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SUMMARY

An epoxy resin made by the reaction of the diglycidyl ether of
big-phenol A and diaminodiphenyl methane was thermally degraded in vacuo
at temperatures between 200°C and 350°C. The effect of Jdegradation was
examined by means of measurement of changes in the dielectric properties of
the materizl and algo by examination of compounds evolved by the cured resin.
Definite evidence for the evolution of Ne-methyl aniline and N:N-dimethylaniline
is advanced and added evidence for a dehydration reaction is put forward.
Possible degradation mechanisms are discussed.
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A:  Introduction

The thermal stability of-Epoxide*resins, both cured and uncured,
hag been studied by a wide variety of methods. Investigations have
ranged from those designed to give informetion about the performance
of cured epoxides under service conditions to basic studies intended
to determine the nature of the molecular processes ‘occurring during
degradation. A complete review of all the literature available will
not be attempted, firstly because it is not strictly pertinent to this
report, and secondly because such a review has been made.S

It is neceseary, however, to review briefly some of the more basic
investigations.® Many different epoxide resins have been used in
these investigations which have been concerned both with the pure
resin and with resine cured with a host of different tyves of hardener.
In most of the investigations commercial resine and hardeners of
uncertain composition containing unknown impurities have been used.
The resins have been degraded under various conditions ~ under vacuun,
in air, in inert atmospheres etc. - and samples of widely varying
geometries, from thin filme to those of unspecified and undetermined
shape, have been employed. Temperatures of degradation have ranged
from 100°C to 1200°C and both isothermal and heat-pulse methods have
been used. Methods of monitoring the degradation have included
chromotogravhy, infra-red spectral analyses, mass-spectrographic
analyses, tagged-atom methods, differential thermal analysis, differential
thermogravimetry and weight measurements.(1) (2) (3) (8) (12} (17) (20) (21)
(24) (25) (26) %2%) (29) (36) Some investigations have concentrated
solely on the gaseous products, some on the condensible products, few on
all the products and some on none of the products. Few investigations have
paid any attention to the physical state of the resin during the degradation.

In general, the most useful and informative studies have been those
in which attempte have been made to analyse and characterise the compounds
which result from the degradation. In this connection investigations
using differential thermal analysis, differential thermogravimetry and
weight loss measurements, without analytical techniques to back them up,
are of limited value. It appears from the literature that in many
investigations, the method used has attracted more attention than the problem
to vhich it is applied. Thus the degradation temperature used in
investigations involving gas-chromotographic techniques have been dictated
by the need to obtaln products sufficiently volatile to pass through the
chromotograph colimn. Anderson has reported kinetic studies of the
degradation. In the author's opinion no kinetic gtudy can be made of any

- Throughout this report the term 'Epoxide resin' will refer gpecifically to
a condensation product of Bisphenol A and Epichlorhydrin unless stated
otherwise.



chemical reaction until not only the starting materials but, in
addition, each and every product have been characterised and
guantitatively analysed for reactions under widely varying and
completely specified ranges of evperimental conditicnes. The exception
to this is the isolation study of one particular chemical reaction

from a‘complex reaction by some experimental ertifice. Even this,
however, presupposes a complete specification of all other variables
including the concentration of all the other gcpecies present during

the reaction. Thus data such as activation energies quoted by workers
using technigues like differential thermal analysis ﬂlane are unlikely
to be meaningful or instructive. Workers have paid little attention to
the geometry of the samples which were degraded. Sample geometry could
affect the nature of the degradation process.

is L;“O tant to mention the work of Neiman et al,(aé) (25) (26) (27)
and Lee(Eo) It ie clear from the experimental details in the papers
of Neiman et al thar these workers concentrated almost exclusively on
the gaseous prodhctv of their degradations and based thelr mechanisme
on these resulte. It appearsz to be unrealistic to bHase mechanisme
Tor the whole degradation on the results for products which are minor
products (come w% of the total). Oncec it iz understood, however, that
Neiman et al.'s resulits refer solely Lo the gaseous products, there is
not neceggarily any discrepancy between these resultz and thosge of Lee who
analysed all the condensible products.

Mechanisme proposed for the dcrradation of cured resing, in particular
those of Neiman et al. and Lee, have often depended on results obtained
for the degradation of uncured resing and have, in fact, often been
extencionv of mechanisme proposed for the degradation of the pure resins.
It was felt that this needed some critical attention. The work of Stuart
and Smith 35)and Keenan \17/emphacsised the need to congider the cured
resin.

i1l existed an Important consideration, to which hitherto no
ald much attention. This waes the physical state of the regin
io ec

ation and how degradation subsequently affected the physical

There st
workers had p
during degrad

gstate of rezin. This is particularly important when congidering results
for uncured resine which are liguid or gaseous at the temperatures involved,
and results for

Correlation of the two getes of data is difficult in view of the widely
differing epoxide comcentrations involved, but considerable juﬁtif' ation
would have to be made for extra Dol tion of results for a liquid system %o
thoge for a solid system. So far this has not been forthcoming.

In many of the previous investigavions relatively high temperatures

<
have been used for a variety of reasons. It ie axiomatic that the higher
the temperature the more complicated ie the enguing reaction.

The aimes of this investigation were the Ffollowing:

cured resins which are, at leas?t illtkally, necessarily solids



1. To obtain a cured re

gin whose chemical composition and phyeical
state were well charac

tericsed.

2. To degrade the resin under specified conditions al as low a
temperature as was practicable.

3. To determine what physical changes the resin molecule underwent
as a result of purely thermal degradation.

b, To analyse the recin and any producte evolved during degradation
in order to determine what chemical changes the resin underwent.

5. On the basis of the results, to propose a mechanism for the
daﬂraaation which would realistically reprecent the chemical and
vhysical changes occurring during degradation.

These aims vere only parbially achieved. Dielectric studies were
made to characterise the resin network physically and these showed
conclusively that the network was degraded even at low temperatures,
so that mechanisms for the degradation based on the reactions of
recidual epoxide groups are unreallstlc. These results, however, were
not susceptible to any gquantitative interpretation for reasons discussed
later. (Section F). Chemical analyses wer ;madﬂ using classical
methods of organic chemistry backed by infra-red analysis. These showed
that phenol, Ne-methyl aniline and I:N-dimethyl amiline were the main
condensible products of the degradation atb 300°C of a resin made f*om a
100:28.53 v/v mixture of the diglycidyl ether of Bis Dhenal A and p=-p’
diaminodiphenyl methane. Considerable guantitites of tar? were produced
but no gaseous products were detected. Hydrogen and water could not be
detected because of ipherent weakneszes in the apparatus. An attempt was
made to account for the analytical and dielectric results.

B: Literature Review

- - - " o T -

B.1l: Cure of Epoxy compounds with Amines

in 19“ Shechter, Wynstra and Kurkjy (z4 >a*uaieu the reaction between
primery amines and phenyl glycidyl ether The use of model compounds
to simulate the reactione which occur durlna cure of an epoxide resin with
an amine hardener enabled conventional chemical analyces to be made for

nrimary, secondary and tentiary amine and epoxide. The results indicated
that reachion between primary and secondary amine groups and epoxides:
H
RNHp + CHp =~ CH-—R’ - R - CHQ - C'H - R
N /
O ;
R NH~CHo-CH=- R’ + (Hs - CH = R’ = RN (- CTI':—CH'-R ),

\\
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was not accompanied to an aporeciable extent by etherificatbion of the
aliphatic hydrexyl: ‘

R'~CH-R' + CHonGH-R' = R (IR’
: N/ ‘

N

OH 0 0

)

Jag proposed to explain this effect.

"/)(28)

Primary and secondary amines showed no appreciable difference in
reactivity towards epoxide groups. Hydroxyl groupe catalysed the
reaction between primary and secondary amine and epoxide groups and a

a nlal
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0'Heill and Cole (19)0 wsed infra-red analysis and conventional
chemical anslyses to study the curing of epoxide resins with fatty acids
and aminec. Results for amine cures chowad the similtaneous disapneara

f=3
of epoxy groups and amine grouw& and the appearance of hydroxyl groups.
The buildup of nou - k Lal was determined by Soxhlet extraction

1uble mat

ol er
using ethyl methyl ketone. The main buildup of insoluble material
followed after the initial, most rapid reaction of r'73!:331:16@ groups and
wag accompanied by little change in epoxide concentration.
A
Dannerberg and Harp(ll}(lQSG) di:ting{L hed Lbebween degree of
conversion of epoxide groups and degree of cross li king. clrlﬁ cure
The essgential distinctlon and inter-relation between thece two quantities
wag demonstrated by measurements on amine-cured enoxide resins. The
ectimation of epoxide groups was made by infra-red analysis and conventional
chemical anslyslis of swollen samples. The degree of cross linking was
estimated Dy o gpecially developed heat indentation test and measurements
of equilibrium swelling.
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the cured re temperature proved a
gengitive monltor of cure. A discussion of the competing factors of
decreasge in viscosgity at high temperatures and corresponding increazed
reaction rates during curing is gﬁvew, icading to the concept of ophimum
cure temperature.

smith(5) 1961 )reviewed the literature on the mechanisme and kinetics
cuiong bebween amineg and eporidec. From th

work of his own, Snith exftended Shechiter, Wynstra and Kurkjy'
mechanism involving hydrogen bonding for the reaction

H

4

RoNH + CHoCH-R' + HOX — |[Rall .... CHECH-R ]
" / L /
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H
- RZfJ(+)~ CHCH - R
OH | = RoN-CHp=CH-R’
ox(") 6H
Ao + HOX

to one which did not involve an improbable termolecular collision:

fagp
RCH - CHz + X = R’ - CH - CHs
N N N/
0 0
HX
slow REHE i
RoMH + CHp - CHR! = B ;
' CHy - CH.R' !
\O/ ._)./ %
HX o %
HX ;
. b
+ = “;‘fx_gt RoNH
- i
Rg¥ , RfN H X CHa - CHR/
CH2 "-‘ CHR <7 CH;; - C!HRl 0 -;
OH OH HX
+ HX 0

The kinetics of the reaction were analysed and data for the reaction
between an epoxide resin and an alkenyl-substituted heterocyclic polyamine
indicated that a termolecular hydrogen bonded transition state occurred
in this reaction. ‘

The difficulties inherent in using the conventional part of the infra-
red spectrum (2-15 u) to study the reaction between amine and epoxy groups
(viz. the absorption at approximately the same freguency of hydroxyl and
amine groups and the lack of an exact quantitative relation between epoxy
concentration of groups and the absorbance at 10.956 H) were circumvented
by ﬁannenberg(lO)(l965), who used the new infra-red to study the reaction.
Dannenberg demonstrated the existence of hydrogen bonding of hydroxyl groups
in the liquid which was replaced by a different type of hydrogen bonding of .
hydroxyl groups upon solidification of the reaction mixture due to cooling
or gelling. '
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B.2 Degradation of Epoxy compounds
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B.2.a: Thermal Degradation

Neiman, Golubenkova, Kovarskaya, Strizkova, Leventovskaya,
Akxutin and Moiseev(zs)(1959) studied the thermal degradation of an
uncured epoxide resin at temperatures from 200°C to 500°C. The
camples were degraded in previously evacuated tubes and the reaction
was followed by observing the pressure rise in the tubes. Chromoto=
graphic analysis of the gases produced, which formed some 2% of the
products of the reaction, proved the presence of methane and carbon
monoxide and traces of ethane and propane. The condensible proéucté
consisted of water and formaldehyde (some 8% of the reaction producte ),
as chown by conventional chemical methods. Infra red analysis was
used to show that appreciable distillation of the low Molecular Weight
fractions in the resin occurred without their modification. An
insoluble, infusible mass was left in the reaction tube. A iree radical
mechanism for the degradation of the vesin was proposed to account for
the main volatile products:

R-0~CHp=CH=CHs — ROfCH% + ‘CH- 2

¥ ~
R. + HOEO OV
CH~CH

A

°b

CH=ss + CO CH% - CO
i+ H <
CH,

Water was supposed to have arisen from the polymerisation of the resin
to form ether bridges.

1) {(2) (3 . .
Anderson( ) ( ) ( >(196l and 1962) used the technigue of thermo
gravimetry to study the degradation of cured epoxide resins. :

Moiseev, Neiman, Kovarskaya, Zenova and Guryanova(gé)(l962)
synthesised an epoxy resin from Bisphenol A with a C** atom on the
central carbon atom. The uncured resin was thermally degraded in a
sealed, previously evacuated tube at 300°C, 500°C and 800°C.  The
tubes were cooled and the products volatile at room temperature frozen
in trays. Tiny quantities of aldehydes were formed and carbon monoxide
and methane were the main gaseous products. Gases Tormed a very small
proportion of the total products (of the order of one percent at Loo°c).
The solid residue retained all but a fraction of the original activity.
The activity of the carbon monoxide and mechane was very low compared to
that of the traces of other gases, in particular propane. This was put
forvard as evidence in support of Neiman et al's (1951) mechanism for



carbon monoxide and methane formation from epoxy groups. A mechanisnm
was given for the formation of propane and other hydrocarbons from the
unit:

CHs
SN .
(o> o<5)-
CHs

Neiman, Kovarskaya, Golubenkova, Strizhkova, Levantovskaya and
Akutinl37 (1962) described the degradation of both uncured resin and
resin cured with maleic anhydride and polyethylene polyamine. The
reaction was studied by observing the pressure rise due to evolution of
gaseous products. Degradation of the cured resins commenced at higher
temperatures than those for the degradation of pure resins. The gaseous
producte were analysed by gas-chromotography: methane, carbon monoxide
and propane formed the main products of the degradation of a low molecular
weight resin, both when uncured and cured with 7% polyethylene polyamine.
Gaseous products only formed 2-5% of the total produchs. Formaldehyde,
acetaldehyde and water were detected and together with the gaseous producte
formed not more than 15% of the total products. Liquid products,
identified as low molecular weight fractions of the resin were found
when the pure resin was degraded. The remainder of the products consisted
of a hard infusible solid. The non-gaseous products of the degradation
of the cured resine were not discussed nor were the cure histories given.
The discuszion of the degradation and the mechanism proposed followed that
in the previous report of these workers\25), It is not clear whether this
digcression was intended to refer o the cured resins or not. Oxidative
degradations was briefly mentioned and was supposed to occur via an
antecatalytic free-radical reaction involving hydroperoxy radicals.

(

20)(1965) studied the degradation of epoxide resins, uncured and

Lee
cured with amine and anhydride hardeners. Commercial resing and hardeners
vere used and details of cure schedules were given. A variety of techniques

were used to study the degradations including themogravimetric analysis
and differential thermal analysis. = Vapour-phase chromatography was used
to analyse volatile products of degradation on a hot filament. Magse
spectrometry was uged to analyse directly the vapours evolved during
pyrolysis in a Vycer flask at 350°C or 450°C. The same techniques was
used to analyse products condensed in a trap during the degradation of
resin in a previously evacuated tube heated to 475°C. The results showed
that for the degradation at 350°C of the uncured low molecular weight
epoxide resin, the major volatile products were toluene and water. At
L150°C the major volatiles were toluene, methyl cyclopentadiene and water.
The high boiling point products of degradation at 475°C were phenol,
cresols, Ethyl substituted phenols, isopropyl phenol, isopropenyl phenol
and Bis-phenol A. :
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The main volatile product of the degradation at 350°C of a low
molecular weight epoxide resin cured with p=p’ diamino diphenyl methane
wag water (297 molefv%). At 450°C the major volatiles were methyl
cyclopentadiene, carbon monoxide, water, carbon dioxide, acetaldehyde,
methyl c¢hloride and methane. The high boiling point products of
degradation at 475°C were similar to these produced in the degradation
of the uncured resin. On the basis of these resulis Lee concluded
that the degradation mechaniem for the cured resin was gimilar to that
for the uncured resin.

Lee discussed the degradation mechanism proposed by Neiman and
workers and showed that the main course of the degradation could not
follow this scheme since the major products were phenolic compounds.
Lee proposed several detailed degradation mechanisms to account for the
products but all but one start from cleavage of ether groups formed
by etherification of epoxide groups. The exception involves isomerisation
of the epoxy group tc an aldehyde group. These veactionsg may have
occurred during degradation on cure of some of the resins but certainly
do not occur in the case of an epoxide resin cured with p=p’ diamino
diphenyl methane. Lee makes no reference in his discussion to this
system and it is not clear whether his degradation schemes are sgupposed
to apply in this case.

Lee(zl)(l965)‘extended his work on the degradation of uncured resins.
An epoxy=-novolac resin and a Bisphenol A type of epoxide resin were studied.
Degradation was done in tubes heated to 475° and under vacuum. Condensible
products were trapped and dissolved in acetone. = The acetone solution was
evaporated and the condensibles separated from water by extraction with
methylene di Chloride Maes spectrometric measurements showed that phenol
nd cresols were the main condensible products, with traces of other
phenolic specieg. Lee discussed the results and proposed mechanisme to
account for the products based on the formation of Bisphenol A and its
subsequent decomposition.

Stuvart and Smith(Be)(l965) pyrolysed a commercial epoxide resin of
1low molecular weight cured with two different amine hardeners as a hot
filament and used gas-chromotography to analyse the producte. Analysis
was made by comparison of retention times of degradation products with
those of simple components; in this way, product identification was

described as 'highly probable, probable' ete.... Temperatures of degradations

were reported as varying from 400°C to 700°C. Hydrogen carbon dioxide,
benzene, toluene, phenol, xylenes and cresols were described as highly
probable products; probable producte were formaldehyde, acetaldehyde and
phenyl glycidyl ether. Both the mechanisms of Neiman et al. and Lee
were discussed. It was pointed out that in no work go far had compounds
containing nitrogen been reported. Reactlons were added to those given
by Lee for the mechaniem, to account for some of the products: hydrogen
was supposed to be lost directly from both aliphatic and aromatic parts
of the cured resin molecule; the formation of phenyl glycidyl ether was
proposed: further reaction of this compound gave phenol, acrolein and

o gy



benzene; the formation of

: ~<{mm /,)\
H - C =0 = CHsCH ~ CHs

(.i\.!

was proposed, its subsequent degradation leading to p-isopropyl phenol,
p-cresol, isopropyl benzene, toluence and xylenes.

Keenan(l7)(l966) used the apparatus of Stuart and Smith to extend
their work. The cured resgin studied was made from the pure diglycidyl
“ether of Bisphenol A and pure p-p’ diamino diphenyl methene. Keenan
analysed the residue left in the pyrolysis head after degradation and
products which condensed in an accnone/drv ice traps after passing through
the column. Attempts were made to identify peaks on pyrograms with
definite compounds, while thin layer chromatography followed by analysis
by infra-red spectrometry and conventional chemical methods was ucged in
an attempt to characterise the residues and condensible products from
the gas chromatograpn. Keenan discussed the strength of the chemical
bonds in the cured resin and concluded that the two strongest bonds were the
carbon oxygen and carbon nitrogen bonds. Degradation was thought to be
initiated by scission of the weakest bonds viz. the aliphatic carbon -
nitrogen bond and the

- ¢ (CH3)2 bond .

Reactions which could follow these two processes were detailed to account
for some of the products reported in this and Lee's work.

B.2.b: Oxidative D= gradatlon

Park and B]ount(ES)(l956) studied the oxidation of acid cured epoxide
regins at 180°C in the form of thin films The effects of variables
such ag air dry time,post-cure treatment f1¢m thickness, molecular weight
of reein and solvent formulation on rate” of yﬂen uptake by thé films
were reported. Infra-red spectra of oxidised filme showed that oxidation
was accompanied by a decreagse in the concentration of hydroxyl groups
together with an increase in the concentrations of carbonyl groups. No
evidence of the formation of carbon-carbon double bonds was found so that
the mechanism R '

q 1]

r9 |
H-C~CH — H~C-COH — C =0 + H0
! . ]

was preferred to the mechanism



- 10 =

- H20
“0=CHom=CH=CHom0~ = “0=CH = CH~CHpw=Om
‘ |
OH iog
- Ho0 H
: {
«0=CH = CH~C=0~ e u0uCH = CH-C=0-
h ]
0 0=0H

but it was realised that the former was by no meang a complete description
of the process.

Neiman, Kovarskaya, Yazvikova, Sidneev and Akutin(ES)(l961) studied
the oxidation of a low molecular weight epoxide resin hardened with
polyethylene polyamine and malelic anhydride at temperatures in the range
160° - 250°C. The cured resgin in the form of a powder wag placed in =
tube connected to a vacuum apparatus such that an initial pressure of
oxygen could be intreduced and the subsequent pressure variation obgerved.
At all temperatures and oxygen pressure there was no pressure change for
a time followed by a decrease in oxygen pressure. Thisg induction period
was shortened by higher oxidation temperatures and by higher oxygen
pressures. The reaction was supposed to be autocatylitic and to proceed
by a branched free-radical chain mechanism. Hydroperoxides acted as
source of free radical centres. Hydroperoxides were analysed by
conventional chemical techniques.

Conley(s)(l96h) and Dante and Ccnley(la)(196h) reported the results
of infra-red analysis of films of cured epoxide resins cast on rock salt
window during oxldation at temperatures around 225°C. Commercial resins
were fractionated and individual fractions cured with m-phenylene diamine
and diethylenetriamine. The oxidative degradation of a film made from a
low molecular weight resin and m-phenylene diamine was accompanied by the
growth of peakes at 5-8 and 6.0 pr in the infra-red spectrum, as was that
of the resin cured with the aliphatic amine. Couley showed that the weak
link in the resin is the curing N-C link. On the basis of the behaviour
of 1.2 amino-aleochols vwhen oxidised and the resulits of the investigation
a mechanism was proposed for the reaction.

(OH 0

CHo-CH-GHz0-  iq _CHa-CH-CHo=0-

X - N0-
™\ CH - CH ~CH =0 T O ~CH~CH 2-0-
!
OH - OH
o

CHowCH=CHo=0- ' ) 8

- + CHp = C~CHp-0= = CH3-C-CHp-0-
OH \

OH
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-N = CHwCH=CHs=0-

R

]
~Hy + HC~CH=CHp=0=

- & |
h;,ghlyll HO~-C=CH~CH =0~
coloured Iy
products 0 OH

B.3 ?he vnxra-rggnfpggtgé 9{ epoxy rgsgps

The work of O'Nejll,and Cole(“S)(lQSf), Dannenberg and Harp(ll)
(1956) and Dennenberg\*®/(1963) was reviewed in section B.1 by Belramy< )
Infra~red spectra of complex molecules provided an invaluable general
reference and Lee and Neville's book ’Epo xy Resins' was consulted in
this contex

Pa tterc0ﬁ(3°)(l 56) published the epectra of twenty-six epoxy
compounds.  Correlation of the spectra indicated that absorption
characteristic of the oxirane ring occured at about 8 B and 11 g and

12 4 The position of the latter two bonds varied somevhat from compound
to comnouna. Epoxy ethers studied also showed absorption at 12.2 p

which could have been due to the oxirane ring.

Feazel and Verchot(l4)(l957) reported the use of Potassium Bromide
discs cemented together with an eyoxy-resin/hardener nixture to study the
cure of the resin.

Herbert, Mealcuir, Nicholls and Taylor(ls)(1957) studied the
characteristic absorption due to the stretching of carbon-hydrogen bands
in the epoxide ring, which appeared between 3050-2990 cm }.

Sugita and Ito(37)(1965) studied the pyrolysates of cured unfilled
epoxide resins. Identification of the mrdener used was made possible
by this technique. Assigmments of peaks in the infra-red to absorptions
due to specific groups were made.

Keenan(l7)(l966) whose work was reviewed in B:2.a., used infra-red
spectra extengively. Absorptions in the infra-red spectra of degradation
products were discussed in relation to the molecular processes supposed to
occur during degradations.  Absorptions in the infra-red spectrum of the
diglycidyl ether of Bisphenol A were correlated as far as possible with
individual chemical groups in the compound.
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B:4  Dielectrics

B:4.a Recent comprehensive review articles on the general theory of

the dielectric properties of matter, Wyllie'28/(1960) and Co%e(7)(l96l),
specifically on the dielectric properties of solids (Meakins(22)(1961))
and mor? gpecifically on the dilelectiric pfonﬁrties of polymeric syﬁtema
(Curtis 97(1960)), Mikhailov and Borisoval2?)(1961) and Redaish(32)(1962))
are summarised in sections C.1 and C.2.

B:k.b  Dielectric properties of Tpoxy Resins

Kobale and LSbl(la)studie& the dielectric properties of a low
molecular weight epoxide resin cured with tetrahydrophthalic anhydride
under a variety of cure conditions. A dispersion region (at high
frequencies and low temperatures) was associated with the movement of
hydroxyl groups and another dispersion (at low fregquencies and high
temperatures) region was associated with the softening of the resin and
was assoclated with the relaxation of the resin network. . A gtudy was
made of the effects of cure~time, hardener concentrations, cure temperature
and plasticisers on the dielectrie properties, and in particular on the
second dispersion region. A study was made on the change in dielectric
properties during cure of the above resin/hardener gystem and also of a
resin cured with p-p’ diamino dihenyl methane. The specific resistance
of resins cured with different amounts of hardeners was measured as a
function of temperature. Eyring's absolute reaction rate theory was
applied to the high temperature loss region. Por this region, plots
of the frequency of loss maxima against the reciprocal of the absolubte
temperatures gave straight lines and from these plots a study of the
effect of hardener concentration on activation enthalpy and activation
entropy was made. The results are discussed in the light of the molecular
processes occurring during mixing of resin and hardener, and cure.

Dasqupte and Mita1(13)(196h) studied the dielectric properties
in the frequency range 5 c/s to 50 kc/s and the temperature range 12-95°C
of a commercial resin, a commercial hardener phthalic anhydride ang
cure mixtures of the two. The high loss exhibited by the pure components
at frequencies below 1 kc/s was thought to be due to conduction by ionic
impurities.

Havan, Guingras and Katz(lS)(196S) studied the changes in loss tangent
and dielectric constant sccompanying the curing of a commercial epoxide
resin with diethylenetriamine at constant temperature. The loss tangent/
time curves were typically represented by a decrease followed by an increase
to a maximum and subsequent decrease. No attempt was made to explain the
curves but their possible application to monitoring cure was discussed.



C. Summary of Dielectric Theory
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C.1. General Dielectric Theory
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The theory may conveniently be split up into two parts:

a) ‘that which concerns loss-free materials or lossy materials in a
state of equilibrium viz. the theory of dielectric polarisation.

b) the theory of dielectric relaxation which attempts to describe the
absorption of energy by a lossy material subjected to a non-constant
field.

C.l.a. Dielectric Polarisation

The application of an electric field to a dielectric produces a
polarisation of the dielectric i.e., dipoles are set up in the material
such that over any large enough region there is a nett separation of
charge. On a molecular level polarisation may be due to several
processes. :

- i)  Electronic polarisation i.e. the perturbation of electronic
orbitals or, roughly speaking, the relative displacement of electrons
and nucleil.

ii)  Atomic polarisation i.e. the stretching, twisting and bending
of chemical bonds.

iii) Orientation polarisations duc to the tendency of permanent dipoles

of the dielectric to aline themselves with the Tield.

In addition to the above three types, interfacial on Maxwell Wagner
type polarisation may occur at the interface of two materials differing in

2

electrical conductivity.

Macroscopically a vector D, the displacement, may be defined as the
charge moved/unit area. Experiments show that for low intensity
fi

vplied to none~lossy ilsotropic dielectric D is related to the

¢
vhere € is a universal constant and € a constant, at a fixed temperature
and Tixed Trequency of the field, which ig characteristic of the dielectric.

"Note the rationalised M.K.S. system of units will be used.
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Any dielectric theory must relate measurable physical quantities
to significant molecular quantities, calculable, at least in principle
from molecular theories. Charges and currents should be put in terms
of electrons and nuclel and their motions, macroscopic quantities then
being obtained by averages over molecular gquantities. By assuming
Coulomb's Law for the force between charges and by some purely mathematical
manipulation, the displacement D may be related to the Ffield E the
polarisation P (i.e. the no. of dipoles/unit volume) and hléher multiple
moment densities by the relation

D=ce, E + P + higher terms.

The elimination of D from these two equations forme the bagis for
nost of the equations which attempt to relate the macroscopically accessible
€ with molecular quantities. The macroscopic field E in the equations
is not in general equal to the field of external charges. The computation
of the local field at a molecule, which is the vector sum of the macro-
scopic field and fields due to the other molecules present which are
violently fluctuating quentities, provides difficulties.

At present, detailed theories exist for gases of simple molecules at
low pressures. For more complicated molecules and gases at higher
densities, liquids and solids, simplifying assumptions or models, often
of dubious validity, have to be used.

C.1.a.1) Polarisatfon of Gases

The static polarisation of dilute gases may be treated by as suming
that the molecules are independently polarised by an exte“nal field EO,
thermal collisions only serving to maintsin equilibrium betwsen the internal
and external motions of the molecules. Because of the independence of the
polarisation, the total polarisation is given simply by the sum of the
polarisations of individual molecules

P=N<n> where N is the no. of molecules in volume
v V and < m >, the average dipole moment of
each molecule.

Ignoring any higher terms than the polarisation
5:6}73‘*'13

D

il
m
m

H

<=

vhere (e-1) € E
oo



P and E are aligned since the gas is isotropic whence

- N - ’
(e-1) eoonI = 5 <@.e_ > vhere e, is unit vector in the field
direction.

Debye represented the moment m by the sum of an induced moment § =a §
with & a scelar polarisability and a permanent moment ¢ directed long sgme
molecular axis. :

B"Z:CXEO-F;I
m.ey =0 Eo.éo + ﬁ.éO
=Q }ﬁog + | cos 6 where 6 is the angle between the
molecular axis and Eo
<ﬁ.5d> = <a{éol + {Efcos@>

=0 ;Eo§ + }ﬁi<cose>

<cosb> was obtained by considering the energy of a dipole aligned at an

angle O related to the field direction and by using the first term of a
Langevin expression for the distribution of orientations with respect to
the field:

<cost> = |} | E |

0
I SRV b b N
(e-1)e JE |xz=ofE | + 124 170
o' 7o N o} 35T
whence €-1 = ¢ 7 BRT/
O

where p = | i

Quantum Mechanical calculations ghow that representation of m by m = aﬁo + o
is approximately Jjustified in most cases.
At moderate gas densities the assumption used in the above derivation

that the macroscopic field is indistinguishable from the local field as the
field of extent charges ig no longer valid.
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IT a gas is introduced between the plates of a parallel-plate

condenser such that the charges on the plates remain constant, the
macroscopic field between the plates ig given by

s
E=h

0 =, . :
= = where Eo ig the original field.

Lorentz calculatedlthe local field at a molecule which had polarisability
@ and was situated on a regularly spaced lattice of cubic symmetry, as

- - (E42
= B
B 3

Representing the monment of the molecule as ¢ EL’ and summing overall

molecules substitution into
- N -

Em] JE B = =
( 1)03 7o &

(e-1) oy
(e+2) eV

Assuming that E. i
L

1]

glso the field which might tend to orientate permanent
dipoles gives
g

(e-1) _ XN pE
(ev2) = 3 ¥ (a*‘ KT

The use of a field vhich ig computed for a regularly spaced lattice,
for a non-polar gas needs Justification. The introduction of the term
Tor permanent moments is even more sugpect as the agsumptions usged by Lorentz
in computing the local field are no longer valid. More detailed calculations
of the local field show that the Function

is not necessarily simply related to molecular gquantities.

describes the polarisation of non-nolar gases and some nonepolar liquids
guite well. For polar gases



e st

N

c-1 N <a b B2

(e+2) 7 3¢ v 3kT

N

is less good and can be very bad for polar ligquids with high dielectric
constants.  The detailed theories are complicated, however.

C.l.a.ii) The polarisation of Liquids.

W - - - -~ " ke W8 " T s e -

Since the expression

(e-1) _ X /a+~‘_~ff-
(e+2) 5e v K KT
does not describe adequately the dielectric constant of polar liquids,
a theory for these is needed. Most theories of liquids use variations
of or medifications of Onsager's model. Ongager represented a polar
molecule in a liquid as a point polarisable dipole at the centre of a

sphere of exclusion of radius 8 having molecular dimensions. The surroundings

were talen %o be a continuum of dielectric constant €, and surrounding the
void., A dipole of moment m in cavity induces a polarisation of the
continuum surrounding the cavity which in turn gives rise to a reaction
Field in the cavity given by

0 =2(e-1) m
2e+l) a°

Representing m by p + a B gives

- 2(e-1
w= %//<}" (2e+1

A uniform macroscopic field E outside the cavity gives rise to a
uniform macroscopic field G inside the cavity

sef

2€+1

(o}

The resultant field inside the cavity is G + B, but it is clear that,
since R lies parallel to m, only G plays any part in orienting the dipols.
The sum of mean induced and mean square orientation noments gilves

el = 22 E<5€>{ g + “? ) }
Eo V \ 2¢e+1 (l - 2{e-1 ) (l - 2(e-1) & )

2¢+1)a (2e+1) a5

where u is the no. of moles and No the no. of molecules per mole.
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Onsager assumed that the spherical molecules completely filled
the volume they occupied: ‘
u No %’ﬂa3 =V

This is equivalent to saying that the mean resultant local field at each
molecule is the Lorentz field i.e.

R+ & = -(f—f,'-g—)-i
3

Using this assumption and putting p = O yields the exprecsion:

(ex-1) _uNo
- (€eot2) "'3edv =

where €o refers to the dielect ic constant at frequencies such that
orientation polarisation is prohibited. This is the classical expression,

using the Lorentz field, for the polarisation of polar gaseg or liquids.
Putting p # O and again using the volume assumption leads to the expression

(e=em)(2et+ew)  No pe
e(ewt2)= - %€ KT

<l

which ig a distinct improvement on the classical expression, nging the
Lorentz field, for the polarisation of a polar liguid.

Modifications of Oncager's treatment involve changing the shape of
the molecular cavity or avoiding the volume assumption. Onsager's
expression does not describe with even reazonable accuracy the dielectric
constante of hydrogen bonded liquids. Theories have been put forward to
describe the properties of these materials.

C.l.a.iii) The Polarisation of Solids.

- - - e e Y TS SR S W D

Crystalline solids may be anisotropic. In this case the quantity
€ in the relation

ig a second rank tensor.

The dielectric properties of solids depend on the type of solid
congidered. In general, in ionic solids the forces involved in the
relative displacements of electron clouds and nuclei are small, giving

rise to absorption in the far infra-red, and hence only electronic distortions
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contribute to the polarisability. t low frequencies, however, alkali
halide crystals have dielectric constants of 5 to 30 or more, indicating
that ionic displacements contribute to the polarisability.

Molecular crystals of non-polar compounds form the type of idealised
system for which the Lorentz field was calculated and, apart from anomalies
due to phase transitions, seldom show interesting properties. Molecular
crystals of polar molecules show more interesting behaviour. It appears
that in the crystal, orientation of the dipoles may be possible. In
many polar molecular crystals, abrupt changes in the dielectric constant
occur below the melting point and these are usuvally associated with changes
in the rotational freedom of the dipoles which accompany changes or anomalics
in other properties such ez specific heats, volume, and crystal type.

Computation of dipole interactions is in general a complicated problem.
Molecular orientation in solide is ofiten discuesed vy considering one

molecule whose rotational movements are supposed to be hindered by the
presence of potential barriers whose Tform may be suggested by the packing
of neighbouring molecules. Treatments of the pairewise interaction of
dipoles, however, show no features which may be represented by temperature
dependenceon fluctuating potential barriers related to the angular
co=ordinates of a single molecule. There may be cases for which the one-
molecule model is an adequate description, but it is not generally adequate
and cannot be applied to any zet of data. This is imworitant since this
model is often used when discussing relaxation procesces.

C.1l.b. Relaxation of Dielectrics

If a dielectric is submitted to a field which is a step function as
shown in figure 1, the displacement often shows the behaviour shown by
the curve in figure 1.

A practical instantaneous response of the dielectric is followed by
a slower response which asymptotes to an equilibrium value. The rapid
initial response ig attributed to induced electrons or nuclear displacements
and ies hence as much a function of intra molecular structure ag mclecular
inveraction. The slower resnonse for times longer than 10712 geconds is
usvally considered the domain of dielectric relaxation. For these times
the steady-ctate response to a sinueoidal field is more easily studied, than
transients due to instantaneous changes in the applied field. Both types
of response, however, are subject to the same molccular dynamics and,
providing that the principle of super-position holds (viz. that the response
to separate successive applications of fields is the sum of responses to
each separate application of a field), can be related by Laplace or Fourier
transform theory. The same theory shows that ¢’ and €” are not independent
functions of frequency or temperature.

Clearly the relation

D =c¢ce F
o



- 20 -

precludes any time dependent effects and this relation often holds at
optical frequencies (where no resonance absorption occurs) at which
orientation polarisation cannot occur because of the high frequencies.

Conegider a field which varies with time as

If dielectric absorption takes place B no longer follows £ and there is
a phase difference B between them so that D can be written

D = Do cos(wt = B)

= Do(cos wt cos & + gin wt sin B)

radians

N

i.e. a component Do cos & ie in phase with E and a component Do sin B
out of phagse with E.

T can be written concisely as
W ime % s . " s
E" = Eoe ‘where E” denotes a complex quantity with the convention
that the intgnsity of the field is given by the real part of the complex

quantity. D is then given dy

¥ = Do ei(wt-c‘)

Suppose D7 =€ 'eoE

i.e. _]_3_'" = €7
*
€
OE
i({wt-o .
¥ Do e ( ) Do -i®
Then €" = Tt = Eo ¢
€EEBE e 00
oo
w Do
Expanding gives €7 = (cos & = i =in B)
) o

2o that €7 can be written

€” = ef - i €' with

o)
1

e o g g
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u DO
and € = - gin ®
€ E
o 0
Ell
and T o= tan .

L
DY

Tmplicit in the asswmptions that D° is related to B by

ig the assumption of linear behaviour.
For a stepvise agﬁllcat on of a Tield the simplest form of relaxation

ig an exponential ri in D after the initial rapid increase in D.  This
iz Debye's ureatmen* I relaxation and one which ils often ound experimentally.
The complex dielectric constany for a sinuscidal field is given in this
case by

% € QmEoo

€7 = & + O‘
14icr)

where T is the macroscopic relazation time, €, the dielectric constant at
freguencies below the a@bsorption and €x at frequencies above.

Separating real and imaginary parts givesg

€l = co + €omtx
- 1T 2
€ = (ComErn Jr—my—mr
: ( )lﬁm“r“

This behaviour may be represented by figure 2.

A plot of € against € (Cole-Cole plot in the complex plane) is a semi=-
circle.

2y

Debye~type relaxation ig also described by the let order 4iff e*entlal
equation Tor the polarisation D.

o
J

P(t) = (co-e=)E(t)

.-,1
2l
+

Many models can give rise to this equation so that the conformation of
experimental data to Debye-iype relaxation is, of itself, no confirmabtion
of the validity of any one particular model

Often relaxation processes exhibit a different time dependence than that



described by Debye. Some examples of Cole~Cole plots are given in
Tigure 3.

Formally such curves can always be constructed Trom a linear
superposition of relaxation processes of the simplest type (i.e. Delyce=-
type), each with its own characteristic relaxation tine T,

R jous

Fi
FL

€7 - Co = - vhere /} Fi = € €
1+iwr A o

More generally for a continuous distribution of relaration times

) o0 )
3% F(t)dr .
€7 wm € = f ié-—fa);r-z where JF(T)G.T = €omEo
o

o]

F(T) can be determined with difficulty from analytical representations
of € (w) and €'(w) of the right form.

What ie important is the significance of sets of relaxation times or
continuous spectra of relaxation times. A discrete set can be regarded
ag a collection of times each of which represents a Debye type equation
and each of which contributes independently to the polarisation. Some
experimental systeme have a reasonable molecular basis for representation
by a set of discrete relaxation times e.g. Fig. 5(&) suggests the overlapping
of three single relaxation processes.

The flat arc and skewed arc loci (Fige. 3(b) and 3(c)) correspond to
oroader dispersion regions and flatter absorption peaks than those for
Debye = type relaxation. The circular arc locus is given empirically by

e’ - osge ithl>a 2
- €0 = ml.ﬂﬁ with z 0

@ = O gives the Debye equation. The corresponding spectrum F(t/ ) is
logarithmically symmetrical about T = T,. For other systems which show
broad absorption regione (Fig. 30) there is more difficulty in finding
molecular mechanismes which correctly predict spectra when a linear
combination of simple differential equations is used. In these cases it
appears that use of a linear combination of simple differential equations
may not be juctified and the resulting spectra of relaxation times are,
therefore, of academic interest.
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C.1-b.1 Relexation in Gases

In the case of gases at low pressures, theories assume that
relaxation arises because the energy which the field imparte to the
molecule is distributed to other degrees of freedom by collisions.
As densities are increased this explanation becomes obscure since the
molecules are almost continuously in a strong state of interaction.
Models for dense gases consider the effect of the field on the
probabilities of transition between rotational states of the molecule,
assuming that in the absence of the field all states are equally
probable.

C.1.b.ii Relaxation in Liguids

G G D W S S -

Models for dense gases cannot describe liquids for two reasons.
Firstly, it was pointed out earlier that consideration of single molecules

in dense systems is not Justifiable. Secondly, the assumption that all
orientations are equally probable in the abgence of a field neglects
dipole interactions between molecules. Two problems arise when attempting

to describe relaxation in polar liquids: i) the satisfactory representation
of an irreversible approach to equilibrium on a molecular level, ii)

the relation of the macroscopic external field to the local microscopic
field when both are time dependent.

Debye's model: - Debye assumed 'orientation diffusion’ to ‘occur in
time dependent fields. Energy is dissipated in overcoming molecular

Yeriction! . A function f can be defined which gives the probability
that a number dN of molecules are oriented in solid angle dQ guch that

dN = £ a0

The molecular friction is represented by a constant £ such that

6
h=¢§& %E' where h is the torque andlg% the angular velocity.

Continuity equations lead to the Schmolukowski eguation

3 %%‘= div (XT grad £ - Lf)

Delyce vesed the Lorentz field as the local molecular field and put
the torque L equal to ~ ’

L = -y Ep cin (§) where () is the angle between p and Ep
For a ginusoidal field f can be calculated to be

l+uE20COS(6)
KT {1+iwr)

In? =
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and the molecular relaxation time is T = &/2kT. f.can-then be used
to evaluate the mean moment and time dependent polarisation. The

resvlt ie the Debye equation ror the relaxation

€7 e = (eo-em)

= Trior gilven above.

Debye interpreted § by assuming that a dipole responds to a

de
1
as a rigld sphere of radiuves a fvrnin in a fluid of macroscopic viscosgity
M. Stokes formula

3 .
Gnma”  then gives

uT?
[

T

i

hﬁna3/kT
Renlac“ng £ by n does, in fact, go no further in cxplaining the

process but experimental recults for n and T can give reaszonable results
for a.

C.

§t

Jb.iii) Relaxation in Solids

Debye's equation for the complex dielectric constant €* nas been
derived for solids as well as for liquids though ueing a different model.
Broader relaxation regions involving a range of relaxation times may be
described by Fuoss and Kirkwood's empirical relation

= € nax gech [& In(

131)] where T is freguency and O
varies between 1 for a single relaxation time to O for an infinite range
of relaxation times.

Diffusion models used to describe relaxati
not likely to be realistic models for relaxa tlo in 1
As mentioned earlier, modele which are used for solids tend to consider a

single dipole whose orisntational increment is restricted by potenti

barriers. The dipoles normally have energics such that they may be
considered to reside in potential triangles. Occesionally, due to

thermal fluctuations, a dipole will posseses enough energy LO cross a
potential barrier. -In the absence of a 7Field an equilibrium will exist
such that over a large enough sample the distribution of dipoleg in the
available potential triangles is a constant. Application of a field will
tend to change the distribution go that dipoles will tend to align themselves
with the field.

Debye's Model: Debye assumed that each dipole possessed two positions
of equilibrium equal in energy and separated by a potential barrier AE as
in Figure k. :



The dipoles oscillate aboubt the equilibrium positions and occasionally
acquire enough energy to crose the potential barrier to the other
equilibrium position. With no ,mcld apnlied, the equilibrium positions
are equally populated. When a field ie applied some dipoles will

rotate such that more dipoles occupy the position favoured by the direction
of the field, thus polarising the sample. The frequency of maximum
gugorption ie given by '

AL
. 1 ~ RT
Thax = o = Qe

where A is a constant. In practice A varies and iz sometimes written as
an entropy term

AS/g . A /g

3

where f is the frequency of oscillation of the dipole in the potential
triangles (of the order of 10 Tl2/gec).

Thg can therefore be written as
’ F
g = /BT ‘e the free e o aetsvati
. _Ts where AF is the free energy of activation.
fmex T g €

1,

AU
 Some authors apply abeolute reaction rate theory which L¢ve=-%; instead
of —. The values of A5 and AF derlived from this method agree, at room

temperatures, with those from the above equation.

Debye's equation is not, in fact s restricted to a model with only two
equilibrivm positions of equal enex gy b1o applies to a model with any number
of potential triangles of equal energy separ ated by potential barriers of
equal energy. In such a system, the magnitude of the absorption increases
with decreasing temperature. :

In most
are the energies of potentilal barriers separating thenm. The linearity of a

plot of Ly fyygy versus % glves an indication of how well Debye's model

approximated in the Temherature Frequency range considered.

For a nodel in which there exist two *“1aﬁglec of unequal energy as
in the diagram of figure 5, the molecular relaxatlion time is given apnfoxlmauely

1 4
by the expression AT,
T RT ~ . .
fmﬂy = S = Ae where AL, is approximately the smaller enersy
AL

barrier.
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Clearly, this is a better approzimation as ABR; — ABz and Dehye's
model is more closely approximated.

The gbove two-site model gives one relaxation tine. Two relaxation
times are given by & slightly more complicated model. xtensions of the

model to give three or more relaxation times have been made.

The magnitude of the absorption is not given by the expression
relating fy ., and T. Frohlich concluded that the two site model. with
equal energies can be described by an equation for the magnitude of
the absorption in liquids. This type of equation is difficult %o

formulabte but Ousager's formula for the dispersion
hal{ w2 t(eh+2)?
e ! (ed+2)
OkT 2e’4ekb

€6—€0° =

hag been found to apply to a mumber of systems. For the two gite model
with triengles of unequal energies, the dispersion is given by

AE-l
Y B A el el
€5 =% =q (} + cosh BT >

where C 1s a constant.

3 - ARy
i } = .
fg ~Cm =7 e RT with B a constant.

Some polar solids e.g. long chain aliphatic ketones do not abgorb at
temperatures up to the melting point. Thie indicates that AE, for the
dipoles involved must be large.

Summary: The Dielectric Theory gives an adeguate description of the
equilibrium polarisa tion of gases at low pressures. For denser gases,
ligquids and solids, the problem involved in specifying properly the molecular
processes responsible for equilibrium polarisation are such that models
which may be of dubiocus validity have to be employed. In the case of
dielectric relaxation which is esgentially a non-equilibrium irreversible
process, the difficulties of describing the responsible underlying molecular
proceszes are even greater than in the equilibrium case. The result of
thie le that, in the study of dielectric relaxation, emphasis is shifted
from attempts to apply detailed theoretical calculations to empiricliem.
Results may be compared with data obtained by other means and with data for
the dielectric abesorption of camples whose structure is known to be closely
related to that of the sample under consideration. In this way a gqualitative
wndergtanding of the process nay emerg

The position ig closgely paralleled by the state of knowledge of
absorption in the infra-red. In this case detailed calculations can be
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successiully made for simple molecules. The infra-red spectra of

como]e: moicculvk, lowever, are seldon subjected to any mathematical
analysis which would be prohibitively complicated. The usefulness of

the technique lies in the vast accumulation and correlation of qualitative
results. In this respect studies of diclectric relaxation suffer in

that there does not exist bthe wide ranse of experience such as ig available
in the field of infra-red absorphtion.

C.2 Dielectriec Relaxation of P0¢vwer~(9) KEB) (32)

O - " ] 7~ - " " " - 1 o 0 = "

C.2.a Introduction

The connection between the measured electrical proverties and the

olecular structure of & vpolymer cannot be ginply ernressed. The nmolecular

structure is often not known m ezactly; small amounts of impurities may
contribute to and even dominate the mesvureuenUb, the sample may not be
stable. Molecular mechanisms nroposed to account for dielzetrie behaviour
are the result of experience and a range of related data from vtuﬁiea by
techniques using Nuclear Magne** Peaonance, X-rays, optical properti ieg,
irfra-red zpectra, mechanical and thermal properiies.

The detailed dielcctric theorm developed for gimrler molecules
senerally bresks dﬁwn when applied to nolymers since the vnderlying
assumptions are no longer valid. There are, however, °L31~em01r cal
relations vhich may be of use in analysin w data. These incliude activation
energy relatlons between the maximm frequency and temperativres and relations
which may estimate the spread of relaxatlon times charach ericing the
nrocess.
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Do epend on molecular relaxation
processes which affect other in particular mechanical properties.
In general, polymers appear %o be characterisged geveral distinguishable
relahatzon processes which can be atiributed to the thermal mobion of
different molecvlar units.  These may be side chaine or pendant groups

or portions of the main chain itself. When the movement of such a unit
involves a change in dipole nonent dielec loss is exhibited. The
novement of a unit may be characterised by a relaration bime or, if the
movenent ls complicated, by a spectrum of relaxation times. Unforﬁunately,
no complete theory exists which relates polyner struchure to relaxati

times and thelr temperature dependence. Hence the connection between
dielec trwc oxe ﬁuf3l€ﬁ ané polymer structure tends to be made on the bagis
of experien and related experimental studies.

C.2.b The dielectric 3

)

(a)

,
e
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inperimental evidence indicates that in general, linear polymers and
lightly crosslinked polymers exhibit two types of dielectric relaxation.
One involves movement of dipoles independently of the main chain and the
other involves movement of a portion of the main chain with a dipole

ct m



£ the main chain).

incorporated (i.e. the movement of dipolar segments O
e to 'dipole~radicall

In Mikhaelov'e germanlO“V,'ﬂie Tormer glves ri
losses and the latter to 'dipole-elastic' losses. Dipole radical

losses generally appear, in the frequency and temperature ranges normally
studied, in the glascy state of the polymer, but this need not be the
case. Mikhaelov reports dipole~radical losses in Polymethyl ﬁethaar““ate
at a frequency of 5 Nc/a at 190°C, well above the glags-transition
temperature at thls frequency.

The characterietics of dipole-raical lossern are closgely “onﬁccted
to the immediote vurrounL% nze of the dipole and n_enM are |nle ndent of
the movement of the main chain unless thie specifically alters Lhe

de

surroundings of {the dipole. This may occur in cry“uuhizno narte of the
polymers vhere neighbouring chaine are closely packed in a specific

way or where there ils interaction such as hydropgen bonding bhetwecen different
chains or portions of a chain.

ipole-elastic losses are related to movements of the chaln and are
hence uwltimately connecy ed with the glass-btransition temperature. It is
clear, therefore, that the presence of plasticili 7111 eubstantially
affect the characteristics of dipole-elastlic losces »h17c, in general,
not affecting those of dipole-radical lossges. Stretchiny likewise aifects
only dipole-elastic losges. Co~polymerisation may affect hoth types of

loss.

m
o
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Some evidence appears to indicate that the segmentes responsible for
dipole~elastic loscges cannot ve very long (e.g. consisting of three or
four we»nywene croups) and light cros sllﬁk;nr hag no effect on dipole
losses. Extensive crogslinking, however, limite the possgibilities for
segmenval motion and hence profoundly affects dipole-elastic losses.

Rourhly speaking, dipolec-elastic losces
be distingulshed by Dlo»s of log figy versug 1 vhere Coax L-€. the frequency
of maximum absorption at temperature, T. T The former generally show
apparent activation GHETTLES very much greater (L0-120 k cals/mole) than the
latter (5-30 k calg/mole The mechanism providing for dipole-elastlc
logges is usuvally a commllcated one and. the apparent activation energy
calculable, even if the log f, .. versus T plot is linear, ig of dubilous

ee and dipole~radical loscges may
Ui

«
by
e
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gignificance. These processes are ugually characterised by a range of
relaxation times.

Ferny et al.'s method of reduced variebles to determin e the spectrum
of relaxation bLimes characterising a certain process involves the implicit
assumption that the distribution function for relaxation times ie independent
P temperature, which in turn implies that all the elenentary processes
canurxoutlng to the whole process have the same temperature dependence.
This is not generally the cage in practice and so the method ls of limited
applicabllity. A method of estimating. the spread of relax ation times is

s

from a Cole~Cole plot. If the locug of € in the complex plane is a



- 29 -

circular arc, ¢, the distribution para in the expression
€ =€
E-—t’:.'bo: 2 10
1+( i)
can be calculated.
Polymers may be divided into the two clasgeg - linear/slightly cross=
linked, and extensively cross-iinked. There ig little ez pefmmcnual
data concerning the investigotion of basic molecular structure in highly
cross-linkcd eystens General theoretical discusesiong apoubt ithe
dielectric properties of such systems do not apvear to exist. The first

clage may be divided

These types will be briefly described.

Nonwnola“ polymere:

JQLhngnL and polytet 1al‘uoroexnylene) are characteries
dielectric constant which indicate that only clectronic and atomic

for the

polar isa*
however, not insignificant.
re~iora have Leen reported.

ong are eifective,and by low values of

For polyethiylens,

invest a*' ong) have shown that the losg is due to
STOUPS 5' sroduced during polymerlsation or proce

very low dielectric losses
or end groups
in P.7.F.E. have

F.E., the
purities
formations

ox1da*1on,

phasze trans

Polar Polyuers

into polar and non-nolar polymers and
arbitrarily divided into erystalline and non-crystalline

Experimental c*ud%ca (in part

Dispersion regions
been reported.

e

As would be expected, non-polar polymers (e.z.

ed by values

tan O, These are,
geveral well defined lo
icular infra-red
cxtrancous carbonyl

gs

ssing. Likewise in the
are probaply due Lo
corresponding to

It is reasonable that the d’electric behaviour of crystalline regione
in polymers would be diiferent from that o ©amorphous  regions in view of
the dirfferent mechanisms which muct be operative to provide for dielectric
loss in each case. In particular, the glése transition ig a characteristic

material while a well-defl

both tions
2, Dipole-radical loss
e of

of amorphous
of crystalline material
in dielectric properties
crystalline material beecaus
this type of loss.

' T e
Transrornma

Typical of amorphous polar polyners are
extensively studied. A general formula ig
- 1
SNr oo c
—(CHy — C— é
b X ~ U

ed melting
being

es may well
interaction between groups

point ig characteristvic
accompanied by changes
e modified in
resgponsible for

"y

wihich have been



where both X and R may be varied. Pol rm‘chjl methacrylate has
R=X=Cls. It ie clear that in changing R, the properties of the
pendant group can be changed and by chanbmvg X, the propecrties of the
polymer chain iteell can be varied. Systematic gtudies have been made

of polymers with differing X and R and some general characterictics have
been brouzht to light. Genecrally, the polymers exhibit two well defined
logs recioneg termed @ and B respectively. Perhaps the greatest benefit
vhich has accrued Trom a systematic study has been a clear-cut distinction
between the two processes. The G-peak has been characterised as due to
dipole~elastic losses and the P-peak as due to dipole~radical losses.

The dipole-elastic loss appears to be unanimously related to the pglass-
transition temperature and the motion of segments of the main chain.

The mechanism responsible for the P-peak iz not so obvious s but the evidence
indicabtes that it is due to motion of the ester ¢1Qe~?“oup.

I-—’ (D

Dipolar motions which are posgsible in amorphous material may be
inhibited or modified in crystalline material because of steric hinderance
due to the close packing of polymer chains in the crystel or because of
gpecific interactions beiween the dipoles which characterise the crystalline
state. Dipolar movement may, however, be able to occur in the crystalline
state of polymers just as it is possible in crystals of monomeric polar
organic compounds
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D. Experimental Procedure

o 0 O o W Y S S O O T 2

D.1 @he Starting Materialg

- - - - . -

L was stated in the introduction that it was felt important to
degrade a resin whose chemical structure was known as well as possible.
For this reason a pure sample of the diglycidyl ether of Bisphenol A
was cured with pure p~p’ diamino diphenyl methane.

The diglycidyl ether (dge—BPA) was recrystallised from a commercial
sample of the crystalline material (Ciba EP274) according to a method
recommended by the manufacturers. The recrystallisation was from an
ethanolic solution of the commercial material and, after filtering, the
recrystallised product was dried under vacuum for several days.
Relatively large crystals (approximately 1 m.m. across) could be grown
from a melt of the dge BPA. The crystals melted over the range 39-&2°C,
complete melting occurring only at L42°C.

Elemental analyses gave the following results, which are compared with
figures for the pure compound whose formula is:

Lo\ S
CHz - CH - CHz - 0= 0} /C<~3‘§~Q~CH2 - CH - CHp
CHs
% N % C % H % c1 % 0 (by difference)
Experimental: 0 73.17 7.1k Tk, .68 18.95, 19.01
75 .40 7.07 .25, .21 19.28, 19.32
Theoretical: 0 74,08 7.105 0 18.8

The most likely reason for the chlorine content is the presence of
molecules with structure
CH= OH
VR \ \ Y
CHE-CH-CHE—OJ—(?}-XC"(.(;\*O—CHQ-CH-CHECIL
Me
CH=
in which rins closure to form one of the terminal epoxide groups during
the synthesie of the dge BPA from epichlorhydrin and Bisphenol A has not

been successful. Calculations based on the figure of 0.47% chlorine
showed that, if all the chlorine present were due to this substance then

*
Messrs. Weiler and Strauss.
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for very 1,000 molecules of the dge BPA there were some moLecvlee with
the above Tormula present in the resin.

This calculation did not explain the rather large discrepancy between
the experimental and theoretical figures for carhon content. It was
supposed that the relatively low carbon content found might have been
due to the presence of recidual ethanol in the sgolid dge BPA which
could be relatively strongly incorporated into the crystal by hydrogen
bonding. Rough calculations to estimate the percentage of ethanol
required to resolve the discrepancy between the calculated and experimental
results showed that a mole ratio of 17% could account for them.

Accordingly a sample of the dge BPA was melted and then vacuum was
applied for three hours to the melt. Elemental analyses on this sample
of dge BPA gave results considered, within the experimental error, to
agree with those for the pure resin:

%C %H %0 BN %C1L
Experimental: 75.76 7.22 18.41, 16.56 0 61, 46

73.92  7.00  18.78, 18.70 0 .30, .38
Theoretical:  74.08 7.105 18.8 0 0

In the preparation of discs, the solid dge BPA was always melted and
evacuated before being weighed finally. In fact a typical weight loss
due to evacuation for 20 minutes was 0.1% which is not coneistent with
figure of 2.4% corresponding to a mole % of ethanol present of 17%.

It appears therefore that little ethanol remained in the recrystallised
material and that unless some of the non-volatile species is present, the
discrepancies between the calculated and experimental values for carbon
content are a result of experimental uncertainty in the latter.

The mamifacturers stated”"that molecules of the form

P Y
3 = Ulp = ~ Uz
CHo ;\CH - CHp - o—-{zg‘ Y ._{E§>
7 b,
are present in the original material in 1-2% quantities. Recrystallisation

may have reduced this quantity..

In summary, the resin used in the preparation of discs was a fairly
pure sample of the diglycidyl ether of Bisvhenol A. Chlorinated molecules
- with the structure

- 0

N
CHp =~ CH - CHz0~p - C(CHs)z = f-0 - CHs - CH(OH) - CHoCl

*private commmication



are present in some 3% mole ratio, and isomeric molecules (2:4
disubstituted diphenyl dimethyl methane instead of bk disubstituted)
in some 1% mole ratio.

The hardener, p~p’ diamino diphenyl methane, wag recrystallised

from a solution in hot water of a commercial product. Elemental analyses
on the recrystallised product gave
%C %H A %0 %C1L
(vy difference)
Experimental  78.13 7.15 1k.16 27 .29, .29
, 78.50  7.00  1k.52 0 |
Theoretical:  78.70 7.11 k.13 0 0

D.2: Preparation of discs

. o U e o B RO W S W G S SN e O e

The preparation of the discs used in the degradation and dielectric
studies was as follows:

A sample of the recrystallised dge=BPA was weighed outb. It was
melted and evacuated for 20 minutes. The weight was taken again and the

weight losgs due to evacuation calculated. This was never greater than 0.1%.
A weight of DDM calculated as 25.8% of the final weight of the dge~BPA was
added. The mixture wae heated until a mobile, homogeneous liquid resulted.
This was then evacuated for 20 minutes toO rid the mixture of air bubbles.
After evacuation, the mixfure was again weighed - a typical welght loss
figure was 0.1%. Elemental analyses showed that evacuation of the mixtures
had no significant effect on the C:H:0:N ratios i.e. neither component was

significantly more volatile than the other. The mixture was then heated
£i11 mobile and cast in polythene moulds which were air tight. The resin
wae cured for approximately 20 hours at a temperature of 95°C. The

resulting digeces were honey=-coloured, circular of diameter approximetely
5%-cms. and approximately 0.15 cums thick. After filing off extraneous
matter, the discs were weighed before cure/degradation under low pressure

and an infra-red spectrums taken.

Two disce were prepared for any one experiment, one being used for
dielectric sbtudies, the other for infra-red studies.

D.3: Infra-ved studies on the Disce and on Degradatlon Froducts

Tnfra-red spectra of cured and degraded discs were obtained by filing
the discs and incorporating the filings into KBr discs in the normal way.
Infra-red spectra of solid crystalline substances were obtained by grinding
the substance with KBr and making a KBr disc; spectra of liguid substances
were obtained from smears between KBr and rock-salt plates. Infra-red
spectra of gases were obtained in a cell of 10 cm, path length.



-3

Perlsin Elmer model '21' spectrometer was used to obtain all
infra-red spectra. The KBr used was analar grade and wss heated
strongly before being stored at 120°C. The spectro of discs of pure
kBv which had been evacuated Ffor 10 minutes before pressing at a pressure
of 8 tons/in2 showed negligible hydroxyl absorption and =o all k3v discs
were evacuated for 10 minutes or more before pressing.

D-%: Infra-Red studies of Initial Cure

In theee studies small quantities of the crystalline dge=BPA and DDM
in a w/w ratio of 100:28.8 were weighed out and the powders thoroughly
mixed. Continued mixing of the mixture with a spatula produced a paste.
Two disce of pure Potassium Bromide (xBv) were made in the normal way and
a small quantity of paste pressed between the discs. The resulting sandwich
was mounted in a KBr digc holder and the infra-red gpectrum of the paste
obtained. This technique was reported by Feazel and Verchot(lé)(l957).
The cure was followed by heating the sandwich, at first gently and then
strongly, to about 100°C by means of a commercial hairdrier. The cures
studied were hence by no means isothermal, but served to relate the spectra
of disce cured at 95°C (D.2) with those of the starting materials, and also
to identify particular absorptions with particular chemical groups involved in
the cure reactions. ‘

D.5: Post-cure and degradation were performed at low pressure (of the order

of 0.7 m.m. of mercury) to prevent oxidation. In fact, post-cure and
degradation were not distinguished for reasone explained fully in section
F. The discs of resin which had been cured at 95°C were weighed and then

clipped with 'Bulldog' clips onto a flat clean aluminivm plate to avoid
distortion during heating, care being taken that the clips did not come

into contact with any portion of the disc which would be subsequently
sltuated between the electrodes of the cell used for dielectric measurenents.
This assembly was placed in the degradation vessel shown in Pig. 6.

The vessel was sealed by bolting the cap on. The copper gasket was
compressed by a lip on the reaction vessel into a groove in the cap thus
providing a seal. The reaction vessel wac connected by rubber pressure
tubing to the glass-apparatus shown in Fig. 7.

The first trap was for condensible products produced during degradation.
The second trap served to prevent back diffusion of oil vapours from the
pump into the first trap. N
The procedure for. the post-cure/degradation of a sample was as follows:
1) The diccs of resinwere weighed, clipped to the aluminium late and
1 W s P
introduced into the reaction vessel which was then closed and connected via

the traps to the pump.

(2) The whole apparatus was pumped down with taps T1l, T2, and T3 open.



Meanvhile the traps were fmmerced in liguid air.  The pressure was read
periodically and, when a minimum (usually after a few minutes punping),
it was noted and tap T2 shut.

(3) The reaction vessel was introduced into an oven at the desired
temperature and the time noted. The temperature of the reaction vessel
was continuously monitored by a chromel-alumel thermocouple connected
to a recording potentiometer with the cold Jjunction at 0°C. The
thermocouple gave the temperature of the outeide of the reaction vessel.

(4) Pumping was continued and the temperature monitored for the duration
of the post-cure/degradation.

(5) At the desired time, the reaction vessels wag removed from the oven
and taps Tl and T3 shut. Liguid air was placed around the side~arms A
and tap T2 opened. The first tap was warmed to room-temperature and thus
any degradation products volatile at room temperature condensed into A.

A was then sealed and removed from the apparabus.

(6) Condeneible products remaining in the first tray were removed by
digsgolving them in methanol. Both the capsule contalning any volatile
products and the methanolic solution of condensible products were reserved
for analysis.

(7) The discs were removed from the cooled reaction vessel and were both
weighed to determine weight loss and physically examined. An infra-red
spectrum of one disc was taken and the other disc was recerved for dielectric
studies. Tn the last experiment at a degradation temperature of 309°C,
gquantities of tar were produced in the veaction vesgel. This was removed
and reserved for analysis. The disce in this experiment were wnfit for

dielectric studies.

The apparatus suffered two very serious disadventages. The first was
that since the reaction vessel had a very high heat capacity, the post-cure/
degradations were isothermal only after a conciderasble time had elapsed.

The second and more serious was that,although the pressure wasg shown to be
low enough to prevent oxidation of the disce, considerable quantities of

air were pumped through the systenm. This meant that, in particular, Carbon
Dioxide and Water were condenced in the first tray. Any Water or Carbon
Dioxide which may have been produced in the degradation could not, therefore,
be detected.

D.6: Dielectric Measurencnis

The dielectric properties of the resgin discs vere measured at nine
fixed frequencies in the frequency range 210 ¢/s to 90 kc/s and in the
temperature range Tor approximately 180°C to ok0°C. The discs formed the
dielectric of a parallel plate capacitor, or cell, whose capacitance and
loss were measured on a dielectric bridge.

The congtruction of the cell is given in Fig. 8.
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The resin disc was placed between two electrodes of aluninium,
machined flst. One electrode was circular of diameter some 5.5 cmg;
the other electrode was circular with diameter accurately 3.1 cns,
surmounted by an anular guard ring approximately 1 ecm wide. The
electrodes were cemented to bakelite plates which were backed with sheel
plates so that the whole ascembly could be bolted together without
distortion of the electrodes. The steel backing plates and bolts were
all earthed. Terminals from the electrodes and guard ring were connected
to the bridge by means of leads insulated with PTFE and each gheathed in
a copper spiral to eliminate mutual capacitance effects. After neasurements
at high temperatures the hakelite plates showed evidence of degradation.
Tests proved, however, that their insulation was in no way impaired.

The dielectric bridge used in the measurements was designed and
built by Beker (AEI Ltd.). The circuit diagram is shown in Fig. 9.

X was the lossy capacitance to be meagured. S was a standardised
variable capacitor. R is a@variable resistance and C a variable capacitance
and a voltmeter with a range 1 mV to 10V was necessary for the detector.

At balance X = S and the loss wangent
tand = wrk = wRC = 2nfRC where f is frequency in c/s.

S was standardised by comparing S with known capacitances. In thies way

& proportionality factor between readings on S and capacitors was found.
The absolute capacitance of §, including the self and mutual capacitors

of the leads to the cell was measured by substituting various standard none
lossy capacitances (accurate to 1%) for the cell, thue balancing the bridge.
In this way the capacitance of the cell was related to readings on S.

The standardisation was important as the geli~capacitance of the leads was
of the order of the capacitance of the cell (several DF)

The dlelectric constant of the resin disc were calculated uging the
stantard equations for the capacitance of a parallel-plate condenser

cg
C“OA

¢ = 3 C = capacitance in fgrads

A = area of electrode in 1t
d = width of dielectric in m.

€ = absolute

m
]

dielectric constant

is was considered to give accurate enough values of € since a guard-ring
was used and very accurate values of € were not required. Values of the
loss tangent were given directly from readings of R and C on the bridge.

For readings in the temperature range - 185°C to room temperature
the cell was wrapped in two separate layers of polythene sheeting which



prevented condensation of water from the atmosphere onto or into the

cell. The wrapped cell was placed in a massive iron cylinder of very
high heat capacity which was cooled to liguid air temperatures and placed
in a thermos flacgk. Readingz at temperabtures between liguid air
temperatures and room temperatures were taken vhile the cell and cylinder
heated up slowly to room temperature. The maximum rate of temperature
rise was less than 1°C/minute which enebled the bridge to be easily
balanced. Values of € calculated from these readings were not strictly
isothermal but the rate of temperature change was such that the difference
between the experimental values and lsothermal values of € was

negligible. For readings at temperatures greater than room temperature
the cell was placed in an oven which maintained the temperature between

F 1°C of the desired value. Helium was circulated around the cell for
readings at room temperatures greater than 1L0°C to prevent any oxidation
of the resin discs. Examination of the discs after dielectric measurements
had been taken sghowed that some slight superficial darkening had occurred.
The extent of this was such that it did not affect the results.

The temperabture of the cell was measured by measuring the E.M.F. of a
chromel-alumel thermocouple with one Junction sunk into one of the bakelite
plates of the cell and the other maintained at 0°C.  Temperature variations
across the sample was likely to be minimal as the electrodes and steel
backing plates would =zeem to even out any temperature variations. Heating
of the dielectric due to the measurement was negligible.
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Figure 10 shows the infra-red spectrum of the crystalline diglycidyl .~
ether of Bisphenol A used in the experiments. The allocation of peaks
was as follows (a question mark gignifies an allocation which is not
beyond doubt):

Frequency Allocation Bef. or_reason for ellocation
o
~ 307 Aromatic C-H Bel}.amy(é)
~ 3030 C-H  in Oxcious Ring Herbert et. al.; disppears on curing.
~ 3000 CHs Bellany(‘*)
~ 2980 CHo Bellamy
~ 2910 CHy and CHs Bellany
~ 1900 'L 1:4 disubstituted Bellany
~ 1770 J Aromatic ring Bellamy
1615 C=C in Aromatic ring Bellany
1590 C=C in Aromatic ring Bellamy
1520 C=C in Aromatic ring Bellany
1490 CHo Bellamy
1460 CHs Bellamy
1440 C=C in Aromatic ring  Bellany
1420 ? -
1390 CHs ? Bellamy(4)
1370
1350 } C(CHs), doublet Bellamy
1300 Ether Keenan( 17)
1250 Ether + Epoxy Bellamy(é), Keenan(l7)
1190 Ether and C(CHs)z Bellamy ¢/, Keenan(l7)
1155 $-0-R 2 Keenan''7
1135
1110 1:4 disubstitution of Bellamy(4)
Aromatic Ring
1090 ¢ ~0-R Bellam,j(4) Keenan(l7)
1040 ¢ =0-R BellamV‘*) Keenan<l7)
1015 1:L disubstituted Bellamy( }, Keenan(17)

Aromatic Ring or
$=0=R ?
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Frequency Al%ocatigg Ref., or reason for allocation

onl e m e ———-

970 Oxirane ring f notes; disappears OL curing
915 Oxirane ring Patteron(BO), Bellamy(é), Le% and

2

Neville, O'Neill ang 0316(28
Dannenberg and Harp 11/; disappeary
on curing.

865 Oxirane ring " u u "
830 1:}4 disubstituted Bellamy(é)
Aromatic Ring
805 $-0-R 2 Keensn ' 17)
770 Oxirane Ring Patterson(30); disappears on curing.
Notes:

(l) The peak at 970 em Y is very poorly developed in the solid. It is

a medium intensity peak in the melted dge-BPA (Fig. 11), which complLetely
disappears on curing. It appears certain, therefore, that it is some
absorption characteristic of the oxirane ring. No mention could be

found in the 1iterature of this allocation.  The faet that this mode of
absorption is guppreseed in the crystallised state may give some indication

of the crystal structure.

(2) Peaks allocated as due to gbsorption of the group $-0-R were found
in the spectra of many compounds having this etructure (Keenan, 1966);

the three peaks at 1500 em~ L, 1250 cm - and 1190 em”l appear to form 2

pattern charvacteristic of aryl alkyl ethers (Keenan(17)(1966)).

(3) One of the venefite which accrued from the use of a pure compound
wae that peaks in the infra-red spectrum could be correlated, with some
certainty, with chemical groups

known to be in the conrpound .

The infra-red gpectrum of crystalline p=p - diamino-diphenyl methane
ie ghown in Fig. i2. Absorptions were allocated as followss :

Frequency Mlocation Ref. or_reason for_allocatiol
Lt T ,

3500 N-H stretch Bellamy(4)

3420 }- .

2330 - |

3070 ¢ in Aromatic Ring Bellamy(é)

2940 }, CHo Bellamy

2680 ~

1900 1:4 disubstituted Bellamy
Aromatic Ring
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Allocation Bef. or_reason for allocation

1540 Primary amine Bellamy(é)

~ 1620 ' C=C in Aromatic Ring Bellamy
(not resolved)

1590 C=C in Aromatic Ring Bellamy

1525 C=C in Aromatic Ring Bellamy

1440 CHo Bellamy

1435 C=C in Aromatic Ring Bellamy

1325 Amine ? Keenan(l7)

iggg end Primary Amine Bellamy; disappears on curing.

1210 1:4 disubstitution of Bellamy; disappears on curing
Aromatic Ring

1185 Mmine ? : Keenan(l7)

ilogg } 1:k disubstitution of  Bellamy(*)

1015 Aromatic Ring

962 ) ,

e ) ' -

gig g O aCHomd w ¢ Keenan(”)

820 I1:4 disubstitution of Bellamy(é)
Aromatic Ring

765 -% ~CHp = ¢ - ? Keenan(”)

Por the spectra shown in Fig. 13, amounts of dgeBPA and DDM were
weighed out separately, ground and made up into two separate KBr discs
such that the relative concentrations in the KBr discs were roughly in
the ratio 100:28.8, dgeBPA:DIM. A spectrum of the dgeBPA and a spectrum
of the DDM were run separately. A spectrum of both discs together was
run in an attempt to simulate the gpectrum of a completely unreacted mixture
and to relate the composite gpectrum to those of the individual components.

Notes on the composite spectrum:

(1) The primary amine absorption at 1640 cm™t is not well resolved from
the Aromatic C=C absorption at 1615 em™t but appears as a shoulder.

(2) Aromatic C=C sbsorptions are all very well resolved.

(3) The CHs absorptions at 1460cm™t ang 1390 cm t are well resolved as is
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the C(CHsz)o doublet at 1370 cm - and 135! em” t.

(4) The main primary amine peak (1295 and 1280 cn”t) falls between
two strong absorptions (1300 and 1250 cm 1} Gue to ether, and ether
and epoxy; it does not appear as a peak at all. :

(5) The peak at 910 et due to ¢-CHo-=d in the amine overlaps the
epoxy peak at9ls cm .

(6) Generally speaking the result of the relatively low concentration
of DDM is that ite spectrum ils largely overwhelmed by that of the dgeBPA
except where strong absorptions due to DDM occur.

i

Fig. 14 shows spectra of a 100:28.8 mixture of dgeBPA and DIM
in various stages of cure, obtained by the method described in section

D.L.
Notes:

(1) The spectra cover a range of the reaction which the degree of
conversion of epoxide groups varies from near zero to on estimated 70
to 80%. The degree of cross linking wag probably not near that which
would characterise a properly cured resin.

(2) In the 2000 to 3500 cm + region the conversion of amine groups and
the formabion of hydroxyl groupe are clear, though the two doscrptions
overlap.

1

(3) The primery emine gbeorption at 1040 cm ~ disappears progressively.

(4) Some increased background absorption occurs in the range 1470 to
1300 cm™% probably due to secondary hydroxyl, but despite this the CHo
ebeorption at 1390 cm - and the 0(CHs)2 doublet at 1370 and 1350 cn”l
remain clear.

(5) Some decrease in sbsorption in the region 1300 to 1260 cm * which
accompanies amine conversion can be detected.

(6) Increased absorption in the region 1120 to 1070 em” t accompanies the
rormation of secondary hydroxyl groups.

(7) The epoxy peaks at 970 em™t, 915 am %, 865.cn” * and 770 em™t all
decrease progressively in intensity. The peak at 1250 cm L surprisingly
remains unchanged. This may mean that epoxide absorption at this
frequency is slight. The decrease in epoxy concentration can also be
ceen in the C-H stretch region where the absorption due to C-H stretch

in the oxirane ring disappears on curing.

(3) Generally speaking, curing resultein a 'plurring' of the spectrum.
Despite this, characteristic features of the spectrum of the cured product
can be picked oub:
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a) Broad hydroxyl ebsorption in the 3500 cm™% vegion and the 1100 em™L
region.

b)  Resolved absofﬁtions due to aromatic C-H, CHz and CHs groups in the
C-f stretch region.

¢) 1:4 disubstitution patterns between 2000 cm™t and 1650 em™t.
d) Aromatic C=C absorptions at 1615 an™*, 1590 cm™t and 1520 cm™%.

e) CH3 sbsorption at 1390 cm™* and C(CHs)» ebsorptions at 1370 cm™*
and 1350 cm *.

) The thgee‘characteristic ether dbsorptions at 1300 cm"l, 1250 em” *
ard 1190 em ', the last overlapping C(CHs)s.absorption.

g)  Anyl-Alkyl ether sbsorption at 1040 em L.
h) 1:% disubstitution absorption at 820 em™t.

1) No absorption appears which can be attributed to the nitrogen present.

The fact that the spectrum of the cured product is reasonably resolved
ig probably because both the resin and the hardener contain the unit

O EOS
T

E:2. Post Cure/Degradation Details

- T L e e Ve A I W . Ve e e YO W W e S

In all the experiments, the resin discs were cured for 20 hours at
95°C in airtight polythene moulds.

Fig. 15 chows a typical spectrum of a disc after this cure.

E.2.a Experiment I. After the 95°C cure the discs were post cured in
air at 130°C for 16} hours.

i) The Infra=-red spectrum of the disce after this cure is shown in
Fig. 16. The spectrum is not different from that cbtained for discs cured
at 95°C except for very slightly reduced epoxide absorption at 915 cm=1,

ii)  The discs retained their trangparent honey colour.

E.2.b. Experiment ITI.

In this experiment disce cured at 95°C in polythene were post cured
for 16%/4 hours at 136°C in air and a further 16 houre at 180°C in air.

i)  The disce were extensively reddened in colour though still transparent.
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Filing chowed that the discolouration was a maximum on the surface and

that no discolouration had occurrred in the centre of the discs.

ii)  Infra-red gpectra of the surface and the centre of the dlECS
are given in Fig. 17 and 18 respectively. Absorptlon at 1700 em™t and
1650 em™t in the former spectrum ind i

had taken

cated that considerable oxidation
ca

.;
place. The disce were discarded as being unsuitable for

dielectric studies.

E.2.c Experiment IIT.

i)

0.7 m.m. of mercury in the apparatus described in sec
3

Discs cured at 95°C were posi-cured at an initi
tior

temperature~-time history is given in Fig. 19.

RN
")
i

‘The discs emerged from the post-cure the same honey colour as

before

iii)  The dizce suffered no weight loss.

iv)  An infrae-red spectrum of the disce after pogt-cure is given in
Fig. 20.
E.2.4 Experiment IV.

1) Disce cured at 95°C were pOQt-cured/debradea at an initial

pressure of 0.7 m.m. of mercury in the apparatus described in section D.5.
The temperature-time history is given in F g. 21.

On
and was

of the Heaxy vhite crystalline depo
0ily yellow qLoctance was dissolved i

The discs emerged from the heat treatment the same honey colour
Weight losses of 0.0628% and 0.0627% were vecorded for the two

n the Tir

e
m

Products
ok,

t trap occupied three distinect regions shown
warming the trap, the light

hite deposlit sublimed or evaporgted
distilled into the capsule t

ction D.5), together with quantities
which proved to be water. The
methanol and the solution reserved

m/\
n =

e
it
n

for analysis.

v)
in Fig.

E.2.7

pte
e

An infra-red spectrum of the dicce after heat treatment is given
25' . .

Experiment VI.

Disce cured at 95°C were postecured/degraded at an initial pressure
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of 0.7 m.m. of mercury in the apparatus described in section D.5.
The temperature-time history is given in Fig. 26. :

ii) - The discs emerged from the heat treatment darkened in colour
and the darkening was uniform throughout the discs.

iii) Weight losses of 7.8T and 4.94% were recorded for the two
disce.

iv) Products in the trap occupied distinet regions shown in Fig. 27.

On warming, both the light white deposit (8) and the clear crystals
(7) sublimed or evaporated and were distilled into the capsule (section D.5).
The heavy white crystalline deposit (6) melted and some evaporated.
Meanwhile the other regions had melted, and mixed together and with the
melted portion of (6). These formed two immiscible moblle phases =
one yellow and the other cloudy white. These were reserved for analysis.

v) An infra-red spectrum of the discs after heat treatment is given
in Fig. 28.

E.2.g Experiment VII.

i) In this experiment four discs were used £o that large quantities
of degradation products would be produced. They were post—cured/degraded
at an initial pressure of 0.6 m.m. of mercury in the apparatus described
in section D.5. The temperature-time history is shown in Fig. 29.

ii) The discs emerged from the heat treatment very much darkened
to a dark brown colour and were opague. They were considerably distorted
and very brittle. For this reason no dielectric studies were possible
for Experiment VII.

11i) Weight losses of 20.8%, 17.5%, 9.75% ebd 26.0% were recorded
for the discs.

iv) During the degradation quantities of a colourless liquid condensed
in the glass lines before the first trap. After the degradation this
was flame distilled into the first trap. Products in the trap occupied
distinct regions shown in Fig. 30.

Probebly because of the increased guantities of products formed and
because of the distillation into the trap of the colourless liguid which
had collected in the lines, the regions were not as well separated as
those in Experiment VI. On warming the trap the powdery wvhite deposit (6)
sublimed or evaporated off and was sealed in the capsule. (Section D.5).
The crystalline white deposit (5) melted and some evaporated. The other
deposits melted slowly and all producte not volatile enough to be digtilled
into the capsule were removed as a methanolic solution which was reserved
for analysis.



v) An infra-red spectrum of the discs after heat treatment is
ghown in Fig. 31.

vi) Large quantities of a reddish-brown very viscous tar were
formed.

Discs from experiments I, IIT, IV, V and VI were resgerved for
dielectric meas uremeﬂt

E.% Results of Dielectric Measurements

- - S o W . G on A S TR S S T S W S O

E.3%.a Accuracy of Dielectric Measurements

- - - O A Y - W N SO S e e S

A preliminary experiment to test the reproducibility of results was

carried out on a disc of cured epoxide resin. The resulte showed that
where values of the loss tangent were of the order of 10 <, values could
be quoted to 0.5 x 1077 i.e. a spread of 10 2. The source of greatest

uncertainty appeared Lo be tzm readings of ;reqvenc‘; on the oscillator.
Valueg of € are accurate to two decimal places

E.3.b  Except for Experiment I results for losg tangent and dielectric
constant will be tabulated, values for various temperatures at a fixed
frequency being grouped together; the results will be plotted In concis
form as contour diagrams. The digcs of resin used in Experiment I,

which were cured at 130°C proved unstable when measurements at temperatures
near the and particularly aebout cure temperature were attempted. This
point is taken up in the Discussion (QQCulon F). The. full results are,
therefore, not given for these discs; only values at a frequency of

1.05 ke/s will be tapulated for the s ake of the Discussion.

E.3.b.1. Dielectric Resulte in Tabular Form. (see end of Note printed

- - - o - - - -

Separately under tnis title).
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Notes on dielectric resuits:

(1) In all four experiments (Bxperiment III, IV, V and VI) the effect
of leaving a disc of the resin at a temperature greater than 100° was
a lowering of the value of the dielectric constant € without any
gignificant change in tan & values. The same effect occurred when
when discs were heated to temperatures above 100°, cooled and then
reheated. In making dielectric measurements the discs had to be

left at elevated temperatures for appreciable times (some hours) and
since the measurements extended over a period of days the discs were
usually cooled and left at room temperature overnight.

The effect can be seen in Experiment III in the region of 160°C,
in Experiment IV at all temperatures above 100°C, in Experiment V at
all temperatures above 100°C and particularly around 160°C, and in
Experiment VI in the region of 160°C. In Experiment IV and V, the
effect was such that the normal rise with temperature of €,which
should have accompanied the rapid rise with temperature of tan O was
not noted except at the lowest frequencies.

There appeared no way of obviating this effect which was
characteristic of the resin. The result is that values of € at the
higher temperatures are not simply related to those at lower temperatures
and in fact may not have any quantitative significance.

(2) As will be shown fully in the Discussion (Section F) values of
tan ® and € at temperatures in the region of 220°C and above are time
dependent. The reported values of tan & and € at these temperatures
have only gqualitative significance.
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E.4: Degradation Products

- T ) W . O S a2

T.h.a Experiment IV
The minute quantity of non-volatile dsgradation products collected
in the first trap proved too sgmall for analysis.

E.4.D. Experizent ¥

The methanolic solution of the non-volatile degradation prcducts
was evaporated to dryness and an infra-red spectrum taken (Fig. 10).
This was badly resolved; a puzzling feature is the complete lack of
absorption at frequencies below 900 em” L. Both effects may have been
due to a fault in the spectrometer.

E.b.c. Dxperinent V2

The methanol from the methanolic solution of the non-volatile
degradation products was evaporated off. The residue consisted of two
distinet liguid phases, one yellow and viscous and the other mobile and
cloudy white. The yellow phase (1) smelt strongly of phenol and gave
a violet colouration with ferric chloride solution. On exposure to air
the yellow phase darkened in. colour to red. An infra-red spectrum was
taken (Fig. 41) and this proved jdenticsl with the spectrum of phenol
(Fig. 42), except for very minor differences. The yellow phase (1)
therefore consisted of phenol with some emell quantities of other
substances.

The mobile vhite phase (ii) proved to be meinly water. A portion
was extracted with cadon disulphide which was then evaporated. An
infra-red spectrum of the residue (1ii) was taken“gFig. 4z,  The
spectrun showed strong absorption in the 3,400 em ~ region which could
have indicated O-H or N-H absorption or both; plus strong CE stretch
absorption, evidence of aromatic C=C, and evidence of mono=-substituted
arometic rings in the 850 to £50 cm * reglon. The gpectrum showed some
strong similarities to that of phenol. Phencl wes almoet certainly present.

Both the yellow phase (i) and the vhlte phase (ii) were combined in
a solution in methanol wnich was then dried over anhydrous sodium sulphate.
This solubion was evaporated t~> dryness. ~Two distinct residues appeared,
one oily and dark brown (iv) and the other yellow and apparently erystalline,
having a sharp, fishy smell (v). Infra-red spectra of (iv) (Fig. 4b)
and (v) (Fig. b5) were taken. e infra-red spectrum of (iv) was similar
to that of (iii), and, similarly, (iv) was probsbly a mixture of phenol and
other compounds.

The whole residue vas dissolved in methanol and the solution passed
rhrough an alumina column in an effort to separate the coloured components
of the mixture. Some separation was achieved into two bands, both yellow
coloured. The solution corresponding to the two bands were collected and



evaporated to dryness. Infra-red spectra were taken of the residues.
The infra-red spectrum of the first residue (vi) shown in Fig. 46 is
similar to that in Fig. 4S5, The residue (vi) did not give a nitroso
derivative. The infra-red spectrum of the second residue (vii) is

shown in Fig. 47. The second residue (vi) appeared to give a nitrosos
derivative though the test was not conclusive. It nmay, therefore,

have been a primary or secondary amine.

During the chromatographic separation any colourless components
were not detected, notably phenol.

In summary the existence of phenol in the degradation products
was shown. Smaller quantities of other components, some of which may
have been amines were present. The crude analyses made in this case

gerved to indicate the line of approach used for the analysis of the
non-volatile reaction products of Experiment VII.

E.4.d Experiment VIT

In this experiment larger quantities of products were available
for analysis. The methanolic solution of the non-volatile degradation
products was distilled; the methanol distilled was retained for further
examination. A yellow liguid residue resulted.

This residue was subjected to a chemical separation into acidie,
basic and neutral components. !

A Acidic components

The yellow residue was treated with sodium hydroxide golution and
then extracted with ether. The ethereal solution (1) vhich was yellow,
was reserved for future separation,

The sodium hydroxide solution was acidified and a milky white
suspension was produced. This was ex“racted with ether and the remaining
clear water solution (ii) retained. The ethereal solution was dried over
sodium sulphate (anhydrous) and the ether removed under reduced pressure
to leave a pink mobile oil which had a phenolic smell. The oil gave
a violet-blue colouration with ferric chloride solution. An infra-red
spectrun of the oil was taken (Fig. 48) which was identical with that of
phenol (Fig. k2). A p-toluene sulphonyl derivative was prepared from
the oil. The melting point of the crude product wag 91.5°C. An
infra-red spectrum of this derivative (Fig. 49) was identical with that
of the p-toluene sulphonyl derivative of phenol (Fig. 50).

The acidic component of the non-volatile degradation products probably
congisted therefore of phenol.



B: Basic Components

= PSP

The e*hereal golution (i) from the separation of the acidic
compound was treated with hydrochlorine acid to remove basgic components.
The hydrochloric acid turned a light yvellow 'fluorescent! colowur
leaving a yellow ethereal solution (iii) which was retained. The
acidic sclution was rendered alkaline with sodiuwm hydroxide to produce
a vwhite emulsion which was extracted with ether, the remaining agueous
layer being discarded. The ether was distilled off leaving a mobile
brown ligquid and a dark brown cil. Infra-red spectra of the mobile
brown oil (Fig. 51) and the dark brown oil (Fig. 52) were taken.

These spectra indicated that a mono-substituted aromatic ring was
present. A p-toluene sulphonyl derivative of the mobile brown oil was
successfully prepared, the melting point of the crude product being 80°C.
An infra-red spectrum of this derivative was taken (Fig. 53).  This
proved identical with the spectrum of the p-toluene sulphonyl derivative
of N-methyl aniline (**b. 54). This indicated that N-methyl aniline
wag certainly present and that no significant quantity of primary amine
wag present. There existed the possibility of the presence of some
tertiary amine since these do not, in general, give p-toluene sulphonyl
derivatives.

The spectra of the original residues of basic components (Figs. S1
and 52) were compared with the spectra of N-methyl amiline (Fig. 55) and
N-N-dimethyl aniline (Fig. 56). Both spectra corresponded exactly to a
mixture of Nemethyl aniline and NN dimethyl aniline. To confirm this
the amines were dissolved in hydrochloric acid and sodium nitrate added
The solution turned red. On rendering alkaline, the solution turned
yellow and the colour could be extracted with ether. On evaporation of
the ether a yellow 01l together with crystals resulted. The presence
of a tertiary amine was thus proved by the formation of a crystalline
p-nitroso derivative. The yellow 0il gave Liebermann's reaction proving
that it wag the nitroso derivative of a secondary amine.

- The basic component of the non-volatile degradation products consisted
of Nemethyl aniline and N-N dimethyl aniline.  Very much smaller quantities
of other amines could have been present.

The colourless liguid which condensed in the glass lines during
degradation proved to be these two amines '

C: Weutral Com sonent

The ethereal solution (iii) from the separation of basic components
wag digtilled. The ether distilled off leaving a trace of a brown oily
residue with a glightly fish~giue Mmell. The residue was redissolved in

ether, dried over anhydrous godium sulphate and then freed of the solvent
by distillation. An infra-red spectrum of the residue was taken- (Fig. 57
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The spectrum indicated that aromatic rings were precent which could
have been mono-substituted, p-disubstituted or 1:2:4 trisubstituted
(medium intensity bond at 880 em t).  The most *nuéTESting feature of
the spectrum was very strong absorption at 1680 em™t which may have
been due to a carbonyl group. '

The residue was therefore extracted from the potassium bromide
disc with ether. The ether was evaporated off and the residue dissolved
in methanol. A solution of 2:4 dinitrophenyl hydrazine was added and
a red‘precipitate was formed vwhen the solution was diluted with water.
This suspension was boiled to coagqulate the precipitate, the distillate
{iv) being collected. The precipitate was washed with a 50:50 methanol
hvdrcchloric acid colution to free it from excess 2:4 DNFH and, since the
quantity was too small for a melting point determination an infra-red
spectrum was taken, Fég. 58).
The distillate (iv) was extracted with ether. The ether solution
was dried over anhydrouq sodium sulphate and evaporated to dryness.
A trace of a yellow residue resulted whose infra-red spectrum is given in
Fig. 59. This spectrum showed the existence of aromatlc rings whose
substitution was not clear. The peaks at 1680 am aﬁd 1540 em™* may
have indicated a secondary amide. The peak at 1345 e would, if this
were so, indicate that the nitrogen substituent was an aromatic ring.
The guantity present, however, precluded any attempts at hydrolysis and
subsequent analysis. The peak at 1680 cn * may, on the other hand,
have indicated unsaturation.

D: The Original Methanol Ql:éll%ate

The methanol distillate from the distillation of the original solution
of the degradation products was redistilled leaving a mobile brown liguld
when the methanol had distilled off. This was proved to consist mainly
of phenol together with small gquantities of secondary amine.

B:

The solution (ii) from the separation by acidification of the acidic
component from solution in sodium hydroxide, was treated with a solution
of 2:4 dinitro phenyl hydrazine. A red precipitate was formed which was
coagulated, Tiltered, thoroughly washed and dried. Because of the small
gquantity available the determination of its melting point was not conclusive
but the 2:4 dinitro phenyl hydrazone did not appear to melt below 280°C.
An infra-red spectrum of the 2:4 dinitro vhenyl hydrazone is shown in Fig.

60.

¥ Tar

In Experiment VII large quantities of a very viscous red-brown
coloured tan were found in the reaction vessel. The tar had a strong
'phenolic! smell. An infra-red spectrum of the tar is shown in Fig. 61.
The spectrum shows some strong similarities .to that of the original resin =



hydroxyl absorption at 3450 cm™*, aromatic and aliphatic C-H stretch
absorption, evidence of aromatic rings vhose substitution patterns in
the 900-650 em * region are complicated, and evidence of aryl alkyl
ether linkages.

The tar was separated into acidic, basic and neutral components
in exactly the same way that was used for the non-volatile degradation
products. Further analysis was not attempted in view of the probable
diversity of tarry products.

An infra=-red spectrum of the acidic component of the tar is given
in Fig. 62. . The spectrum shows strong hydroxyl gbsorption at 3400 em™*;
aromatic and aliphatic C-H stretch: a peak at 1695 cm T which may show
uwnsaturation; aromatic C=C gbsorption; phenolic absorption at 1370 cm_l;
evidence of ether linkages; substitution patterns in the 900-650 cm™*
region which may indicate mono substitution, p-disubstitution or 1:2:4
tri-substitution.

An infra-red spectrum of the basic component of the tar is given in
Fig. 63. The spectrum shows amine absorpbtion at 3400 cm™t; strong
aromatic and aliphatic C-H stretch absorption; p-disubstitution pattern
at 1880 em”t; aromatic C=C absorphion; some evidence of ether linkages;
strong p-disubstitution absorption at 820 cm-l; and some mono-gubstitution
absorption at 750 and 690 cm -,

An infra-red spectrum of the neutral component of the tar is given
in Fig. 64. The spectrum shows strong hydroxyl amd/or antine avsorption
at 3400 et weak aromatic Cég absorption but strong aliphatic C-H
absorption; a peak at 1700 cm 1 which may be due to unsaturation; C=C
(aromatic) absorption; evidence of ether linkages; complicated sbsorption

in the 900-650 cm * region; mono substitution is very weak if present.

E.h.e Volatile Products

An infra-red spectrum of the volatile products from the capsules
(section D.5) from all the experiments after drying of the volatiles showed
no absorption. A 10 cm. path length cell was used and it was estimated
that some tens of millograms would have been detectable by this means.
No volatile products other than perhaps water were therefore found in
guantities of this order or greaber.

E.4.f A summary of the products of degradation at 309°C is given below
with estimates of the quantities: :

Product Quantity

Tar very large quantities
Phenol © large gquantities
N-methyl/aniline smaller quantities

T: N-dimethyl/aniline still smaller quantities
products with carbonyl groups traces ‘

together with traces ¢f other
products unidentified.



It must be re-emphasised that water could not be detected and may
well have been a degradation product. (Section F - Discussion).

During degradation at lower temperatures, no tar was found,
large quantities of phenol were found together with smaller quantities
of other products, in particular amines.

F: Discussion and Analysis of Results

The dielectric results of Experiments III, IV, V and VI are
presented as contour plots of the real part, € of the complex dielectric
constant and the loss tangent, tan 8, as functions of frequency and
temperature, in Fige. 32 to 39. The results for Experiment III are for
a fully cured resin which has not been degraded. The tem 'fully cured'
will be considered in detail in Section F.2. The results for Experiments
IV, V, VI are for increasingly degraded specimens.

The results for all four experiments show that in the frequency/
temperature range considered the samples are characterised by two
distinct dispersion regions, roughly speaking a low temperature region
and a high teuperature regiomn. ‘

The low temperature region, or P- region as it will be termed in this
discussion, is broad and is characterised by relatively low values of

tan 8. A plot of log gy Vversus L (vhere Thax is the frequency of

maximum absorption and T ig the absolute temperature) for the results of
the undegraded sample is roughly a straight line and gives an apparent
activation energy of some 16% k cals/mole. In Mikhaelov' s terminology

this value characterises the S-region as due to a dipole-radical type

of loss as opposed to a dipole elastic type of loss. On this basis the
loss is therefore probably due to the movement of a dipole essentially
independently of the main chain and this is congistent with the temperature/
frequency range in which the loss cceurs.

Cole-Cole plots of the locus of the complex dielectric constant
€ = ¢! - j&” in the complex plane for the sample of Experiment IIT at
temperatures of - 50°C, 0°C, and 50°C are shown in Figs. 65, 66 and 67
respectively. It i=s at once clear that the absorption is not an ideal
Debye-type absorption. While the locus of the complex dlelectric constant
at temperatures of 0°C and 50°C might conceivably be a circular arc in the
experimental range covered, that at - 50°C is very clearly not since it
appears to be concave upwards. It is therefore likely that, 1f the full
frequency range were available, the locus of the complex dielectric constant
would not be a circular arc, or even a skewed arc. Since the theories go
far developed have only been for these cases, further theoretical analysis
is impossible. It is likely, however, that the process giving rise to
this dispersion region is a complicated one. In view of this, the apparent
activation energy for the process quoted earlier is of dubious significance.
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There is a hint in the results that the loss peak is a result of two
overlapping loss peaks. This is clear in Fig. 68 which shows tan &

as a function of temperature at a frequency of 1.05 kc/g for Bxperiments
IIT, IV, V and VI. This is most obvious in Experiment V which concerned
a degraded sample, however, but is also discernible in the result of
Experiment III. This may imply that at least two processes are operative
in giving rise to the loss.

From a consideration of the chemical structure of the cured resin
(Section F.2) it is clear that the only dipolar group which could be
responsible for the B loss region is the hydroxyl group. = As far as the
resin network is concerned, these groups are the only pendant dipolar
groups which could be responsible for a dipole-radical type of loss; the
movement of any other dipole in the network structure would necessarily
involve a change in the configuration of the network involving a dipole-
elastic type of loss. There are other dipolar groups present in the
fully cured system which could give rise to dipole-radical type losses
These include residual epoxide and amine groups and 1mpar1tles in the
orlgina¢ resin such as :

OF

CHa" b1 - cm 50.- -@»o--cﬁg CH—CHp~C1

which, being only mono functional, would constitute a dipolar pendant
group capable of movement independently of the main network. The
concentration of any of these groups ls, however, so small that their
contribution to the dielectric properties is not likely to be measurable.

Fig. 69 shows the results of measurements of tan & as a function of
temperature at a frequency of 1.05 kc/s for the resin disc of Experiment I.
This disc had only received a preliminary cure at a temperature of 130°C.
For reasons given in Section F.2, it was clear. that the disc was by no
means fully cured. In Figs. 68 and 69 it is clear that as the discs were
more fully cured so the maximum value of tan & in the & losgs region
increased, the greatest value being recorded for the disc of Experiment IV
which had in fact been cured up to a temperature such that some slight
degradation had occurred. TFor increasingly degraded specimens in
Experiments V and VI the maximum value of tan d ln the B loss region
decreased. It is known from the work of Lee(2%)on the devradatlon of a
commercial low molecular weight commercial resin cured with p-p’ diamino
diphenyl methane that water is one of the main products that this is
produced by a dehydration reaction involving the hydroxyl group.  Although
it would be unreasonable to postulate that the concentration of hydroxyl
groups in the resin is the only factor controlling the extent of the
absorption, the results of this investigation showed clearly a direct
relation between the concentration of hydroyy7 groups, which incresses with
increasing cure and decreases with increasing degradation, and the maximum
value of tan & in the B loss region. This was taken as further evidence
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that the hydroxyl groups were responsible for the loss.

Work by Dannenburg(lO)on the spectra in the near infra-red of
epoxide resins during cure with amine hardener showed that the hydroxyl
groups in the cured resin can be hydrogen bonded. A consideration of
the possible configurations of the unit

CHp - CH(OH) = CHp = O ..5:5\,-

"CHy, - CH(OH) = CHs = O -\‘6_\—

showed that mutual hydrogen bonding between the two hydroxyl groups is
possible; hydrogen bonding of the hydrogen of one hydroxyl group with
both the ether oxygen and the nitrogen are also possible. In addition
to these possibilities, hydrogen bonding between the hydroxyl hydrogen
and oxygen and even nitrogen atoms of neighbouring chaing is possible.
The charecteristice of orientation of the hydroxyl group in an electric
field are governed by the change in energy accompanying the orientation
which in turn depends upon the forces involved. The many different
possibilities for hydrogen bonding of the one hydroxyl group are probably
responsible for the broadness and the non-ideality of the 8 loss region.
The underlying property is the random nature of the resin structure which
is one of its chief characteristics.

The high temperature region or & loss region has two main characteristics.
The first is that in the temperature range covered no local maximum or
peak in values of tan © was found. It was shown that degradation, as
measured by weight loss, occurred at temperatures above 240°C approximately
g0 measurements were not continued much above this temperature. The
second was that very high values of tan 8, approaching 1, were recorded
in this temperature range. It should be noted that the assumptions
implicit in the reduction of the dielectric properties to a statement of
€ and tan & as functions of frequency and temperature (in particular that
of linear behaviour) are unlikely to be valid when such values of tan &)
are found and, for this reason, the values of tan ® recorded are of
gqualitative significance.

The ¢ dispersion region was associated with the resin network .
Since no peaks in the values of tan & were found it was not possible to
characterise the region as due to dipole-elastic losses Or an apparent
activation energy approach. The reasons for characterising the O loss
region as being a property of the network are reserved for Section F.3.

Kobale and Lﬁbl(le)give the dielectric properties of a commercial
epoxide resin cured with an anhydride hardener, tetrahydro phthallic
anhydride. . As in this investigation two distinct loss regions were
found. The low temperature region was a broad region characterised by
low maximum values of tan 9. An spparent activation enthalpy for the
process was quoted as 11 k cals/mole, activiation entropies being too small



to measure. From a conegideration of the chemical structure of the
cured resin network Kobale and Ldbl concluded that movement of the OH
group was responsible for this loss region. In support of this they
quote activation enthalpys for the movement of the OH dipole in Terylene
and Ice. Thig is to be criticised. The forces involved in the
highly cross linked random structure of the cured epoxide resin with all
the attendant different possibilities of hydrogen bonding and differing
steric barriers are likely to be very different from the forces involved
in the linear partially crystalline Terylene and the perfectly ordered
molecular crystal, Ice. The rough agreement of the values for the
activation enthalpy for the movement of the CH dipole in these three
solids is probably fortuitous and, in any event, is not sufficient
evidence to identify the processes.

In contradiction to the results of this investigation, Kobale and
L8bl found well defined peaks in the values of tan & for the high
temperature loss region, the maximum values of tan © being in the
region of O.1l. They showed clearly the relation of this region with the
properties of the network and characterised the losses as dipole-elastic
losses.

F.2 Cure

e i

The chemical reactions involved in the curing of dge BPA with DDM
are fairly simple and involve the reaction of epoxide groups with both
the primary and secondary amine groups:

0 (’)H
o CH e CHp + HoN M—«vwca—cx{g—lf»—
H
OH .0
l_ i <N\
- CH - CHz = N4-CHz =~ CH -
i oo
|
— "CH:"'CH'.Q"'}-}""'
CHz
i

CH—CH
§

[

Work on model compounds by Shechter, Wynstra and Kurkjy(Sé)shGWed

that etherification of the aliphatic hydroxyl by epoxide groups

\ yd O\ \ /H (gi
‘ i - C CHo = CHw=
/cnog + CHao R - o el

does not occur Lo any appreciable extent. This is supported by the fact
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that optimum properties are obtained for this resin/hardener system
when equi-equivalent amounts of hardener and epoxide resin, calculated
on the bagis of one epoxide group for every basic hydrogen present, are
used.

As cure proceeds molecules with the structure

amvCHp fEa - CH(CH) - CHz = O ~®~;~w
{
Syo{loY -, -{ 0 -n |
\ s
: 4 ?
CHo, - CH(CH) - CHp = o~<~o‘>—cw"v
, - ng;:,

i

e -

HewwiCH o

’ ?HB
- - - - - - O }.. - - T - - f\
72 (oH) 2 \ ) \ 2 (0H) a2~ \Lﬂjfe

——

Now- 3 2
()
are built up. Consideration of the possible conformations of the unit
?Hs
-CHQ-CH(OH)-C’HZ-O»{O>~ o —/O\/-O-—CHZ—CH(OH)-CHQ-
éH ./
3

show that the number of pairs of these units Jjoined by the same two nitrogen
atoms is small and that a truly random siructure is found.

At a certain stage, the gel point, a sharp increase in viscosity of
the system marks the appearance of a large three-dimensional network
molecule which forms a phase which is essentially distinct from the liguid
phase which existed before and now co-existe and which consists of small
molecules and small fragments of addition products. Molecular motion
and hence chemical reaction are by no means halted; the cure process
continues by reaction in the remaining liquid phase and by an increase
in the size of the network and by an increase in the degree of cross
linking of the network. Reaction is accompanied by a decrease in the
amount of ligquid phase present and an increase in the rigidity of the
network.

The network may be characterised by its glass transition temperature
which, for the purposes of this discussion, may be defined as the temperature
below which segmented motion of the network is not possible. The word
‘motion' implies the specification of frequency if an attempt is made to
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measure this property. It is clear that as cure proceeds the rBle of
cure reaction shifts from that of building onto the network to increasing
the cross linking of the molecule so that in the later stages of cure,
when the liquid phase has for all practical purposes disappeared, the
latter is the only process. If cure is carried out isothermally there
may come a time when the degree of cross linking and the amount of liguid
phase present are such that the glass transition temperature of the ”
network corresponds to the cure temperature.

At this stage cross=-linking must practically cease, for this implies
molecular motion and this is frozen in &ll but any remaining liquid phase.
The results of Experiment I (Fig. 67) exemplify these predictions. The
disc used in these measurements was cured finally at 130°C. The graph
of tan G/temperature shows a rise in values of tan & as 130°C is ‘
approached but the expected peak at 130°C is not realised. The value of
tan & at 135°C is lower than would be expected and successive measurements
at this temperature show a progressive decrease in tan 8. The
temperature of measurement was raised to 160°Cand then lowered. The
results appear to indicate a peak in the region above 160°C.

These results are simply explained on the basis of the above
predictions. The disc originally cured at 130°C cured up until the .
glass=transition temperature corresponded to the cure temperature. As
the temperature of measurement approached 130°C a rise in tan & was noted
which signified the approach of a pesk in tan & characterising the glass
transition., As the temperature was raised further, however, molecular
motion became possible and the sample became unstable as further cure
reactions occurred until the glass-transition temperature corresponded to
the new cure temperature i.e. the temperature of measurement. Ralsing
the temperature to 160°C provided the opportunity for further cure until
the glass~transition temperature corresponded to this temperature.
Subsequent measurements at temperatures below 160°C confirmed the apparent
appearance of a peak characterising the glass transition temperature
somevhere above 160°C.

Information in a technical bulletin by CIBA(ARL) Ltd(.s)on the properties of
a low molecular weight epoxy resin cured with DDM confirms the correspondence
of the deflection temperatures (which is related to the glass-transition
temperature) and the cure temperature. ~

Information gained in Experiment I dictated the heat treatment of

discs used in further experiments. The discs were given an initial cure

at 95°C. Since the discs were to be post cured/degraded at temperatures
above 240°C there appeared no point in post curing for any length of time

at temperatures below these. A feature of the apparatus was that in the
degradation vessel the final post~cure/degradation temperature was reached
relatively slowly, allowing ample time for cure as the temperature increased.,
Increased cure implied an increase in the glass-transition temperature by
increased cross linking, and hence increased cure temperatures were necessary
to provide for molecular movement and hence reaction. All this was achieved
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progressively in the degradation vessel. Oxidation, which becomes
appreciable in air at 180°C, was precluded. ‘

The sample which exists after cure at an elevated temperature
consists mainly of a random three-dimensional network molecule extending
throughout the sample. Ideally the sample would consist of nothing
else., In fact it is obvious that when cure has reached a certain stage
it may be impossible for two pendant unreacted groups (one epoxide, the
other amine) to meet and react. To put it more succintly, the .
probability of co-ordinated segmented motlons of the network which would
allow previously separated pendant groups to approach closely and react
is prohibitively small. In the 'fully-cured' resin, therefore, there
must exist unreacted epoxide, primary and secondary amine groups and
possibly very small numbers of unreacted dge-BPA and DDM molecules.

The concentration of all these is very low. In addition to these
impurities, molecules originally of the structure

CH

01-320-&{-0}12~o-< o)-«%——@-o—CHQ-CH«-—-CHE.

CHs

which were present in the dge-BPA will form pendant groups through reaction
of the one epoxide group. Other trace impurities may be present.

F.3 Discussion of the @ loss region.

The & loss regions recorded for the sample of Experiments III, IV,
V and VI were regions in which sharp rises in both tan © and € were
noted for rises in temperature. The maximum in the values of tan 5 which
is usually associated with a dispersion region was not noted. Measurements
could not be extended to higher temperatures in an attempt to locate a
peak since the temperatures were such that degradation occurred.

The temperature/frequency range of the G-logs region is such that
it would be unlikely %o be due to dipole-radical type losses even if
there were a dipole available other than the hydroxyl group to provide
for such a loss. It appears reasonable, therefore, that the loss is
associated with movement of the network i.e., that it is due to relaxation
of the network. This cannot provide the whole explanation of the results
however, since a simple relaxation of the network should provide definite
peaks in tan 8/temperature curves.

Weight loss measurements showed that degradation is appreciable at
temperatures around 240°C. The identity of the main degradation products
found in this investigation namely phenol, N-methyl aniline and N:N-dimethyl
aniline, which all contain phenyl groups, is such that degradation must
involve the resin network; further, it must involve a bresk down of the
network by the scission of chemical bonds to produce these chemical gpecies.
Their production from unreacted amine or epoxide groups is not reasonable;
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firstly, because of the extremely low concentration of these in a fully
cured resin and, secondly, because the chemical nature of the phenol and
N:N dimethyl aniline is not compatible with this origin. The production
of separate small molecules from the network presupposes at least two
scissions of chemical bonds in the network. These are unlikely to be
simultaneous and s0 it appears established that appreciable scission

of chemical bonds in the network occurs in the 240°C temperature range,
some of which leads by further scission to the appearance of small
molecules.

The possible fates of two free radical ends produced by the homoly
sclssion of a chemical bond in the network are many. The most obwious
and most likely is recombination to form the same chemical bond. For
this reason it seems likely that apprecisble scission occure, only a
small fraction of which leads to the production of small molecular weight
products.

The !free ends' produced by scission which exist in the resin at
elevated temperatures must contribute to the dielectric properties if
they are free to oscillate in the field. Providing the network is above'’
ite glass transition temperature such motion is possible. The abnormality
of the ¢ logs region ig attributed to the existence of these free ends
st the temperatures involved. That superposition of dielectric loss due
to the motion of the free ends on top of the dielectric loss due to
relaxation of the network provides for the measured very high values of
tan ® is clear since, as the temperature of measurement is raised, so
scission is a more likely event and the rate of production of free ends
is increased. The instability of the samples at elevated temperaturec
is almoqt certainly due to the same effect.

At any particular temperature the rate of production of free ends
by scisslon of network bonds is roughly constant. If their only fate was
to recombine then eventually an equilibrium would be set up such that the
concentration of free ends is constant. This may be the case at the lower
end of this temperature region (210°C - 220°C). Any irreversible process
such as stabilisation of the free radical by isomerisation by splitting off a
smaller molecule, or by disproporbionation, which follows scission means that
the concentration of free ends may not bée constant. This implies that the
dielectric properties in this temperature region are a function of time.
This is a further reason why the data on tan & and € Tor this temperature
range are of qualitative significance only.

The results for the @ loss region recorded in this investigation for an
emine cured epoxide resin appear to contrast strongly with those recorded by
Kobale and Ldbli\l8/for an anhydride cured epoxide resin. The & loss region
in the latter investigation was shown clearly to be a relaxation phenomenon.
The extra chemical stability of anhydride cured epoxide resins compared with
amine cured resins is well known. In the case of an anhydride cured resin
it appears that at the glass transition temperature no significant scission
occurs. Alternatively, it is possible that we did not observe a Tull &
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peak due to the fact that correct temperature and frequency conditions
were not attained. In view of the wide range of temperatures and
frequencies used this explanation of the observed phenomena seems less
probable than that based on degradation of the network, which is
further described below.

As increased cross linking of the resin increases the glass’
transition temperatures, so it would be expected that degradation of
the resin network,which involves scission of chemical bands in the
network, would decrease the glass transition temperature. The results
of Experiments III, IV, V and VI confirm this (Fig. 68). The results
for Experiments IIT and IV show rises in tan 8 in the & loss region
which almost lie on the same line. The disc in Experiment IV was post
cured/degraded at higher temperatures than that iy Experiment III. While
the weight loss measurements of Experiment IV indicated that some
degradation had occurred the maximum value of tan & in the B loss region
appeared to indicate that the disc was better cured than that in Experiment
III. This is perfectly credible since degradation and cure reactions
may occur simultaneously at a high enough temperature. The O loss
regions for the discs in Experiment V and VI which were increasingly
degraded specimens were shifted to lower temperatures as predicted.

As emphasised earlier the results for this temperature region must
only be a gualitative suide to the properties of the discs. The time
scale of the measurement of the dielectric properties was such that some
degradation must have occurred during the measurement at the higher
temperatures.

The prediction that the ¢ loss region be shifted to lower temperatures
on degradation, which implies scission of chemical bonds of the network, is
not dependent on the assumption that the loss is due solely to relaxation
phenomena gince the nature of the free ends produced by scission is such
that they are unlikely to be capable of relaxation independently of the
network. '

The Important conclusion drawn from the data on the & loss region
was that the degradation of the cured resin used in this investigation
was by degradation of the resin network itself and did not concern simply
the reactions of unreacted reactants as has been suggested by some worker
(Neiman, Kovarskaya, Golubenkova, Strizhkova, Levantovekaya, and Akutin)?aT).

The results also have a bearing on the practical uses of this resin/
hardener system. It is clear that cure at a temperature of 240°C under
conditiong which prohibit oxidation will produce a sample which will retain
good dielectric properties and, therefore, presumably good mechanical
properties at temperatures up to 200°C, providing oxidation is inhibited.



F.4 The Chemistry of Dew%aqauwon

The fact that degradation involves a breakdown of the resin network
by scission of chemical bonds in the network has been discussed. It
remains to discuss which chemical bords in the network are mos:t lisble
to rupture and how the main products Iound in this investigation -
phenol, N-methyl aniline and N:N dimethyl aniline = may be produced.

It would be presumptious, however, on the vasis of the chemical evidence
of this 1nvectﬂ~atlon and prevvous;nﬁcstira+lons to attempt to put forwavd
a detailed reactmon mﬂchan ’

The resin network consists ideally of a molecule with the structure:

wACHy =/ 0 }- N = CHp - CH - 03{2-0-{0‘ /o}o-ng-cz{ CHz -4 0} CHa
\._./ 7 . &H-\u~J 2N\
CHs OH “ om o CHs
i i ’f VoY {
- C ”"f_ 0 /= O - CHQ w CH - CHQ : . Chg*(ﬁi*c}i?'*o ] \9" C"'WW'

I Y e U s / |
CH> o ‘ \N '-(O\,:»—‘CI'EQ*N\ &L ~/ H’ﬂ T,
Chs - e T LT CHp=CH-CHo-0 Q cl

o / oErTTE 'e“’%

: N '
T 0)-0-CHp - CH-Cz - - DR : S :

CHsz H

E<Zeenan(”’haQ examined this sﬁ*‘ucture t eo*'etlcallv and hae come to
the following concTuelonS° S :

1. The strongest chem¢cal bundq in the qtrﬂc+ure a*e une

/ SRR < \N

ary ether and the ar;i amine bonds W1th uhe former the
stronger of the two. ~ o

2. In order of decreaaln% bon strengths the remaining bonds were as
followe: :

C-H > C=0 >HaC = ¢ > C-C > (CHz)aC-¢ > C-N .
The appearance of nhenol as. the main aeg%adatlon prodact w*th
Nemethyl aniline and NeN dimethyl aniline as the next most important
degradation products would certalnly seem to conflrm the first conclusion.
The second conclusion needs some quelification. Keenan used standard
values of 80 k cals/mole for the C~C bond and 66 k cals/mole for the
aliphatic C-N bond. The HoC-¢ bond was considered stronger than the
aliphatic C-C bond because of hyperconjugation between the ~CHp~ group
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and the heazere rings ettached.  Semenov'~”’/guotes a value of 76.5

k cals/mole Ior Hhe
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CelsCHalsls =7 CgHsCHS + Cglise

It is reesonanle that the dissociation:

Cow . P

L CgH

: CoHy C{CEz)n Celig = CéHSC(CL sio + Cfﬁs would reguire less energy
because of some strain caused by steric crovding with the bulkier methyl
(63 ¢!

i £
groups atgached to the central cerLoh and since hyperconjugation is ao
longer possible..

It is not reasonable however, to use a value of 80 k caie/mele
_ for the dissocistion energy of" th- zlivhatic C-C bonds in the structure.
Ih the gtrictural wnit: - - S UL T . «
oH
CHp - b - Gz - O -{D\mw

TN A ‘

{0 » u

S Ty,

elé“trm#nag”tive'atomﬂ or groups are attached to each of the three
liphatic carbons and thi s must alter the strengths of the two aliphatic

CMC bond consideraply. It iz, therefore, not clear that these

are in fach stronger than the CgH<-CHp-CoHs bond as Keenan sugg

and Lhe evperimental evidence of this investigation suggests

In fact Ly appears that the strengthis of the aliphatic C-C and Ul

are rocughly comparable.

If simple scission of chemical bonds were the only pos=zible process
of degradation it would be fairly s;mple, if the bond strensths were
accurately known, to work ou®t mechanisms of degradation. Degradstion
is, hovever, almost certainly complicated by a dehydration reaction

involving hydroxyl groups and, despite precautions taken vo rid the resin
of entrapped air, may be accompanied by some oxidation. ihe discussion
of the degradation will be limited to a consideration of the most likely

shear points in the structure ard of the role of the dehydrs Lion reaction

in the degradation. Keenan(17Jhas given a detailed discussion of the
role of oxidation in the degradation of this resin/hardene: sysuam.

he most likely scission points are the N=C, C~C and the [(H=)oC-¢
bonds provided that the structure in the vicinity of these bonds has not
been modified Dy other reactions. Seission of these bonds is propably
responsitie Por the abnormal dielectric properties discusged esarlier.
Concurrent with pure ‘thermal sclssion -eaction is a dehydration reactior
involving the hydroxyl groups Lee’s?ao)reSults ghow that degradation
of & low molecular welght commercial epoxide resin cured with p-p' dismino
diphenyl methane at 550 ¢ resulis in water as one of the main products.
The dehydration react on &1szorta the previous picture oi bond strengtns.
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Dehydration involving the hydroxyl groups could occur in various
ways. A study of the possible conformations of the element;

OH

]
CHg ~ CH - CH2 o

CHg - CH = CH,?_ w O mapey

H
shows that the reaction: .
CHp = CH - CHp"™™ CHy - CH ~ CH
e 2 ! 2 ~H 50 / 2 > 0 2
N CH 2Y ~w /

\ QH - H, - CH - CH»

¥
CHy - CH - CHp™

is possible. The morpholine type ring is not strained and the reaction

is unlikely to be followed by further reaction. Dehydration may

alternatively involve hydrogen atoms on carbons adjacent to that with the

hydroxyl group: ,
Cﬁg - CH - CHg - O M Wian

Either N OH

CHp = CH = CH = 0—

e N s
or (Ha - CH = CHp = O~ o~

/ 2 ‘ =2

-+ N OH
i,
L \L*’HEO

"A&,%Nz
s

Dehydration to produce a cis~substituted double bond adjacent to the
nitrogen atom

H H
N v
C=20C

Arnne I a2 \Cﬁg v

results in a very strained system because of steric obstruction and is

an



unlikely process. . Dehydration to produce a cis=-substituted double
bond adjacent to the oxygen atom

H

CHs é_\ il
~

0
"y
results in a less strained structure. Dehydration to produce unstrained
trans-substituted double bonds are more likely.

Kee”an(l7)suggeﬁted that the double bonds produced by debydratlon
in this way may be delocalised:

'-ﬂ--.—..‘-.w mmmmm .,

f\«rtb-N-CH CH 4 CHp - 0 - o=

-y f A e e g - vha..

and

© =N = CHp 4 CH = CH = O = 0~

H

S

Such delocalisation results in a strengthening of the single bonds
involved and a relative weskening of bonds not involved.

The production of phenol may be explained on this basis: escission
of the weak C(CHs)sC-0 bond may occur:

Q% :
O"CHE;‘“CH CHp = N = ¢

%
"7 .
CH= OH
! VAR { 3
-{ O C-+’-O~O-CH2"CH-'CI‘S.2"N~¢M’V
|
CH> . %
(Hs "
The free radical~<:§:>-0. is resonance stabilised. - The other radical
3
may abstract hydrogen to produce:
OH

\ §
@O-—CHE-CH—@IQ—N%-@-—

Dehtydration may occur to produce

--@uo-c*ﬁa-cz{.—_m—mwf«w
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followed by scission of the now relatively weak CHp-0 bond to

O"‘Oo'*‘.CHz"CHzC:H-‘N—(bﬁMM’r
:::j B,

The radical - 0. may abstract hydrogen to produce phenol. The

produce:

remaining ragical is likely to be

stabilised by resonance.

N-methyl aniline must be produced by three different scissione:

! ?H
i
- /CHEf—CH
wCHy R(0 } N o
" 7 “CHg = CH

{
H

Both the C-C and the C-N bonds involved appear to be weak bonds and
it is not clear in which order scission occurs and whether or not

dehydration is involved. Nor is

it clear whether the radical produced

by one scission is stabilised by hydrogen abstraction before a further

scission takes place.

W:N dimethyl aniline must also be produced by three different

scissions:

The fact that the primary am
indicate that the aliphatic C-C Db
C~N bonds. If this is the case

CHEL-CH-CHQ-O-/_{)-\—
H
i

7
S

ine, aniline, was not detected may
onde are in fact weaker than the aliphatic
then the fact that more of the monomethyl

subgtituted amine was produced may indicate that dehydration precedes

scission of the C-N bond:

Zi

CI'I hod Lad CH - O T

e 2 @
N!’«’,... \L"’Hg@

AA N _:\

“Ym

v (Hp = CH =CH =0 ={(0 }-
& P

Thig is conjeétural. It must be emphasised that before a detailed reactlon
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mechanism may be put forward with any confidence, a thorough quantitative
kinetic study of the degradation must be made. This requires a positive
and complete identification of every reaction product and its quantitative
analysis as a function of time under varying experimental conditions.

The large quantities of tar formed during degradation at 309°C
appeared to consist of large molecular fragments where structure wag
little changed from that of the cured resin. This is congistent with
the idea that scission of chemical bonds in the network takes place
during degradation.

The essential difference between the tar and the low molecular
welght products lies in their mode of formation. The tarry products
are presumably formed by unrelated random scissions of chemical bonds
in the network teo produce large molecular fragments of varying size and
complexity. Low molecular weight products are produced by secission
of chemical bands in the network followed by further specific reactions
of the free ends so formed which must occur in an effect to stabilise
the free ends. This is fairly clear for phenol production but i% is
not so obvious for the production of the N-methyl/substituted aniline.
The amount of these amines produced, however, precludes their formation
by the random scission of the chemical bands involved. Work with
tagged atoms would prove invaluable in elucidating these mechanisms if
the synthesis of hardeners with the basic hydrogen tagged proved practicable.

F.5 Summary

This work has emphasised the need to consider the physical state
of the cured resin during degradation as well as the chemical processes
involved.  Much work in this field(®9)(22)(24)(25)(27)nag been devoted
to the degradation of uncured epoxide resins and the results of this work
have been applied with apparently little concern to the discussion of
the degradation of cured epoxide resins. It should be clear that the
uncured resin degrades, at least initially, in the liquid or even vapour
state and that reaction must therefore occur by collision of molecules.
This is a very different case to the degradation of a three-dimensional
network molecule whose degradation involves gcigssgion of chemical bonds.
In the same way, work on model compounds, while perhaps providing some
data on the strengths of chemical bonds, cannot be applied directly to
give any understanding of the degradation processes which occur in a cured
resin since degradation of model compounds again occurs in the liquid or
vapour phase.

The work has also shown that reactions of residual reactant molecules
in the cured resin do not contribute materially to the degradation of the
cured system studied. For this reason, too, it is wnreasonable to attempt
to use results for the degradation of uncured epoxide resins to understand
the degradation processes which occur in a cured epoxide resgin.

Classical chemical methods were used to analyse some of the products



of degradation, backed up by infra-red analysis. Sophisticated
analytical techniques such as gas chromatography and mass spectrometry
by themselves, seldom give unambiguous results. As mentioned in the

Introduction, the use of gas chromatography to study the degradation of
epoxide resins(17)(19)(2°§(35)has often resulted in the employment of
unreasonably high degradation temperatures. In the interests of simplicity
it appears important to study the degradation at as low temperatures as
possible. Furthermore, it appears %mp3(ta?€ t3 study all the products

of the degradation. Neimann et al.\24/(25){(26 (27 Jnave concentrated

almost exclusively on the gaseous products of degradation which form

only some few percent of the reaction products and base their degradation
scheme on these results only. This appears unreasonable. The work of

Lee xs)fao and the results of this investigation emphasise the importance

of phenol as & reaction product. Lee did not, however, detect any amines
which is surprising in the light of the present results.

This work may be extended in several directions. Firstly, it would
be interesting to study the time dependence of the dielectric properties
at high temperatures of the resin/hardener system used in this investigation.
Secondly, a study of the dielectric properties of cured resins made from
epoxide resins and hardeners with different but related chemical structures,
may permit confirmation that dielectric loss at high temperatures may be
due to movement of free ends produced by scission as well as relaxation
~of the network and would allow a systematic study of the relationship
between the chemical structure and the rigidity of the network. Thirdly,
a thorough quantitative kinetic study of the low temperature degradation
of -a cured epoxide resin system, involving the quantitative determination
of the concentrations of all products formed as a function of time under
various experimental conditions, is necessary before a reaction scheme
for the degradation may be proposed in any detail and with any confidence.
The last twoe items present formidable experimental programmes.

- G S - o

1. The dielectric properties of fully cured and increasingly degraded
samples prepared from equi-equivalent proportions of the diglycidyl ether
of bisphenol A and p-p' diaminodiphenyl methane have been studied in the
frequency range 210 ¢/s to 90 kc/s and the temperature range ~.200°C to
250°C.

2., The main condensible product of the degradation was phenol, N-methyl
aniline and N:N dimethyl aniline were found in small quantities. Very
much smaller quantities of other products were formed containing amine,
carbonyl and other groupings. At 309°C large quantities of tar were
formed. Water could not be detected through a weakness in the apparatus
but was probably a major product. No other gaseous products were detected.

%, The dielectric and anlyticai reéﬁlts suggest that degradatién proceeds
by scission of chemical bonds in the network.

b, Suggestions'have been made for‘the extension of this work.
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Frequency: 445 c/s Frequency 210 c/s

D . - o o - 1 - o~ - -

Temperature tan & € Temperature tan B €
e o (®10®) ) e o (x1etE) )

-162 0.30 1.97 ~15 0.25 1.98
-147 0.40 2.01 -146 0.35 2.02
-135 0.40 2.0% -133% 0.40 2.0k
-125 0.55 2.06 -12 - 0.55 2.07
=115 0.60 2.09 -115 0.60 2.10
~104 0.60 2.12 ~103 0.60 2.1%
- 95 0.75 2.16 - 9L 0.90 2.17
- 85 0.80 2.20 - 85 0.90 2.22.
- 77 0.95 2.2k - 76 0.95 2.25
- 65 1.06 2.28 - 65 1.25 2.30
- 53 1.30 2.34 - 52 1.45 2.%6
- 483 1.40 2.35 - 18 1.55 2.36
- ké% 1.30 2.38 - 46 1.55 2.39
- hs? 1.45 2.38 - 433 1.65 2.39
- Loz 1.55 2.4 - 4o 1.65 2.43
= 37 1.60 2.k2 - 56%- 1.70 2.45
- 33 1.70 2.46 - 52?‘ 1.60 2.48
- 29 1.75 2.48 - 285 1.75 2.50
- 26 1.70 2.51 - 25 1.70 2.5%
- 2% 1.85 2.52 - 23 1.80 2.5h
- 19 1.80 2.55 - 18%- 1.75 2.58
- 17 1.75 2.57 - 165 1.75 2.57
- 13 1.75 2.59 - 13 1.7 2.61
-9 1.65 2.62 - 8% 1.60 2.6k
- 1% 1.6 2.66 -1 1.%0 2.68
5 1.35 2.69 5 1.20 2.71
12% 1.20 2.7% 124 1.00 2.7k
20 0.95 2.77 20 0.95 2.79
25 0.85 2.80 25 0.75 2.81
325 0.70 2.83 32% 0.55 2.84
43 0.55 2.87 L3 0.45 - 2.87
65 0.25 2.92 5 0.15 2.92
83 0.20 2.98 83 0.20 2.98
97 0.15 3.03 97 0.15 3.03
118 0.15 3.13 118 0.20 3.13
132 0.10 3.23 32 0.20 3.23
143 0.20 3.21 143 0.25 3.21
151 0.15 3.22 151 0.15 3.22
161 0.35 3.30 161 0.50 3.30
162 0.50 3.29 161 0.50 3.31
178 1.55 3.56 162 0.80 3.29
184 2.40 3.66 173 0.95 3.38
194 4.50 3.87 178 2.10 3.59
207 8.25 4.31 184 3.30 3.71
217 20.00 5.16 19k 5.85 3.95
2%0 > 36,357 no balance 208 12.30 k.50

2hs > 36.35 no balance 217 >17.15 no balance

270 > 17.15 no balance

2Ls >17.2 no balance

*At these temperaturees the value of tan & exceeded the wmarimum value which could be
. - AT g " ,

measured at this frequency (viz. 36.35 x 10 <) and the bridge could not therefore be

balanced. The maximum value of tan ® that the bridge could measure at 210 c¢/s was

17.15 x 10 2 and at 1.05 ke was 85.80 x 10" 2.

Contour diagrams showing € and tan ® as functions of frequency and temperature are
given in Figures 32 and 33 respectively.



/s

~
- o - - - -

N

Frequency 46 k

a3
fed

0 ke/

9

-

Experiment IV

- s o - - can - O

E.3.p.3
Freguency:

tan @_
(x_102)

- - -

()

o - e .~ -

Temperature

[OR}

O -F M~0O MM~ -aF On Q O - OO DO NN~ O 27‘409
NS S NI INONO -0 O nOC/O Elev«Jou./OfOBOlelﬂh*\u. nN\O\O

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

AUNANAUNNNNQNAUNQ MM NN N NN b T b o )

OO ININNOINOONOLOOINININININOINO OO0 QOCND N
AN NN\ OO A \O Oy S IO NN ONO MY A NGO U QD

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

COOOCOOCHMHMHMMAAUNNNNMUNNNAOCOOOOOO AN

O RO 1A A O DN g A 1 A 0 T 0 1naD OO
Ny N LN Uy N g in

LS AN YRR REL NI T A RIFARERORA NS R g m
L e N AREAEAR G

LI DS T B

O MY O AUWVOWAND MO MO0 2 NN NI QN QU0 O O N \Q
LY RN RS R RS U NT NS T I RT IR RG

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

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



10.5 ke¢/s
tan §
(x1072)

A D - o - . - W W S - . -

Frequency:
Temperature
(cc)

-

tan §
(X 1072)

(°c)

e o Y
- D . ol B >

Frequency: 22 kc/s
Temperature

MO NN OAANT O T NN T OO MO MO ONONO
NMNF F NN -0 N0 A AN N0 -0 A AN N INNO QO

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

[AUR QU QU VR QUG VT U URAURIAUGQURAUE o 8 ' B 1B [ [ A W Ta W N Ta PR S JP- g s g = I i 2

MINO O ININOOQCOOININONINININO OINO OO0 OININD OO IN
AN NN O ANO AU MNMN-FOVOAUMNT NS NA - NO DO

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

xopbmww¢zjauz/n7:z¢gvs:zzxavAVAUL%nqn@Aa.4 M~ ONQI Y QU QO D
M F NN INOWO -0 0 NO AN N0 T-0NO o+ N T 3 INNO D

MO O ININOoO MO NOoOINo Mo oo N0 OO
AUMNM-TFTININO 0O AN O AN v = \O 3 Q

ooooooooooooooooooooooooooooooo



- - - - - o - - >

-

o - - -

MAHANANDIAA AN O OO NN DD
Q
o

Frequency: 2.4 ke/s

O " - - . - -

- -0 - - -

-176
~11+7
-1%8
-129
-121
-109
-101
- 88
- 79
- 6L
- 55—%

- 143
- 31{%
- 19
- 11—%—
121
22?—
Jes
Los
55
7
99
112
125
156
175
188
198
216
252

- -

N

OOVWNMHOOOOOOOOHHFEFEFNNNNNVHMFEREEOOOOOOOO
\O H NW O
O OV OV O

MO OOOOWVMIOQO

NN OO O~ W = 5D
O

1

=
V1

OO PO VIO AN\
MIOOWVIOOOO

=
1

2N O\
OO OO

1M

S S S  r LI AT R AR R N W W ST ST S S S

N 0D OV = ) ) RO



Frequency: 210 c¢/s
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Frequency: 10.5 kc/s | Frequency: 4.8 ke/s

O b " - - W o o - s e O % T -

Temperature tan & € Temperature tan ©
Ly oo ko) T L) o (x0T
~184 0.20 2.26 -184 0.20
=173 0.25 2.3 -171 0.25
-160 0.25 2.33% ~159 0.25
-147 0.35 2.37 146 0.35
=137 0.40 2.40 -134 0.45
-125 0.45 2.4 -125 0.50
-115 0.55 2.48 =114 0.55
-102 0.65 2.53 ~102 0.65
- 90 0.80 2.59 - 90 0.80
- 78 0.95 2.66 - 78 1.00
- 65 1.10 2.72 - 65 1.15
- 53 1.25 2.79 - 52% 1.35
- &2% 1.40 2.87 - 42? 1.45
- 31?‘ 1.70 2.96 - 315 1.70
- 233 1.85 3.0k - 23 1.90
- 10?- 2.05 3.15 - 10 2.10
- 15 2.20 3.24 - 1 2.15
7 2.5 3.40 7 2.30
194 2.35 3.48 195 2.00
30 2.25 3.70 30 1.89
435 1.90 3.90 4zd 1.55
&L 1.20 4.15 3N 0.95
4 1.00 h.17 T4 0.70
95 0.45 L.30 95 0.25
123 0.25 L.31 123 0.20
132 0.25 4,26 132 0.20
149 0.20 o7 149 0.20
165 0.25 L.23 165 0.30
131 0.80 L 46 181 1.05
194 2.05 k.56 194 2.70
208 3.50 4.63 208 5.60
223 5.545 4,63 20% 10.50
233 10.60 4,65 233 20.80

FRag SRS S S S gt i~ GV SR YA RGN HAE I AV I A0 I A0 IR AO B AV IR AV IR AV IR AV BN A0 BN AVIR AV IR AV IR AV IR AV}
e ® & L * *« e & « & ¢ = . . e« s 5 » @ * 3 s s a « & e L] .
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Frequency: 445 c/s ' Frequency: 210 c/s

. o . - o - - - 0 S > - - pp W

Temperature tan & € Temperature tan © €
D I e - DI ¢ i)
184 0.10 2.28 =184 0.15 2.28
~167 0.25 2.32 ~166 0.15 2.33%
-156 0.30 2.36 -152 0.20 2.37
-1h42 0.45 2.40 141 0.40 2.
=132 0.50 2.43 -131 0.60 2.4
-123 0.60 2.47 -122 0.90 2..48
-112 0.7 2.5% 111 0.90 2.53%
~100 0.75 2.58 - 99 0.95 2.59
- 88 0.90 2.65 - 87 1.05 2.67
- 76 1.1 2.72 - 76 - 1.20 2.74
- 63 - 1.3%0 2.80 - 62 1.30 2.84
- 51%— 1.50 2.88 - 51 1.60 2.91
- 41§ 1.70 2.98 - 41 1.90 3.00
- 30? 1.90 3.09 - 30 1.85 3.12
- 22? 2.10 3,18 - 22 2.00 3.20
- 9% 1.90 3.30 - 9 1.75 3.34
1 1.75 3.41 1% 1.5 3.4k
7 1.70 3.56 7 1.50 3.60
195 1.30 3.62 19% 1.05 3.6L
30 1.05 3.82 30 0.80 3.83
43d 0.80 L.ov 43d 0.60 L.o2
65 0.50 .23 65 0.45 L.23%
73 0.35 h.o1 73 0.35 .22
95 0.20 4.32 95 0.20 .32
123 0.20 L.32 12k 0.20 4,33
132 0.20 h.27 132 0.25 L.o7
149 0.35 4.29 149 0.50 4.30
165 0.90 4,36 165 1.80 L.3
181 .25 4 .56 181 7.60 4.60
194 6.85 4.70 195 > 17.15 no balance
208 > 35,35 no balance 208 > 17.15 no balance
223 > 36.35 no balance 203 >17.15 no balance
23 > 36.35 no balance 234 > 1

T7.15 no balance

Contour diagrams showing € and tan 8 ag
functions of frequency and temperature are
given in Figures 36 and 37 respectively.
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Frequency: 1.05 ke/s - - l Frequency: 445 c/s

- O - DS o o —— - " . o

Temperature tan © € Temperature tan © €
Ll ke T ALl (x1eE) )
-166 0.15 1.83 ~165 0.20 1.83
~151 0.20 1.85 149 0.25 1.85
=140 0.25 1.87 -138 0.%0 1.87
=130 0.%0 1.89 -129 0.40 1.89
=117 0.40 1.91 -117 0.40 1.91
=107 0.40 1.94 -106 0.50 1.94
- 97 0.45 1.96 - 96 0.50 1.97
- 89 0.55 1.99 - 88 0.50 2.00
- 77 0.65 2.02 - 77 0.65 2.03
- 66 0.85 2.05 - 65 0.95 2.06
- 55% 1.00 2.09 - 53 1.10 2.10
- bt 1.25 2.13 - Lot 1.%0 2.15
- 35 1.35 2.16 - 35 1.45 2.18
- 27 1.h0 2.21 - 263 1.45 2.20
- 14t 1.35 2.27 - 1k 1.20 2.29
- 3% 1.20 3.30 - 3 1.00 2.33
+ 7 0.85 2.35 + 7% 0.60 2.36
203 0.60 2.h2 265 0.40 2.143
37 0.40 2.52 37 0.40 2.53
46 0.35 2.58 L6 0.35 2.58
63 0.25 2.72 63 0.20 2.72
78 0.25 2.8k (s 0.20 2.84
9k 0.20 3,12 9l 0.20 3,12
111 0.40 3.24 111 0.50 3,04
127 1.30 3.52 127 1.70 3,54
134 2.05 3.67 134 2.65 3,7
146 4. ho %.98 146 5.80 4,09
162 11.00 L.16 162 19.15 W b1
180 35.95 5.02 180 > 36,35 no balance
194 76.20 9.33 194 > 35,35 no balance
206 > 85.80 no balance 206 > 36,35 no balance
226 > 85.80 no balance 226 > 36.35 no balance

236 > 85.80 no balance 236 > 36.35 no balance



Frequency: 210 c¢/s

L R T e S

Temperature tan & €
e e T
-164 0.15 1.84
~148 0.25 1.86
=137 0.45 1.87
-127 0.45 1.90
-116 0.60 1.91
~105 0.65 1.94
- 95 0.70 1.98
- 86 0.85 2.0
- 76 1.00 2.04
- 6L 1.10 2.08
524 1.30 2.11
- L2 1.75 2.16
344 1.ho 2.20
- 26 1.15 2.2k
- 13%~ 0.85 2.30
- 1% 0.85 2.33%
+ 8 0.40 2.38
203 0.30 2.43
37 0.30 2.54
46 0.25 2.59
&3 0.15 2.73
78 0.25 2.85
oL 0.20 3.13
111 0.h45 3,25
127 2.00 3.5
13k 3.30 3.77
146 7.90 L.20
162 > 17.15 no balance
180 >17.15 no balance
194 > 17.15 no balance
206 > 17.15 no balance
226 > 17.15 no balance
236 > 17.15 no balance

Contour diagrams showing € and tan &
as functions of freguency and temperature
are given in Figures 38 and 39 respectively.
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