this water elimination was found 

by the isolation of an unsaturated ether compound in the degradation 

products of the gel forming model. compounds. Acetylation of the 

hydroxyl group of compound 5 with acetyl chloride prevented gel 

formation on irradiation. This also indicated that the initiation of 

the gel forming reactions was not by peroxides.
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Gesner and Kelleher (5) reported that gel formation occurred with 

phenoxy resins which were structurally similar to the model compounds. 

Studies (6) on polysulphone and polycarbonate showed no gel formation, 

which was further proof of reaction at the aliphatic hydroxyl group. 

Consideration of the simplest gel forming model compounds, glyceryl, 

ether of diphenyl propane and tolyl glyceryl ether, showed they 

contained a common structural unit. 

Gilet oh ga CH, ee CH, FOG 

OH 

The difference in the rate and extent of the gel formation in compound 

5 must have been associated with the terminal substituents on the 

molecules. Since greater quantities of gel were formed under photo- 

oxidative conditions, oxygen obviously assisted the process. In photo- 

oxidative degradations the following recombinations are possible 

er) ROO, + R.——> ROOR ——»> decomposition 

Cis) RO, + R. ——~ ROR 

In an inert atmosphere only the latter type of reaction can occur, 

The similarities in the rates of gel formation in photo-oxidative and 

photo-degradative processes can be explained by type (ii) reaction. 

The difference in the extent of gel formation can be explained by 

type (i) reaction or a combination of both reactions. Gel formation 

was observed with the commercial epoxide monomer '828' only after long 

irradiation periods (Figure 5 - 5). This was probably due to the 

small quantity of hydroxyl containing species in the material, and 

although gel formation did occur its presence was not detected due to 

the small quantities involved. Also because of the high viscosity of 

this model compound diffusion controlled reactions would be expected 

to occur, but to a lesser extent than in the solid state. The initial 

degradation, by analogy with the cured resins, would be expected to be 

uniform throughout the sample and decrease with the degree of colour 

formation. Therefore an inhibition of the gel forming process may 

have occurred with time.



—*130 = 

The rates of viscosity change and gel formation differed in 

the simple and cured model compounds which contained structural 

units. No gel formation was observed with compound 10 which was similar 

to compounds 11 and 12, This can be ascribed to the solid nature of 

the compoundsas opposed to the viscous liquid state (compound 11 and 12) 

where the mobility necessary for the gel forming process was possible. 

This does not rule out the possibility that gel formation occurred 

to some degree in compound 10 as water was evolved as a degradation 

product. Gel formation was detected in the solid, compound 5, the 

glyceryl ether of diphenyl propane. The rate of gel formation was 

greater with the amine compounds than with compound 5. This may have 

been due to the carbon to nitrogen bond in the former or more Yikery 

to the bulky substituents in the glyceryl ether of diphenyl propane. 

The rate of viscosity decrease was greater in the amine cured 

models (compounds 10, 11 and 12) than the monomer phenyl glycidyl 

ether. This could have been due to the presence of the amine groups 

or to rearrangements in the amines resulting in species which absorbed 

strongly in the visible spectrum. Similar rearrangements were not 

possible in the three-dimensional crosslinked resins. However after 

the initial bond scission reactions, rearrangements may have occurred 

accounting for the formation of colour forming species. This steric 

restriction in the solid state may have been responsible for the small 

quantity of high molecular weight material isolated from the degraded 

resins. The viscosity changes in the terminal ester compounds 13 and 14 

occurred at faster rates than in phenyl glycidyl ether. This was 

attributed to a hydrogen bonding interaction, which was greatest in 

compound 14 and accounted for the greater viscosity change in this 

compound. Gel formation did not occur in compound 13 because of the 

steric restrictions on the molecule 

O OH 

I| | 
GS Ole CH, me Ore a CH, —7.0 =) 

ees ea 2 es ‘a ite CG O CH, . 5 CH, ) 

I 
Oo OH
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Attempts to identify the gel by infrared spectroscopy and 

functional group tests failed. However, the results suggested 

that the predominant constituent was an aliphatic ether of molecular 

weight approximately 300. Pyrolysis GLC was attempted as a method 

of identification, however, due to the number and proportion of 

constituents in the gel little useful results were obtained, other 

than showing the aliphatic nature of the gel, 

No gel formation occurred with the simple epoxide ethers 

(compounds 3 and 4). Photo-and photo-oxidative irradiation of tolyl 

glycidyl ether resulted in chain scission and crosslinking respectively. 

Phenyl glycidyl ether behaved in a different manner, irradiation in an 

oxidising atmosphere yielded a brown/grey crystalline material. 

No similar compound was found in the degraded amine or anhydride cured 

materials. Examination of the crystalline material by spectroscopic 

and chemical techniques showed that the compound was of molecular 

weight 600 to 900 and contained hydroxyl groups. No epoxide groups 

were found by either chemical analysis or infrared spectroscopy. 

Comparison with the work of Ada (7) and others (8, 9, 10) showed that 

polymerisation of phenyl glycidyl ether had occurred. The infrared 

pattern was similar to that of fraction three of the 700 to 800 molecular 

weight species isolated by Tanaka (8), from the catalysed polymerisation 

of phenyl glycidyl ether. 

Normally polymerisation of epoxides is catalysed by metal hydroxides, 

tertiary amines and other species capable of causing ring opening of the 

epoxide group. 

O 0 

oN | 
+ 

CHy S Cher CHy oO oe —Rk. Nos RN SS CH, CHa CH- 

+ 

—_—_—_—_— - - _ _rT Re N 12 CH CHS 

O 

| 
CH, - . aig 

0 

The initiation with the observed photo-oxidative polymerisation may 

have been caused by peroxides or the degradation products which resulted 

from ether bond scission,
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Examination of the degradation products from photo-and photo-oxidation 

(Table 5 - 4) showed a qualitative difference in the aliphatic compounds 

obtained. Since these products were thought to be the result of peroxide 

formation during photo-oxidative degradation and since polymerisation 

occurred after long exposures to the radiation, the oxidised degradation 

products probably controlled the polymerisation process. No high 

molecular weight material was found from the photo-degradation of phenyl 

glycidyl ether. Degradation of tolyl glycidyl ether did not yield 

crystalline high molecular weight products but resulted in formation 

of similar aliphatic compounds to those of phenyl glycidyl ether. 

However, the aromatic compounds differed in that highly acidic compounds 

were formed from tolyl glycidyl ether and the conditions necessary for 

polymerisation were not attained. 

A high rate of chain termination occurred during the formation of 

polyphenyl glycidyl ether as evidenced by the formation of hydroxyl 

groups 

See ~ -~ AG gic >) we OH - - —_> rw CH, ik CH, C 2 ri CH, 

0 pl ae 0 

CH, - eu CH, - es = 

On OH 

and the low degree of polymerisation (four to six for molecular weights 

of 600 to 900, based on the molecular weight of the original phenyl 

glycidyl ether of 150). 

The product analysis (Table 5 - 4 to 5 - 15).indicated that the 

degradation of the model ethers occurred at the ether bond, as was 

also the case with the cured resins. The degradation resulted in the 

formation of phenolic compounds together with small quantities of 

benzene 

O. CHS —_ (ou + oxidised species 

a7 CHS- —_—_—_> Sy + oxidised species
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The quantity of bisphenol -A type material found in the photo-oxidative 

degradation products of compound 5 was very small. This may have been 

due to the unsymetrical nature of the primary product, 

CH, 

Se OH 
| 
CH 

3 

which underwent further degradation. Examination of the degradation 

products from bisphenol-A itself showed that, irrespective of atmosphere, 

scission occurred at the isopropylidene linkage. 

rs “9 
HO (on —+ we + Oya 

| | 
CH, CH, 

and that the time for the initial scission was the same under oxidative 

and non oxidative conditions. Therefore the initial breakdown resulted 

from direct absorption of radiation—probably by excitation of the 

benzene nucleus (tr —>1r* forbidden transition) by the short wavelength 

region (280 nm) of the source. The absorption may have been the result 

of excitation by some other neighbouring group e.g. ether. After the 

initial reaction the irradiation atmosphere determined the type of 

degradation products formed. The degradation products can be explained 

by the scheme (page 134/135). Quinone formation was supported by the infrared 

band ingrowth at 6.1 microns. A similar band was found during the 

degradation of the TETA cured resins, and since bisphenol-A was identified 

as a degradation product of the systems it is likely that quinone 

formation occurred by the same degradation pathways. Quinone was also 

found in the degradation mixtures of other models which contained the 

bisphenol-A grouping, as was the 6.1 micron infrared band. Quinone was 

found in small quantities during the photo-degradation of the glycidyl 

ethers, and the infrared band observed was assigned to unsaturation in 

O&-methyl styrene and similar compounds. The similarities between the 

degradation products from compounds 3 to 8 can be explained by the 

chemical structure of these materials. The overall degradation can be 

described in terms of the reactions in the '828' monomer. (page 136 to 141).
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Little evidence for recombination reactions was obtained from the 

products identified. Ultraviolet degradation studies on simple 

cyclic ethers did show recombination reactions (compounds 11 and 12). 

Short wavelength radiation was used and direct epoxide ring opening 

occurred yielding a high concentration of reactive radicals. 

However, the gel formation may be ascribed to crosslinking or 

recombination reactions, or both. Also the molecular weight 

changes during irradiation were indicative of recombination reactions. 

In studies on the phenoxy resin (5) evidence of recombination of 

radicals was found by the gel formation, the gel being more oxygenated 

than the original polymer. 

Irradiation of the cured model compounds showed that the 

degradation reactions occurred in a manner similar to that found 

with the reactants. In the case of the amine/phenyl glycidyl ether 

systems the product distributions were similar to those found with 

phenyl glycidyl ether itself. This was expected since an excess 

of the latter was used in these reactions. No crystalline products 

were obtained despite the presence of tertiary amine groups which 

would have been expected to function as polymerisation catalysts 

for the residual unreacted epoxide groups. Amine degradation 

products were found with all of the amine/ether adducts which 

indicated that the amine curing agent TETA in the cured resins 

underwent degradation itself. However there is no experimental 

evidence that long wavelength radiation affects the carbon to 

nitrogen bond in the simple amines (4). 

Consideration of the original colour of the amine cured systems 

showed that the depth of colour was of the order: 

diethyl amine > ethylene diamine > TETA 

Thus the colour was in the order of ease of complete reactivity of 

the amine groups. Reaction of TETA with phenyl glycidyl ether yielded 

a thermoplastic material which contained unreacted amine groups. 

The latter were probably the secondary groups in the central portion 

of the TETA molecule. With the simple amines the primary amine group: 

is twice as reactive as the secondary group, thus ethylene diamine 

would react faster than diethyl amine. The final degree of reactivity 

would be determined by the ease of access of the epoxide group to the 

molecule.
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The mobility of the amine adducts was in the order: 

diethyl amine > ethylene diamine > TETA 

The extent of physical interactions such as hydrogen bonding or 

cyclisation would be expected to be greatest with the diethyl amine 

system and resultant colour formation wind be greatest with this 

compound. The degree of colour formation was of the order: 

diethyl amine > ethylene diamine > TETA 

The types of degradation products identified indicated that 

the photo-degradation process was similar to the thermal degradation 

of amino alcohols, especially in the case of the tertiary amine group. 

Possible degradation schemes involving these amines are outlined 

(page 142 - 149). 

Comparison of the amine cured resins with the simple and amine 

cured models showed that the epoxide monomer backbone and the curing 

agent were degraded by ultraviolet light. The curing agents did not 

absorb the radiation used (4), and therefore the degradation was 

initiated by the absorption of light by chromophores in the monomer 

itself. Transmission infrared spectroscopy showed the ingrowth of 

new infrared bands in all of the compounds studied, which corresponded 

to the new bands formed during degradation of the TETA cured resins. 

Those compounds which contained the complete structural unit, "8260. 

'828', glyceryl ether of diphenyl propane and their reaction products, 

showed ingrowth of two new bands, which from the results with phenyl 

and tolyl glycidyl ether can be assigned to aromatic ketone (6.1 micron) 

and aliphatic carbonyl or unsaturation (5.9 micron). No correlation 

of band ingrowth with colour formation on irradiation was found with 

the model systems. 5 

The model ester compounds represented both terminal and central 

aliphatic ester bonds. The latter are not formed during the normal 

epoxide/HHPA curing reaction unless the equilibrium of the reaction 

is upset by the use of excess glyceryl ether. 
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The ingrowth of the 5.9 micron infrared band occurred at a 

faster rate with the terminal ester compounds. This disagreed 

with the postulated hydrogen bond interaction of hydroxyl and 

carbonyl groups. The degradation of compounds 13 and 14 can be 

represented as Shown’ (page 151 KOcLoas 

The faster degradation of the ester bond in compound 15 

to compounds 13 and 14 can be explained in terms of the excess 

glyceryl ether used in the preparation of 15. The excess ether 

which contained aliphatic hydroxyl groups would, from the earlier 

results, be expected to crosslink with subsequent evolution of 

water. The equilibrium of the ester forming reaction 

ROH: + RCOOH Ga RCOOR + HO 

would then be shifted to the left and further degradation of the 

alcohol would occur. Some hydrogen bonding interactions would 

also have occurred between the ester carbonyl group and the 

unreacted glyceryl ether and this may have contributed to the 

degradation process. 

The ingrowth of new infrared bands was halted by removal 

of the light source. No ‘dark' reactions were observed in any 

of the model systems studied, except for phenyl glycidyl ether 

which crystallised on dark storage to yield polyphenyl glycidyl 

ether together with degradation products. The absence of ‘dark' 

reactions may have been due to the insensitivity of the trans- 

mission infrared technique used. The translucent or transparent 

solid systems would have been expected by analogy with the cured 

resin to show diffusion of low molecular weight species after 

removal of the radiation source. The highly coloured nature of 

the solids, however, may have confined the degradation reactions to the 

solid surface by a screening effect. 

Little quantitative information was obtained from the results 

with model compounds which could be correlated with the degradation 

of the cured three-dimensional polymers. The extent of degradation 

for the simple models was greater than for their 'cured' counterparts 

because of the physical interaction between the reactants in the cured 

state. Also since the simple models were liquids, diffusion of oxygen 

into and/or degradation products out of the matrix could occur with 

greater ease than in the solid state.
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The extent and rate of ingrowth of the new infrared bands 

showed the susceptibility of the compounds to degradation and 

was greater for the simple models than for the cured systems. 

This can be attributed to the form and/or colour of the models. 

From the data on the ingrowth of the 5.92% micron band (Figure 5 - 8 

to 5 - 11) it is evident that unreacted chain ends in the cured 

polymer exposed to incident radiation were more susceptible to 

degradation than the amine or ester cure links because of break- 

down at the ether group. This was also seen to some extent by the 

rate of disappearance of epoxide groups in compounds 3 and 6 

CEipure:; o: = 15), 

The rate of aliphatic carbonyl formation with the amine 

adducts was found to be 

tae ae Le ae 

This was also the order of ease of complete reaction of the amine 

groups and of maximum mobility of molecules. Lee and Watson (13) 

suggested that the secondary amine groups acted as sites for 

degradation and colour formation, This was due to steric conditions 

after gelation during the curing process. During degradation the 

hydroxyl absorption band of all of the amine compounds shifted 

in the order 

12 1. oo FO 

which indicated the effect of increased hydrogen bonding in the 

radiation resistance of the materials. Consideration of the extent 

of reaction of the three adducts showed that complete disappearance 

of epoxide groups had occurred with compounds 11 and 12 while some 

remained unreacted in the TETA adduct, 

The use of excess phenyl glycidyl ether did not alter the 

quantity of unreacted epoxide groups. Also use of elevated temperature 

during the reaction did not aid the reaction very much and resulted in 

carbonyl formation because of degradation of the phenyl glycidyl ether. 

The use of excess curing agent would decrease the quantity of unreacted 

epoxide groups. However the secondary amine content of the system 

would be high and in accordance with the postulate of Lee and Watson 

(13) the stability would be decreased. Thus the secondary nitrogen 

content of the latter was high and since the material was solid only 

long range hydrogen bonds operated, while in the viscous liquids long 

and short range interactions were possible.
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All of the model compounds studied were susceptible to the 

radiation used, in particular, the simple amine adducts of phenyl 

glycidyl ether, which were highly coloured, absorbed in the visible 

region of the spectrum and degraded more rapidly than the glycidyl 

ether itself. The terminal ester compounds increased in colour 

with the presence of acid groups and their stability was greater 

than phenyl glycidyl ether. The ester from the aliphatic hydroxyl 

and the acid curing agent were less stable than the terminal esters 

because of the formation of water which caused ester hydrolysis. 

In the simple model compounds the phenyl glycidyl ether was 

found to degrade more rapidly than the hydroxyl containing compounds. 

This was seen in the increased rate of disappearance of the epoxide 

group in phenyl glycidyl ether to both of the monomers '826' and '828'. 

Thus unreacted chain ends in cured resins would be expected to act 

as degradation sites. 

Compounds containing aliphatic hydroxyl groups in the undegraded 

state were found to form insoluble gels on ultraviolet irradiation 

with evolution of water. The effect was greatest in compounds consist- 

ing of small mobile molecules and least in compounds where steric 

restrictions prevented rearrangements. Gel formation could occur 

in the cured epoxide resins if molecular rearrangements were possible. 

Greater gel would be expected with TETA cured systems if complete 

reaction occurred, since bulky cyclohexane groups would not be present 

to separate the polymer chains. 

The decrease in viscosity in all compounds was attributed to 

bond scission on ultraviolet irradiation. This was greater for inert 

- gas irradiations which indicated a predominance of chain scission over 

recombination reactions. Increased gel formation occurred with photo- 

oxidised systems. This was attributed to the presence of oxygen which 

aided recombination of radicals. 

Few comparisons could be made between the cured three-dimensional 

epoxide polymers and the cured and uncured simple model compounds 

because of the liquid on thermoplastic nature and/or colour of the 

latter.
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FIGURE 5-7 Gel formation on irradiation. 

(models I3,14,1I5) 

S
O
H
H
P
H
U
P
H
D
W
H
 

N
H
A
H
A
C
G
C
R
A
H
S



Ol
 t 2 nO

 

© 5-He 

X 405 

4 4=He 

  

      
  

Normalised 0 D 

FIGURE 5-8 Ingrowth of 5.9, If Band. 
  

1,500 

I,000 

r. SOO 

S
Q
O
H
H
R
P
H
U
P
H
O
O
W
H
 

W
H
A
H
A
C
S
A
H
S



x 5-05 

® 5-He 

* 6-0, 

4 6-He 

: oe 

& 7-He 

r T,000 

1500 

  
  

0.6 0.3 
Normalised O D 

FIGURE 5-9 Ingrowth of 5.9 np I R Band. 
  

S
B
O
H
A
R
P
H
O
U
P
O
D
H
 
N
A
C
H
E



K 

a I0-05 x 

4 II-He 

x [2-00 

9 T2-He 

I0-He s 

II-05 

e
—
 

  
  

r ae 

0.6 O.5 

Normalised 0 D 

FIGURE 5-IO Ingrowth of 5.9 p I R Band. 
  

I,500 

I,000 

Let
cad

 
a
 

B
O
H
H
A
P
H
Y
P
O
D
W
H
 
N
A
C
H



  
  

x \ - T,000 

\ 
% Bike 

\ 

\ | 500 
4 13-05 

& I}5-He \ 

Theo, \ 
* T4-He 

x 15-0, 

I5-He 

0.4 0.2 Normalised O D O 

FIGURE 5-II Ingrowth of 5,9 p IR Band. 
  

of
 

Sy
 

S
O
H
N
 
P
H
O
P
D
W
H
 

W
H
A
C
S
H
:



i
 
a
 

  

  
  

\\ \ \ 

rm 4 

x 500 \ 

5=He 

: | 500 
° 6-0, 

6-He 

A 7-05 | 

B 7-He 

0.3 0.15 Normalised O D 0 

FIGURE 5-I2 Ingrowth of 6.0I p I R Band. 
  

B
P
O
H
H
P
H
U
P
I
W
T
H
 

N
H
A
C
A
H
E
S



& 8-05 

@ 8-He 

* 15-05 

> I5-He 

  
  

O22 0.1 Normalised 0 D 

FIGURE 5-I3 Ingrowth of 6.0I np I R Band. 
  

| T4500 

| L,000 

| 500 

=
 

—
 

I
N
H
M
A
C
G
S
H
E
 

B
O
H
R
A
 
P
H
U
 
P
o
u
d
H



1 »5000 

  

  
  

© 5-05 
2605 
-e- 1-05 

¥ 

,000 

$ 

L 500 

0,8 as 0 © 
Normalised 0 D 

FIGURE 5-14 Change in hydroxyl content on irradiation. 
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Mechanical Properties 
  

The mechanical properties, modulus and decrement, were studied 

over the temperature range 100 °c to 200 c. The apparatus and 

sample preparation technique used were described in Chapter 3. 

Irradiation of the polymer coated glass braids was performed in 

both oxidising and non oxidising conditions using pyrex, quartz 

and commercial glass filters. Difficulties were encountered 

because of water vapour condensation at low temperature and surface 

oxidation of the polymer at the high temperature. The latter was 

overcome by carrying out measurements in a helium atmosphere. 

The use of lagging and helium gas flow did not overcome the 

condensation problem encountered at low temperature, Because of 

this, some difficulties occurred with the interpretation of the 

low temperature data. Also, since the frequency of the pendulum 

used was fixed difficulties occurred in observing low temperature 

transitions from the modulus curves. and decrement curves were 

used where possible. 

The results are shown (Figures 6 - 1 to 6 - 3) for the modulus 

and decrement of the materials before irradiation. The usual methods 

of spectroscopy and chemical analysis (1) were used to characterise 

the monomers. and the cured polymers. 

Typical monomer analysis data is shown (Table 6 - 1) 

Te Ac BL. Ged: 

Composition of Epoxide Monomers 
  

  

Material Epoxide Equivalent Hydroxyl Equivalent Molecular Weight™ 

Monomer ‘828’ 185 0.015 370 

"826' 175 0.014 352 

‘816° 170 oo 340 

x by osmometry



Because of the difficulties encountered in the preparation of 

OM oe 

monomer '816' only a limited number of braids could be prepared 

and the measurements were performed at long irradiation intervals. 

The analysis of the cured braid systems is shown (Table 6 - 2). 

hHyA BLE Grieg 

Composition of Cured Systems 
  

    

System Epoxide Hydroxyl Monoester Diester 

equiv Akg. equiv Akg. equivfkg. equiv.jAkg. 

°828'/HHPA 0;.0575 1.842 0.509 1.431 

'826/HHPA 0.0491 1.972 0.492 4.327 

‘816/HHPA 0.0420 1.998 0.489 1.339 

equiv./litre equiv./litre 

‘828'/TETA 3.213 1.13 

'826/TETA 1.984 1.48 

'816/TETA 1.997 0.930 

6-31 Results 

Anhydride 

equiv.fikg 

0.024 

0.027 

0,021 

The results in terms of the modulus and decrement changes are 

shown (Figures 6 - 4 to 6 - 7) for photo-and photo-oxidative degradation. 

A number of mechanical relaxations were found to occur in the systems 

studied. The high temperature peak is termed the & relaxation (1) 

and corresponds to the glass transition of the polymer. 

temperature transitions are labelled Bp and v 

The lower 

In oxidative degradation the © peak increased in magnitude, 

shifted to lower temperature and then decreased in magnitude on 

further irradiation. During this time the & peak shifted to lower 

temperature and decreased in magnitude. A new peak called a«' (2) 

appeared at a temperature higher than the Tg in both the TETA and HHPA 

cured polymers. 

In helium, the & peak again increased in magnitude 

decreased. A shift to lower temperature was then observed. 

peak shifted to lower temperature and decreased in magnitude. 

and then 

The & 

No new &' peak was observed during the photo-degradation process,
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Oi 2 Qualitative Interpretation of Results 

Epoxy resins, like many polymers, show a number of molecular 

relaxations spread over a wide temperature range. The exact 

temperature positions of the relaxations depend on the isotropy 

of the samples. This was seen (Figures 6 - 2 and 6 - 3) by 

considering the positions of the transitions in the three systems 

comprising commercial and purified monomers. Studies by Pogany 

(2, 3, 4) on the viscoelastic properties of similar resin systems, 

confirmed the earlier work of May and Weir (5) who showed that the 

Cc relaxation in epoxide resins was associated with movement of the 

substituents on the central carbon bridge of the bisphenol-A portion 

of the cured structure, and also with the crosslink density of the 

material. In accordance with the work of Boyer (6), this high 

temperature relaxation is associated with the Tg. of the resin system. 

The measured Tg. values are shown (Table 6 - 3). 

TeAe BL: E Gans 

Glass Transition Temperatures 
  

System Te (°c) 
TETA/828 138 

TETA/826' 140 

TETA/816° 148 

HHPA/828' 135 

HHPA/826° 143 

HHPA/816' 152 

* Determined by Tobolsky's Method (7) 

The lower Tg. values observed with the impure monomer resins 

were thought to be due to the plasticising effect of the impurities (8), 

which occurred in the '828' material to a 3 - 4% level. The effect of 

the existing polymerised units in this system reduced the extent of 

crosslinking and were expected to contribute to the change in the Tg 

value over the purer '826' and '816' materials. The very small 

difference in the Tg observed with the '828' and '826' systems was 

due to impurities, whose Tg was close to that of the monomer
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and the plastticising effect was then reduced. This was seen in 

the results for the '816' systems. 

The g transition observed in some systems was reported by 

Pogany (2) to be an artifact associated with the main relaxation and 

only occurred in undercured resins. 

The low temperature or ¥® - transition in amine cured resins 

has been associated by other workers (9) with the movement of the 

hydroxyl portion of the cured structure. From bond angle considerat-— 

ions of the backbone structure (10) a crankshaft rotation of the 

group OH 

a ae CH: a SONA kOe 
2 2 

has been suggested to explain the transition. However movement of 

a complete unit such as the above is difficult to visualise ina 

cured resin. The relaxation may have been a combination of a number 

of molecular movements including the above. This transition has been 

shown to be associated with the degree of cure of amine systems. 

Pogany (3) found that the area under the peak was proportional to 

the degree of cure. 

In the acid anhydride cured resins the low temperature 

transition has been assigned by Cuddily and Moacanin (10) toa 

rotation of the diester bridge: 

ome @ ow Chas eo Chm, CH 3 me OS cH 
2 | 2 

O 

| 
= 

ES: 

0 

ws Or= CHy SO On,o CHy pC a ace 

However, as with the assignment in the amine systems complete 

movement may not have been possible in cured resins.
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The first observed effect, on photo-oxidative degradation 

of the amine systems, was an increase in the area of the low 

temperature & relaxation. Since this movementwas associated 

with the degree of cure of the resin, the increase was interpreted 

as being due to further reaction of residual epoxide groups. 

This may not have represented an actual cure crosslinking reaction, 

since from previous work it was known that chain scission at the 

ether bond also occurred, which produced alcoholic moieties by 

ring opening of the epoxide, or by ring opening and reaction with 

a neighbouring amine group. Direct photochemical ring opening of 

the epoxide group was ruled out from the type of radiation used. 

The subsequent shift to lower temperature and reduction in size 

were indicative of a freer rotation or movement of the group 

responsible for the relaxation. Possible explanations included 

loss of hydroxyl by formation of an ether bond or loss through 

scission of the ether bond by the usual peroxide formation. 

This would have resulted in a reduction in the number of crosslinks 

between chains, 

During photo-degradation in a helium atmosphere, the initial 

increase in magnitude may have been associated with further curing. 

Further irradiation caused a reduction in the magnitude of the peak 

because of chain scission reactions which were found to occur by 

the ATR technique. 

In the HHPA cured resins similar results were noted for the 

low temperature peak. It was difficult to find any increase in the 

peak intensity during the early irradiation in helium or oxygen, 

because of condensation and freezing of water vapour on the specimen 

surface. However the decrease in intensity and the shift in the 

peak maximum was again found during photo-oxidation. As with the 

amine systems a reaction in the aliphatic monomer section explained 

the observed facts. The magnitude of the shifts was of the same 

order in both the amine and the anhydride cured polymers. This may 

have been due to a common reaction viz. scission at the ether bond 

in the monomer. The rate of change, however, was greater with TETA 

cured resins as expected from their poor ultraviolet light stability. 

The results were borne out by the photo-degradation reactions.
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The shifts and intensity changes for the © relaxation were 

associated with similar changes at the main transition. However, 

a difference was found between photo-and photo-oxidative degrad- 

ation. In the latter a new peak was formed at a temperature 

greater than the Tg of the system. A decrease in magnitude and 

a shift to lower temperatures also occurred in both oxidising 

and non oxidising atmospheres. No new peak was found during the 

photo- degradation reactions even after extended irradiation periods. 

The results were interpreted in terms of rupture of the monomer at 

the isopropylidene group 

= O ik 
ama mp Caos ~~ ——s-C. + 

- les 

with subsequent reactions of the radicals formed. The product formation 

on photo-oxidation differed from that on photo-degradation in the 

quantity of oxidised aromatic compounds found. This applied to both 

amine and anhydride cured resins. This suggested that the new ' peak 

was due to the presence of the quinone or quinone/hydroquinone species, 

or some polymeric quinone compound. However ATR examination of the 

degraded braid/polymer amine systems in the infrared region showed 

that quinone formation occurred at earlier irradiation times. The first 

appearance of the 'peak corresponded to the initial decrease in the 

aliphatic carbonyl compounds. The sensitivity of the ATR technique 

was obviously greater than the TBA method used. Also, it is possible 

that the frequency of the pendulum, chosen for maximum response, may 

not have been of the correct order of magnitude for correlation of 

the two techniques. This was seen in the shapes of the decrement 

curves obtained, which were slightly askew. 

Evidence for a surface degradation process was found by surface 

removal of the degraded material from the braids by abrasion with fine 

emery paper. The result, in terms of the logarithmic decrement curve 

of the main transition, is shown (Figure 6 - 8) for both the amine 

and the anhydride cured '826" monomer during both photo-and photo-oxidative 

degradation. The small discrepancies were found, by the ATR examination 

of the amine system, to be due to ‘incomplete removal of the degraded 

surface or surface oxidation from the abrasion method used.
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The discrepancy was greater for the helium irradiated samples 

and may have been due to long lived free radicals diffusing out 

to the polymer surface where reaction occurred with oxygen, 

resulting in carbonyl formation. Some evidence for the diffusion 

of oxygenated compounds from the amine system was found during the 

ATR examination. However due to the amount of damage by the coated 

braids to the soft KRS-5 trapezoid crystal, this work was discontinued. 

The surface removal by abrasion reduced the colour of all materials 

though not to the original colourless amine and faint yellow anhydride 

material. This we know to be due to the fairly uniform distribution 

of colour forming species throughout the bulk of the polymer and was 

shown in the case of the amine films in the form of ingrowth of 

carbonyl from both sides of the film surface. 

Gree Effect of Light Intensity and Wavelength 
  

The effect of light intensity showed that no chemical reactions 

occurred on removal of the light source. Also, up to irradiation 

periods of 100 hours the extent of degradation was dependent on the 

light intensity, though in all cases the reaction occurred at the 

specimen surface. Presumably some of the newly formed degraded 

surface underwent further decomposition during long irradiation periods. 

This was. not detected by the ATR technique. 

The effect of irradiation wavelength (Figure 6 - 9) showed that 

the short wavelength region caused the major effect. In particular, 

the shifts of the & transition were most noticeably affected by this 

wavelength region. In both the amine and the anhydride systems the 

365 nm band caused changes with the and © transitions, being 

greater for the latter in the amine systems. 

The effect of the short wavelength radiation was again seen 

to cause excitation of the benzene nucleus, which resulted in scission 

of the isopropylidene group. This excitation could, from the TBA data, 

be interpreted as causing the ether bond scission during inert gas 

irradiation, since both the & and ® transitions were equally affected, 

Elimination of the 365 nm band caused little effect in either system 

during photo-degradation. The photo-oxidative degradation reactions 

were affected by the 365 nm band, in particular the movement of the 

low temperature transition,



om Oo 

Removal of the 280 - 330 nm radiation prevented formation of 

the c' peak on oxidative degradation with both the amine and 

anhydride materials. This indicated that the benzene excitation 

together with the resultant quinone formation, during degradation 

of the bisphenol-A portion, was caused by the short wavelength 

radiation. No synergism was observed in the anhydride cured 

polymer between the 280 - 330 and 365 nm radiation. 

Gg Effect of Post Cure on Tg during Photo-Oxidative Degradation 

The post curing schedules used are shown (Table 6 - 4) 

Ta Be Dio 6-74 

Post Cure Schedules and Temperatures 

System Post Cure 

'826/TETA 4 hours at 100 °c 

‘826/HHPA 8 hours at 150 °c 

The results are shown (Figure 6 - 10). It was found by the ATR 

technique that high temperature post cure of TETA cured resins 

resulted in degradation of the resin with carbonyl (aliphatic and 

aromatic) formation. Thus colour centres were introduced into the 

system before irradiation, These chromophoric groups then absorbed 

radiation and caused further rapid colour formation. The result by 

the TBA technique was seen in the formation of the &' transition at 

earlier irradiation times, together with greater shift of the & peak 

to lower temperatures. Therefore the brittleness of the material 

was well characterised after short ultraviolet light exposures. 

A similar result was observed with the anhydride cured polymer 

though at longer irradiation times. Also, the growth rate of the 

X'- transition in the latter system was slower than in the amine 

system, probably because of the lack of reaction of the HHPA acid, 

known to be little affected by long wavelength radiation, while the 

amine, TETA, from the model compound studies did undergo some 

degradation,
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6-5 Effect of Monomer Purity on Photo-Oxidation 
  

Initially the effect of monomer purity was investigated by 

the addition of epichlorohydrin to the resin curing agent mixtures. 

However, the presence of the small chain in the cured system caused 

noticeable plasticisation, as evidenced by the lower Tg. Because 

of this fact the three monomer systems were investigated in terms 

of the relative shifts. and changes in the &% and® relaxations. 

The results are shown (Figures 6 - 11 and 6 - 12) for the amine 

and anhydride cured materials respectively. Little difference in 

the extent of change of the transitions was seen for the '828' and 

'826' systems. The slight differences were due to the increased 

purity of the '826' monomer and its greater degree of crosslinking 

over the '828' systems. The data for the pure '816' systems showed 

that the rate of degradation of the aliphatic section of the monomer 

was slower than in either of the other systems. The same overall 

effect was found regardless of the type of curing agent used. 

The results for the X transition also showed that the rate of 

degradation was slower than for the other systems, in terms of time, 

rate of formation of the ‘peak. and the shift of the % transition 

to lower temperature. 

6.6 Quantitative Interpretation of Data 

s fe) 
The rubber modulus for the compounds studied, measured at 200 C, 

is shown (Table 6 - 5). 

TVA Bu & 6725 

Values of the Rubber Modulus at 200 °c 

- 2 
System Quanta x 10 a Gr dynes/cm Post cured Gr 
eeaeeepeornnennentor bat cra agin a CF pean ca oe —s = SEE eT ee et a 

280 nm x 1079 dynes/cm* x 1079 

'828/HHPA Oo 2.0 5.9 

18 6.6 - 

2241 832 5.94 

surface removed 21 23 

'826/HHPA Oo 3.0 1:3 

15 16 - 

2384 Bo ‘i8 

surface removed Sis. 2.9



System 

'816/HHPA 

surface removed 

‘828/TETA 

surface removed 

‘826/TETA 

surface removed 

'816/TETA 

surface removed 
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Post cured . 

Gr dynes/cm” x 10 

0.28 

2.83 

0.53 

5.24 

0; 1Ot 

0.984 

0.984 

0.652 

The effect of monomer purity was reflected in the higher values of 

the rubber modulus,Gr,in the undegraded resins. Similar results were 

reported by Pogany (11) using different curing agents. 

The value of the rubber modulus can be calculated from the theory 

of rubber elasticity by the equation (12). 

Gri Ne hat 

Gr - shear modulus 

d R T/Mc 

- number of chainsper unit volume 

- Boltzmann constant 

- density 

N 

K 

T - absolute temperature 

d 

R - gas constant 

CS: = 2) 

Mc - molecular weight between cross links 

9



= 166: 

This relationship holds if there is Gaussian distribution of 

chain segments between cross links. The epoxide resin contains 

twelve links. Therefore quantitative application of the equation 

is subject to errors. Tobolsky modified equation (6 - 1) by 

introducing a front~factor 

Gre SZ 0 K.P (SF 8) 

Z - number of network chains per crosslinking molecule 

ec - number of crosslinking molecules per ml 

7c tz fTONT tacror 

The latter can be obtained from the expression 

- 2 

Ce ee? eS) 

.2 : : ‘ 
Ri - mean square distance between network junctions 

a 
Ry - mean square end to end length of the network chain 

considered as a chain in free space. 

For an epoxide resin (Shell "826") cured with TETA the value 

of Gr was given by Katz and Tobolsky (13) as 1.78 by measurement and 

1.32 by calculation. 

The value of Mc for a fully cured resin was the molecular weight 

of the monomer as shown in Table 6 - 1. This ignored the methylene 

sequences in TETA and also assumed that each nitrogen atom was a single 

point of crosslinking. The value of Gr calculated from equation (6 - 2) 

should have been 1.0 x 10° be iee Ace The measured value (Table 6 - 5) 

was 0.4 x 10° icine ant i.e. 2.5 times less, which was in good agreement 

with the value of Katz and Tobolsky 1.78 x 10° Ay nhie Mont despite the 

type of equipment used for the measurement. The value for the '826' 

monomer system was that predicted by theory for a pure epoxide monomer 

and can be assumed to be slightly inaccurate, as can the value for 

the '816' system. 

The validity of the rubber elasticity theory has been tested (11) 

for the amine cured epoxide resins using network models and a series 

of approximations. 

Irradiation in oxygen resulted in an increase in Gr measured 

at 200 °c (Table 6 - 5). This increase in Gr above the Tg was indicative 

of crosslinking (12).
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Irradiation in helium showed a decrease in Gr and was indicative 

of chain scission reactions. It is probable that both chain 

scission and crosslinking reactions occurred in both irradiation 

studies, with a predominance of the former in inert gas irradiations 

and of the latter in oxidative atmospheres, 

There is no satisfactory theory relating Tg to crosslink density. 

Empirical relationships were proposed by Ueberreiter and Kanig (14). 

They noted that Tg increased with crosslink density and related this 

to a reduction in the specific volume. Pogany,using the data on the 

phenoxy resin as a standard, established a relationship for Tg and Mc 

in epoxide resins (11). He found that Mc had to fall below a critical 

value to increase Tg. A similar result was established by Heinze 

for rubber (15). For epoxide resins the critical Mc value was 400. 

Therefore since a reduction in Tg occurred on irradiation in oxygen 

and helium the Mc value would have been expected to increase if the 

cross link density remained constant. Murayama and Bell (16) 

suggested the use of the equation 

4 
39 10 

i - 

Ce Tg, 

TS, - transition temperature of uncrosslinked polymer 

An example of such an uncrosslinked polymer was phenoxy resin with 

Tg = 100 °c (11). Using this value the initial calculated Mc for the 

undegraded ‘828/TETA system was approximately 10°, which was considerably 

different from the initial value of 370. However, from the shift in the 

Tg of the amine system the value of Mc decreased by 50 % as was expected 

by the proposed monomer breakdown, 

The slopes of the modulus curves for both the amine and the 

anhydride systems changed on irradiation. Kwei, (17) investigating the 

change in the slope of the modulus curve for a series of amine cured 

epoxide resins, found that a relationship existed between the slope 

and the number of methylene groups between points of crosslinking, 

A similar relationship was expected during degradation of the resins, 

if the bond scission occurred in the TETA curing agent. Using the 

Kwei equations 

log ayy 108] 4 = 4 1. Ge: re) (2 mE od — 2) 
. 2 2 a



~ A683 = 

mT - absolute temperature (KS 

; 1 1 :° 
Ts, - temperature at which G = (Gc). Go 

1; i 
G, and Gy - the upper and lower plateau of the dynamic shear modulus 

h - parameter representing the steepness of frequency dispersion 

er f) - error function, which was derived from equation for the 

relaxation modulus by Tobolsky (18) by substitution of 

temperature change for frequency change, 

A graph of the left hand side of equation (6 - 5) should have yielded, 

on normal probability paper, a straight line from the slope of which h’ 

could be calculated. 

Graphs of the experimental data for the TETA/'828' polymer are 

shown (Figure 6 - 13). The data above and below the Tg was represented 

by parameters h.. and ne respectively. The values obtained are shown 

(Table 6 - 6). 

TuAcB BoB Gi 6 

Parameters for Amine Cured Resins 
  

System Irradiation Time hx io: 4} wa 
(minutes) 8 

'828'/TETA 0 8.14 3.47 

30. 000 8.11 3.70 

60.000 8.13 - 

'826'/TETA Oo S227 3.44 

30.000 8.17 $:93 

60.000 8.10 3.91 

The De values, before irradiation, were of the same order of magnitude 

as found for the '828' monomer cured with ethylene diamine and diethylene 

triamine (17). These curing agents had the same number of methylene 

units between the crosslink junctions. Kwei suggested that h_ was 

related to the methylene sequence and therefore to the steepness of 

the dispersion curves. This indicated that no scission had occurred 

in the curing agent during irradiation. This was valid for the initial 

irradiation periods.
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The other parameter, Pod according to Kwei may have been associated 

with the motion involving the trifunctional nitrogen junction, 

A correlation occurred between the above data for an undegraded 

polymer. and the value of he. for a diethylenetriamine cured systems. 

This was probably due to the primary and secondary amine groups 

present in diethylenetriamine and TETA. The increase in the value 

was assigned to increased motion of the degraded chain ends from 

scission at the ether or other bond. This scission resulted in the 

formation of low molecular weight amines of high mobility. 

The modulus and decrement changes. reported on ultraviolet 

irradiation confirmed some of the earlier results of Pierce (19), 

who reported on the mechanical properties of epoxide paint films 

on timber substrates. The result for the low temperature relaxation 

was very different. Pierce reported a shift of this peak to higher 

temperatures, as seen by the modulus and decrement curves. This may 

have been due to the substrate used by Pierce or to the presence of 

ice and water at the surface of the coated braids during the 

measurements. However the general increase in Gr confirmed the 

higher ‘relaxation. 

Comparison with the effects of high energy radiation on cured 

epoxide resins showed some similarities with ultraviolet light 

degradation, The 0 transition was observed to decrease and shift 

to lower temperature, while the major relaxation, & , shifted by 50° 

to lower temperatures (20, 21, 22). The changes were interpreted 

as being caused by direct bond scission in the portions of the 

molecular chain between the phenyl groups of the monomer and the 

benzene ring of the curing agent used. The similarity to the ultra- 

violet irradiation effects was due to similar degradation reactions, 

which occurred by direct scission due to high energy radiation in 

one case and absorption of light in the other.
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The Stabilisation of Epoxide Resins 
  

Introduction 

This chapter is concerned with the stabilisation of the two 

epoxide monomers, TETA/'828' and HHPA/'828', to ultraviolet 

radiation normally encountered during exposure to the environment. 

The choice of stabiliser was based on the results obtained 

for the cured systems, the model compounds studied in this work 

and from published work (1- 7). In most cases the compounds were 

used ‘as supplied’ by the manufacturers. Where the ultraviolet/ 

visible spectrum showed deviations from published data, the material 

was purified by recrystalisation or distillation until the quoted 

specifications were obtained (8 - 10). A number of the stabilisers 

used were registered trade names and their exact chemical nature 

was unknown. These are quoted as mixtures in the results. Only 

the direct action of the stabilisers was investigated. No attempts 

were made to investigate the influence of the conversion or reaction 

products of the additives, some of which were known to be degradable 

under the conditions of irradiation used (11 - 14). The methods of 

evaluation of the stabiliser action were by the techniques established 

for the cured resin systems and included ATR spectroscopy, TBA and the 

change in the light transmittance of the polymers. 

eee Choice of Stabiliser 

The normal methods of stabilisation of polymers to ultraviolet 

light (8, 14, 16, 17) are th incorporation of antioxidants which terminate 

chain reactions, or incorporation of ultraviolet absorbers which absorb 

and/or dissipate the energy absorbed by the polymer. The latter can be 

judged to some extent from the light absorption characteristics of the 

stabilisers. The results of the irradiation of the cured polymers 

and model compounds showed low quantum yields for product formation. 

Also the radicals initiating chain reactions were short lived. 

This was borne out by the absence of chemical "dark" reactions on the 

removal of the light source.
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The other possibility is that chain reactions were not involved in the 

degradation process. This is unlikely since free radicals were 

detected by the ESR technique. Because of this, the feasibility of 

stopping the degradation after the initiation process was possible 

by the incorporation of small quantities of antioxidants. 

The stabilisation of epoxide resins by ultraviolet absorbers was 

reported by a number of authors ( 1 - 7). Limited success was obtained 

in all cases. However, the efficiency of the additives was low in most 

cases since colour development was not prevented. Lee and Watson 

concluded from their exhaustive study that commercial ultraviolet 

stabilisers available up to 1964 were ineffective in preventing colour 

formation, 

_A number of variables affect the choice of stabiliser. These 

include: (a) mutual solubility of additive in the polymer 

(b) volatility of additive from the surface of the polymer 

(c) diffusibility of additive through the polymer 

(d) protective effect of additive, in terms of its 

absorption spectrum 

(e) thickness and surface area of the polymer film 

(f) compatibility of additive with the polymer 

and (g) reaction products from degradation of the stabiliser 

The mutual solubility of the additive can be thought of in terms 

of simple organic compounds, Thus polar substituents would be expected 

to be soluble in the resin monomer. The compatibility of the additive 

with the polymer was found to be an important restriction on the type 

of stabiliser used, in particular where direct incorporation of the 

additive into the mixture of monomer and curing agent was attempted. 

Additive volatility has been investigated by a number of authors (17 - 21). 

These authors worked with thermoplastic polymers where diffusion effects 

were high. However, they did show that physical interactions between 

additive and polymer determined to some extent the rate of volatilisation 

e.g. thiodipropionate compounds were less volatile than phenols because 

of the increased molecular interaction between the two ester groups. 

Also, the volatility was found to be temperature and pressure dependent 

and would be expected to be of importance during the pre gel stage in 

the high temperature cured epoxides.
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The anhydride system would therefore be affected to a greater 

extent than the amine. Sanin (21) reported that, above the 

decomposition temperature, degradation of the stabiliser rather 

than volatility was more important. Increase in the length of 

hydrocarbon or other aliphatic chain decreased the volatility of the 

additive. However, other modifications of the stabiliser molecule 

were dependent on the chemical composition of the stabiliser, 

This was found to be important with phenolic compounds. 

The diffusibility of additives through cured epoxide resins 

was dependent to a very large extent on the size of the additive 

molecules. Therefore the large stabiliser molecules would not be 

expected to be able to diffuse through the bulk to the surface of 

the films. Also since surface density effects have been shown to 

occur during degradation which resulted in increased crosslinking 

in the upper surface layer of the polymer film, diffusion of additives 

if occurring would be drastically reduced in speed. This was demonstrated 

by heating samples of the TETA/'828' films which contained stabilisers 

at the 5 % level at 50 °c for one week. The results in terms of the 

ingrowth of carbonyl (5.8 to 6.0 micron) bands is shown (Figure 7 - 1). 

It was obvious from the results of the unstabilised films that some 

thermal degradation of the films occurred during the heat ageing process. 

Diffusion of carbonyl additives under a temperature gradient was minimal. 

Since this was true of the small molecules investigated, the effect of 

diffusion of the additive to the surface of the polymer can be ignored 

with the range of additives used in these studies, 

The protective effect of ultraviolet absorbers in terms of their 

wavelength maxima has been reported (16). In general those stabilisers 

with high absorption peaks in the 300 - 400 nm range gave the best 

results. However a number of other factors must also be taken into 

account in particular the method by which dissipation of absorbed 

energy is achieved. Some ultraviolet absorbing compounds fluoresce 

in the ultraviolet region and generally promote photo-oxidation because 

of the slow release of energy by excited electrons prior to fluorescence. 

In both fluorescence and phosphorescence incident light is converted into 

longer wavelength radiation of lower energy and this might reduce the 

harmful effects of the radiation if it occurred at a sufficiently high rate.
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The wavelength maximum values of the ultraviolet absorbers used 

is shown (Table 7 - 1). Some antioxidants absorb ultraviolet light, 

but these are known to be poor’ photo-stabilisers. They may even 

initiate the ultraviolet degradation process by decomposing into 

free radicals (22, 23). The other main effects of the light 

absorbing properties of the ultraviolet absorber are its extinction 

coefficient, concentration and distribution. The energy and dis- 

tribution of the sources used are also of importance. These have 

been discussed previously. Since the maximum wavelength of the 

stabilisers used covered the region of maximum degradation 

(270 - 320, 365 nm) in both polymers, some stabilisation would 

be expected with these compounds, 

The effect of film thickness and surface area of polymers 

in terms of antioxidant efficiency has been investigated by Plant and 

Scott (17) for polypropylene. The conclusion was that the effect 

of antioxidant volatility rather than inherent antioxidant activity 

was the dominant factor in determining stabilising effectiveness. 

No similar study has been reported on thermosets. It can be assumed 

that the results will be similar to those obtained with thermoplastics 

but to a lesser extent, since volatility will be much lower in the 

cured, three-dimensional polymer. By analogy’ with the results on 

antioxidants the ultraviolet absorbers would be expected to be 

affected by stability to light and volatility. Other factors, such 

as concentration and distribution of absorbing species and the 

degradation products (type and concentration), would be expected to 

exert some effect. The effect of concentration and distribution 

of absorber together with the film thickness of the polymer are 

reported in this study. 

bac’ Stabilisers Evaluated with Epoxide Resins 

The stabilisers used together with the recommended concentration 

level are shown (Table 7 - 1 and 7 - 2). 

To investigate the effect of the additives on the degree of cure 

of the polymer films the rate of disappearance of the epoxide group 

with time was measured for each system, The normal curing reaction 

temperatures of 100 °C for TETA, and 80 °C and 150 °c for HHPA were 

used during the studies. The rate constants for the reactions are 

given (Table..7,.- 3).
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Stabilisers 

Trade and Chemical Name Longest maxima Concn. Level 

(nm) (phr) 

Stanclere 55, organotin = Pe tO 

Stanclere 70, organotin = ded 

Stanclere M 128, Ba/Cd salt - t= -5 

Stanclere 1200, Ba/Cd Laurate 

+ additives a Dat OD 

Phosclere P 98, phosphite = 3-5 

Mellite 4, di-butyl tin maleate = 2 ao 

Mellite 12, di-butyl tin laurate = 0, 4=>1 

Mellite 29, di-butyl tin methyl 

maleate = S20 

Meltite: 315 :di-butyl tin.bis 

(iso octyl)-thio glycollate = ee 20 

Mellite 39, di-butyl tin bis 

(lauryl mercaptan) a 2 oS 

Mellite 101, Ba/Cd soap = ce tlieeo 

Mellite 102, Ba/Cd soap = P25 

Trpanox  LOLOy 7 C37 0. di-ter t-butyl 290 Qo eo 

4 hydroxy phenyl) propionic ester 

of pentaerythritol 

DLTDP, di lauryl thiodipropionate = O° = AD 

zinc di-isopropyl di-thio oP ©..0:) S0 

phosphate 

zine di-butyl di-thio-carbamate 290 07,5 x5 

Tinuvin 320, 350 O21 0 

Tinuvin 326, 360 Ol 310 

Tian Oe triazole compounds 355 O71 2=e10 

Tinuvin 328, 350 OFLs =r £0 

Tinuvin P 340 OFle=: 16 

Irgastab 2002, nickel complex a Ore LO 

Advastab 48, 2, 4 dihydroxy- 

Eide tehahone 323 Oa tO
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DA Bis 7 - 1 (Continued) 

  
  

No. Trade and Chemical Name Longest maxima Concn. Level 

(nm) (phr) 

24 Cyasorb 9, 2-hydroxy-4-methoxy-4 330 O; 1s > 10 

methyl benzophenone 

25 Cyasorb 24, 2, 2 di hydroxy-4 327 O77. eL0 

methoxy benzophenone 

26 Cyasorb 207, 2-hydroxy-4 320 Oo £2.10 

methoxy-2-carboxy benzophenone 

27 Cyasorb 284, 2-hydroxy-4 methoxy-5- 290 0.16 =420 

sul fo-benzophenone 

28 Cyasorb 314, 2, 2-dihydroxy-4- 355 One 10 

octyloxy-benzophenone 

29 Cyasorb, 531. 2~hydroxy-4-n= 330 One = 210 

octoxy-benzophenone 

30 Cyasorb 1376, 2-hydroxy-4- 326 OE = TO 

methoxy-benzophenone 

at Cyasorb 1988, metal complex 290 Ones LO 

32 Cyasorb 2000 mixture 310 Oo l= 16 

Obviously a reaction had occurred between the epoxide group of 

the monomer and the additive. The extent of the reaction depended to 

a large extent on the accessibility of the reactive group (such as 

hydroxyl) to the epoxide chain end (Table 7 - 4). In the absence of 

the curing agent complete reaction of the additive/epoxide occurred 

at the temperatures used. This was due in part to the increased 

mobility of the groups at higher temperatures, as seen by the extent 

of reaction at room temperature. However, the major effect was due 

to the large excess of monomer present in the system which contained 

5 phr of additive. In the presence of the curing agent the rate of 

decrease of the epoxide group was increased by the additive. The 

increase was greater in the HHPA system in the presence of the 

nitrogen containing compounds because of the increased rate of ring 

opening of the anhydride. Thus an apparent increase in the degree 

of cure was obtained with all systems. The effect of the chain ends 

terminated by reaction with the additive was seen by the TBA technique, 

a shift of the Tg to lower temperatures occurred because of the 

plaSticising effect of the diluent chain ends.



SLO. 

TAY Be Lead Lae 

Synergists 

‘828/TETA ‘828/HHPA 

Di her @ 0,0 +d go ph risO.0°+ 1.9 

Components Components 

DLTDP + Tinuvin P DLTDP + Cyasorb 24 

a + Tinuvin 320 i + . 207 

+ Tinuvin 326 ” + et 284 

% + Tinuvin 327 a + mn 314 

a + Irganox 1010 E + _ at: 

uP + Irgastab 2002 v + He 1376 

"+ Stanclere 1200 OL ‘ 1988 

"+ Cyasorb 314 " + Ny 2000 

i + Cyasorb bet i + Stanclere 1200 

eet Cyasorb 1376 ee te ° 70 

"s+ Cyasorb «1988 ashe u M128 

ub + Cyasorb 2000 ee hy Panu SP 

w re w 320 

" i w 326 

tt ab Ww 837, 

te + Mellite 29 

" 7. w Si
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Extent of Curing Reaction™ 

Additive No. TETA/828 HHPA/828 

0 11.6 18.2 

5 7.0 9.8 

6 6.6 14.6 

13 10.2 18.0 

14 7.9 18.0 

15 7.4 173 

16 8.3 17.0 

20 8.7 11.7 

21 6.2 10.6 

23 10.1 6.4 

26 10.3 6.9 

30 a. 657 

* Expressed as the % of the original epoxide 

content after a reaction time of three hours,
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These shifts did not obey the usual equation for copolymers 

(24, 25). Since the curing agent was used in greater quantity 

than the additive it was expected that some unreacted additive 

would be present. This was seen (Figure 7 - 2) for the quantity 

of unreacted anhydride with and without additive at the completion 

of the reaction. Since both systems were cured under identical 

condition, in the same oven, at the same temperature and for the 

same time, any differences found were caused by the additive. 

The fact that only a slight difference in unreacted anhydride 

was found in both systems indicated that either the additive 

was involved only in the transition states of cure, or that the 

bulk of the additive reacted in a specific distribution of chain 

ends which were unreacted during the normal curing process. 

This was not the case with the amine system as evidenced by the 

hydroxyl content. A possible explanation for the observed 

difference between amine and anhydride systems may be due to 

reaction of the amine with the additive or to the difference 

in the quantities of the curing agents used, 10 - 12 phr for the 

amine and 85 - 90 phr for the anhydride. 

This problem of the high rate of reactivity of the epoxide 

with the additive was overcome by the use of bulky substituents to 

protect the reactive group of the additive e.g. Irganox 1010 and 

some of the Tinuvin series. 

The final colours of the cured films are shown (Table 7 - 5). 

Many of the stabilisers did yield coloured products. However, since 

with some systems unreacted stabiliser was present and presumably 

able to function normally, all systems were evaluated during the 

initial trials. In the use of epoxide resins for outdoor applications 

the colour of the resin is unimportant since fillers and pigments are 

also incorporated for aesthetic and financial reasons. Only those 

stabilisers which proved successful were used in the synergistic 

mixtures. 

1 Oo Results 

The results of the evaluation of the separate antioxidants and 

ultraviolet absorbers are shown (Table 7 - 6) for the change in the 

ultraviolet/visible spectrum at 350 nm relative to that of the un- 

stabilised control sample after 100 hours irradiation.
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Only the slope of the initial decrease in transmission is shown 

(Table 7 - 6). The result: of the ATR evaluation of some 

additives isshown (Table 7 - 7). The evaluation of the synergists 

in terms of the change in light transmission (Table 7 - 8) and 

relative modulus (Figure 7 - 3 and 7 - 4) is shown. 

Wepre 64 Discussion 

Photo-oxidative stabilisation of polymers can be achieved 

by sensitisers which prevent light absorption, by deactivation of 

light excited sensitisers, by inhibition of the propagation of 

auto-oxidation, by the transfer of the chain propagating radicals 

into harmless radicals by antioxidants and by the prevention of the 

initiation of secondary auto-oxidation chains by hydroperoxides. 

The effectiveness of the latter is minimised by ionic decomposition 

by synergists or by suppression by metal deactivators. The actual 

stabilisation process has been discussed by a number of authors 

(8. =16; -26%—..30)% 

The initial screening tests showed that direct incorporation 

of additives containing reactive groups such as hydroxyl resulted 

in chemical incorporation of the additive at the monomer chain ends. 

The resonance path for stabilisation by ultraviolet absorbers was 

thus destroyed, as was the ability of the other compounds to scavenge 

free radicals, Irrespective of additive concentration, the degradation 

reactions progressed in the polymers at rates equivalent to those in 

the unstabilised systems. The successful antioxidants were successful 

only in high concentration which indicated the presence of a large 

number of reactive centres in the degraded polymer or poor dispersion 

of additive. The latter possibility was eliminated by the results 

of well dispersed systems. 

Different additives were affective in the two types of cured 

resins. All other things being equal this was indicative of either 

different degradation mechanisms occurring or different degradation 

products being formed which influenced the effectiveness of the 

stabilisers. Some overlap was found with the two types of polymer. 

The anhydride cured resin was more amenable to the stabilisers used. 

This may have been due to the degree of cure in the material since 

it was found that the extent of cure influenced the rate of degradation.
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Colour of Polymer Films with Additive (Cured) 
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18 
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26 

27 

28 

29 

30 

31 

32 

TETA/828 

orange/red 

red 

red 

colourless 

orange/red 

green 

white 

red 

colourless 

white 

colourless 

white 

colourless 

colourless 

green 

yellow 

slight green 

fine 

Green 

colourless 

light green 

green 

colourless 

orange 

orange 

orange 

orange 

orange 

orange 

colourless 

orange 

colourless 

orange 

HHPA/828 

light green 

green 

light green 

orange 

light green 

orange 

green 

light green 

orange/red 

orange/red 

yellow/orange 

dark brown 

pale orange 

colourless 

green 

yellow/orange 

pale yellow 

pale yellow 

pale yellow 

honey 

honey 

orange/red 

orange/red 

pale colourless 

pale green 

pale yellow 

pale yellow 

pale green 

colourless 

colourless 

colourless 

colourless
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Evaluation of Stabilisers 
  

alee 

Change in the Rate of Light Transmission 

at 350 nm 

TETA/828 x 10° 

1.67 

1.67 

£ 163 

12.69 

a2 Og 

1 Oc. 

1.66 

AO 

1.68 

1.68 

ee Ot 

1.62 

1.66 

1.60 

1.58 

1.60 

ao, Ga: 

1:60 

1.65 

1.68 

1:68 

Lo6F 

1.67, 

1.68 

1368 

1.62 

1.64 

1.6L 

1.62 

1.63 

HHPA/828 x 10° 

=O 

EsD 

0,96 

ao 

soe 

oor 

O 

O 

i 

a 

1 

0.94 

O 

1 

a: 

iY 

A dL 

0.96 

0.94 

0.94 

0:96 

Omeod 

0.94 

1:50 

LOk 

O97 

0,94 

0.96 

0¢95 

0597 

0.95 

0.92 

0,94 

stabiliser concentration at upper limit see Table 7 - 1
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TABLE Teed 

Effectiveness of Stabilisers by the ATR Method 
  

Stabiliser System (TETA/B28)* 

1 2 3 

Tinuvin P nf 1.04 1-01 

320 0.51 0.50 0.44 

326 20S 2.01 Le 

327 2.00 2.00 1.92 

Irganox 1010 OAT ET) 271 2.41 

ty GO. o/,1-par 

2) 3076/22 pnr 

32  ©;9/o"phr 

* Results expressed as the rate of formation of carbonyl 

band at 6:06 (x 10°) microns, over the irradiation period 

=o 
O to 80 minutes. Control sample rate 2.78 x 10 per minute.
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EFFECTIVENESS OF SYNERGISTS 

TETA/828 Kk 

DLTDP / Tinuvin P 1 

Hy 320 LS 

" 326 1 

a 327 1 

Irganox 1010 i 

Irgastab 2002 a hae 

Stanclere 1200 13 

Cyasorb 314 a 

iN 531 Ak 

M 1376 i 

HY 1988 1 

oy 2000 ‘i 

K values expressed as 

transmission curves: . 

HHPA/828 

, OL DLTDP / Cyasorb 

51 ww 

.93 " 

53 " 

60 C 

68 i 

69 a 

62 Ww 

64 Stanclere 

61 " 

62 M 

.63 Tinuvin P 

Mellite 

w 

slope of change in light 

TL OAs a 

24 

207 

284 

314 

531 

1376 

1988 

2000 

1200 

70 

MI28 

320 

326 

327 

29 

31 

94 

796 

oo 

C9. 

coo 

FOZ 

94 

.o0 

L9G 

«96 

she 

ste 

oy 

Pycnh 

799 

Oe



Looks 

The addition of quantities of Irganox 1010 to levels greater than 

that of monomer impurities should have suppressed the degradation 

by anti-oxidant activity at the initiation sites. However this 

was not so. and the possibility of initiation of degradation 

solely by the monomer impurities can be ruled out. Further 

evidence of this was found from the results of coating the amine 

cured polymer with a film of polymer containing 15% Irganox 1010 

(Figure 7° = 5). 

The photochemical degradation of the polymer was almost 

completely eliminated with such a system. However the excellent 

physical properties of the epoxy resin were lost initially because 

of the plasticising action of the additive. Stabilisation by this 

method has been successfully demonstrated by Carlsson and Wiles (31). 

The effectiveness of high concentration of benzophenone 

ultraviolet absorbers was also found to be dependent on the 

distribution of the stabiliser in the upper layers of the polymer 

film. The difficulty with such materials was the highly coloured nature 

of the film. Thus the method of evaluation, change in light transmission 

characteristics, did not give a conclusive result. The effectiveness in 

the TETA/'828' films was in the order of decreasing efficiency 

814,5> 53) = 2000 > 1988 > 13/6 >9 ~ 24.5207 ~— 284 

and the HHPA/'828' 

314 —~— 531. > 2000. > 1988 > 1376 24: S207: > 284 > 9 

The effectiveness of these additives was not dependent on the reactivity 

of the hydroxyl group since in some cases no protection from reaction 

was available for the hydroxyl group. The low wavelength maxima of 

some of the additives indicated that a quenching mechanism was incorp- 

orated into the structure, in particular with 1376, 1988 and 2000. Therefore 

dissipation of absorbed energy was accomplished by a bimolecular process 

which was diffusion controlled. The size of the additive molecules and 

the low permeability of the resins suggested that good dispersion had 

occurred. 

Consideration of the Tinuvin series of stabilisers which were 

successful, showed that the order of effectiveness was 

D 040) 827 6-326 (328 

for both the amine and anhydride systems. The order of reactivity of 

the epoxide and hydroxyl groups was 

328 >320 >327~ 326 >p
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while the ultraviolet absorption maxima were in the order of 

increased effectiveness, except for Tinuvin 328. This anomaly 

may have been due to the amyl chain, which because of its size 

would have exerted a physical effect on movement of the additive 

during the reforming of the polymer surface on ultraviolet 

irradiation. A similar effect may have been responsible for the 

efficiency of Tinuvin P, though this compound had a lower wave- 

length maximum than the other successful triazoles and would absorb 

the short wavelength light emitted by the mercury source used. 

In the amine films only one metal compound, Stanclere 1200, 

caused an improvement in the ultraviolet stability. The exact 

composition of this compound was unknown. However, since it is 

normally used as an anti-oxidant it is assumed that it has no 

ultraviolet absorbing properties. Its efficiency as a stabiliser 

was less than any of the other successful additives. In the anhydride 

cured polymers five metal compounds were effective. Their efficiency 

was in the order Mellite 31 >Mellite 29-~Stanclere 70>>Stanclere M128~ 

~Stanclere 1200. As with the amine system the efficiency was lower 

in all cases than with the other successful stabilisers. Increased 

concentration of these compounds up to the maximum values indicated 

in Table 7 - 1 caused some increase in their effectiveness. 

Insurmountable difficulties were encountered in the incorp- 

oration of the D L TD P, dithiophosphates and dithiocarbamates. 

The D LTD P in polymer films was difficulty soluble and the resulting 

films were light green incolour, Stabilisation of the polymers to 

ultraviolet light was still found. However with the dithiocarbamate 

and dithiophosphate no stabilisation occurred and their use was dis- 

continued, 

The expected synergism (14 - 16) of D L T D P with phenolic 

compounds was found to occur with the Irganox 1010. The mechanism of 

the action for the Irganox 1010 can be explained by the presence of the 

two inhibitors, one of which terminates the oxidation chain. and the 

other breaks down hydroperoxides. This synergistic process has not 

been found for thermal degradation of polymers (29). No synergistic 

action was observed with the benzophenone/DLTDP mixtures in either 

of the polymer films.
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However with the benztriazoles,synergism was found to occur with 

each mixture investigated. The order of effectiveness was the 

same as that for the individual benztriazole absorbers. This type 

of synergism in polyethylene between DLTDP/substituted benzophenone 

has been reported by Newland and Tamblyn and their co-workers 

(15, 33 - 37) and improvements of the 3 - 4 fold order were reported. 

Scott (15) reported that the more efficient peroxide decomposers 

(e.g. zine dialkyl-dithio-carbamates) have quite a high order of 

ultraviolet deactivating activity which was to be expected because 

of the suppression of the decomposition of hydroperoxides to chain 

initiating fragments. In this way the synergism between DLTDP and 

the benztriazoles can be explained by the anti-oxidant activity of 

the former (15) and the reduction of photo initiated products by 

the ultraviolet absorber to a level at which the anti-oxidant 

could render them inactive. Therefore since the degradation was 

not prevented completely, the result of the synergistic stabilisation 

was longer kinetic chains which gave 5 and 7 fold improvements in 

reducing the degradation of amine and anhydride cured epoxide resins.
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Conclusions 

The degradation of the two cured epoxide resins by ultraviolet 

radiation of wavelength greater than 280 nm resulted in the evolution 

of volatiles and scission in the monomer backbone. Examination of 

a series of resins showed that regardless of monomer purity degrad- 

ation occurred on exposure to the radiation. The rate of degradation 

was reduced by the increased purity in the resins. This indicated 

that some chromophore in the polymers absorbed radiation with resultant 

bond scission. The types of degradation products identified from 

both photo and photo-oxidative degradations indicated that a random 

bond scission of all bonds,except the aromatic carbon to carbon and 

carbon to hydrogen,occurred in the monomer backbone. 

Since all of the epoxide monomers used absorbed in the ultraviolet 

spectral region up to 300 nm it was not surprising that the resins 

degraded. The unreacted curing agents used, TETA and HHPA, did not 

absorb above wavelengths greater than 250 nm. Therefore these 

compounds should not have been affected by the radiation used. 

Long exposures to the ultraviolet light did however indicate degrad- 

ation of the curing agents. This can be attributed to the presence 

of impurities in both compounds. Also hydrolysis of the HHPA was 

observed during air irradiation. Studies on the reaction products 

of the curing agents with phenyl glycidyl ether showed that breakdown 

of the curing agents occurred at irradiation periods considerably less 

than was required to affect the curing agents alone. This was attributed 

to the initial degradation reactions in the resin monomer and to the 

morphology of the cured three-dimensional structures. The TBA data on 

the TETA cured resins indicated that the TETA was affected during the 

degradation process. 

The HHPA cured resins were found to be more stable to the ultra- 

violet radiation than the TETA cured systems. No known chromophores 

were present in the cured structures which could initiate the 

degradation. 

In many polymers photochemical reactions are known to be irradiated 

by impurities introduced during processing. Peroxides in particular 

cause degradation in polyethylene and polypropylene.
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This was not the case with the epoxide resins studied. The use of 

a controlled atmosphere and curing conditions eliminated any 

possibility of peroxide formation during the preparative processes. 

Evolution of volatiles occurred at equivalent irradiation periods 

in both the TETA and HHPA cured resins. Also, during the early 

irradiation periods of both systems the distribution of the volatile 

degradation products was similar. The presence of unreacted chain ends 

could account for this phenomenon. The slight difference in the rate 

of evolution of volatiles can be attributed to the different absorption 

characteristics of the system. Degradation was postulated to occur 

by peroxide formation 

O 

0 CH ‘ , 0 H 4 SS o~~ a es - eee ee i ees, a aoa yet 

2 . ome 2 eg 

OO. 

during photo-oxidation, and by the direct absorption of light by the 

ether bond during photo-degradation. 

O 

a ‘ 
0 6 i OO eee OO ACH = OR CH, 

The isopropylidene group may have affected the degradation process. 

Some evidence of this effect was found with studies of phenoxy, 

polysulphone and polycarbonate resins. 

Interaction between the aliphatic hydroxyl group and the 

carboxyl group of the HHPA curing agent was postulated to account 

for the increased ultraviolet radiation resistance of the material. 

The interaction would be stronger after degradation of the unreacted 

chain ends. Similar interactions may have occurred in the amine 

cured systems between hydroxyl groups and the nitrogen atoms, but 

to a lesser extent than in the case of the HHPA materials. The presence 

of primary, secondary and tertiary nitrogen atoms would also be expected 

to affect the rate of degradation. Spectroscopic data showed a change from 

long to short range hydrogen bonding in the amine cured systems, 

As a result greater colour formation would be expected to occur in these 

systems. No direct correlation was found between the infrared data 

and the degree of colour formation in any of the systems.
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Auxochromes including hydroxyl, ether and benzene present in 

the monomer may have contributed to the absorption of light by the 

materials. This however did not explain the initial yellow colour 

of the HHPA cured resins. The degree of colour formation in these 

resins decreased with increased monomer purity. Impurities such as 

the chlorine containing compounds would be expected to affect the 

degradation process but not the initial colour of the system. 

Samples of HHPA cured resins prepared in a ‘dark' room showed similar 

colour formation to those prepared under standard laboratory conditions. 

This also indicated that some intrinsic property of the materials 

caused or contributed to the colour formation. 

The extent of degradation was proportional to the light in- 

tensity for both types of polymer. No ‘'dark' chemical reactions 

occurred on removal of the radiation source. The TETA cured systems 

showed the presence of 'dark' reactions, which were found to be due 

to the diffusion of degradation products through the degraded matrix. 

No correlation in terms of diffusion rates was possible with the three 

epoxide monomers used. Varying degrees of cure in the system caused 

morphological differences in the polymers. The TBA data showed that 

crosslinking and chain scission reactions occurred during photo and 

photo-oxidative degradation. The predominance of either process was 

dependent on the irradiation atmosphere. Oxygen aided the crosslinking 

and inert atmosphere the chain scission process. The morphological 

effects were also seen in the differences in the rate of diffusion 

controlled processes at different irradiation times. The rates 

fluctuated over long irradiation periods and were attributed to 

volatilisation at the surface of the polymers indicating that further 

reaction of the primary degradation products occurred. 

Exposure to ultraviolet light caused degradation throughout 

the bulk of the polymer during the early stages of reaction. This 

was seen by the results of TBA investigations on both types of polymer 

and by the ATR results on the TETA cured resins. The extent of 

degradation was found to be dependent on the rate of colour formation 

and on the rate of diffusion of oxygen into the polymer. The degrad- 

ation process in air or inert atmosphere resulted in the formation of 

a degraded surface layer which consisted of a mixture of oxidised and 

non-oxidised products.
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The oxidised species were found, by TBA and ATR, to consist of cross- 

linked material while the non-oxidised species were the result of 

chain scission reactions. 

A uniform distribution of degradation products was found through- 

out the degraded surface layers, which indicated that reorientation 

of some species had occurred in thecured systems. The ATR data indicated 

that during oxidative degradation the nature of the colour forming 

species was a quinone, a quinone/hydroquinone complex or some polymeric 

quinone type compound. Irradiation in vacuum gave rise to products 

including a &- methyl styrene which may have contributed to the 

colour forming process. 

The TBA results showed uniform degradation of both the amine 

and the anhydride systems. Removal of the degraded surface, by 

grinding, resulted in exposure of a new surface layer of polymer which 

was partially degraded. This new layer was coloured and degraded at 

a faster rate than the original polymer. Since morphological changes 

occurred during degradation the rate of diffusion of oxidised species 

would be expected to decrease during photo-oxidation. This was not 

the case with the aliphatic compounds. It is possible that some 

degradation products from the initial reactions were trapped in the 

polymer system and underwent further reactions at later irradiation 

periods. 

Studies with model compounds showed that the primary reaction 

in photo and photo-oxidative processes occurred in the aliphatic section 

of the monomer unit with secondary reactions in the bisphenol-A section. 

Gel formation involving the hydroxyl group occurred in all model 

compounds. Steric conditions in the cured polymer would have prevented 

gel formation. After the initial degradation,.. gel formation may 

have have occurred in the cured resins because of the mobility of 

the degraded fragments. This could explain the high molecular weight 

species found in the degradation products of the cured resins. The 

secondary amine cure link in TETA cured resins was more susceptible 

to photo-oxidative attack in accordance with the postulated Cope 

Degradation. In the HHPA systems the ester link in the central 

aliphatic section was less stable than the terminal ester group 

because of ester hydrolysis. The degree of cure of the anhydride 

materials influenced the rate of degradation being greatest with the 

undercured resins.
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Also although the anhydride systems were more resistant to 

ultraviolet radiation than the amine materials degradation 

as evidenced by the evolution of volatile products occurred 

at equivalent irradiation times. This has been attributed 

to the presence of unreacted chain ends in both types of resin. 

An anomaly existed between the model systems and the cured resins 

in their response to the radiation used. The deeper initial colour 

of the amine cured models was attributed to molecular rearrangements 

involving the nitrogen atoms. These gave rise to chromophores 

which absorbed in the ultraviolet and/or visible spectral regions. 

Such rearrangements would not occur in the three-dimensional resins. 

Molecular rearrangements also occurred in the ester model compounds 

due to interactions between adjacent groups. Similar rearrangements 

would be expected to occur during the degradation of the cured resins 

and may also have contributed to further degradation. 

The low product quantum yields indicated that if chain, react= 

ions were involved in the degradation process frequent chain terminat-— 

ion occurred. Therefore chain stopping antioxidants or free radical 

scavengers were ®pected to influence the rate of degradation. The 

stabilisation of the resins was attempted with known antioxidants 

and ultraviolet absorbers. 

Elimination of both the degradation and the colour forming 

reactions was not achieved with the resins studied. However stabilisat- 

ion by deceleration of the destructive processes was accomplished to 

some extent. The mode of action of the antioxidants and ultraviolet 

light absorbers explained the success obtained with the compounds 

used in terms of the known variables e.g. diffusibility and volatility. 

The efficiency of the ultraviolet absorbers was found to be dependent 

on their distribution in the polymer matrix. During the initial 

irradiation period all of the additive functioned because of uniform 

degradation throughout the polymer. After the initial degradation 

only that quantity of additive in the upper surface layers functioned” 

as a light absorber, because of the screening effect of the degraded 

surface layers of the polymer. Therefore the method of additive in- 

corporation and dispersion determined to a large extent the efficiency 

of the stabiliser action. 

Stabilisation of both polymers was attempted using mixtures of 

DLTP and ultraviolet light absorbers.
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In both polymers successful stabilisation causing a decrease in the 

rate of degradation was achieved with DLTDP/benztria=zole synergists. 

Suggestions for Future Work 
  

Since some success was achieved using synergistic mixtures 

for the stabilisation of the epoxide resins this method offers 

hope of further success. The range of possible synergists is 

limited only by the availability of materials. In particular the use 

of carbon black may prove successful. Also, Since stabilisation of 

these materials has been reported using peroxides possible success 

may be obtained with synergistic peroxide mixtures. Multi-component 

synergistic mixtures may also be successful. 

Direct modification of the monomer backbone may also serve to 

stabilise epoxide reins. In particular with such curing agents as 

HHPA, PA and other anhydrides an increased physical interaction 

may be achieved with the groups in the aliphatic chain of the 

'898' monomer. Since degradation is known to be a surface 

phenomenon such compounds need only be applied as a gel coat. 

Alternatively substitutions in the 3 and 5 positions on the benzene 

rings to prevent peroxide formation in the aliphatic section of the 

monomer may be successful in stabilising these materials. In amine cured 

structures it may be possible to control the degradation process by 

the use of curing agents which degrade, producing amine antioxidants. 

However such work demands achange in the basic manufacture of monomers, 

raw materials and curing agents. In the immediate future increasing 

the light stability of epoxide resins will be best achieved by 

synergistic mixtures.


