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~ SYNOPSIS -

The thesis describes the characterisation of thé polymeric components of -
crosslinked_unsathrated'pbifgsteré; that is the saturated prepolymer synthésised
from-terephtﬁaliq acid'aﬁa excess propylené glycol, the alkyd résulting from
the condensation of tﬁis prepolymer with maleic anhydride and finally the

styrene cured product.

The poly (propylene te:ephthaléte) prepolymer has been characterised
'quaiitativeiy qsrwell as‘quantitatively by high resolution nuclear magnetic
resonance Spectroscopy. AAmethod has been developed which permits the
determinaﬁion of the molecular weight, free propylene glycol content aﬁd

the amount of.glycoi'lost during pélyesterification, from the integrated nmr

spectrum,

The prepolymet,'has also been resolved into its chain components by low
p;essuré gel perméation.éhromatography. The species eluting from the
chromatographic column were d;tected by an infrared spectrophotometer and
&isplayed as'éets'of curves on a time-response recbrder. The lowesf molecular
welight diol; dihydroxypropyl';ergphthalate, assumed to be a member of the
distribution, was synthesised and used for the identification of the same
compodnd present in the prepolymer. The isomeric forms of this compqnent

have been estimated statistically by nmr,

Furthermoré, a method, has-been developed which enables the quantitative
-interpretation of the chrbmatograms and the subsequent detefmiﬁation.of the
prepoiymer chain distribution., The effect of the coﬂcenfration 6f £he starﬁing
mate;ials on_thé distribution has also been studied. In addition the

molecular welghts as deducea'by this method were in‘very good agreement with

those estimated by nmr.



This projéct also includéé ;ttempt;,of splitting the double bonds of
unsaturated téfpolyesters;_the aim being the determination of the sequeﬁce
distributiqn of the saturated segments. However, ozonolysis, phase transfer
catalysed oxidation ;s wéll as preferential hydtolyéis of some ester boﬁds
failed to give unambiguous results,

Finally, the seéuence distribution 6f the styrene crosslinks in the cured
polyester has been studied by é3nmr and infrared spectroscopy. The first
method involves the &egradation of the crosslinked polyester into a
styrene-fumaric acid copolymer and the assignment of the styrene quaternary
éa;bon atom absorptions to styreﬁe sequences the length of which is determined

from the spectra of standard styrene-diethyl fumarate copolymers.

In the second method the whole crosslinking process is followed spectro-
photometrically. The styrene sequences are determined through the statistical

treatment of the spectral changes occurring during curing.

ii




CHAPTER 1

ASPECTS OF UNSATURATED POLYESTER CHEMISTRY

1 INTRODUCTION

A'simple esterification process is well known to every chemist. The

synthesis of ethyl acetate from acetic acid and ethyl alcohol provides a

R

common- example.

When a dihydfic_alcohpl such as‘eihylene glycol is allowed to reacf ﬁith a
_ dibasic acid such as phihalic acid, a linear polyester is prbduced.
Conversely if a frihydric alcohol such:as glycerol replaces the diol a
tridimensional polyester is the résult, Therefore the products of
polyesterification feactions largely depend on fhe functionality of_the

starting materials.

Therefore polyesters'arg cdﬁdensgtion prpducts of;dibasic or polybaéic acids
and dihydric or polyhydric alcohols. This definition comprises saturated
polyesters such as poly (ethylene terephthalate) (Terylene), polyesters
modified Ey fatty acids,used in the paint iﬁdustry as well as unsaturated
polyesters, proauced when one of the reactanté contains an olefinic

unsaturation.

Commercial unéaturated polyesters are produced by reacting a glycol such as
ethylene or propylene glycol with an aromatic (or saturated) dicarboxylic

acid and an unsaturated dicarbbxylic acid (or anhydride), e.g. fumaric acid

or maleic‘anhydfide. The poiymeric product is dissolved in a liquid
polymerisable monomér; u#ually styrene. The resulting viscous solutioﬁ can

be transformed into a hardened product by means of catalysts which generate

a free radical copolymerisation reaction between the monomer and the |
unsaturation sites present in the polyester backbone. Crosslinked products
with outstaﬁding mechénicé} properties are obtained through a glass fibre
reinfoféement. The resulting materials are called glass reinforced polyesters

(crpyV,



2 HISTORICAL DEVELOPMENT

"“The pioneering work in the polyesterification field dates back to 1847
when Berzelius synthesised a polycondensate by reacting tartaric acid and
glycerol. Hiércontgmpora?yzLaurenzo; prepared poly {ethylene suéciﬁatg}'
by heating ethylene giycél and succinic acid., This was followed by Kféut's
investigations on the polymer formed by heating acetyl salicylic acid and

the introduction qf'a'chaiﬁ structure to describe it.
- [0-061{ 4-(:o]-
. i n
Chain formula assignments were undertaken later on‘by Blaise and Marcilly

on polyesters prepared from hydroxypivalic acid.

Academiéally; the first unéaturated polyesters were introduééd by Voriander
‘in the synthesis of élycol maleates. A more practical aspect of
ﬁolyeéterificaﬁion was W J Smith's‘pfdduction‘of poly (glyceryl ph£haiafe) |
from g1§cerol and phthalic anhydride; this discovery led GEC and ﬁTH; in 1913,

to develop surface coatiﬂgs by modifying the resin with various vegetable oils.

(2) (3)

With the advent of Staudinger's ‘polymer concept, Carothers was the first
to prepére polyestefé with well-defined polymefic structures, He syn;hesiéed
poly (éthylene maleate) and poly (ethylene fumarate) by performing the
condensation reactions in thé_présence of nitrogen. By his explorations,.
Cardthers:intrﬁdﬁced é solid bésis to #he modern chemistry and technbldgy of
polyesters. This was fallowed by Kienle'é(a) theory of functioﬁality. He is
;153 érediteﬂ w1£h creating the word Alkydl(from Aléohol and Acids. ‘Further
developments in the technoipgical area are dﬁé to C Ellis. His wérk.covers

the reaction products of dihydric alcohols, dibasic acids and acid anhydrides

for use as lacquers.

(5)

It is in the late thirties that Bradley, Kropa and Johnson reported the
conversion of maleic anhydride based polyesters into infusible pfoducts upon
heat treatment; thus introducing the concept of crosslinking unsaturated

polyestérs.




The landmark in the.teChﬁological development of unsaturated polyesters

6)

was Elli second publication describing the copolymerisation of maleic

polyester resins with monomeric styrene in the presence of a peroxide

catalyst referred to as drier. Muskat(?) then,;infroduced'phthalic.anhydtide
alofig with maleic anhydride and ethylene glycol to produce polyesters
compatiﬁle with styrene. These last two discoveries led to thé cémmercial
application of unsaturated polyesters in 1941. The earliest alkyd resins

were cured only at a ‘temperature of abouf 100°C, in the presence of benzoyl
peroxide. By 1944, however,_it was found that cufing can take Plade.ét

room temperature byfthe_use of a tertiarj amine as an{ucﬂeraLorin the presence
of the peroxide. Furthermore, the applicability-of unsaturated polyester

resins was boosted when the United States Rubber Company discovered that glass

fibres convey a good deal of-reinforcement to pléstics of the polyeéter type.




3 PREPARATION OF UNSATURATED POLYESTER RESINS

3.1 Synthesis of Unsaturated Polyesters

3.1.1 Single Stage Process

_ In this method, all the ingredients i.é. the saturéted and unsaturated acids
(or anhydrides) are allowed to react simultaneously and esterification is
completed in otle step;
. o -
) ‘ o :
/C\o o=c/ '\c—o + % '
+ \CH—Cﬁ’ - : -HO-CH-CHz-OH ——ep unsaturated polyester

~o”
S

1 moie : o 1 mole 2.2 moles

(8)

In a typical dfy laboratgrf synthésié all ingredients aré introduced in
a three necked round bottomed flask fitted with a stirrer, inert gas inmlet,
thermometer and reflux condenser.  The latter is topped with a thermometer
and‘receiver for collecting the water, by-p;oduét of the reaction., The high

boiling point glycol condenses and returns to the kettle with minimum loss. A

low vacuum may also bé applied for the separation of water.

The heating pfogramme varies. The feaction can be carried out at one
temperafure, generaily_200-210QC or at 180°C for several hours then at 210%.
ICI start the reaction at 10500, and as a result of the exothermic formation
of the galf eéters, the'témperatﬁre reaches 165°C. ¥In the final stages of

tﬁe process.the témpefatﬁreAis incfeased to 210°C. The course of the reac£ion
" is foliowed titrimetricaliy i.e. samﬁles of the reaction mixture are titrated
againét a standard éolution 6f alkali aﬁd the quantity of the.latter,'expressed
in miiligrams, required to neutralise one gram of the sample is calculated.

Thé result expresses the'acid number, The lower the acid number, the higher
the molecular weight. The feacfions are ﬁsually Stopped when the acid number

reaches the value ~10.



An alternative, laboratory synthesis(s) of unsaturated polyesters, consists
of carrying out the reactiom in the presence of 107 xylol, which, forms an
azeotrope with water. In the reflux line, a Dean Stark trap is inserted so

that the water preséﬁt in the heterogemeous condensate can be separated.

3.1.2 Two Stage Process

In this process the saturated acid is esterified with all the glycol to

form an ésséntiaily neutral ester, basicaily a- polymeric diol,

0\\" ' //0 . EH3 pressure E‘H;; 0 //0 CH
Com ¢ .+ HO-CH,~CH-OH w————=b HO-CH-CH,- oX. -C | to
Ho” Nog temperature 2 o

' : - . -CHZ—CH

'_1 mole ' 2.2 moles

‘In a second stage, the unsaturated component is added and the reaction is
carried out to completion i.e. until a low acid number is reached.
o -
N
CH 0= C=0

- 0 0 |
)3 \ 7 ‘
HO-E:H,—CHZ- -0\‘0-@.0// (';HB -0H + CH=CH emw——p unsaturated
' \ - polyester
‘ . 0-CH2—CH- A

1 mole

This process has originally been developed to allow a smoother reaction for

low reactivity acids such as isophthalic(g) énd terephthalic acids.. The

latter is insoluble.under-ordinary_laboratory conditions; its dissolution is
brought- about only by the severe first stage conditions. The polyesterification
has been successfully attempted at atmospheric pressure in the pfesence of a

(10’11). Another alternative to avoid the use

titanium, tin or silicate catalyst
of pressure in the first stage is the transesterification of dimethyl

terephthalate with the glycol in the presence of a basic catalyst(lz).




Tﬁe isophthalic acid(33f35’36) based.unSaturated polyesters may be -
éynthesised by both7meth0d$; the two stage process, however is more
advgntageous and its credits will be discuésed ldter on. Another method,
not'very much in use, introduces a modified second stagé operation(IB);

The maleic anhydfide is ﬂdt.condensed directly to the neutral saturé;ed :
polyestér; but it is allowed to react, in a separate operation, with the
glycol. The resulting, mainly acidict low molecular weight polymer is

then brought into con#act with the ester.synthesiséd in fhé first stage

an& polyesterifiéatiOn is carried out into completion at high temperatures.
The-pfocess is, perhaps, mo:éjcomplex since_it involves an extra operationr
but again it is credited with producing alkyds of better quality than those

preduced by a single stage process,

3.2 Preparation of Polyester Resins(g’la)

. The poiyesters, obtained by each of the éynthetic methdds described.béfore

are solid materials with a éaie straﬁ colour, .It should be mentionéd ;haf'
considerable degomposition'as well:as crosslinking, leadihg to fhe_darkening
and insolubility of the polyester, could be the result of a poor tempefatﬁre

control and inefficient agitation.

. The dissolution of the alkyd in the monomer, styrene for example, may be

carried out by two methods.

In one method‘the alkyd ié pulverised and theﬁ slowly dissolved in styrene
at room temperature, In the otﬁér, the hotiliquid alkyd, in the: final stager
of the‘polycondensation,(temp; 100-120°C), is sloﬁly poured in styfene (2590)
with:vigprous agitation. The last procedﬁre is the.most effective and more
rapid. Room temperature,dissolution of the solid alkyd is sometimes’
inadequate and results in cured products bearing the signs of undissolved
particles. In both cases extra_stabilisation of the monomer prior to
_dissolutién is needed. Tﬂis is usually carried out by the addition of

50-100 ppm of inhibitors such as hydroquinone or tertiary butyl cathechol,




Inhibitors are reducing‘agents capable of donating hydrogen atoms, thus

absorbing free radicals and ptéventing the premature gelation of the resins.:




4 THE CROSS-LINKING MECHANISM

Thi;“fé eééeﬁfiallj a‘ffeé_radical copolymerisation betﬁeen styfene and the
unsaturation sites of the polyestér chain. The initiation of the éross-linking
or cufing procéSs is caftied out by an accelerator-catalyst systeﬁ. The
catalyst is a frée'tadic;1 generator. At ordinary temperatures its effectiveness
is enhanced by the presence of an accelerator which activates its splitting,

(8) is

The system cobalt naphthanate or octoate - tertiary butyl hydroperoxide
widely used. In this reaction the cobaltous cobalt is oxidised to cobaltic
cobalt, thus:

RO.OH + Co' '3 RO.0. + OH™ + Co' '’

The cobaltoué'éobélt i1s then regenerated, leading to a chain decomposition of
the hydropefokide-

) o.0.+ 0 coft

RO.OH + C
The cycle is repeated until all the hydroperoxide has been decomposed. Other.
important catalysts are cyclohexanone peroxide methyl ethyl ketone peroxide, and

benzoyl peroxide; Amines such as dimethylaniline and diethylaniline are also

effective accelerators.

The radicals generated attack a polyester or monomer double bond and therefore
initiate a free radical reaction, leading to the cross-linking and hardening

of . the resins. This process may be schematically represented as follows:.
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Because of the 1ncreasing viscosity of the medium, complete curing is

bfought about only by heating the product. at elevated temperatures.

(15)

The kinetics of the tross-linking process were followed dilatometrically

as weil as by infrared-sﬁectroscopy and refractometry(l6). All methods

indicate, perhaps as expected, a first order dependence of the rate on the

overall unsaturation; the activation energy being of the order of 20 kcal/mol.




5 EFFECT OF COMPOSITION ON PROPERTIES

The physical propefties of polyester resins are affected to a preat extent
by the chemical compositibn of the pﬁlyester. This aspect of unsaturated
pblyeéter techﬁology will be briefly reviewed in this section. For a more
extensive survey reference-(17)'is recommended. For a specialised review

on corrosion resistant polyesters we recommend reference (18),

5.1 FEffect of Saturated Acids

The effect of teréphtﬁalic, isophthalic, phthalic, adipic and digiycblic
19

acids on the physical properties of unsaturated polyesters cured ﬁith'
30% by weight of styrene, is illustrated in the series of graphs displayed

in figure I.1.

The flexural strengths fgllow i;he sequence aromatic acids) diglycolic) adipic.
The teﬁsile'strengths follow roughly the same sequence. Isophthalic acid

showing slightly highef vaiues_in the aromatic series, Terephthalic acid has

the highest heat distortion temperéture, while water absorptions of the
isdﬁhthaiics are uniformly slightly iowgf than those of the others, Furthermore,
the heat distortion point curve for diglycolic acid is well below thai of

adipic acid and both acids lead to poor water absorption results.

The superiority of terephthalic'acid'based unsaturated polyesters, over other
acids, as far as corrosion resistance and heat fesistance are concerned is
well exemplified in references (10) and (20). In addition terephthalic acid

leads to polyester resins exhibiting a very.low shrinkage on cﬁring;

From.a structural point_bf vieﬁlaromatié acid based polyestersresult in the

so called rigid polyesters because of their higher tensile and flexural strengths
over aliphatic acid based polyesters which are called flexible, The hardnéss,

on éhe other hand decreaseé_as the aliphatic chain of the diacid becomes longer.
Arﬁmatic écids giving the hardest products; a similar behaviour is found when
consideiing heatrdistortioh femperature. On.the contrary the impact strength

increases with increasing chain length and is minimum in the case of aromatic

- 10
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acids. In addition they increase the compatibility of polyesters with

styrené monomer and avoid crystallisation.

5.2 Effect of Clycols'®»17521)

Tﬁe most common lecol‘used in unsaturated polyester synthesis is propylene
glycoi. 1t is a low C6st faw material and, at the same time imparts to the
cured product excellent physical and chemical properties. A wide range of
properties may be obtained by modzfylng the glycol composition. For example,
the greater flexibility and impact resistance of propylene glycol based
.polyesten; may be enhanced by co-condensatlon with other glycols such as
diethylene or trlethylene glycol which produce phthalate-fumarate castings

with higher tensile and flexufal propefties than propylene glycol does.-

The éffect of some glycols on the flexﬁral strength; flexural modulus  , impact
Strength and heat distdrtion temperaturerof cured polyesters is shown in

figure 1,2, Accordingly,lSome structural features, specific to eachlglycol

ma? be roughly used to predict their influence on'the performance of cured
resins, Fot'exémple, pendant mgthyl groups seem to impart higher heat distortion
temperatufes ﬁhereaé the oxygen ether linkages tend to reduce the ﬂeat

distortion temperaﬁures genefally, flexible products have much lowér.heat
distortion temperaturéé than the rigid, On the other hand, glycoisicoﬂttibuting
fo the flexibiliéation of cured polyesters, such as the long chain otes and those
containing ether oxygen linkages and pendant groups, tend to promote water absorptim.
Furthermore, the highest impact strength is achieved in compositions containing
long chain unbranched aLcoho;s; generally when used in conjuﬁétion wiﬁh aromatic
acids. The trend is sometimes reversed when aliphatic acids are.used.

Similarly, the ether oxygen bond should tend to increase impact strength

because of its flexibilising,natufe but jet reduce it because of the

crystallinity it induceé. The latter may be avoided thfough glycols ceé taining

pendant groups.
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5.3  Effect of Unsaturated Acids

Two types of unsaturated eomponents are indostriaily employed in the
manufacture,of unsaturated polyesters.' These are fumeric acid and_maleic
anhydride. In most cases the latter is preferred since it-isoﬁerisesrto the
former under polyeeterificetion conditions hence a difficulty in comparing:

the properties of entirelymaleatebeSed polyesters to fumarate based.

(22)

In the following comparison, the work of Parker et al is. exposed since
they synthesised both fumarate and maleate based‘polyesters in solution at
low temperatures (xylene solvent) avo1d1ng thus, in our opinion a complete

isomerlsation of maleates to fumarates.

The properties of the products cured with 30% by weight of styrene are shown

on the graphs displayed in figure IL.3.
Fumarate based polyesters react much faster and much more effeotirely_ﬁith
rstyrene (see Chapter 1I, subsection 3.1.1).

,5;4._Effect'of Mohomers(l7’23)L

In the eerly stages of uﬁeaturated polyester technology, the alkyds were
converted into hardened products by a heat treatment in the presence of a
catalystr Crossl1nking was the result of a free radical addition between the
olefinic components of the polyester chains. The practical difficulties
associateo with this-curingJEMthod are obvious. The breakthrough in
unsaturated polyester technology was the use of alkyds as solutions,of considerabie
viscosity, in polymeriéable MONOMETS the-maih_fonctione of which‘are two-foldr
a) to eet as solvent carriers for the unsaturated polyester thus faeilitating
its handling en& processing; and
b) to provide a rapid means of reaoting with the unsaturation sites to yield
completely crosslinked copolymers. Styrene is by far the most widely used

monomer, It has a fast copolymerising capability and yields cured products with

very good properties, Vinyl toluene having a higher boiling point than styrene

permits cure at higher temperatures in short time. It also gives less loss of

12
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monomexr during mixing-and.étorage. The low volume shrinkage of the vinyl—

- toluene cured products contributes to a_good cracking resistance, ;It has the
ﬁendency to shift the haze colour towards red, gspecially in the presencé of
acrylic moﬁomef§. The corrﬁsiqn resistance it confers to the final product
is comparable to that 6f siyreng, but the weatherability is poorer..

The advantages of chlorostyrene over styrene are its high boiling point, low

polymerisation shrinkage and high heat distortion of the final producfs. Also,
the laminates have higher strength as well as. better surface smoothness and

greater resistance to burning. In addition, it provides faster cure rates than

styrene. Alpha Methyl styrene, on the other hand, enhances the storage
stability and allows the control of the exothermic heat of polymerisation in

large section castings. Meta divinyl benzene, because of its tetrafunctionality,

results in highly crosslinked and therefore harder,more temperature résistant’
and more brittle products than those obtained with styrene., In addition to
styrene monomers, acrylates are often used as monomers, mostly in conjunction

- with styrene. For example, methyl methacrylate, enhances the transparency of

laminates as well as their resistance to weathering. But, its poor copolymer-
isation characteristics and low boiling point lead to the poor durability and
the large shrinkage of the cured products. The presence of styrene is therefore

almost inevitable., Methyl acryiate also suffers from its low boiling point.

However, it improves the clarity, gloss retention as well as the resistance of

laminates towards discoloration.

Finally, allyl derivatives are also used as monome;s. Diallyl phthalate, for
example, is employed in applications where high exotherm temperatutes are
undesirable, because it copolymerises slowly witha low exotherm. In addition

it leads to cured products with very good impact resistance as well as

flexural strength. Both triallyl cyanurate and triallyl isocyanurate, improve
“the heat stability of unsaturated polyesters. Despite the difficulties
assocliated with their cdpdlymeriSation characteristics, the products have a

high heat distortion temperature and argbod_strength retention at 500°F.




5.5 Special Purpose Components(B’ZQ)

This subsection will deal primarily with the production of self-extinguishing
resins. This may be achieved either by the physical addition of a special

filler to the resin or by the modification of one of its chemical constituents.

The most common fire retardant filler is antimony trioxide which is used
together with a highly chlorinated paraffin. Chlorinated waxes are rarely . '
used on their own since they tend to sweat out and result in a rapid deterioration

of the laminates.

A simple chemical method:ofrcoﬁferring some degree of fire retardance to a
polyester reéin_is-tolreplgéé_thelacias by chlorinated ones. Thus the degree
of fire retardance-of phthalic anhydride,based'polyesters caﬁ be increased when
tgtrachlorobhthélic anhydride is used instead. A higher chlorine cbnteng and
therefore better self extinguishing properties can be built-up in£o the
polyester by tﬁe use ofnchlotendic acid pfﬁduced b;-the ﬁiélé-Aider rea;tion

of hexachloropentadiene and maleic anhydride(40)

- Cl Cl
c1 ¢l . ¢l ’é\ C{ /"c\
N_/ o« CH — CO N7y CH=-CO H o Y\ CH = COOH
=7 N | C-Clz‘l -2y 1 cel, \
be oS + p N U} CH==COOH
e Cl ‘CH—-(O C’I' C : c{ 'c-"'"
¢ ' Cl C1
‘ | | Chlorendic or
HET acid

Chloromaleic acid based polyesters, on the other Hand, contain insufficient

chlorine to be self-extinguishing without the addition of antimony trioxide.

Quite good self-extinguishing resins can be made by replacing all or part of

the styrene by diallyl benzene phosphonate and dichlorostyrene.

14




Cost reductioﬁ, on'thérother hand, is aéhieved through the incorporatidn ofr
cﬁeap mineral fi;lers.suchras chalk or china clay. Mouldings with reinforced
structures are:obiainéd wﬁen short glass fibres (12-55 mm) are added to the
Tesin (20-351_5& weigﬁt). This mixture is vety.often called sheet moulding
compound (SMC) in contrast to the'dough mouldiﬁg compounds (DMC) which contain,
iﬁ addition to calcium carbonate and other special purpose fillers shoftei,_
giass fiBres.(3-12 mﬁ)(zé). The viscosity 6f_the resin itself is altered by
tﬁe addition_of thixofropié materials such as silica aerogels and treated
rbenfonite clays. Finally the light stabiiity of the castings is improved by
;the incorﬁoratiou of phenyl salicylaté,'acetyl éalicylic acid and ééher uv

absorbers,

15



‘ 6 EFFECTIOF STRUCThﬁAL-VARIABLES‘ON THE PROPERTIES

‘ Besides the contribetion of the ehemical nature of the compoﬁents to tﬁe
final properties of the cured polyesters,elies the effect of some variables
related both to the structure of the polyester 5ackboee-and to the

| crossl1nk1ng process itself(25). These variebles as well as eheir'inf;uence

on the properties of crossl1nked-polyesters will be briefly eprsed in the

following subsections.

6.1 Concentration of Compomnents

This is perhaps a vital point for the preduction of pelyester castings
exhibitlng opt1mum properties, and its importance may be visualised from the '

(22), which describe the effect of varying the

experiments pf Parker et al
‘amounts of stYrene aﬁd degree of unsetﬁfation on the physical properties of
poly (propyleneumleate phthalate) styrene resins, The ratio of maleic |
' anhydride to saturated acid, in the base polyestet, was varied 1n_m01e %
_steps and each mémber of the resulting pblyesfer was mixed with 20, 30,40 and

50% styrene in order to obtain the effect of varying the quantity of styrene

as well as the degree of unsaturation. The results are shown in figure I.4

Since'most commercial polyester resins coetain 50% by weight of styfene reference
will be made to the grapﬁs in order ta find the correspending molar concentration
of maleic anhydride which would'result in cured ﬁreducts'ﬁith optimum properties.
Thus the elongation at-breek is minfmum at~l100% unsaturation, the wafer ” |
absorption at 20%, the heat &istostioﬁ point is maximum at-lOdZ unsaturation,
thelexofﬁerm is minimum at 201, the tensile strength.is maximum at'asz, the
flexural strength at 60% aﬁd the moduli'in tensien and flexure at 30 and 357%
unsaturatien reSpectively;' It is ebvious that tio one polyester resin cam fill
adequately all the eommereial needs. The seleetion, therefore, should.be made,

on the basis of the application requirements.

16
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6.2 Distribution of the Components along the Polyester Chain

The importance of thérdistribution of the chemical constituents along the
polyester backbone may be well examplified by the superior properties of

polyesters syhthesised by the two stage process.

The first "two stage” polyesters were produced on a laboratory scale by

(9)

Carlston et al‘””. The.stafting materials were isopﬁthalic aCi&, propylene -
glycol aﬁd maleic anhyd:ide. The authors proved tha&_their new synthetic
method tegults in polyesters with higher sdftening poiﬁts, their solﬁtibns

‘in styrene a?e much more viscous and the styfeﬁe cured polyesters have highér.
heat distoftioh'tempera;ures and impfovéé'impéct sirengths compared with the
same pplyeéters madé'by charging ali iﬁgredients'to the keftle at otnce.
Bockstahler(13)_has_also describéd arslightly different two stage process.
Accordingl& in a first stage adipic acid and propylene glycol are éondenSed

to yield'a éaturated poiyeSter which wheﬁ'freéd from unreacted matter had an
écid puﬁﬁer of 1.1. -Sépéfatély, ﬁaleié'anhydriﬂe was éllowed farreaét wiih
pfopjlene glycbl again, to yiel& réther a large quéntify of the monoester

with acid number 350. Both pro&dcts were then bfought together under:pressure
énd at high téﬁperaturé to éive an ﬁﬁsaturated polyester. The styreﬁe cured
pfoduét ﬁad better physital and electrical.properties'than the cured oné.stage
polyesters. ‘Although no scientific:explanation was given by fhe authors to

account for these diffetrences, it -is very apparent that the two sets of

polyesters should'differ,in their skeletal structure,

A Szayna(ZG) 1n£erpréted these differenéés in termé of tﬁé loéafioh of the
doublg'bonds. He suggested that a two stage précess is éoﬁduqive to polymeric
chaihs bearing unsaturation sites at their ends.. Commenting Carlston's
results he suggested thét in the fi;st step, the low melting maléié anhydiide
reacts first, forming the spine, and the high melting and -difficultly soluble

isophthalic acid reacts later and adds toward the terminals of the chain,

17



This assumption was proved experimentally by ﬁeans of low molecular weight
polyéSEefs based on succinic anhydride, maleic anhydride and ethylere glycol.
Polyeéters-with &ouble bonds locatéd towards the end of the chains (epdenes)
were prepared by fir;; ésterifying two moles of succinic anhydride_with three
mbles of ﬂiethylené glycoi for‘eight hours and then adding to the saturated
.spine uﬁsatﬁrated terminals in the form of maleic acid monoester.. The
.c0rré5ponding centrene polyester was prepared by first reacting thelmaleic
anhydride with the glycol until a fully hydroxylated polyester is obtained
anﬂ_tﬁen adding succinid_anhydride, The styrene cured endenes had a higher
tensile and ‘impact stfengths and larger elastic modulus than the corresponding
centrenes, The sameras§umptiop was_proved.exéerimeﬁtally by Mikhailova

(27,34) a (28).

et al s well as by Mleziva et-al

In additibn to the above evidehte, Jedliﬁski and Penczek(zg) éttributed the
better bhysical properties of pblyesters prepared in two stages to thé
regular distfibution of the unsaturated units along £he poiyester chain. 1In
their syﬁthetic method ﬁOWevér, the first s;age.pblyester was freed from all

'ﬁnféacted propylene glycol, emphasising thus that side feactions.ﬁay a1so
affect the propertieé;

Sedov et a1(30) acknowledged the influence éf the regularity of the saturated
segment distribution on the mechanical properties of cured polyesters based on
trieihylene glycol, ﬁaleic anhydride and sebacic acid, but added that another
advaﬁtage of hhé.two stége process is the absence of side reaciions between

-the unsaturated componenps and ﬁfopylene glycols 'The larger part of‘the

latter having reacted with the saturated acid in the first stage.  The side

reactions,.leading to doublebond losses will be discussed in Chaptér 11,
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6.3 Other Variables

| . In the following paragréphs some important factors expected to affect the
properties of cured unsaturated polyester resins will be briefly discussed,
Their details will be considered in the next chapter which deals with the

characterisation of unsaturated polyesters. .

For example, an increase in the molecular weight of the polyester chains
leads to cured'proddcts-with higher heat distortion temperatures and improved

chemical resistance,

On the qtherlhand, it is known that maleates isomerise to fumarates bn heating
and tﬁerefore, because of the better perfofmance of the fumarafe baéed-.j
polyesters, it is expected that the extent of this isbmerisation, during
polyesterifications involving maieic anhydride, will affect the properties

of the final pfqduct.

Finally, the degree of crdsslinking(37’38’39) described qualitatively in

subsection 6.1, as well as the occurrence of side reactions, leading to the .
loss of double bonds and to the disturbance of the polyester chain distribution

are variables influencing the structure and therefore the properties of the

crosslinked pblyester resins,




7 "IMPOLEX" UNSATURATED -POLYESTER RESINS®3Z)

"Impolex" is the brand name of the unsaturated polyester resims produéed by

Imperial Chemical Industries Limited.

Of patticulér'iﬁterest, to this reéearch projeét, are the T4007and T500

series. Both afe te;ephthalic acid based pélyesters, syathesised hy the

two stage précess.' The T400 polyesters are the result of thé polycondén&ation
of one mole of terephtﬁalic acid; 2.2 moles pfopylene glycol and onme mole of
maleic anhydride. 'The_monomer is styrene, added in 50% by weight. The main
characteristic of the feéul#ing cured products is theif excellent resistance

t6 attéck by ailﬁte acidsiand'aqueous solutions of inorganic salts.

Generally, they exhibit a high degree of.chemical'resistance., The T500
polyesters are syﬁthesiéed from one mole of terephthalic acid, 3.3 molés of
propylene glycol and tﬁo moles of maleic anhydride._ Their styrenated solutions

result in laminates with excellent heat stability and chemical resistance.

The work exposed in this research project, will be mostly related to the

investigation‘of the structure of the T400 and T500 pdlyesters.
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_CHAPTER II

ASPECTS OF UNSATURATED POLYESTER CHARACTERISATICN

1 INTRODUCTION

The identification of the chemical coméonents of an unsaturated polyester

of unknown conbésitioﬁ examplifies the,terﬁ characterisation in its simplest
form._ However, with polymers, essenﬁiaily those of practical importance,

more details on ;ﬂeir étructurgs are neeéed for their development to progress.
Characteris&tion, thefefbre, embraées the whole range of‘identification processes
leading to,aﬁ understandiﬁg of the structﬁral variablgs which affect the
properties of.the-pélymef; Theée variables as well as the effect they have

on the propérties of th; cﬁred pglyesters, have been exposed in thé‘previous
chapter. The present chapter is a literature review of the different methods

of characterising the variables cited in Chapter I, in essence, the following

sections ﬁi;l inclu&e,thg identification of the chemical compoments of

 unsaturated polyesters, as well as the characterisation of the structural-

changes occurring during the synthesis and the crosslinking of polyesters.
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2 METHQODS OF UNSATURATED POLYESTER CHARACTERISATION
In this section, the different methods of identification of unsaturated
polyesters will be reviewed. Little emphasis will be given to the elucidation

of structural prdbléms.  These will be fully discussed later in the chapter.

2.1 Infrared‘Spectfbsbopy

The infrared aﬁalysis'of polymeré in géneral'and of polyesters in particular

\ is well examplified in papers(l’z) and standard textbooks(j). Basiqaliy,
these mentionrthe specific absorptions of a variety of diacids and diols

used in polyester synthesis.A Analysis of the styrenated resin itself is also

possible thus eiiminating_the need for any prior chemical treatment.

The most imbértant inf;ared absorptions as far as the structural characterisation
of ﬁolyester resins is concerned afe those caused by the various olefinic
components. These are:
a) The C=C stretching vibrations of the.vinyl gréup of styrene aﬁd those of
the polyéondeﬁsate unsaturation at 1629 em™’ and 1639 cm”) respectively,

b) Thé‘=CH out of plane deformation vibrations at the fumarates and haleates

at 982 cm'l'andav700 cm-1 reépectiveiy.
c) The =CH2 weggingrvibratidn of the Styrene vinyl grﬁup at 910 cm-l.

d) The fumarate double bond absorption at 775 cm-l.-

In addition to the stfaightférward identification of the polyester components
inffaréd spectroscopy has been succéssfully used in monitoring théjﬁarious
stru;tufal changes that occur during the synthesis as well as during the
cfosslinking‘of.pdlyeséers.“ Examples of these‘changeé, which will be reviewed

in later sections of this chapter are the lsomerisation of the maleate double

bonds to fumarates as well as the disappearance of these bonds durihg.

crosslinking.
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2.2 Gas Chromatograph)[(3 »4,3)

The method involves’ the separation of the monomer followed by the
methanolysis of the élkyda' Isolation of the alkyd from the monomer

‘solutzon can be achieved either by successive preclpitatlons and pﬁriflcations
from petroleum etherlacetone or by dlrect vacuum distillation in the presence

"of a small quantity of hydroqu1none tc prevent polymerisation,

The isolafed atkyd is then subjected to methanolysis either in thé pre;eﬁce

of sodium methoxide or by means of ﬁoron trifluoride and sulphuric acid.

After completion of the esterification process a small portion of the methanolic
solution is injected in tﬁe{éhfomatographic column ﬁhere separation of the
various'édmponenté oceurs. Packing’materiéls_éuch as CarBowax 20M on
Chromosorb W and methylsilicone gum E30 on Fluoropak 80 have been used for |
successful separations. . Furthermore, temperature programming is often |
needed for the :esoiutibh bf therliQUid'COmpbﬁents (mixture of two éljcols)

and the acceleration of the appearance of the esters.

For identification purposes, the retentlon times of the compoments are
compared to those of standards estimated under the same experimental conditiomns.
" A better idehtification-can be achieﬁed by examination of the infrared.spectra

of the ﬁrapped fractions,

The cgmponents can be determined quantitatively by means of a flame ionisation
detector provided that calibration diagrams are constructed for each of the
cdmponents; The area uhderrthe chromatogram peak being proportional to the

concentration, In this method fumaric acid is not distinguished from maleic

acid, since under the methanolysis conditions employed both are converted to

(6)

dimethyl méthoxy sucéinate T




- Dibasic acids and polyols could also be quantitatively identified according

(7) (8)

and Esposito’ '.

to the procedures of Esposito and Swann

Pyrolysis gas chromatogfaphy has aiso been used.fof the identificaﬁion of
saturated polyesters such as poly (ethylene gdipaﬁe)._ Despite the presence
on the chromatggram of gomg unidéntifiable products, results of the,pyrolysié
cdndipions, it is claimed that the method can be uged to identify two and

(9)

three components of pOlyesfers'as well as some of their Structural_units .

2.3 Nuclear Magnetic Resonance SpectroScopy(lo’.ll’ 12)

"Thisris perhaps_the quickest method of analysing unsaturated ﬁolyestérs

Eéth qualifatively and_qﬁantitatively. Ahalyéis can be carried out either

at 30-35°C by dissolviﬁg the'alkyd in a deuterated nmr solvent (acetone,
chloroform, bMSO) or at 125%C by working directly on the styrenated solutions.
However, if is recomméndedito iSOIatelthe alkyd from the monomer to avoid any

intérferencé_bf the latter with the components absorptions,

The most important nmr absorptions, as far as thé structural ;haractérisation
of unsatﬁrated polyesters:is concerned, are those éorresponding to the olefinic
hydrogens of the fuﬁarates épd.méleatés; they occur mostly as singlets at

~7 ppm and 6.5 pﬁm (delta Qaiues from TMS intérnal standafd). An important
obserﬁation céncerns thé splitting bf‘these singlets. For examplé; ﬁhe
olefiniﬁ protons of fumaric acid in ﬁhe ﬁerSpectra of poiy (ethyléne_fumarate)
and the copolyesters of.fuﬁaric and sebacic acids ﬁith ethylene glycol consist
6f three peaks_thé-intenéity of which varies with'time during esté#ification.
Theserthree'peéks have been assigned fo the frée fumaric acid, its‘half

ester and its diester(l3).

Furthermore, ethylene glycol units.are sentsitive to the linking acid.units;

in an nmy gxperimént, identiéally diestérified ethyiene glycol gi#es rise to a
single methylene absorption while two ére the result when ethylene glycol is
esterified to two differeﬁt acids at both énds. This observation 5as been

applied in the determination of the chain composition of some polyesters(lh).
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- 2.4 Other Methbds of Unsaturated Polyester Identification

A considérable amoqné:bf effbrt has been put in the determination-bf-
pélyestéf components bfrpolarogréphy(ls’IG)._ However, tﬁe method is not

of uniyersai ialuérsinte'its application is limited méinly to ihe_détection
of fumaric,'@aleic and-phthaiic acids. Thus, the éolyestér is hydrolysed
with.pbtassium hydroxidé solution in the presence of acetome. When |
'hydrolysisEis-compleéed_agetoné is evaporéted and the product is neutralised
ﬁitﬁ hydrochloric acid and.dilqtéd; An aliquot of the soiutioﬁ, in the
presence of ammonium chloride and hydrochloric acid is polarographed‘after
deoxygenatlon. The half wﬁﬁe resolutibn of - the polarographic waves of eaéh
constituent 1arge1y depends on the pH of the medium. rFurthermore duéntitafive

estimates can be reached by constructing calibration graphs of concentration

of standard solutioﬁs against wave height..

Another interesting éharacterisatibn method though ﬁot as important as nmr,
is Raman spectroscopy( 7). Although not very much applied for polyester
characterisatlon it offers, by be1ng a light scattering techn1que, the

possibility of analysing‘cured polyesters; an advantage in some respects over

infrared spectroscopy.
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3 TOPICS IN UNSATURATED POLYESTER CHARACTERISATION
This is the first of two sections in which the application of the téchniques
described earlier, on the elucidation of some structural problems related

to unsaturated polyésters, will be éxposed.

This sectiqn will deéi exclusively with the structure of the alkyds only aﬁd'
thé different changes they suffer during their formation from their cheﬁical
constituents. In the_following we shall discriminate between the terms
structural and chemical in the sénsé that stfuctural changes will méan alter-
ations in the cﬁnfiéﬁréﬁidn.of the polyester chains, including thé chemicai
processes lead1ng to these alterat1ons, wh11e chemical changes will concern
.those processes which destroy the actual chemical cons1stency of. the polyester

components.

3.1 Structural Chanpes taking place during Polyesterification

3.1.1 Isomerisations

This is one of thermost extensively investigated topics in the fieid of
unsaturated pquester characterisation, It conﬁerns the isomeriéatibn of
the maleate unsaturation to‘fumarate during the synthesis of polycondensates
starting from maleic anhydride. The reason is obvious, especially from a
techﬁélogical_point bf view,‘since thé fumafaﬁe based.polyesters exhibit
beﬁter'properties but maieic'anhYdride is much more easily esterified and

also much cheaper than fumaric acid.

From a scientific point of view the'superior properties of the fumarate type
polyesters are mainly attributed to the ease with which the fumarate double
bonds react with the crosslinking agent, styrene. This is obvious from

(18)

the reactivity parameters of ethyl fumarate'(rf) and ethyl maleate (rm )

with respect to styrene T

Y

T, = 6,52t 0.005 at 60°C (19)

S

r, = 0.3 1, = 0.07 at 60°C (20)
indicating that if two polyesters one containing only fumarate double bonds

and the other an equivalent amount of maleate bonds, were crosslinked with
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the séme quantities:bf,styrene; thé'former will have much shorter styréne
cfosslinks than thellatter.' Thé logical conseéuence would be, if a
quantity of monomer enough to reac£ with all the fumarate bonds of the
first polyeste;weré hsed to cure the maleate polyester, a good deal of
its unsaturated éites would remain unreacted contributing thus to thé

deterioration of its properties,

- Carothers first observed this cis~trans isomerisation when maleic acid was
esterified at 200°C. Tempeféture assists therefore the isomerisation.

' ﬁowever, the contrihﬁgion of several other factors, especiail& those encountered
in polyesterlflcatloné is also of cons1derab1e 1mportance; Thése féctors, as
well as the methods applied in their study w111 be reviewed in the’ follow1ng

paragraphs,

a) Type of glycol used in thg polyesterification procéss

(21)

This tobic has been investigated by a team of Hungarian researchers « They
estetifiea maleic éthﬁridé ﬁiﬁh équivaient amounts of various glycols in
melts, without catalyst at 160-175°C for 12-14 hrs. Aliquots taken from the .
reaction mixture during polymerisation were sugjected to cold saponification.
The maleic¢. and fuﬁa}ic acid content of the decomposed polyesters was determined

by polarography. The graph below shows the extent of isomerisation as a

function of moieculaf weight, for different glycols.
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It is apparent that the extent ot'iSOMefisation is influenced by the.
structufe 6f £he giycoi used. The authors claimed that the effect of
prop}lene glycol is more pronounced because if provideé polyesters with
densest:structﬁres,_and as a result the ﬁrans configuration is, in this
case, energeticallyrﬁoré-stéble. This view has been confirmed by Sedbv(zz)
who nbticéd that polyesters synthesised from poly (ethyiene glycols), of.
various molecular wéights, and maleic auhydride were getting poorer in trans
unsaturation as thé-molecular weight of the polyethylene glycol used increased.
For example the fumaraie uﬂéaturation decreased from 597 to 37% én"changing
from a_polyethylene glécoi_of molecular weiéht 300 to a polyethylene glycol

"

of molecular weight 1000 despite any increase in reaction temperature.

(23)

Curtis et al investigated the same. topic by nuclear magnetic resomance;
based on the fact that the maleic proton resonance occurs at higher field
strengths than the fumarié proton feéonance; the relative concentratibn of
each unsaturétion typé ﬁeing propoffional'to the area undér the éﬁs;iption peak.,
These authors had recourse to‘the nmr technique arguing that the poi;rogréphic

'.method coﬁld induce some iSomeriéation because of ihe hydfblysis $tep it
inclﬁdes; Their method of synthesising £he polyesfers was the same as the one-
the Hungafians ﬁsed, the iny_difference béing that the reactioﬁ-ﬁas conducted

‘under a nitrogen atmosphere. The effect of the glycol type on the extent of

isomerisation is shown on the graph.

ofG oNPG
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G ACHDM

1 2 3 &4 5 6 7 8 9 10
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]
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Basiéally, both methods léad_to‘the same results but nmr is much quicker -
and mﬁre versatile thaﬁ poléfography._ Commenting on their results; thgsé
authors attributed the higﬁer extent of isomerisation of propylene glyc61
and the sﬁbstitutéd pentane:diol maleic anhydride based polyestérs td steric
hindrance édding that the-iess accessible secandéry hydroxyl groups'p;efér to

react with the trans isomer during the polyesterification process.
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b) Type of saturatéd acid

It has aisq been obsetved that the presence of a saturated acid, in addition
to the glycol and maleic anhydride, during polycondensation, influences the

extent of isomerisation; this effect is shown on the following graph,

Fumaricocid,% . 2
- s -

k. ) - L

1500 1650 1800 1950

-'.;U Jog 450 6;?0_. ?.50 9,0_0 lt;.iﬂ ;;W r.‘;SE
. Mol weight
1 Ethylene glycol + maleic anhydride
2 . S " + phthélic anhydride
3 0" woroon A 4+ succinic acid
4 " L " + sebacic acid

1t is apparent that isomerisation is faster and more effective in polyesters

containing aromatic components, The authors suggested that the intramolecular

strain induced by.phthalic anhydride is compensated by the trans isomerisation;

succinic acid has little effect because its structure corresponds to the trans

Eonfiguration, it seems therefore that, in this case only the glycol

contributes to the isomerisation.

The effect of the saturated acid has also been studied by nmr.
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. Because of its insolubilit& isophthalic acid was first allowed to react,

for one hour with propylene glycol at 200°C.. These results again favour

that the more sterically hindered the reacting functional groups are the

fastest cis-trans isomerisation takes place.

(

Furthermore Zalmanski

11) has found that when maleic anhydride is condensed

with poly {propylene phthalate) of acid number 50 the resulting unsaturated

polyester contains 99% trans anaturation. But, if phthalic anhydride is
condensed with poly (propylene "maleate") of acid number 50 the resulting

polyestér contains 85% trans unsaturation
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c) Effect of temperature

In a subsequent paper the Hungarianm reseafchers'investigated the influence

of temperature on the cis-trans isomerisation. This is shown on the following

graphs,
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In order to give more light on the rate this isomerisation takes place the

same authors expressed the fumarate conversion as a function of the average

number of ester'bondé; graphically this is represented as follows.
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These resultg favour the isomerisation prfér to diester formation in the case
of propylene glycol; this again-is due, as molecular models suggest, to the
strained structure of the cis monoester ﬁhich prefers to assume the

trans configuraﬁion prior to diester formation, The less sfrained.thé
structure is, as iﬁ the case of 1,6 hexamethylene glycol isomerisafion takes

place to a lesser extent.

In addition, the authors expfessed the isamerisation rate constant in terms

of é second order equation; they also found that the activation energy for the
isomerisation to éctur;is 2054 kcal/mole. . The effect of temperature on its
own on a maleate free of extensive steric hindrance can be better %isualised

(43)

from Turunens experiments, A commercial grade dioctyl maleate was heated
af 180°C-200°C, its.extent‘of isomerisation (the method will be described later)

as a function of time is shown below.
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3.1.2 -Transesterifications

The importance of synthesiSing polyesters with a ékatistically tailbred
backbone has been dISCUSéed in Chaptér I. However some experimental evidence
sﬁggésts that the transesterification reactions wﬂich would most prébably
accompény the two.stage polyesterification procesg.lead to a completgly

random distribution of the components along the polyester chains,

(25)

P Kresse first reported that a mixture of two kinds of homopolyesters

changes gradually to a random copolyester through transesterification reactions

when heated for several hours at temperatures higher than the melting points.

(26)

R Ya@adefa and M Mirano studied the extent of the transesterifications by
high resolution nuﬁléar magnétié resonance spectroscopy. They heated a
mixture of two different éatufated polyesters and estimated the degree of
randomness brouéht about bylthe interchange'reéction.ftomlthe variation in the
intensity of specific prqton absorptions., For example, the ethylenic protons
of poly (Ethylene Tgrephthalafe) and poly (Ethylene Sebacate) have different
chemical shifts assigned to the T-E-T and S-E-S units respectively. When
these two pﬁlyesters are heated together at 276°C under nitrogen a third
absorption, assigned to the newly formed S-E-T units develops. By treating

statistically the changes in intensities of the nmr absorptions with the

progress of the heating treatment, the authors concluded that an entirely
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i

random structure is reached after three hours under the experimental .

ot

conditions cited abové. The same technique was applied by Khramova ét
_ 31(27)‘agaip on polyéondensateé of ethylene glycoi,'dimethjl terephthalate
and dimethyl séﬁacafé§ théy concluded that the copolymerisation is non-
étatisticél in nature; on ‘the bésis of their calculation of the avefagé;
lengthfof homogeneous séquences; On the same basis, the abové mentioned
researchers, compared the chain composition of copolymers of fqmafic acid,

(28)

sebacic acid and ethylene glycol produced by one or two stage sYntheses
and found that whatever the synthetic method, the resulting polyestérs_have

approximately the same chain7structure.h

V Korshak et 51(29) applied the same nmr procedure to estimate the
randomness in copoiyesters synthesised from terephthéloyl chloride and two

. diols or a diol and:a bisphenol of different reacfivifies. The reaétion was

carriéd out in éolution at 1ow.£emperaiuré§ and . in the preéenée of‘a éatalysi
suéh.as trietﬁylémiﬁe. .It has béen found thét eveﬁ when oﬁe of-fhe_com°nomers
‘is thirty times morefreactife than the other, thé resulting polyester has

its COﬁpOnents randomly distributed along the macromélebular cﬁains{

In an attempt to produce block copolycondensates the acid chloride was allowed
to react, in a firsf-stége; with the more reactive comonomer. After the
comonomer had practically completely reacted.the"second comonomer was added.
However, the method did‘nbt result in block copolymefs1 Block copolymers were
effectjvely produced iny:by gradual introduction of the intermonomer

{the acid chloridé) into ghe'reaction zone, The extent of.randomness aﬁd,

accbrdihgly the length of the.blocks‘depéndéd:both on the monomer reactivity

ratio and on the rate of introduction of the intermonomer into the reaction zone.



3.2 Chemical changes taking place during Polyesterification

In this subsection, the reactions accompanying each polyesterification stage
of a two stage polycondensatidn (Chapter I, section 3) will be dealt with
separately. The chemicalrchénges.that occur during a single stage

polyesterification are inevitably the same.

Some of the following paragraphs will be mainly concerned with "Impolex"
type polyesters i.e. based on terephthalic acid, propylene glycol and maleic

anhydride.

3.2.1 First stage side reactions

~a) Cyclisations

Most of the investigations found in the literature concern the isolation of
cyclic compounds formed during the synthesis of high molecular weight poly

(ethyiene terephthalate).

(30)

Ross et al isolated 1% of a cyclic trimer by extracting poly (ethylene
terephthalate) with trichloroethylene, The isolated solid had a melting point
of 325-32700. Comﬁenting on the low concentration of the cyclic compound the
authofs.suggested that the phenyl ring introduces enough strain to reduce the

probability of cyclisation.,  Goodman et 31(31:39)

on the other hand, extracted and
identified 1.5% of cyclié oligomers from poly (ethylene terephthalate) with
dioxané or mixed xylenes, These aﬁthors put forward severai mechanisms in order
to explain the formation of these cyclic materials, They cohéludéd, however,

that cyclisations are caused by interchange reactions among ester groups within

or between high molecular weight polymer chains.

e.g.
 wCO= Qv = 0 =CO = vt = warst 20O Ot O CO= et
— | | * |
I T oy SEWPTIY oy W SO . ot () OCeww el =20 O vt
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Furthermore, they showea by means of mole;ular models, that the structures
of the oligomeric cyclics are strain free, and that a sort of_edhilibrium
exists between'cyclisatipu and.gtraight chain pquconﬂensation. Thus, onée
poly (ethylene tergphih#iagé) freed from cyclics by extraction with

solvents is remelted equivalent quantities of oligomeric cyclics are formed.

These authé;s have excluded the possibility of cyclisation through a
dehydration reaction taking place between two terminal hydroxyl groups

(33’34) work; the latter has

bélonging to the same-ch§in, based on Zahn's
extensively investigated the structures of oligomeric poly (ethylene
tefephthalates)'(maximum number of segments = 9) and concluded that

cyclisations do not take place.

. Goodman et al have also related their experimental results to the ones derived

from the Jacobson-Stockmayer(35) and Boissonas-Schuman(36) equations. These
are tabulated below:

% Cyclic Species {theoretical) - % Cyclic

- No. of Segments
' : Jacobson .~ Boissonas (Experimental)
K N 3.4 .
3 o 1.00 1.00 ' 1.00
4 049 0.42 " 0.08
5 I - 0.09 | 0.22 "0_02

The evidence provided by the résearch work summarised above, examplifies the
triviality of cyclisations, of low molecular weight terephthalate based

polyesters, as side reactions.

39



b) Glycol Losses

During polyesterification glycols suffer from a number of dehydration processes,
the extenf of which is éatalysgd by the acidity of the reaction mi#ture.
ThusIbutanedioi—l,drdecomposes into tetrahydrofuran, 2,2,4 Trimethylpéntane
diol-1,3 decomposeé'iuto a complex mixture of low boiling products. |
Propylene glycol undergoes similar side reactions, their éffect being more
pronounced in the presence of a catalyst. The simplest evidence for the
occurrence of such reactions is that the quantity of water eliminatéd, during

polyesterifiéation,'exéeeds the theoretical amount by as much as 301(37).

A literature survey on the various reactions leading to the dehydration of

propylene glyéol-revealed-the following:

Et CHO ref (38) .
propionaldehyde O

' o Et-\/_ ] -
NaH., PO
2 ffﬂ”ff”a N ° He

510, 20°C, H .
cn” : 2 ethyl 4 methyl
3 dioxalane ref (39)
HO-CH~-CH ,=OH .
: ﬁhthalic anh , \\\Qéﬁion exchanger
o PhS0,4h | 150°c-165°C H3C-E°j- CH,
EtCHO (23%) , (5 hrs) 0"
_ £ .
Cl,=CH-CH,,0H (147%) : 2,6 dimethyldioxane

, ref{4Q)
+ 2,6 dimethyldioxane ref (41)

Soﬁe of these products have been identified in tﬁe organic layer tépping the

- water eliminated during polyesterification. Their yield is increésed under
the severe conditions of pressﬁre and temberature required by the process.
This is examplified by the following experiment. Runs of poly {(propylene
terephthalate) cé?ried cut with CIA labelled propylene glycol and followed by
analysis of all fhe products includiﬁg those isolated in two COZ(MeOH traps
accounted for 93.5% of the activity. When the same experiment was carried out

at atmospheric pressure 98.47% of the activity is accounted for(37).
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3.2.2 Second stage side reactions

a)rFree radical addition of double bonds to each other

Since the early stages of unsaturated polyester development, it has been
known that when alkyds are heated in the presence of oxygen the result is a

(42)

hardened and insoluble product indicating that a crosslinked network has

been generated as a result of the polymerisation of the unsaturated sites with

(43)

each other. L Turﬁneﬁ studied the interaction of these double béﬁds based
on a model esfer‘ﬁdidct§1.fUmar;te"; This model was subjected to £he
conditions generally encountered in polyesterification processes i.e. high
temperatures and a nitrogen atmosphere; any loss of double bonds was detected
by changes'in-refractive'index. The vaiidify of the results was also checked
by polarography. TPe resﬁlts obtained from the above experiments showed that

oxygen could have deleterious effects on the stability of the dohble'bonds.

This effect is represented diagramatically as follows:

-1.0
' 0.81
0.6 -
Mole fraction
of double 0.4 o .
bond T F —0.04% 0, in N ..
2 2 ~.
. . e
(log scale) ---0,04% 0, in CO
2
0.2 — . N
.8 16 24 32
Time {Hours) —

It is evident that 0.4 parts per thousand of oxygen is capable of causing the

loss of 10 to 207 of the double bonds under'the_usual heating conditions.

Complementary.information to the above is shown on the graphs describing the
change of the rate constant with the oxygen concentration in carbon dioxide

(used as inert atmosphere) and with temperature,
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1 : : i
2.0 2.1 2.2
1 ~3 '
= —_—
0.6 T X 10
’[Oi] in CO,
Thg rate constant of the ' ' The reaction rate constant
reaction of 0, with the _ increases with temperature .
doub}e'bonds is a linear according to the Anheuius
function of the square _ . equation.

root of 02 concentration

It is apparent that thergiis a threshold oxygen concentration below which
reaction does not occur;_ Furthermore it has been found that a purely thermal
polymerisation is unlikely to take place at least at temperatures below ZOOOC,
in addition the authors have shown that tﬁe severity of the reaction is nof
altered by the #ype df the model ester and, therefore should occur éufing

the syﬁthesis of unsaturated polyesters.

Fortunately the adverse effect oxygen has on the double ‘bonds can be .
.suppressed or at least markedly reduced if a small quantity of an inhibitor,

hydroquinone for example, is added during the estérificatioﬁ_process. More

specifically 0,01% of hydroquinone is able to reduce the loss of double bonds
of dioctyl fumarate to less than 3% at 200°C for a heating period of eight

hours.

The experimental evidence provided by the author lets us assume that

polyesterification reactions involving fumaric acid or maleic anhydride should

be conducted at temperatures in the range of 200°C under an oxygen free




atmosphere and for mofe safety in the presence of an inhibitor.

b) Glycol addition to the double bond

This side reaction has received a good deal of attention, since its occurrence,
will deprive the crosslinking agent of reaction sites and, therefore lead to

an inadequately cured end product.

(44,45) prepared unsaturated polyesters by heating one mole of maleic

Z Ordelt
anhydfide and 1.1 moles of ethylene glycol at 197°C under a nitrogen atmosphere.
From a study of the balance of double bonds énd hydroxyl groups ﬁe foﬁnd that
besides limited deh&&rétiou of the glycol the latter is added to the double
bonds. The decrea;e in ﬁumber of doubie bonds has been foﬁnd equal to twice tﬁe
decrease injneighbourihg hydroxyl groupé.  The reactioﬂ results in the formation
of esters of 1 (2 hydroxy ethoxy) ethane 1,2 dicarboxylic acid, the latter

being isolated, on hydralysis, in the form of the lactone or identified by

paper chromatography.

The severity of this side reaction is examplified in the table below:

Reaction time (hrs) 3 5% 10 13
Extent of reaction % Ppl.4 7.8 |84.7)] 87.3

Extent of glycol
addition % _ 9.8 J10.5]12.6 13,0

Mol weight (ebul,) 800 [ 850 1250 -

Mol (end grp analysis) 610 | 734 ) 1090] -

Z Ordelt also found that the degree of addition increases with increase of
the reaction temperature and on addition of excess glycol, and falls with
‘increase in degree of conversion of the maleates into the fumarates. . The

addition proceeds according to the following mechanism:
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The polyeséers, médified by this reaction leading to therformation of branched
chains and network structures, cause the discrepancy between the moleéular
weight as detefmined by physical methods apd as calculated from end group
analysié. Knodler et af?egn the other hand, studied the effect some glycols
have on the extent of the addition; they concluded tha£ when one mole of |
fumaric acid ié condensed ﬁith one mole of propylene glycol 15.71‘of £he

double bonds are lost.

47

Furthermore, Felic;.et al studied the effect of glycol additioﬁ on the double
bonds of poly (propylené fumarate phthalate) and poly (prdp&lené maleate
phthalate) synthesised'from 2,2 moles of propylene glycol 1.0 mole of fumaric

~ acid or maleic anhydride and 1.0 mole of ﬁhthalic‘anhydride, at 200°C uﬁder a
nitrogen atmosphere containing 0.17% of oxygen. The polyesters were hydrolysed
and analysed for fumaric acid content by polarography. It has been found that

except the complete cis~trans isomerisation of maleic anhydride, a portion of

the double bondsis lost. This is examplified gfaphically below:

44



Double Bond %
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Poly (Propylene maleate'phthalate)_ Poly (Propylene fumarate phthaiate)

Accordingly 14.2 to 10.5% of the double bonds are lost as a result of glycol
addition., The dashed line shows an additional double bond loss when
polyesterification is .carried out in a nitrogen atmosphere containing 0,6%

of okygen.
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4 TOPICS IN THE CHARACTERISATION OF CURED POLYESTERS
This aspect of characteriéation has received extensive attention since the
early stages of unsaturated polyester technology. Conventional instrumental

as well as chemical methods have been applied to follow the crosslinking

'process with thg aim of elucidating the structure of the crosslinked product.

These studies are in fact complementary to the differenmt physical tests used

to assess the performance of the cured polyesters since they are able to offer

a scientific'reason'fqr=their physical behaviouf.

. 4.1 Residual Unsaturation (degree of cure)

4,1.1 Detecfion_by infrared sbectroscdpy'

'Hayes et al(qs)'first examined by infrared spectroscopy the variation in the

double bond content during the curing of poly (propylene fumarate).and

poly tp;opylene fumarate-bhthalate) withlstyrene.

The infrared spectrum. of the styrenated solution was first recorded. A thin

film was then cured and re-examined, The decrease in the intensity of the.

Vband_at 7175 c:m-1 was used; after correction for overlapping styrene absorption,

to estimate the reduction of double bond content on curing.

The relationship between styrene content and polyester double bond content of

the cured poly (propylene fumarate) copolymer is shown on thé fbllowing diagram:
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Accordingly, increasing the amount of styrene beyond the value where the
-molar propbrtions of styrene and double bonds are ‘equal has no significance

in reducing the double bond content.

A more accurate procéduré consists of using the polyester carbonyl‘gfdups,
the concentration of which is not affected by the curing process, as internal

standards(hg).

- For example, if D1 agd D2 depote thé optical densities of the i.r. bands
corresﬁénding to the dqubie-bond and to the carbonyl in the polyester resin,
_before brosslipking and cqfrespbndingly D3 and D4 after curiﬁg; then the ratio
DI/DZ will correspond to,é 100% content of unreactgd doub}e bonds and the ratio
D3/D4.to the:numbgr'of unreacted double bonds in the cured product. The
prdportion of.unreaﬁted polyester bonds (A) expressed as a percentage of all
the bonds.going into'the,copplymer, ﬁill be given the expfession:' -

a=23D 4100

D4.D1

(50)

Learmonth et al ~ ", introduced a correction to the above eduation, and
followed the crosslinking of Béetle 4116 (a BIP polyester) at 45°C. VThey
assigned the band at 985 (:m-1 to fumarate unsaturation and the one at 915 cm'l
to the styrene double bond. In a similar study, Aleksejeva et 31(51) followed
the disappearance of the band at 1654 cm-l also attributed to the fumarate

double bonds. Similar studies were also undertaken by Imai(52) and

Fijolka et a1(55);' According to Learmomnth's results, 4.1% of the fumarates
unsaturation and 10,6% of the styrene remain unreacted. This suggests, that
under normal curing conditions, all the double bonds react, allowance being

made for the quantity of styrene lost by evaporation.
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4.1.2 Detection by Refractometry
During the crosslinking process the refractive index increases as a result
of the reaction of styreme with the fumarate umsaturation. Both Spasskii

(53) - (50)

et al and Learmonth et al applied this method to estimate the degree

of cure of unsaturated-pblyesters.

A drop of catalysed resin is placed between the prisms of a precision Abb%®
refractometer equipped with a sodium lamp and a thermostatted bathj the
increase of fefracti#e'index with time is then recorded. Methods for

(73)

avoiding damage of theéprisms are described by Dannenberg generally a
plasticsfiln{or siliqoﬁe'flﬁid are used as release agents and the edges of

the prisms are sealed with plasticine to prevent the loss of styreme,

The increase I in fefractive index is calculated from the equation
I = aM; + bMg
where Ms and Mf represent the mole fractions of styrene andrfumarate
re#pectively ﬁhich have ;egcted,.a'énd b are éénéténﬁs fér a partiéﬁlar
resin and are indepénaent‘éf crosslinking éonditiéﬁs. The iﬁseftion into
the equation.of exﬁérimental values.of I, M, and My from chemical measurements

allows the constants to be obtained,

The value of I at completion of the reaction can be calculated from the mole
fraction of styrene and fumaric acid present in the uncured polyester and
compared to the experimerital value for the estimation of the degree of ‘cure.

It has been found that both infrared spectroscopy and refractometry give very

close results.




4.2 Average Length.of Styrene Crosslinks

" 4.2.1 Determination by infrared spectroscopy

The method cohsists in dégrading the styrene cured polyester, usually by an
alkallne solution of benzyl alcohol and analysing the methyl ester of the
,styrene-fumarlc ac1d copolymer produced by the action of diazomethane on. the
hydrolysate by infrared spectroscopy. Other degradation procedures aLso

developed by Funke et 31(54 55)

involve the use of benzylamine with ammonium
chloride as catalyst and ﬁydrazine hydrate in dio#an. The analysié.is achieved
w1th the aid of reference standards containing spec1fic groups present in the.
copolymer. For example, the concentration-absorbance relationship of_the
phenyl and carbonyl absorpéious of ethyl benzene and phenyl ethyl propicnate
respectively, is fifst &etérmined,.ahd thén_used fo estimate the corresponding
concentrations of the phenyl and carbonyl groups of the degradation products.

This in fact leads to the molar ration of styrene to fumaric acid units which

constitute the copolymer,

Several researchers applied this method of analysis. Funke et 31(56)

- (58) (i8)

Learmarth et al suggested 1-5 styrenes, and Koenig suggested an

average of two styrenes per crosslink., It is obvious that this average largely

(59)

depends on the initial quantity'of styrene monomer as well as on the extent
of cis-trans isomerisation of the maleate double bonds, since the molecular
weight of the degraded copolymér varies from 2000 to 14000 in styrene rich

polyesters.

4.2.2 Determination by elementary analysis

The resuits obtained by the method described previcusly were comparéd to those
estimated by elementary analysis. This method cohsists in the cafbon-hydrogen
analysils of the degraded product and the subsequent estimation of the molar
rafio of styrene to fumarate units, Both iﬁfraréd and this method give similar

(48)

results. The data obtained by Hayes et al are shown in the table below:
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% Styreﬁe in Resin : No. of St&reneiseacted Double Bond

20,0 - " 1.31
35.5 : 2.48
1.4 . ' 1.57
45.9 - | " 2.0

50.0 ' . 2,27

4.2.3 Determination by isotopic labelling

€0 )

N Ghanem determined the average length of the styrene crosslinks using

labelled maleic anhydride. He synthesised an unsaturated polyester from
: . - 1% |
1.1 mole of 1,4 butanediol and one mole of C 1labelled maleic anhydride. The

styrene cured product was hydrolysed to give the styrene-fumaric acid copolymer.

The latter was oxidised to a certain extent and the evolved CO2 was detected by

a gas counter. The same experiment was repeated on an equivalent gquantity of
labelled maleic anhydride only.
According to this technique, the counter counting rates are directly
‘ 14 12 , :
proportional to the C/C ratio in the samples. The lowering of the counting

rates is therefore effected solely by the extent of incorporation of styrene

units in the copolymer. This can be expressed by the equation:

counts/minute for maleic anhydride _ {x + 4)

counts/minute for copolymer 4

where A is the number of C atoms in 1 molecule of maleic anhydride and x is
theAnumber_of C atoms which dilute 1 molecule of maleic énhydride. As one

molecﬁle of styrene contains 8 carbon atoms, the number of styrene units per
fumaric acid unit in the copolymer can be determined. The average length of

the styrene crosslinks is plotted against the resin styrene content in the

following figure:
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4,3 Presenée of Free Styrene, Polystyrene, Homopolymerised and
Unreacted Polyester Chains

(61)

K Sakaguchi noticed that fully cured samples of coﬁmercial unsaturated

polyester resins yield traces of polystyrene, unsaturated polyester chains as

well as free styrene, when treated with chlotoform for 24 hours at room

(60)

- temperature, - Ghanem claimed the presence of less than 2% of free

(62)

pqustyrene in a cured product in cﬁntrasf torFunke et al who suggested
that.free.polystyrené is only formed in polyester resins containing a large
Quantity of styrene and that the tursidity which sometimes develops in cured
products is the result of long styrene crosslinks. Solvent extractions followed
by'£he grévimetric estimation of the solid extracts have élso been attempted

(63) (64) and Vaughan(Gj). In all cases, however the

by Gordon et al , Wright

amount of extract is so trivial that its effect on the properties of the

' : : 6) .
crosslinked product can be probably disregarded. On the other hand, Alexeyeva(bj)
showed, on the basis of chemical analysis of the hydrolysed polyester, that the

polyester double bonds react not only with the crosslinking agent but also

with each other. On the contrary, Funke et al observed that such an interaction

does not take place.




The above set of observations prove, in fact, the point of view that at the
early stages of the cﬁring of'commercihl, fumarate based polyesters, - the
fumarate and the styrene double bonds tend to alternate. Longer styrene |

cfosslinks_are formed when  the viécosity of the medium increases.




5 CONCLUSIONS

One of the most extéﬁsi#e;y;investigated but still nbt;yet fully uﬁderétOOd
topicé concerns the édvanfggeé of polyesters synthesised by tﬁe two stége
polycondensation progeés.-;Twn inter-related approaches have been suggesfed,
and tenté;iveij pro§gd, to account for the fact‘cited above. These aéproaches
concern the positioﬁ §£ the double bonds and the distribution 6f_the saturated
segments in the polyester chainé. However, experimental, as well as
theoreti;al evidéﬁcgs fChapfer III), suggest that the distributibn, aiméd.at
by the two'stage-techn#éue is lost during the second stage and the resulting-
éolyester is-stfucturally similar to thg one synthesised by a single stage
operation insinuating-tha;,some side‘reactions, especially the glycol addition
to the double bonds, ﬁhicﬁ is more pronounced in a single stage polycondensation,

could play a rather important role in that respect.

The crosslinking process'itseif is better understood. Additional techniques

such as DTA(67), TMA(72) (68,69,70) (71)

» NMR and light scattering have been
successfully applied to monitor it. However, the actual microstructure of the
poly (styrene-fumaric acid) copolymer resulting from the degradation of the

hardened polyester still needs characterisatioﬁ, especially.the distribution of

the styrene p-mers along.its.backbone.
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CHAPTER III1

" MATHEMATICAL DESCRIPTIOﬂ OF THE POLYESTERIFICATION AND CROSSLINKING

PROCESSES INVOLVED.IN UNSATURATED POLYESTER TECHNOLOGY

The vatious.égterifigation and crosslinking reactions involved in the‘synthesis
and cuf&ng of uusaturatéd polyesters have beeﬁ described mathematically. Most
of the mathema;ical-expressions will be reviéwed and commented upoﬁ in the
present éhapter. Tﬁis,'in fact, comes to reviewing perhaps more analytically
the basic matﬁematica;éconcepts of polymer chemistry, since the systém undef

" consideration is the r;sult of a step reaction polymerisation followed by a
free radiéal copolymerisation-takiﬁg placé.during thg crosslinking stage,

Under the téfms mathematiéal‘deétription; both fhe statisticai'and kinétic

aspects of the treatments will be considered.

1 Polycondensation Réactibus

The treétments dealing with these feactioﬁs aim at the determination of the
molecular weigﬁt diStribution of the polycondensate mabromdlecular cdmponents

af vaiious stages 6f the réactibn.-‘This distributioﬁ is calcula;éd by two |
methods. The statistical assumes that the distribution is a function of the
state, and itdependgoﬁ sevefal simple variables such as conversioh, reaciion
efficiency,Astoichiqﬁétry.and in some.cases-thé ratio of rate constants of
prOpagafion; The otﬁer methodé of calculafing mdleculai weight distributiqns
are based on kinetic equétiéns. The#e éppréacﬁes also assume the system io

be homogeneéus and thdt:end:groub reactivities are independent of chain length.
Hoﬁever, both P J Ffory(l){énd LC Case(z), pointed out that the reactivity of
an acid or hydroxyl radical, in.the condensation of a diacid with a dioi, is
greatest when the radical is on an unreacted monomeric unit. The reaction fate
is 10 to 207, slower whén the radical is attached to a larger molecule. These
research workers also suggested that the rate is an assymptotic, monotonic function
of the molecular weight of the attached chain. However, the rates for very long

chains are not much less than for a chain in which only one unit has been added




to the original monomef;c"dnit i.e. the reactivity of a group attached to a
half reacted umnit can be assumed'indeppndeﬁt of the.leugth of the attacﬁedl
chain, but is significantiy less thaﬁ the feéctivity of a group attached to an
uﬂreacted unit. Thié facté is expected to influence the kinetiqs of the |
reaction and as it might bé.aﬁticipated, its effect would be more pronoﬁnced'

7

in the case of low molecular weight polymers.

In the following seétions, only some specific theories of polycondensation

reaction will be discussed, essentially those illustrating better the ICI

(3 ?) work on polycondensation equ111bria and random

v (5)

process. Schultz s
degradatlons of polycondensates as well as Stockmayer claésicél work
will only be mentioned as general references.

1.1 Chain Distribution of the First Stage Condensate in a Two Stage
Polyesterification Process

(6)

1.1.1 P J Flory's Treatment
The first sfage polycondensation process could be described mathematically by

Flory's statistical treatment.

Because-of £he extensive application of the derived equations to some of the
work included iﬁ this report,.the treatment will be analyticaily reviewed, It
is based on the factrﬁhat dﬁting the condensation of a glycol (B-B):with a
dibasic acid (A-A);'three typés of ﬁacromolecules are present in the polymeric
.mixture, their relative populatlon depending on the number of reactant molecules

(x)} combined in the polymer molecule. The classification is the following:

(i) If X is an even integer, the resulting chain is
a hydroxyacid

X/2 A=A + x/2 B-B —p A.A;(B.B-A.A)(x_z)lsz.B

(i) If x is odd, the resulting macromolecule can either

be a diol or a dicarboxylic acid depending on which

reactant is present in excess




if.e. (x+1)/2 A:A + (x-1)/2 B.B -,A.A-(B.B-A;A)(X_S)IZ-B.B-A.A

or  (x-1)/2 A.A + (x+1)/2 B.B —pB.B-A.A(B.B-A.A) B

(x-3)127""
~The molecularréize distribution of these linear condensation polymers, when
prépared fromjequivalent-amountsof rééctants is given by the eqﬁation

Py = B (1) |
where P(x) ;s the mole fraction of every X-mer i.e. a polymer composed of
X reactant molecules or segments. p is the extent of reaction or thé'fraétion
of £he total number of A (or B groups) whidhrhave reacted at time tj therefore,
if'No is the original Qumber‘of A (or B) groups and N the number of un;égcted
gfoups aftgr time t, tﬁenr

p =.(ﬁo~N)/No
However, when an excess_of one reactant, the glycol for éxaﬁple,.is use&

separate functions are derived for each of the three kinds of molecules.

The derivation includes the following terminology:

A B
4
Nh and N

N, and N, represent the number of A and B groups in the initial féed.'
g are the numbers of the respective unreacted functional groups
after condensation.

If an excess of B-B (glycol) is used
: = N' -N¥ = . -
NB-N =N B N A = excess of B-B seg@ents
On the other hand, the probabiiity p that an A group has reacted is
- . ‘ . : .
p = (Ng-NT /N, |
Similarly,-thé probability q that a B group has reacted is

T )
q = (Ng-N'p)Ny

N,/N

By defining r AI B

Then p = r.q
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Now, let us select, randomly, a segment S from the sequence of segments

P 9 pSp g p
-B-A.A-B.BEJI\..A-B?-BE?.A-‘S?.B. seswasm -%EBO

and let us assume that the chain molecule is a hydroxyacid i.e., one of the

terminal groups is A and-the other B.

It follows that, for this specific case, described by the chemical equation

"{i), x is an even integer.

If the segment S happens to be A-A, the probability that there is a linkage
at bl is p, at b2 is q, at b3 it is p again. Therefore p is the probability

of linkage where n is odd and q the probability where n is even.
. ’ /
/

For each of thé'x configurations which wili include S in the even x=-mer, thére
will be x/2 links the probabiiity of occurrence of each is p and (x/2-1) links
with probability q each. On the other hand, the probability of finding a
terminal A is l-p and a terminal B is l-q. It follows that the probability

that any given A.A segment is i component of an even x-mer is

R (even)’ xp™ 2, K121 (1) (1-9)

= x.p5 L 2 10y (1-rp)

If a B,B group had been selected as the segment-S, the same considerations
would apply with p and q interchanged, Hence the probability that any given

B.B segment is a component of an even x-mer is

x.px-l rx/2

“: (eyen) .(1-?) (l-rﬁ).

|

x. ﬁA (even)
. X

or M: (even)

1f Nx (even) is the number of even x-mer molecules then the total number of
segments in even x-mers is

NB

NA
x Nx (efen)‘~ 7 - M: (even) + 5

. MB {even)
x
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. Hence Px (even) = p’ t _ [

By substitution and rearrangement
N (even) = N Mé (even) /x
X . X A. x

The fraction of the total number of both kinds of segments which are contained

in x-mexrs is.

M (even) = xN_ (even)
Since _ HA + NB f NA(1+r)Ir
Then = M (éven) ='xpr1rx/2 2(1-9)(1-;p)

{1+r)

M {even) is the approximate weight fraction of an even x-mer.

For the mole fractidﬁ of even x-mers

. : N N
P (even) = x = x
: ~ Total no. of molecules &(N'A}N'B)

v 1. .
N' = (1 p)NA

N" = (1-g)Ny = (1/r-p)N,

2(1-p) (1-tp)}
(1+1/r-2p)r §

x-1 xf2

In a similar way. the mole fraction of dicarboxylic acids Px {odd A) and the -

mole fraction of glycol can be derived. The cofresponding equations are

o . | 2 -1/2
_ x=1 xf2 1l T ]
P (0dd A) = p" T.x [ L)

' N2 =312
: , x-1 xf2 {{l-tp)°r
and P (odd B) = p~ .r (+1/r-2p)

The above treatment rests upon the_followiﬁg assumptions:




a) The reactivity of a functional group is independent of the size of the
molecule tb which it is attached.
b) Reverse reactions e.g. hydrolysis, do not occur.

c) Formation of cyclic compounds does not occur.

On the other hand, the épplication of these equations does not pose any
problem. The term r is the molar ratic of the reactants and p can be easily

determined.

(7)

: 71.1.2- L C Casé’s Treatment
L C Case derived sever?lrstatisfical equations deseribing the chain
‘distribution of pol&coﬁdensatés resulting from the combination of a large
number of reaétive'species. .The simplest system.bf terephthalic acid (A-A)
reacting with.ethyléne glycol(B—B)ﬁill be first considered, in the following

paragraphs, since it offers the simplest way of comparing Case's statistics

with Flor} 's.

Accordingly, if NAA and NBB represent the number of original AA and BB units
respectively, then .

To each of the functional gioups is assigned a separate reaction probability,

e.g. a for A and b:for.B, defined as the number of groups-that have reacted

e aNAA = bNBB

Hence Fo _%:NAA(1+%§
Whereas Flory's ;réatmént‘is based on the random selection of a unit in the
~ macromolecule, Case assumes that a chain is built starting from an AA (or EB)
segmenf onto which are linked alterﬁately i BB (ér AA) units, the reaction
proceeding in one direction

a——3b —=p g ——Ppb g
i.e. AA—BB~——AA~—BB—AA-——BB
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On the assumption that the products are the same as the ones dictated

by Flory, the number of free ends will be

-b)

ZNAA(1-3) + ZNBB‘l

_ a
or 2 NAA(l-a) + 2 5 NAA(leb)

The number of molecules after polymerisation, being half the number of

free ends, is equal to

N, ,(1-a) + %-N (1-b) -

AA

CONe s e
or .o+ (a+b-2ab).

By following the same reasoning as for the derivation of Flory's equation,

the number distributions of the different types of molecules can be found.

Starting at A’ = —Egl [(l-a)2 an-l bn-%] for o AA units and (n-1) BB
T 14 .
b
Mo [(l-a)(l-h)anbn'll for n AA units and n BB
a .
14=
b
Starting at B. = Nom ‘
_b [(iha)(l-b)hnan-ll for n AA units and n BB
a
14—
b
a -
= NOE 2.nn . \
— (1-b)“b a | for n AA units and (n+l) BB units
14 .

The numbér distribution funbtidn of these molecules or their mole fractions are
obtained bty dividing each of the above equations by the total number of

molecules after polymerisation. This is equal to

(l;a)2 antlbn
ath ~ 2ab

for n AA units and (n-1) BB

2(1~2)(1-b)a"b"
a+b = 2ab

for n AA units and n BB units
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(l_b)z an+l‘ 'bn'

+ T2 b - 2ab

for n AA units and (n+l) BB units

I1f the system terephthalic acid - propylene glycol (BC) is considered two
different reaction probabilities are assigned to the glycol; these are

‘b for B and E‘for c, and the number distribution functions are

(l-a)2 S%%%;i(i-23‘+- Sﬁ%)_for n AA units and {n=-1} BC

by 2kl 2a
+ 2a(l-a)(1 b+3)(b+t) /(1-2a+ b+5) for n AA units and n BC.

28,2 2 2apin-l,.. . . _2a ) '
+ (1~E;E) a (b+%)" /(1 Zaf'b+;) fo? n AA units ayd (n+1).BC

2a

2a. -
+_ oy {(1-b)/{(1=2a+ b+8) for unreagted BC units

It is obvious that whereas Flory represented both cases by a single statistical"
treatment, Case accepts that due to the different reactivities of the chemical
groups involved, the resulting distributions should be different. In other
terms, the extentrof reaction, designated by the term p, in Flory's gquations,
is splitzin Case's treatments into two or three parameters depénding on the

number of different reactive groups.

Although these assumptions seem to be very plausible, no experimental evidence
exists to substantiate the difference between the two theories. An advantage
however, of Flory's, is that it is easily applicable since all the parameters

involved can be estimated in the simplest ﬁay.

1.1.3 Other Treatments

Perhaps the easiest, but nevertheless the most elementary statistical treatment

(8)

is T M Gritsenko's . The assumptions involved are similar to Flory's i.e.

equality and invariability of the relative reactivities of the functional groups.
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" However, this treatmentvdescribes the distribution of a polymer only at
the completion ofithe reaction, furthermore, it assumes that one éf.the
reactants should.be pfesent in excess. Accordingly, if m (m<¢ 1) mole of a _
dicarbpxylic écid (B) is a_llowed' té re;ct with-one molle of a glyéol (A), then
in a macromolepﬁle of the type BA-BA—(BA)D-B, the prcbability of finding B
as the end unit is equaljto l-m. On the othér hand, the number distributioﬁ
fdnctiﬁn that the ﬁacromoléculé chosen at random frdm the system will contain
n units of.A gnd n+l units of B is expréssed By the equation

Nn = mn(].;m) |
At n=0_this function gives fhe.prbbability_of finding unreactgd B particles

. in the system;

a0 : .
The author further assumes that Z, Nn = 1 and hence expresses by Nn the mole -

fraction of each macromolecular constituents of the polymeric mixture.

The above equation may be compared to Flory's equation expressing the mole
fraction of the glycol terminated components P (odd B) (section 1.1.1)
provided that p=1, x=n and r=m; under these circumstances

0/2 [( 1’_m)2 m-3/2]
G-

'P(x)odd.ﬁ =
or P(,y0dd B = 2120y 0y |
Since m{1 it is obﬁioqs thaF for n=0,i Nn ) P(x)odd B,fbut for integral values '
of n larger than unity P(x)odd B>N , suggesting that Flory's and Gritsenko's
distributions éreldifferent. in other ferms, if the parameter n, in the
simplifiéd Flérf.eqﬁation ié replaced by n' the relation
Nn = P(x)odd.B is satisfied when
(n'-1)/2 =n
or .n' = 2ntl
meanihg fhat the unit sequences derivéd from Gritsenko's disfribution function

correspond exactly to those of the (2n+l)-mers derived from Flory's equatiom.
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Attempts have also beeu made to determine the molecular weight dlstributlon

(%)

of polycondensates by means of kinetic treatments. Kilkson'"/, first
introduced the use of generating functions to solve the resulting kinetic

| v (10) ' (11)
equations. This wurk has been followed by Bamford's s Herman

Nekrasov s(lz)

Bamford definedth&generating function
oo

G'(S) = Z/p;,sr
Where_Pr is the concentration of the fth polymer.. Use of this Function
reduces the set of kinétié equations teo a finite set which in some casés.may
be solved agalyticallytfor G(s) which can be expanaed into thg apprtpriate.
‘series to give the concentration of each species in the mixture. A review of
the work performed.ﬁith the aid of these functions is given by Amundson-and

(13)

Luss

1. 2 Statistical Treatment of the Second Stage of a Two Stage
Polyesterification Process

Such a statistical treatment is expected to describe the types as well as
the number of diols, already obeying the distribution functions cited in the
previous section, which condénse with the unsaturated acid to form a

macromolecule of a chain length,

LC Case(7), dealt with the distributions arising wheﬁ a.given_lineat polymef

is alloﬁed to react with a difunctional agent.‘ He acknowlédged'ttat if a
statistical.copolymer is the result of the reaction, the "doupling distribptidns"
are not the same as the distributions arising if the same components are reacted
together as in a single stage polyesterification process. Since polymer

chains of a certain distribution ére the building units, this author regarded

the ftrmation of‘a coupled polymer like the genération of a Markov type of

chain, However, thé vatious distribution functions derived by Case lack
experimental backing, and the models studies do not include a type similar

to the ICI resins. Nevertheless, a parallel derivation for this specific case




is not an impossible task provided that the parameters involved can be

estimated experimentally. -

However, as shown in Chapter II, experimental evidence suggests that
the second polyesferification process leads to condensates with randomly

distributed units along the chains.

(14)

H Sawada treated the problem of randomness statistically and also reached
the conclusion that the melt polycondensatioﬁ methods employed industrially

yield copolymers wifh random distributions.

This confifm§ a théoretical observation which,arisés from Gritsenko's(g)'
statistical treatment of the two stage polyesterification process; This{

authof concluded that despite of the exchange reactions that are takiﬁg place,
there is always a distribution. of the difference sequences of units along the’
polymeric chains;_.This disfribution is determinea only by fhe molar concentration
éf the comonomers irrespective, even of differences in their relative reactivities

and is similar to the distribution of units in a polyester synthesised in two

stages.

Actu&lly, Gritsenko replaces the widely used expression of randomness by

assuming the existence of a finite distribution.

1.3 Mathematical Treatments of a Single Stage Polyesterification Process

‘Such treatments are eXpected to describe the intrinsic polydispersity of an

" unsaturated polyester chain i.e. the sequences of saturated and uﬁsaturated.
units.constituting ﬁhe macromolecule. Howevef, the fact that the theories put
forward by severai reséarch workers to solve'this,prOblem,‘are still being
reviewed and corrected, favours the point of view that the complete answér

to the qﬁestion has'not'yet been found.
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(7)

L C Case” ', derived thé_first statistical equations describing the
distriﬁution of the macromolecules resulting from the éondénsatipn'of

two diacids of different reécti;ities.with a symmetrical diol by assigning,
toreach reactive group, sépafate,reaction probabilities. The ma;hematical
-trea;ment-is'similar to the one‘explained.before; for example the'expression
of £he number distribution:funétion of thosg.pblyﬁer chains containing n

glycol units, i units of one type of acid and terminated at both ends by

"hydroxyi groups ié:
: _ 2\ 4240 | 1+r
- 2 n=l b~ r¥  {n=1)! 1-2a+ta o
F(n) = (1-a)".a (rxt) (b+rzf). .i.'(n-l-i)/ by

Where a is thé-reaction‘probability of the -OH group, b and¥ are the reaction

probabilities of"tﬁe aéids, the molér ratio of which is eqﬁél to r.

The most probable combination of n and i is expectéd to depend on the rate of
reactions of each group. as well as on the extent of reaction. Unfortunately,
there is no stfong'ékperimentai evidence to_back these mathematical
derivations,-althoﬁgh,.these equations, offgf only:a tentétive'assessment of

the finé.étructure of an unsaturated polyestgr chain, Furthermore, the derivation
_ methﬁd may be applied ﬁo-a-model system ipvolvinglan unsymmetrical lecol;
propylene glycdl for example,_ﬁhich is very common in unsaturated'pplyester

formulations.

A different statistical treatment, but perhaps less compléx but:nbt Sufficiently
explicit to satigfy tﬁe fequirement of the ideal solution, was proposed by

LF Besge(ls). Accordingly, probabilistic equations have been derived to
express tﬁe popdlatioﬁ of‘thé mixéd molecules, i.e. those in which both acids
and the‘glycol are bresent; as well as the population of the chains

consis¥ing sélely of one acid and the glycol. This treatment implies that the

glycol and the acids are present in equimolar amounts.
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Theoreticélly predicted results are represented on the graph.

© 1.0

-

3 08} %,

5 _

9 <

Y . 0,

> 0.6 s,

= 1 : <,

u 3

o _ Unreacted\”

H 0.4 | Glycol

2 _ evmee o N:---d-.—-Polyesters of a single acid
0.2 & -

- Mixed type

"[Molecules

! : - - 1 L
' 0.2 0.4 0.6 0.8

Extent of Reaction

Relative Number of Molecules throughout the Reaction

It is assumed that 0,5 molés of each of the satﬁrated acids, the rate
constants of.which are iﬁ ;he ratio 1:2, are allowed to condense with one
mole of a symmetric-glycol, Basically, this tréatment'helps in obtaining
the,distribution functions-of the unit sequences in a mactomolecule but does

(16)

not allow the deduction of their -length. Similérly N Shito calculated
the distribution of saturated chains in a polyester composed of maleic
anhydride, adipié acid and propylene glycol. The number of polymer molecules

contaihing no maleic anhydride and their proportion by weight were plotted

as a function of maleic anhydride content.

V Z Nikonov et 31(P7) examined the relation between matrocomposition,,aﬁd '

extent of reaction, composition of the initial monomer mixture and activities

of the functional groups in a system involving two dibasic acids and a glycol,
- by formulating a set of kinetic.equétions, and solving the fesultihg
diffefential.equatibns with theoretical and experimental values by means of

a computer. The kinetic equations involved the early stages of condensation:
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and their rate constants were assigned to different values even for the
further coudensation_of the two same groups, The results:of the integration.
gave the concentration of the unreactgd groups as well as the molar content
‘of the esterified-acids present in the polymeric chains at different stages
of the reaction. In additionm, therauthors'compéred their results wifﬁ ihose

deduced from Beste's equations and found a fair agreement between them.

A more analytical treatment of the distribution of components in condensation

(18 19)

'1nterpolymers is Kuchanov ] who described the composition of the

macromolecules in terms ‘of the coefflcient of m1croheterogeﬂe1ty (K )
RS : : _RS '

accordingly K = +  ———

S+2P Pt _
where PﬁS’ PSS and PRR are the fractions of heterotrlads (RIS) ‘and homotriads
(5-I-8 & R-I-R) coﬁstltutlng the copolymer -I-R-I-R-I-5-1I-R-I=-5- for a,mixture

of two homopolymeré Pﬁs=0'and cdnseqqently Kﬁ=0’ whilst for a stricfly
alternating copolymer PRR 55= 0, to whichrphe value Km=2 correéppnds. Bétween
these two extremes, which correspond to a fully ordered position of units in
the copolymer, all possible values of Km are situated, Kmfl correspohding to a
combletely random distriﬁutidn; Consequently from the absolute value of
deviation of.Km'from unity the degfee of ordering of the units in the copolymer
"may be evaluated quanfitatively.. By assuming proportional activities of the
first ané secdnd‘groups of “the iﬁtercomponent (I) in reactions with different
_comqnomers;.the authors dedﬁ;ed theoretical relations between'Km,_the
prop@rgions_of-these pomonomefs, their réactivities as well as their: effect

on the aéti&ity of £he intercomponent. _Alternation is generally encountered
.when the reactivities §f the comonomers towérds one,grbup of the intefcomponent,

greatly differ.

(8)

A much simpler and ekpiicit enough treatment is Gritsenko's + The model
considered involves the reaction between two comonomers e.g. two diéarboxylic
acids (B1 + BZ) and an intermonomer e.g. a glycol (A). This can be represented

as follows:
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A+ (MB, +MB, _+ ceer FMB, 4 ...)d...AB AB,AB AB AB, ... (AB,) -

whére Ml and MZ arekthe mol:fractions of the comonomers with respect to

their. total quantity i.e, ZMi = 1, The distribui:ién function of units

of omne sbecies can ﬁe found on the assumption that the formation of the.
copolymer 6dcurs as a result'of the simultaneous reaction of all the -

components and ﬁnder bbndition; of equality aﬂd ihvariability in tﬁe'gpurse

of the reaction of relétivé reactifitieS'of the functional groups. It is also
assumed ﬁhét the reaction takes place under homogeneous'conditioné. Accordingly,
the-probability of unif AB, taken at raudom_from the copolymer, will be AB, |
will be equal to Mi and.the probapility that the séqﬁence chqsen at féndom
will contain n units of the i-th type is‘equal'to,M? aﬁd-the probability that

after these n units there will be found A connected with any other than the

i-th component B

o o1
where Ni(n) is the number distribution function of sequences (ABi)n according
. ! ’ .. .

to léngths.
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2 CROSSLINKING REACTIONS

Ideally, the crosslinking mechanism occurring during the curing pfocess of
an unsaturated polyester resin, may be coﬁsidéred as a free radicaii
copolymer1sat10n between the monomer, styrene (S) fot example, and the
unsaturatlon sites of the polyester backbone e. g. fumarate groups (F).

The comp051tion of the copolymer being formed at any instant is g1ven by

the copolymer equaticm(20 21,22)

‘-'s [S] [E]
d [F] +

.The monomer reactivity ratios fs and r. are the ratios of the rate constant
for the radical, styrene orlfumarate, adding its own mondmer to- that for its
"adding to ‘the other monomer. For example, in the system con31dered in this

paragra;ﬂ1rs- = 0.3 and rf' = 0.07(23), the sty:eng radicals prefer to. add to

their own monomers approximately four times faster than fumarate homopolymerises.: -

ATﬁe copolymer equation has been extended to the description of ‘a three
component copolymer1sation( 3). This could be applied to a polyeStef system
containing both fumarape and maleaﬁe (M) unsaturation. The relevant equations
are | B | |

dfs] 1+%sefs] sfml

7 I 5 I =5
d. |  = i -frsml ‘ +rsm !E! |
H ™ 0]

d M) zsf]

The app11cabllity of the copolymer equatlon to a polyester system was first
pointed out by Leavitt and coworkers( A). Similarly, Bohdanecky et 31(25)
calculated the gross composition of_the copolymerisates formed in a cured

polyester and showed that the values obtained experimentally during the

initial phase of the cfosslinking reaction agreed satisfactorily with the
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calculated values. Gordo n(26 27)

calculated the final éompositiono of the’
cured product obtained from apoly(thylene fumnrate) containing methyl
methacrylate, by means of the integrated copolymerisation equation, ;{e
'also calcuiated the concentration of the unreacted umsaturation sites on
the polyester chain after orosslinking by developing. The& also calculatod

the concentration of the unreacted unsaturation sites on the polyester chain

‘after crosslinking,by developing the following statistical treatment.

If p is the probability of a fumarate carboxyl having become esterifiEd,during

(1)

ol condensation, then according to Flory's statistics the most probable
poly P

distrlbution of the number fractlon Mn of n~meric condensatlon chains is

with a number.average chain leng;h

| DPnc = 1/(1-p)
If q is the orobability of a fumarate double bond not having become-
polymerised during polyaddition, then after crosslinking the distrioution

of chains all.of whose double bonds have escaped polyaddition, is given by

M'n = p" " (1-p)q"

Multlplylng by Foc, the concentration of crosslinked fumarates can be

 obtained 1i.e. V = Foc p(l-q) (l-pq)
Foc is the number of moles of original fumarate double bonds per liter.
(28)

Funke, Knodler and Feinauer™ determ1ned experlmentally-the composition of a

cured polyester containing only fumarate unsaturation in the polymeric chains
that had been crosslinked via styrene'monomer. The theoretical gross
(29)

composition of the cured product was obtained from the equation

f o 1-A
- C%m)
Vs = iE 0)5(1 T ) (1-A0)

where Vs represents the mole ratio [S]/[F] of the polymerised monomer units,
fso the molar fraction of F styrene units before crosslinking, and fs the
molar fraction of non polymerised styrene after.a relatively complete conversion

A cof both unsaturated species,
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The value f; can be both calculated and derived graphically from the

integrated copolymetishtion equation and from the experimentally established

valye for the total conversion Am. The authors eﬁployed Skeist's integrated
- (30) o |

equation

fs

dfs
ln(l-Am) = I Fs - fs
fso

to determine fs graphically. The copolymerisation equation is inserted into

this equation in the form

d !s[I CoCs - nfst et |
ad[s]+ F) (e, +1p - 2) + (2 - 2rp)E +rg

By summation of M'n, the fraction of the original chains remaining free is

-1
ZM'n = q(l-p)z.(pq)“ = q(1-p}/(1l-pq)
The concentration (moles per liter) of original condensation chains is given
- by

Foc/DPnc = Foc (l-p) -

Hence the caﬁcentration‘of free condensation chains is

Wy ?.Foé_q(l?p)zl(l-pq)
To find the_concenﬁration of crosslinks a fumarate unit F-is selecfed at random,
this comes to determining the proﬁability that this unit should bé
polymerised, and that proceeding from F'along the condensation chain in one
di:ection another bolymerised fumarate double bond is found., The total
contingency of this event is made up of four probaﬁilities, thus: +¢he
probaﬁility of F being polymerised is (1-q), that of finding n fumarates
below is p . There is also a probability qn-1 that the first (n-1) of these

are unpolymerised and a chance (l-q) that the ot 45 polymerised. Combining

the whole set of probabilities




'(1fq)pn‘qn'1(l-q) - " a-p®
To determine the frécﬁion z of all.ihe original fumarate double bonds which
havé given risé to a crosslink, the above equation is summed over all values
of n

2= pﬂl-q)zl(lqu)

The experimentalrresults obtained by these authors were in good agreement with

the theoretical values.
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3 CONCLUSIONS

Most of the stétisfical treatments.of the first stage polyesterification
process fail to justify,_ftom a theoretical point of view, one experimental
fact, that is thg,higﬂer réactivi;y of the monomer compﬁ:ed to the n-mers,
Apparently, this poiut_is crucial especially as far as low molecular weight
polyesters are concerned. Perhaps Case's treatment, is the most complete

statistical treatment but, nevertheless mot the simplest.

The difference in the activities of the functional groups have been taken into
' o 0 (31) .
consideration in Babur s’ kinetic treatment.
There is strong theoretical evidence that in a two stage polyesterification

process, the chain distribution of the first stage polyester is lost during

the second stage reaction.

Although the mathematical aspect of the polycondensation reéctbon'is_
still being reviewed aﬁd:renewed; the investigations on the theoretical
treatment of the crosslinking stage do not follow the same rate, On the

contrary these investigations are rather rare.

Howevef;‘the few experimental evidences that exist suggest that there
is a fair agreement between the predicted values of some crosslinking

parameters and the experimental,

Taking into consideration the information exposed in Chapter II it becomes
obvious that most of the work concerned with the crosslinking reactions of
unsaturated polyesters,iis experimentally orientated and ﬁhe'equationé are

developed to suit a particular parameter studied by a specific technique.
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CHAPTER 1V

CHARACTERISATION OF LOW MOLECULAR WEIGHT POLY (PROPYLENE TEREPHTHALATES)
BY HIGH RESOLUTION NUCLEAR MAGNETIC RESONANCE SPECTROSGOPY

1 INTRODUCTION

In this chapter, the sf?ucture of the first stage polyesters synthesised

by Imperial Chemical Industries Limited is- investigated by proton nﬁcleaf
magnetic.resonance-specfroscopy. The term prepolymer will be very

frequéqtly used to réfer to these loﬁ molegular weight saturated polyesters.
The present research work is concerned exclusively with the charactériéation
of those prepolymers utilised as intermediétes in the production of tﬁg-TQOO
"and T500 unéaturatéd polyesters of the "Impolex' series and, therefore, they
will be referred to és T400 and T500 prepolymers. The former aré synthesised
from one mole of terephthalic acid and 2.2 moles of propylene glycol while

3.3 moles of glycol are used in the synthesis of the latter.

The firstrstage of fhe ICI polyeéterification process.involves twﬁ operations.
For a start all the inérédients are éharged in.the réactér énd coﬁdensed under
high teﬁperé;ure and pressure to give poly (propyléne-terephthaiate) and wéter
as byproduct; -The vigorous reaction condifions émployed as_well as the
_subsequent watér distillation step involved in the process lead to the loss
of,a'ce;téin quantity offgiycol which shbuld remain unreacted because of the .
non—stoichiométry of the feed.: In order to Eompensate for the losses, an
édditionai amount of p:qpylene'glycal is introduced in the réaction:mixture
and pdlycondehsation is bonﬁinued for a.further-péfiod of time until the

final acid value reaches a low figure or, in other terms, until the extent

of reaction tends to one. The fesulting polyester is in the fofm of a
transparent, viscous liquid and upon further condensation with maleic anhydride

yields an unsaturated polyester,
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Most of-thé expérimeﬁtél.ﬁork described inrthis project.is performed,
unless cited, on afthO prepolymer rea@y.fof furthef condensationrwith. |
maleic anhydride'and ée shall refer to it as prgpolymér T&400-A to |
differenfiate if from tﬁé:pfeéoiymers T400-B and T&OO;C which-havé:been

isolated prior to excess glycol addition.

According;tg the réécfion scheme put forward by J P Flory (see Chapter IIi)
the pdlymerié éonstitﬁen;é of the vériOUS ICI poly (propylene terephthalate)
prepolfﬁers sho#ld béfP(Té)x, (PT)y, T(PT) , wﬁére P describes the propylene
glycol ségmént and;T-the terephthala;e segment. The subscripts x, y and z‘

tepresent-éhe number of propy1éne terephthalate repeat units.

_However, because of the-lgrge amount of propylene glycol used in the. synthesis
- which, in facﬁ; aims at the formation of hydrbxylated chains, and following
the experimental e#ideqce provided in the next-chapter, the prepolymers will

be regarded as being constituted méinly of low molecular w'eight-P(TP)x units.
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2 QUANTITATIVE ANALYSIS OF POLYMERS BY NMR

" The use of nmr spectroscopy in the characterisation of unsaturated

polyesters has already been discussed in an earlier chapter.

The_applicatioh of this technique in the polymer field in general is well
| (1) .

exemplified in Slonim's and Bovey's(z) books. Both combine an extensive
literature survey up to 1971, the former has also a chapter on quahtitative

analysis including 1?F and wide line nmr.

(3)

Of more interest to the present work is Kasler's ™’ succinctsurvey on the
quantitative analysis of polyhers,fan account of which will be given later

"in this section.

As stated previously; this paft of the ﬁtoject deals wi£h the characterisation,
by proton nuclear magnetic resgn;ncé spectroscopy, of'the poly (ﬁropylene
terephthalate) prepolymers. The metﬁoa involved makes use of simple phemical
reactions which, in c&njunction with the very basic assumptions of nmr

(455)

spectroscopy lead- to the elucidation of the specirum without any

reference to specific literature data.

Of particular interest is the quantitative information that can be deduced
from the integrated trace of an nmr spectrum., The published articles(6’7’9)
in that respect, deal with the derivation of the polymers molecular weights.

The mefhod; howeVer;ris not applicable to very high-molecular weight polymers.

(3)

Spragg deduced the molecular weight of p.octyl novolak, prepared from an
excess of phenolic reagent, from its spectrum in acetone or pyridine.

Accordingrto the polymer general formula,
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the a;erage number of methylene bridge protons, absorbing at 3.9 ppm, is
{(2n 4+ 2} per cha1n, and the average number of the aromatic protons,

showing a peak at-7 ppm is (Zn + 6). From the peak areas, the rétio 6f
the proton fyﬁes can bé measured and n determinedf_iThis, since the.formula

is known, gives the molécular weight.

Urman et al (6)_synthesisgd-piésticisers by the trénsesterification of
dibutyl adfﬁate qith different glycols and determined their molecular ﬁeight_
by compariﬁg the area of ;he butoxyl éﬁd group triplet with the proton area.
of a'spécific gfoup present in one‘repeat unit, A fair agreement waS‘foﬁnd
be;wéen the VAlﬁes obtéined:by NMR and thoée‘determined by.conﬁentibnal
ebullioscopy metﬁodé. It is worthwhile mentioning that the latter method

'requires a very pure sample since it is sensitive to impurities.

The molecular weights of poly (éthylene) and ﬁoly'(propylene) glycols were
| (7

determined'by Page.and Bresler in terms of the shift that distinguishes
fhe groﬁps aftathed to the etheroxygen and those attached to the oxygen of -
the hydroxylrgroup. A very good-r9501u§ion was obtainéd when‘pyridine heated
with a small amduﬁt of.HCl‘gas ﬁas used as NMR solvént. The molecuiar weight
of polyethylene glfcol was célculated from the equation ﬁﬁ%‘+ 62,wheré X is
the resonance area. of the —CH -OH protons and Y, the résonance area?oflthe
-CHZ-O protons., For the calculation of the molecular welght of poly
(propylene glycol), the 1ntegrated traces of the absorptions of all the
groups have been considered which is rather tedious compared to the much
easier repedt unit_method.- The_authors also suggest a way of estimating the
molecular weight of poly (diethyleﬁe glycol succinate), which could be useful

in following the kinetics of the esterification process since it takes into

consideration the contribution of the free carboxyl groups.
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In‘addition t§ byri&iﬁg; ;he resolution of the near end group.muitiplets

can be improved in the pfesence of benzene and alpha chloronaphthalene(a).
Supefior, hpﬁevet, in'ihat-respect,‘is the effect of shift reégents such

as Eu(dpm)3, tris(dipivaiatoﬁethanato) europiﬁm; 'This reagent has gctually_
been used by Ho(g), to‘diétinguish between the douBlets of the end and
internal methyls of poly (propylene glycol). Thé end_methyls are shifted

downfield from the interior methyls and by comparison of the areés,'Aénd

_ and Aint, the number average molecular weight is obtaimed as:

Aint

. Mi = Aend x-116 + 134

Finally, of iﬁportance'to-insoluble poiymers is the pulse and wide line

NMR technique as used'by Liépins and Crist(lo) for the determination of Mi.
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3 EXPERIMENTAL FROGRAMME

3.1 Characterisation of T400-A Prepolymer by NMR Spectroscopy

The 90 MHz spectra of T400-A in CDCl, and DMSO-d. (30-407 wt/vol), recorded

3
at room temperature on a Perkln-Elmer R932 spectrometer are, shown in’
figures IV 1-and IV 2 respectlvely, (peak assignments should be d1sregarded
at this moment). -Addiéibnal spectra under examination have been recorded
under the same instrumental condiéions. The spectfa_can be subdiv&ded into

three distinct regions, which, expressed in temrms of § values from the

tetramethyl silane internal standard are:

a, .1.0 - 1,6 ppm
b-. 3.1 - 5.8 ppm

_c. a singlet at 8.01 ppm

In order to assign the absorptions occurring im these regions to- hydrogen.
atoms belonging to épecific groups, the polymer will be.represehtéd by the

following structural model, the-different segments of which will be numbered:

- (2) (1) (3)
' CH,
HO-CH, -cu 0 \o-CH —CH-O/ o CH, -CH—OH
+ (4)
- oy
- HO-CH-CH,,~OH

The various groups expected to give rise to nmr signals are: methyl,

methylene, methyne, phenyl and hydroxyl.

It is well known that the methyls of such a ‘spin Syétem; will absordb
radioffequency at high fields i.e. in the 1.0 - 1.6 ppm region, the
methylene and methyne groups in region b, while the phenyl groups absorb
in the lowest field regién. The hydroxyl groups are expected to give

rise to singlets in the 3,00 - 5.00 ppm region,

In the following discussion, the nmr absorptions of each group will be

treated separately.
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3.1.1 Methyl Absorptions

14

Because of theilr vicinity td methyne groups, the methyls of Lhe polymer

as well as tﬁose of the glycol are expected to-31Ve'rise to doublets in
"the high field région of the spéctrum. Since mprerthan one doublet.appéars
in this region it is evident that the methyls are present in different
magnetic'enviroﬁmenfs;. It is aésumed; at thiﬁ stage, that the iﬁduc;ive,
-I effects, exercised by‘the hfdrdxyl and the ester groups on their
neighbouring_methfl gfoups afe responsible for the different chemical
'shifts of the double;s; at first glance, two types of electronicaily

different methyls can be.distinguished, these are:

CE; -
o —EH-OH (beta to hydroxyl group)
and o

CH W o

E—l C-R (beta to ester group)

-CH=0- . .
: ' o o (11 .,
Consequently, the stronger -1 effect of the ester group" s will result

in a lower field absorption of the neighbouring methyl compared to the
methyl beta to the hydroxyl. group. In support to this claim, the following

experimental evidence is p:ovided:

The methyl doublet in tﬁe NMR spectrum of isqpropanoi (figﬁré 1V. 3a) appears
at_i.lS = 1,23 ppm ﬁhereaé‘it occurs-At-1.32 - 1.4 ppm in the épectrum of
the derived'bénzoate (figuré Iv. 3b), showing the stronger deshielding effect
of thé estef group. Acco%dingiy,.the spectruﬁ of the polymer should show
only £w0 doublets in the high field region; however, this is not the case.
It is apparent {figure IV. 1) that this region comprises:

a. a doublet at 1.09 - 1,16 ppm

b. a triplet (like) at 1.25, 1.32, 1.40 ppm |

c. a doublet at 1,45 - 1,53 ppm
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The triplet will be regarded as being composed of two doublets, since the
same specttum_taken,from a DMS0O-d6 solution (figure 1V, 2) shows four methyl
doublets.. It follows that four magnetically different methyls are present

-in this fegion.

If the combined inductive effectsrof the hydroxyl and ester groups on the
methyl are considered, then logically, the four methyls, in order of decreasiug

inductive influence are:

CHy  ° i CH, - Sy oy
- I
R-O-CH-CHZ-O-R > R-O-CH—CHZ—OH > R-O-CH -cn-on > H0-CH,,-CH-OH
1 S T 3 &

Complefe benzoylation of the prepolymer should convert all those segments
bearing free hydroxyl groups i.e. 2, 3 and 4 to the form of 1, and the
‘result should be a single doublet giv1ng the exact chemical shift of the

methyl group of segment 1.

._In‘fact; the spectrum of the benzoylated prepolymer in CDCI3 (figure.IV.ﬁ),
shows one doublet only, at 1.43 - I}Sb ppm which wheo transposed to the
spectrum ef ;he prepolymer:(figure IV,i) corresponds to the.Iowest field

~ doublet at 1746‘- 1.53 ppm. As a'further proof; the only high field doublet
of propylene 1,2 dibenzoate (figure IV, 5) occurs at 1,44 = 1. 51 ppm. These’
observations lead to the conclusion that the doublet at 1.46 - 1 53 ppm is

due to the methyl of segment 1.

Vacuum distillation of the unreacted propylene glycol Ieaves behind a glassy mass,
the nmr spectrum of which is shown in figure IV 6. It is evident that the
doublet at 1.09 - 1,16 ppm»of figure IV 1 is absent. In addit;on, examination

of tpe omr spéctrum of the distillate confirﬁs that it oopsists of propylene
glycolronly (figpre IV. 7a, b). Therefore, the highest field doublet is due

to the methyl group of propylene glycol. Furthermore, when the propylene
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glycol free p;epoiymer has its specurum teken iu the presence of the

ehift feagent, Eu(fod)3, europium 1,1,1,2,2,3,3 heptafluoro f,?
dimetuyl-ﬁ 6 ocuanedione, three &istinct sets of doublets appear,
clarifying thus the nature of the triplet of figure v 1.‘ In tﬁe presence
of this europium complex, the polymer molecules interact with the
paramagnetic center by_coordination through the hydroxyl groups at ei;ﬁer
end. The'stroug maguetic momeut from the unpaired electron spin is felt
by the wmolecule so,;hat the protons closest to the coordinating hydroxyl
group are shifted dowufield. |

"In addition, bis (2 hyuuoxy_ ptopyl)-terephthalete
CH . 0 ' i CH

I ] 13
HO-CH-CHZ-O- - -OCHZ-CH-OH

the methyl gtoups of which are of type 3 gives, in DMSO-dﬁ,'a doublet at’
1.18 - 1.25 ppm (flgure IV 9) which corresponds exactly to the doublet next

to the propylene glycol one on figure v 2.

On the basis of these three assignments, it becomes obvious that the
electronegativity trend cited above holds. Therefore, the doublet at.

' 1.3 - 1.36 ppm in figure iv. 2, will be assigned to the methyl of segment 2.

3.1.2 .Methylene Absorptions

The CH2 groups of'the prepolymer,‘should'give rise to doublets because of

their pfoximity to methyne groups. -

Referring to'the:nur:speotruu of:the puopyleue glycol free ofepolymer-and
compariﬁg it to the spectrum of the benioylated derivative as well as to
the spectrum of the benzoylated propylene glycol, it is obvious that the
methylene doubletlof segment 1, in the sequeuce cited previously, occure

at 4,52 = 4,57 ppm. In addition, the corresponding integrated trace, 1.8 cm

(figure IV. 1) is equal to two thirds of that of the methyl doublet of 1, 2.7 cm,

confirming that both groups belong to the same segment,
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On the other hand;l;he methylene gfbup of bis(? hydroxyprbpyl)terepbthalafe
results in a'doublgt at 4.15 ppm which correspoﬁds to the doublet_at-4.25 ppmr
on figure IV'1. iheishift,(o.l ppm).is dﬁe to a solvent effect, since the
.1spectrum_of T400-A inADMSO-dGA(figure IV.Z)_shows the same doublet at'4.18-ppm;
Thefeforé the'latterrwi11 be'a§signéd to thé;methylene group of segment 3.

To support thié-claim; two experimental evide#ces are provided, First, the
integrated trace‘o%,this'doﬁblet, 6férlapping_with a -CH multiplef and
tﬁeteforeﬁcorfespoading_to three hydrogen atoms :(figure IV.6) is appfoximately
‘ equal ko the integrated trace of the methyl doubiet of the same segment; -In
édc_iition 'wheﬁ the C_D(:.'l3 solqtipn of 1;he Probylene glycol fI.‘ee-PI'epolymer' is .
ﬁreated with Eu(ﬁod)B, the doublet at-4;3 ppm is strongly shifted to lowér

fields, showing that it belongs to a segment bearing a free hydroxyl group.

The only douﬁiet torinterprét,-now, is the oﬂé occurring at 3.78 - 3.84 PpM
(figure IV.6). The bﬁly poss_ibil'ity is that it is caused by the dmethylene
éroup of segment 2. ‘It has an iﬁtégrated tface Whicﬁ correspénds to ﬁhe'
neighbouring ﬁéthy} groub énd alsé shifts strongly downéield'upén tréatment

with the europium derivative.

The methylene doublet of free propylene glycol can be identified
unambiguously by subérimposing the spectrum of free ﬁropylene glycol

(figure IV. 7a) with the spectrum of T400-A. "

The relative position of each doublet favours again the combined inductive
effects of the. ester and'the hydroxyl gfoup on the chemical shifts of the

methylene groupé. The_order of1decreasihg inductive influence being:r

CH y CH CH CH,

3 3 3 3
ROCH,~CH-OR 3» R=OCH,,-~CH=-OH > ROCH-CH,,0H > HOCH-CH‘ZOH
1 3 2 4
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3.1;3 Methyne Absofptions
Being in the viéinity ofvé methyl and a methylené group, the methynes of
the model sttucture‘ére expeéted to give rise to a sextet, The methyne
'grbup-of segment 1 is,illﬁsgratea in figure IV. ! by a multiplet centered
at 5.58 ppm. This éllocation ﬁas beeﬁ done with the aid Qf the spectra of.
the behzéylated prepolymer and propylene gly;ol dibenzoate, the -CH group
of which is centered at the same region. In addition, the integrafed
trace of thié ab;ofption, 1.4 ¢m in figure IV. 6, ig’approximately equal to
.the integrated trace of the'methjlehe absorption (2.9 cm), and the methyl

group doublgt'(A.Z_cm)_of the same‘segment after taking into consideration

the relative populations of hydrogen atoms,

The methyne group of:bis(2 hydroxy propyl)terephthalate on the other hand,
absorbs at 4.00 ppm and the multiplet partly overlaps with the‘neighboufing'
methylene doublet at 4;15-ppm.' The same pattern exists in the spectrum of

T400-A in DM$0'a£ 4,00 ppm and is assigned to the méthyne of segMéﬂt 3.

The only multiplet left is the ome at 5.27 ppm (figure IV 6) which will be
assigned to thé methyne of segment 2. Its integrated trace, 0.8 cm, is half
'the integral ofrthe'neighbouring -CH, groub (1;6 cm) at 3.8 bpm;and
'aﬁbroximatelf eQual‘to one third of the inﬁegral of the methyl group

doublet of the same segment (3.9 cm).

By superimpbsing this spectrum with the spectrum of propylene glycol it is
found that the -CH multiplet of the latter overlaps with the doublet of the

methylene group of segment 2,

3.1.4 Phenyl Absorptions-

The phenyl hydrogen absorption of bis{2 hydroxy propyl)terephthalate occurs
at 8.11 ppm and gives rise to a sharp and well defined peak accounting for the
magnetic equivalence of the four hydrogens of the terephthalate ring

(figure IV, 10a). On the other hand, the phenyl peak on the nmr spectrum

89



of a\mixture' of bis (1 hydroxypropyl), bis (2 .nydroxyprupy]) and 1,2’B_ie'
hydroxypropyl terephthaiatee, isolated from the prepolymer itself by

CPC (see Chapter-VI,,Seerion_h;l) shows a fine splitting (figure i“.lOb);
This is accbunted‘for; without any‘further experimental backing, by a
slignt loss in_magnetic equivalence.of the phenyl.hydrngens-caueed by.
the position of tne eiectron repelling methyi group with respect ro rhe

ester oxygen. .

. More fine spiitting of the phenyl absorption is noticeable in the spectrum
of the prepolymer, attributed this time to the different dispositions of
the diesterified segments at either sides of the terephthalate ring

(figure 1IV. 10c).

3 1.5 Hydroxyl Hydrogen Absorptions

The hydroxyl hydrogen nmr absorptions of the prepolymer (f1gure IV 1la)
are concentration dependent and their exact p031t10n in the spectrum is
hard tq 1oca115e. Roughly, they appear in the 3-4 ppm region as shown
in figures IV.il b & ¢, ?here pdrtions of the NMR spectra of the prepolymer
containing additional amounts of propylene glycoi and nis'(Z hfdrpxy'pr0py1)

terephthalate are displayed.

3.2 Chemical Methods Involred in the NMR Experiments

Tne single chemical reaction involred in the above'experiments is
benonletion(ig).

Thns, propylene glycoi (0,13 moles) was mixed with 25 ml of pyridine in a
three necked round bottpmed.fleek equipped with a condenser, a fhermometer
and a dropping funnei, Tﬁis contained benzoyl chloride (0,3 moles) and it
was added dropwise, at room temperature, under continuous‘magnetic stirring.‘
After complete'addition, the solution was left to stand overnightr
Seperatien of the prodnct involved dissolution of rhe reaction mixture in
chloroform, followed by washings with'dilute sodium bicarbonate solution and

water, After drying over anhydrons sodium sulphate, propylene glycol
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1,2 dibenzoate was isolated by distillation under reduced pressure,
b.p. 232°C/12 mm Hg(;3).“iThé nmr spectrum shown in figure IV. 5, confirms

its structure. A similar procedure was applied to synthesise isopropyl

benzoate from isopropéﬁol and benzoyl chloride.

The benzoylation of the prepolymer itself was carried out in a chloroform
solution in the absence of pyridine.' The addition of benzoyl chloride ﬁas
carried out at ADfSOOC:With £ontinpous-sfi£ring and tﬁen, the mixture was-
refluxéd for a furﬁher hour. Omly thé sdlveﬁt was dispilled.off, and the
nmr spectrum of the benzoylated prepolymer was recorded in the pre#enee of
traces of.benzdyi ¢hloride, itszmﬁr absofptioné not iﬂterféfiﬁg with those

_of the prepclymer pa;a&iﬁic segment.

On the ofher'hand:distillation under reduced preésufe of the free propylené
glycol from the prépolymer was carried out initially at 120°C (bulk). The
temperaturé'was,theﬁ'rgiseE't6.19OOC, to ené;ré fhat alirvoiatiié produc£s
‘which migbt be presentr(e.g} dipfbpylené gl}cél b.p. 232°C/760 mm Hé)'havé

been‘distilled_bfff'
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4 QUANTITATIVE ANALYSIS OF THE PREPOLYMER BY NUCLEAR MAGNETIC
RESONANCE SPECTROSCOPY

The integrated trace of the alteady elucidated‘nmr Spect:umrof:the TAOb-A
prepolymer offers an‘accessiblerpath towards qugntitatiﬁe estimatiéué,‘ :,
since it is érobortidnairto the areasrﬁeneath the éorfesponding péﬁks of
the sbgctrum which, in fact; givé a quantitative measure of the number 6f

protons tontributing to a specific resonance.

This proportionality has been used to estimate the number average molecular

weight as wéll_és the free ptopyléne glycol content of the prépolymer.

4.1 Molecular Weight Determinatiomn-
Following.the argument eprseﬂ in the_introdﬁption of this chapter the

terephthalate based prepolymer constituents are:

P(TP) |, P(Tp)'z, P(TP), eennnes ‘P(TP)n,

If each of these esters were énalysed separately by nmr, then the integrated
traces of the phenyl hydrbgens (four in number) and those of the methyl

hydrogens (three) should be in the ratio

s 8 12 - _4n . pectively
T 9 T et 33:3’15°°° .respectively

- the génergliekprgésion being:
. _;&H_;"
3(nt+l)
On the othe;khand, the mblecular;weight éf each of these esters may be
expressed by the f9;mu1a. |
MW = 282 + 206 (n-1) |
where 282 ig.the ﬁolecufar weight'oflP(TPa{ aﬂd 206 is the mble;ular-weight

of a -TP- repeat unit.

Since the nmr integrated trace of the polymer represents an average number
of protons them, n will take an average value n, to represent the species
P(TP)y the molecular weight of which will represent the number average

~ molecular weight of the terephthalate based components.
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If the spectrum of the prepolymer is considered without including the

propylene glycol methyl protons then

ﬂ%—t—ly' = -g-'—% (figure IV 2)
Hence n = 1.833

and therefore the molecular weight can be calculated

]

M.W. = 282 + 206 (1.833-1)
= 454 |
The above n value is used for tﬁe calculation of the number average molecular
weigh£ of the terebhthalate containing units only. If propylene giycol 15
to be includgd, tﬁgp its representative formula will be P(TPz) andriﬁ thi§

' particulaf case thersubscript n defined above will take the values

o, 1, 2, 3, .,;-,'ﬁ, s

The expression for the molécular weight will not be altered since when
o= 0;-M.W. < 76 which is the mblecula; weight.of propylene glycql.' Only
the value of a will change, since, this time, the integrated trace of the

whole methyl region will be considered

e, 4D 6.3
€ 3@y T 9
. n - = . 1,0107

M.W. = 284

This ﬁqlecular weight (254) can be used in the ﬂetérmination of the
hydroxyl number, since it_rgpresents the weight of one mole of.P(TP)ﬁ
which is ;ssoci;téd with twb molés of -0OH. | | | |
Therefore N | . , |

284 grams of.PCTP% are equivalent to 2 x 56x103 mg KOH
. 1 gram " " is " " X oo

X = 394 mgr KOH/g

compared to 340 by end group. analysis,
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The NMR method can be extended for. the calculation of the qﬁantity of

free'propylene glycol, since the latter has characteristic nmr absorptions.

4.2 Estimation of Excess Propylene Glycol

If we assume that the prepdlymé:rconsists.essentiélly of two species namely
propylene glfddl'and P(TP)E of molar concentrations x and y respectively, then

these should be in the ratio of the methyl protons 6f_the coustituents

. x N 2,1/3
ie. 2 = IEBED

2.1 {n+l)
7.3

Ys can be calculated from the integtated'traée of the phenyl hydrogens the

population of which is 4n

.y = 6.3/

sincen = 1,833 -
_then y =.0.859 moles
and x = 0.7 moles

consequently fhé weight percent of propylene lecol in the prepolymer is

0.7x76x100 -
0.7x76+0. 859x454

PG % = 127, by weight

_ The same restlt can be obtaine’ld from n’= 1,0107

In this case the péraméter y ﬁill'be replaced by z to express the molar
conc;ntratibn of the prepoiymer blus the propylene glycbl; its_cbrresponding_
integrated trace ﬁill_therefore_be 7.3+ 2.1 = 9,4 ¢cm | |

2,1 (1.0107+1).

Hence X = 2:L
© Z % 93

Since all the phenyl integral is regarded as correspbnding to a single

component of molecular weight = 284

.. z =6,3/4n"= 1,558

[*]
3
[-9
v
I

0.699 < 0.7 (as previously)




But this time - ; .
. 0.7x76x100
PO %= T5sexase -

[

- The x and y values may also be used in the determination of the number

average mblecular_weight'of the pfepolyﬁer by means of the equation

o ENg
Where Ni is the number of moles of the cdmponent”of molecular weight Mi

0.7x76 + 0.859x454

Hgncé M.W., =
= 284

~ which is in agreeﬁent with the vaiue derived previously,

A further proof, suppo;tiﬁgtﬁe validity of the method is the célculatibn
of the hydroxyl number by means of the.quantity of free glycol, 'Since, it
is known that the weight percent of propflene glycol is 121 then 12/76x100
moles ofrfteerprbpyiene g1§go1 are.presenﬁ in one gramrdf prepolymer; the
co;fespondipg molar760ﬁceﬁ;fation'pf freg ~0H grdups.will be
| 2_; 12/76 x 1001; 0.316 x 1072 moles per gram
| Similarly, the Wéight perceﬁt-of.b(TP)a is
100_- 12 = 88%
and the molar concentfation of fréé.hydrokyl'groups

o 2x88
- 454x100

= 0;387 x 10~ moles.pét gram
The total -OH group:mblér‘cbntent is
6‘316.x 10-? + 0.387 x 10-2'=50.?03 x‘10'2 moiesrper graﬁ
On the other-haﬁd : | -
-One mole of =OH is equivalent to 56 x 107 mg KOH
.. 0,703 x-fdfz moies;are “to Y
Hence Y = 394 mgAKOH/g

which is in accordance with the value derived previously.
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| 4.3 Determination of the Quantity of Propylene Glycol Lost During the
7_;Polyesterification Process

It has élfeady been ghowﬁ that the polymer. can be regarded either as being
cbmposed of a éixture of two components,. P(TP)g au& propylené glycbl, or as
a single componeﬁf héving the general formula P(TP)ﬁ.;”ﬁoth expressions may
be used. for fhe détermination of the total quantity of pfopylené glycol, free
and ésterified, present ;n the final produ?ta By comparison. to the quantity
of glycol in the original feed, the amoﬁnt that-ﬁas been lost during the

polyesterifiéation procéss may be calculated,

It has been found that ﬂ,= 1.833, Therefore, one mole of ?(TP)E consists
“of 1,833 moles of terephthalic acid and_1.833+1 = 2.833 moles of propylene

glycol.,

It has also been found that the molar concentration, y, of P(TP). is 0.859;
it follows that the actual concentration of terephthalic acid is

0.859x1.833 = 1.575 moles,

On the other hand, the molar concentration of esterified propylene glycol is

0.859x2.833 = 2.434 moles. Since the molar concentration, x, of free propylene

glycol is 0.7 then the fotal concentration of glycol ﬁnits (reacted and free)
in the reaction prbduct o _ |

2.43% + 0.7 = 3.134 moles.
Since the T400 seriés of prepélymers are synthesised from one mole qf
terephthalic'acid éﬁd 2.2 moles of propylene‘glyéol, then tﬁe theofeticai
quahtify, ﬂ,lof glycol corresponding to l.575uﬁoies of terephthalic acid is

N  1.575

- = (Assumiﬁg no propylene glycol loss
2,2 1 . f
during the reaction)
SN = 3,465 moles

It follows that.the quantity of propylene glycol lost during the
polyesterification process, expressed'in mole percent is

3.465-3.134

3.465 9.6%
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However, the amount of propylene glycol lost during the actual polyestetlflcatlon
lshould be much higher than.9.61_s1nce to this part1cu1ar prepolymer T400-A,

an- excess lecol.has been added at the end of.the condensation reaction in order

to compensate fot the losses. -But it is very'obvious; that the:glycol ﬁhich;has

been added is still less than the quantity requ1red for the complete -

compensatlon of these losses,

The‘same resuit can be obtained from P(TP)E, where n =.1.0107 meaning that
one mole of P(TP)E is associated with 1.0107 moles of terephthalic acid and
2,0107 moles of propylene glycol. As before, stoichiometric quantity, N,

of propylene. glycol should be

N . 1,0107
7.2 © 1
CON =2, 224:

and th1s correSponds to a loss of

2, 224 - 2. 0107
2.224

x 100 = 9.6%

The reproducibility of the nmr integrated trace, and therefore of the results,

has been verified on three more samples'of T400-A collected from the same batch

and analysed undet similar experimental conditions as before. The phenyl and
‘methyl absorption regions of the spectra are shown in figure IV, 12. The
number average molecular weights of-the terephthalate based components (MWT),
‘that of the polymer 1tse1f prOpylene glycol 1nc1uded (MW), the free glycol

content. as well as the glycol losses are shown in table 1.

It is obvious that the more sensitive figure to slight variations in the nmr

trace is the one expressing the free glycol.

4.4 Result Reproducibility . - ' o - , | -
Further research aimed at the improvement of the agreement between these

values has not been performed. It is thought, however, that anaiysis of

less concentrated DMSO solutions will improve the resolution and therefore

the consistency of the results,
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Iﬁ tﬁis pérticuiér.ﬁet of éxpepiments, the infefference of shoulders at the _
bases of amr peaks with the actual integrated trace has been avoided b&
definiqg the boundaries_ofrthe trace. For example, the methyi absorption.

A tegion 6f'the esterified pfopylen@ glycol Segments was limited to 1.6 = 1.4 ppm

“and the propyleﬁe glycol methyis to 1,14 - 1 Ppm.

In addition to sample:concentration factor, the consistency of the trace is
largely affected by the pérfcrmahcé‘of the integrator itself, a point that

has noﬁ been investigated prior to taking measurements.

Nevertheless, these_faétprs which most probably- led to only a fair agreement

between the results cited in table 1, are eXpérimental and may easily be

alléviated. .
Table 1
: ‘ _ % Deviation {,., .. [% Deviation |
~ Sample MWT MW Ex;iS; PG from mean Pﬁo%o;; from mean

_ - ° (11.1) ° (10.8)

1 | 450 f 284 ([ 10.7. | 3.6 115 | 6.5

2 | 450 299 10,4 | 6.3 12.6 16.7

3 430 .| 284 | 11,3 1.8 9.6 1.1
Figure IV. 2 454 | 284 0 12 8.1 - 9.6. 11.1
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5 CONFIRHATIOﬁ OF THE NMR RESULTS BY OTHER METHODS OF ANALYSIS

5.1 Estimation of Free Propylene Glycol by Gas Ligquid Chromatography

In order to verify the validity of the mmr results, the content of unreacted
propylene glycol in the prepolymer was determined quantitatively by GLC.
| (14) |

The internal standérdiéaﬁioﬂ me thod was applied for calibration purposes.,
It involves the chromatographic resolution of standard solutions of propylene
glycol and an internal standard in a volatile solvent followed by the

construction of a graph relating the ratio -

Peak area of propylene glycol
Peak area of internal standard

to the known concentration of propylene glycol.

By means of resﬁlting calibration graph, the glycol concentration in the
" prepolymer méy be estimated provided the experimental conditions are not

altered,

The GLC experiments described in this section were carried out with the
aid of a Pye Unicam 104 gas chrométograph equipped with a flame ionisation

detector and connected to a calibrated CRL00 - JJ time~-response rTecorder.

The glaés columns (Aft x %"} used were'packed with 10% Carbowax 20M on

60-80 mesh Chromosorb W.

The chromatographic separations were carried out under the following conditions:

Nitrogen flow rate 100 ml/min
Hydrogen bressure 12 lb/inz.
Alr pressuré 20 lb/in2
Amplification x 103

The standards were prepared by weighing accurately propylene glycol samples in
5 ml volumetric flasksi 0.1 ml of m~cresol, used as internal standard was
then added by a 1 ml syringe and the contents were made up to the mark of the

flask with acetone. All the chemicals were redistilled prior to use.
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One microliter of each solution was injected in the chromatographic_cOlumn‘-‘
with a Hamilton ﬁiérosyringe; the process was repeéted thrice. Under the
experimental conditions cited above the retention time of m-cresol with

‘ reépéct to ﬁropylene glycol was 7 minutes (figure IV.13).

The areas under the prdpyléne glycol and m-cresol peaks were then'computed
geometrically and themean value of their ratios was plotted against the
corresponding concentration (weight) of propyiene glycol in the standard

 solutions (figure IV. 14),

For'the'dermiﬁation of the free glycol, 1.0937 g of TéOO-A_were weighed
directly in as ml volumetric flask and an acetone solution, inciuding 0.1 ml
of m-cresol was made up as before, After chromatographing 1 microliter, the

ratio of propylene to m-cresol peak areas was determined in triplicate.

Area propylene glycol peak
Area m.cresol peak

= 0,539 (0.55% deviation) .

From tﬁe calibration curve, the above area ratio corresponds to 0.103 g of
glycol, which are contained in 1.0837 g of prepolymer, therefore the percentage
of glycol.is |

0,103
1,837

x 100 = 9.5%

This value is slightlf lower than the_ones obtained by nmr but, nevertheless the
fact that its deviation from the.mean of the spectroscopic result Eya-6%, shows
that it is within the limits of experimental errors involved in ;hesé

experiments,

5.2 Hydroxyl Number Determination

The most common method, applied for the determination of the hydroxyl group
éontent of a compound, involves its treatment with an excess of an acetylating
reagent followed by the titrimetric determination of the unreacted reagent.
The hydroxyl number represents the weight of alkali, in milligrams, equivalent
to the quantity of the acetylating reagent that has reacted with one gram of

the compound.
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The actual acetylation of T400-A was carried out with a mixture of dry

pyridine (4 volumes) and acetic anhydride (1 volume),

About one gram of the pﬁlymet was éccurately weighed in a glass stoppered

250 ml Pyrex Erlenmeyer flask; 10 ml of the acetylating sclution were added
by pipette and the flask was connécted to an air condenser.‘ A blaﬁk of the
reagent was treated similarly. The fiasks were heated on an electricai heater
with occasional shaking till complete dissolution of the sample. Then 20 ml
of neutral benzene wetre added and the flasks were stoppered and shaken
vigorously. Afte; the addition of 75 ml of distilleq watef, the solutions
were titrated with a st#ndard sodium hydroxiae solution using abod;-twice the
normal amount of phenol phfhalein indicator.

The results are shown in Table 2.
Table 2

Vol, NaOH used to

Weight of gample (8) titrate excess reagent

1.1586 9.0 ml

A:
B:  1.3390 8.45

Normality NaOH 1,958N (standardised against benzoic acid)

Volume NaOH required to neutralize 10 ml of acetylating mixture: 12,6 ml,

This was determined from the blank experiment.

Therefore, the écetic acid used in the actual acetylating procedure corresponds

to 12.6- = 9,0 = 3.6 ml NaOH (for A)

. : 3.6 x 1.958 x 4.0
. Hydroxyl_No 1.1586

[}

(molecular weight NaOH)

243.3 for A and 242.7 for B (expressed in milligrams
NaOH per gram of prepolymer)

!

In terms of KOH these values lie around 340 mg KOH/g compared to 394 as

determined by nmr.
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_ The above exberimental results may also lead to the determination of the

molecular weight of therp;épolymer, propylene glyc01rinc1uded.' Atcofdingly:
1 gr;m mole NaOH = 1c._m§1e" 'c':ﬁ3 |
36 ml. 1.958N NaOH® 3.6 x 1.958/1000 OH groups

COOHZ 1 OH group

1.1586 grams of prepolymer® 3.6 x 1.958/1000 OH groups

Number average molecular weight® 2 OH groups (assuming all end groups are hydroxy).
It follows that the number average moleculér wéight is 329 COmpared_fo 284 as
calculated by nuclear magnetic resaﬁance¢ However, because of the probable
presence of traces of water in the poiymér analysed,rthe hydroxyl number as
determined by titration is expected to be much higher than the one estimated

by nmr, since_water_absorptions are not.conSidered in the calculatidns 5y the

- latter method, and,'consequantly the titrimetric molecular weight should be

lower. But Since'therbpposite has happened, we must assume that either the
acetylation reaction has notrproceeded to completion or the phenol phthalein

end point has been surpassed in both cases,

In the above argument, the spectroscopic method has been regarded as the

standard or reference method because it does not involve personal errors.

Despite this discrepancy, it is worthwhile considering, the simple treatment
of the combined GLC-titration results, for the determination of the

molecular weight of_thé terephthalate based components only of T400-A is

1.1586 x 9.5

1.1586 - 100 =

1,0486 grams

the rest being free propylene glycol.

Since ornie gram mole of propylene glycol® 2 gr moles NaOH it follows that

1.1586 x 9.5 = 0,11 grams of the free propylene glycol are equivalent to
100 .

2 x 40 x 0,11
76

= 0.1158 grams NaOH
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These are present in 1.48 ml of a 1.958N NaOH solution, therefore only.
3.6 - 1.48 = 2.12 ml of alkali are equivalent to the hydroxyl groups of the

terephthaiates.

Again, since } G. ﬁol NaOH‘= 1 G. .Hole CH3COdH.=El bH group
.. 2,12 ml., 1.958N NaOH"Z 12 x 1. 958/1000 -0H groups
1. 4086 gr of terephthalatesf 2.12 x 1. 958/1000 ~0OH groups
 and Molecular welght*-Z -0H groups

It follows that the number average molecular weight of the terephthalate

_ based components of TbOO-A.is 505 in contrast to 450 by nmr.-

Both the GLC and the titrimetric methdds,show the advantage of nmr as a
rapid and reliable analytical tool for the estimation of the molecular

weights and the concentration of the unreacted components of the prepolymer.
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6 QUANTITATIVE ANALYSIS OF SOME OTHER PREPOLYMERS BY NMR

The molecular weight, free propylene glycol content and glycol losses
during polyesterification of T400-B, T400-C and TS00 have also been determined

by the nmr method.

All the spectra wete recorded under the same experimental conditions as

T400-A, i.e. 30-40% solutions in DMS0-d, at 90 MHz.

6

The representative phenyl and methyl nmr peaks as well as their integrated
traces are shown in figure IV, 15; the arithmetic analysis of each spectrum
separately is described below. The terms are the same as the ones used in

the previous amalysis.

6.1 T400-B

6.1.1 Molecular Weight of Tefephthalate Based Components

n o= 6.2
3(5+L) . 6.8
.o = 2,165

Therefore the molecular weight is

M.W. 282 + 206 (2,165 - 1)

= 522

6.1.2 Molecular Weight of Prepolymer Including Propylene Glycol

4n’ 6.2
3 (fieFl ) - 8.6
. n = 1.179

Therefore the molecular weight is

M.W. 282 + 206 (1.179 = 1)

= 319

6.1.3 Free Propylene Glycol Content

X _ 18 (@+1)

Z ' 8.6
Since n’= 1,179, then

X
7 = 0.456

Also 2
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Hence X = 0.6
Therefore, the free glycol content is

0.6 x 76

1315 x 319 x 160 =_10.867.

The free glycolrwas also determined by GLC as for T400-A. Thus one microliter

m-cresol was injected in the chromatographié column. The mean area ratio of
the glycol to cresol peaks was 0.504 (0.8% deviation) which, according to the
calibration graph-(figﬁre IV. 14) corresponds to 0.096 g of glycol. This figure,

when translated into a weight percentage gives 8.86%.

6.1.4 Propylené Giybbl Losses
Since n’= 1.179, then one mole of P(TP);. is associated with 1.179 moles of
terephthalic acid and 2,179 moles of propylene glycol. On the other Hand,

of a5ml solution of 1.0837 g of the prepolymer in acetone containing 0.1 ml
the stoichiometric quantity, N, of propylene glycol should be

N 1179
2°2 e N 1 :
Hence _ N = 2,59 ‘

Therefore, the quantity of glycol lost is

2.594 ~ 2.179

T x 100 = 167

6.2 T4OO-C

6.2.1 Molecular Weight of Terephthalate Based Components

4n 5.3
3(6+1) 5.8
I‘Iﬁ =

2,175

Therefore the molecular welght is

= 524

6.2.2 Molecular Weight of Prepolymer Including Propylene Glycol

sn’ 5.3
3(a¥l) 6.7
= 1,457

\
\
MW, = 282 4 206 (2.175 - 1) |
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Hence the molecular weight

M.W. = 282 + 206 (1.457 - 1)

= 376

6.2.3 Free Propylene Glycol Content
0.9 (+l)

= T
= 5.3
47’

= 0,33

(SIS ES

However

o= 0.909
Hence X = 0.3
Therefore, the free glycol content is

0.3 x 76
0,909 x 376

The free glycol was again determined by GLC exactly as before,

x 100 = 6.7%

The mean area ratio of propylene glycol and m-cresol was 0.278 (0.7% deviation)
which corteSponds'to a glycol content of 5%.

6.,2.4 PrOpylené Glycol Losses

Since'ﬁf= 1.457, then one mole of P(TPX' is associated with 1.457 moles of
'térephthalic acid and 2.457 moles of propylene glycol. The étoichiqmetric,

quantity, N, of'ﬁropylene glycol should be

N - 1.457
2.2 1
Hence N = 3.2

Therefore, the quantity of glycol lost is

3.2 = 2.457

3-2 . = . 23.4/9

6.3 T500

6.3.1 Molecular Weight of Terephthalate Based Components

s 29
@) 3.6

Hence the molecular weight

M.W. 282 + 206 (1,528 - 1)

= 391




6.3.2 Molecﬁlar Wéight of Prepolymer Including.Propylene Glycol

s/ 2.9
3(@HL) 5.8

..mn = 0,6
. It follows that the.molecular weight is
MW, =. 282+ 206 (0.6 - 1)

= 200

6.3.3 Free Propylene Glycol Content

X - 2.2(0%)
Z - 5.8
Since n’ = 0.6
Then 2 = 0.607
However Z = 7%%2
= 1,208
Hence X = - 0.733

Therefore the free glycol content is

0.733 x 76
1,208 x 200

X 100 = 23.06%

The same estimation has beén'car;ied out by CLC, with a rough alteration

in the calibration.procedure. Thus one microliter of a 5 ml solution of
1.0837 g of the prepolymer in acetone contéining 6.1 ml m-cresol waé injected
in the chromatographic column. The mean area ratio of the glycol to cresol
_peéks was 1.313 (Z.AZ-déﬁiation) which is ﬁot represented on the calibration
graph; but the concentration, found to be 23,24%, was calculated byrconpariﬁg
this area ratio to the area ratio and percent glycol content of T&OO-C.on the
assﬁmption that the line;r propoftionality between area ratio aﬁd glycoi

content is valid at high free glycol concentrations.

6.3.4 Propylene Glycol Losses

One mole of P(TP)? is associated with 0.6 moles of terephthalic acid and

1.6 moles of propylene glycol.
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The stoichiometric quantity, N, of propylene glycol should be

=' 0.6
1

L
3.3

Since 3.3 moles of propylene glycol are used in the synthesis of the T500 .

prepolymers _
. N=1.98

1t follows that. the quéntity.of glycol lost is

1,98 = 1.6 _
T 19.19%




7 DISCUSSIOﬁ

Thé work déscribed in this chapfer shows cleariy the importance of thé
qualitative as well és qugptitative aspects of nucleéf magnetic reSOnance-
spectroscopy:as far.éé theicharacterisation of 1ow‘m01e§u1ar weightrpblyesters

is concerned.

In this work, the value of the technique is enhanced by the fact tha£ the
polyméf under consideration is an imgortagt intermediate in the synthesis of
the'Tmpolei?unsatﬁrated polyesters, since it offers a quickrﬁay of_g?aluating
and monitoring the réproducibility of the process. Of particula;'interest is
the estimation of'thé free hydroxyl éroup content by means'of'ﬁhich the
stoichiometric quéntitf of the unsaturated acid component to be added in the
second polyéstérification stége can be éélculated. The poésibilify of'estimating,
the free glycol as well as the glycol 1053esrdo not lack of interést since they
appeaf £b vary from batch to batch, A valuable obégrvation concerning the

ICI first stége polyésterificatibn procéss isuthét'no signs'of-propyienei
glycol hdmbpolymerisation—are preseﬁt; this is on.the basis of the follqwing
experimental evidence, Ha& ﬁomopolycondensation proceeded to a smail extent,
then dipr;)pylene glyc'ol should have been formed andr conseqﬁent1§ detected in
conjunction with pr#pylene glycol on the nmr spectrum of.the distiilate,

methyi groups beta to an ether‘oxygen being expected tb have different-chemical
shifts than methyl groups beta to a hydroxyl oxygen. Furthermore,
nodipropyleneglycql has been detected throughout the gas liquid chromatography
experimonts'carried out in this projeci. On the other hand, ifrtﬁe extent of
homopolycondensation was high eﬁougﬁ for the reaction to proceed far beyond the
dipropylene glycol stage then the spectrum of the benzoylated polymer should

have shown signs of methyl groups beta to ether bonds, which is not the case.

It is worthwhile mentibning'that at the present developmeﬁt stage of the nmr
technique, its importance is limited to the characterisation of the final
product only since it has been assumed that carboxyl group terminated species

are absent, therefore a previous knowledge of the extent of reaction, through

a simple acidimetric titration is certainly required.
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It is obvious that the development of the method has been facilitated by .
the fact that the polymer is almost fully hydroxylated on one hand and,

on the other that its molecular weight is low.

_ Application of the techﬁiqﬁe to polyesters of highef molecular wéight may be
ham#ered by arlack.éf-éensifivity in the integration of the sﬁectrﬁm.‘ HoWevef;
Urman et.al cléimed that a fair.reproducibility (10-15%) is reached with polyﬁers
of molecular wgights up to 5000,-which s&ggests that the method could be |

~ extended to the uqsaturated polyesters resulting from the condensation of the
T400 prépolymers with maleic anhydride, the molecular weight of which is much

lower than75000.

In this case, the macromolecular components are:
[P(TP)E’-F]l-P(TP)ﬁ', {p(rP)atF],-p(TR)T, ........, E(TP)&’-F]n-p(Tp)ﬁ’
Where F stands for fumarate., (Assuming that the maleate - fumarate isomerisation

is complete).

It is assumed that the alkyd is hydroxyl group terminated, the alcoholic

component being P(TP%{.

The ratio of fumarate hydrogens (two in number) to phenyl hydrogens (four in

number) for each particular component of the system is

le zxz — LEC LA BB L BB L N 2xn
qﬁ’xl_+hﬁ" 4n x 2 + 4T - tn x n + 407

The general term being

—_n__
2% (14n)

| wﬁere 7’is the value determined in section 3.1
The general expressioﬁ féf the molecular ﬁeight of each componént.is‘
M.W. = M(o+1) + 82n
Wheré M is the molecular weight of P(TP)ﬁfand 82 the molecular_ﬁeight of -

the -0C-CH = CH-CO- segment.
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The molecular weight of-the‘unsa;uratéd polyester itself will be derived

by substituting n by n as obtained from the integrated Spectrum.

If the.tatio of fumarate to methyl hydrogens is considered then @ will
be calculated from the general expression

2n o fumarate (+ maleate) integral

3(l) () methyl integral

. At this point, the discussion will be shifted towards a rather more technological

level especially concerned with the use of a muclear magnetic resomance
spectrometer mext to a polyester plant for checking the reproducibility of

the process essentially as far as the prepolymer manufacture is concerned.

It is well known thap'an nmr spec;roﬁeterriS'aﬁ expensive and rathér.delicate
tool; and the_aﬁthor's opinion is that at the present development stage of the
“Impolex’resins, such process control method should only be used to satisfy
meticulousiy the rebroducibiiity-of the synthetic methgd only, since there is
not enough infofﬁéfiou aécounting for thé effecf of slight molecular weight
changes és well as vériations in free proleené glyéol coﬁééntrationsrﬁn the =
different properties of the fiﬁal polyesters; If the éffect of'these variables
provés to be significanﬁ then'the importance of the NMR as a quality control
tool is obvious, Intuitively, it may be suégested that a high pfoPYlene glycol -
content will impart to the standard T460 resin prdperties peihaps ﬁét very
different to those of a T500 resin which contains a rather'large'quantity of

free propylene glycol.
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8 CONCLUSIONS
The sensitivity of the isopropyl group hydrogens towards slight electronegativity
changes may be used advantageously in the nmr chafacterisation of low

molecular weight, hropyléne glycol-based polyesters.

The reproducibilityrof the results as well as the ease and rapidity with which
they are obtained make nmr spectfoscopy a valuable technique for the

quantitative analysis of polymers.
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CHAPTER V

CHARACTERISATION OF 'LOW MOLECULAR WEIGHT POLY (PROPYLENE TEREPHTHALATES )

BY GEL PERMEATION CHROMATOGRAPHY

1 INTRODUCTION

In the last éhapter‘it‘has been assumed that although polymerisation -
statistics predict the formation of three different species during the
polycondensation of térephghalicracid and 1,2 propylene glycol 1i.e.
P(Tp)x, (PT)y and T(PT)Z,:the poly (Propyléﬁg Térephthalates) unde¥
investigation in this research project mainly consist of P(TP)x units.

" This is alsé a stafistical pfediétion since the reaction is carried out

to coﬁpletioﬁ.in the presgﬁbe of an eices; of'glycol. -The_fi;st sfége
polyesterificatidn.progess,"also.aiﬁs at the.sfnthesis of hydroxyl group
terminated spé;ies for fur;her esterificatién with maleic anhydride and
the subsequent: formation of‘ﬁnsatprated polyesters. The prepolymers exhibit
a slight acidity, which ﬁfééumably arises from the monocarboxylic acids
(P_T)y rather than from the dica;boxylic acids T(PT)Z, the concen;ration of
which is assumed to be extremely low because of thé-non stoichiome;ric
quantities of the starting'maieriéls. The scope of the work described in
this cﬁapter is the study of the chain distribution of the prepolymers.

Here again most of the work wiil be performed on T400,A.

It is obvious, therefore, that a quantitative method of fractionating the

polymer into its macromolecular components has to ‘be applied

It has been found that gel permeation chromatography in conjunction with the’
detection method used i$ very versatile, practical and. quantitative in contrast
to other fractiomation techniQues which are tedious and which necessitate

additional experimentation for the characterisation of the fractionated species.

To gmphdsise the advantages of gel permeation chromatography,'somésbf the
various polymer fractionation methods will be briefly described and discussed

in the following section,
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2 METHODS OF POLYMER FRACTIONATION(;’Z)

2.1 Bulk Fractionation by Non-Solvent Addition
The pblyﬁer saméle'ié ﬂisédiﬁed at a constant temperature in a liquid in which
all its fractions are combietely‘soluble. The result is a clear homogeneoué
solution, to whiéh a non sﬁlvent is added gradﬁally while mixing théroughly,
until a staﬁle tﬁrbidity éppears. To ensure the establishment of eQuiiibrium,
the mixture may be.warmed untii it is homogeneous and allowed to cool slowly
back to the required temperature, which should thereafter be carefuily
maintained. Two phases form, one of them is the highest molecular weight
fraction, precipitated as a resqit-of the decrease in solvent power of the
medium. Thé liquiﬂ ?hase is a solution containing a mixture of all the other
polymer fractions. After éepa;ation of the precipitate more noﬁ sg;vent is
added and the process is repeated until all the fractions are precipitated,
Among the requirements of this technique is that the solvent and tﬁe
precipitant should be chosen so that precipi;atioﬁ occurs' over a
wide range. of solvent composition to afoid any mechanical entrainment of
macromolecules-of a diffe%ent ﬁolecular weight while precipitating any given

fraction. Refractionation is often used to achieve better separation. .

2.2 Direct Extraction

This consists of the extraction of a polymér sample, as a thin film coating
on glass beads in a colummn. Generally, a columm of & cm internél diameter

and 60 cm in length is used for the fractionation of lg of‘sample.' A uniform

column temperature is maintained and elution is carried out by passing solvent

non-sélvent miktures'of_incréasihg solvent power. The chain constituents of
the polymér are thus eluted in the order of increasing molecular ﬁeight. The
method requires that soluble low molecular weight species diffuse th}bugh the

swollen matrix of higher molecular weight polymer, however inversion in the

molecular weight sequence of the fractions frequently occurs, and it is

desirable to precede this method of fractiomation by the foliowing;procedure.




2.3 Extraction Following Selective Deposition
This method requires the éelective depésitibu of the polymer chain
constituents onto glass beads. The deposition method consists in-pouring-
a 1 to 27 solution of the_pélymer'on the pagked column which has been
previously heated. fﬁe solution should contain sﬁfficient non solvent to
brihg the system ciose to phase separation at elevated temperatures, thereby
assuming almost complete ptecipitation of the sample on cooling the column

to room temperature.

With decreasing column temperature the highest molecular weight species are
‘expected to,preéipitate first and would be overlayered by progressively lower
molecular weight polymér. After solvent elimination and drying stepwise

elution is carried out by means of a solvent non solvent system.

2.4 Precipitation in a Thermal Gradient

This ipvolves the precipitétion of the poiymer from solutiom, in a-columm
packedxwith glass beads, with a thermal gradient‘producgd by maintaining

the top 6f the column at.a higher temperature than the bottom. When the
polymer solution, adjusted to the point of near precipitation at the higher
temperaﬁure, is passed down the column, the highest molecular weight species
are retained #t the top of the column while the lower moiecular weight
species are pfécibitatéd on the cooler zones further dowm the columﬁ.'-.
Solutions containing‘i gr of polymer are appiied on the.column and the
packing is extrﬁded and cut into sections for analysis of the depqsited

fractions;

2.5 Precipitation Chromatography

By this method, separation is achié#ed_throughlthe combined use éf thermal
gradient and solvent. The thermal gradient is applieq as_before bﬁﬁ the

polymer coated beads occupy a uniform temperature region at the top qf the
column which is the highest temperatﬁre zone, The lower three quafters.of
the column is filled with uncoated beads and the sample is extraéted by a

graduélly solvent enriched solvent-non solvent system. As the extracted
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polymer is carried downrthe column into the cooler zones it undergoes a
partial reprecipitation and this precipitated polymer is reextracted by .
. further enriched solvent. From an effectiveness point of view this method

is comparable to the one described before (subsection 2.4).

Essential requirements in the above methods are that the sémples remain. in
position on the suppdrt and undergo displacement only when extracted by the

solution, and that physical interaction with the glass support is suppressed.

2.6 Turbidimetric Titrations

: Hay be used for the rough assessment of the moleéulat weight distribution.
'Estimatioq of the gurbidity increase during the ptecipitation ffom.an
extremely dilute solution provides an optical means of.weighing the polymer
precipitated at a gi&en-yolﬁme fraction of non soIvént. Other fractionation
methods include thermal diffusion, ultracentrifugation as well as rheologi;él

fractionation.
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3 BACKGROUND TO GEL PERMEATION CHROMATOGRAFPHY

Gel permeation chromatograﬁhy (GPC) was developed by J C Hoore(3)

in 1964.
He described it as "a mechanism of fractionation thréugh which solute
molecules are separated by their permeation into a gel which offers different

internal volumes to molecules of different sizes over an extended range."

The separation process is schematically represented as follows:

6. . Molécular sizes
_ (:) . Gel
1 . r
3 _o
%0 6"
0% 0
NOQ O

'Figufe V.I'Fractionation'by GPC
A dilute solutibn of a.polyﬁer.is aﬁpligd at the tob of a column (e.g; lm
long, 1.5 cm diameter) containing a swollen gel continuously irrigated with
solvent. The gel itself has_porés_of various sizes. At this moment of
_samplgfépﬁliéétion.the differgntVchain.cénétituents'of the polymér are
uni formly distribﬁtéd throughout:the cross section of the tuse-(fiéure V.la).
As the solvent flows thrdugh{théicolﬁmn? the small @olééuLES péﬁet}ate the
gel.porés and their downwafd'motioﬁ is reférdéd, whiie'the-laréé molecules
which have a larger volume than the pores are not cépulred by the gel network
or in other words stay in the véid.volume and, therefore are transported by
the sﬁlvent (figure'V.l-b & ¢). Intermediate size molecules, on'the_other
hand, are barred from entering the smaller pores only. Hence the net
result is ; séparation in order of decreasing molecular weight i.e. the

elution volume i{s a diminishing function of the molecular size.
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In fact, under rhese‘circumstances, the word chromatography is used to |
describe the experimental proeedure involved rather than the separation
eechanism itseif§ siﬁee classically, the term chromatography refers to a
fractioeation mechaﬁism reiated to differences in the interaction between
the various soluteejaud the surface.of the chromatographic mediuﬁ. In gel
permeation ehromatography,JadSorption has almost no contribution to the

fractionation process.

The source of theconcéptdates back to 1959, when Porath and Flodin(a)

first
used the term gel filtration to describe the separation of solutes of
different sizes by means.of hydrophilie gels. The same term was app11ed

(5)

by Vaughan to describe the fractrouation of polystyrene by means of hrghly

crosslrnked polystyrene gels.

Typical polystyrene beads used in gel permeation chromatogrephy consist of
styrene  copolymerised with divinyl benzene., A detailed descriptioh 6f

(3) and Altgelt(G)

prepararion of gels of this type is given by Moore
Briefly the.procedure is to mix 11 grams of bolyvinyl alcohol stabiliser with
50'0. ml of hot water. The solution is stirred at 80°C and 50 ml of a divinyl
benzene mix (53.5% divinyl benzene, 41.9% vinyl ethyl benrene, 3.5% eiEthyl
'beniene), 50 ml of etyrene; ldd ml of toluene, 50 ml of n-dodecane and lg

of azodiisobutjronitrile_are-edded. The mixture is stirred for 24 h and the

'gel sﬁspension ie filtered,

The pélyeer precipitation conditions as well as the reaction medium Aﬁd the
concentration of monomers play an 1mportant role in controlllng the porosity

of the gel(s). For example, styrene (927 by welght) copolymerrsed with divinyl
benzene (8%) in the absence of solvent and precipitant yields a copolymer with
a molecular weight exclusion limit of 1000, But when 30% styrene andrIOZ

vinyl benzene are polymerised in 15% toluene and 45% n-dodecane the exclusion

limit or porosity reaches 2,000,000,
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Successful separations have also been achieved on support materials such

(7) (8,9)

. as spherical silica beads " “, porous glass
(10)

and swollen cfosSlinked
rubber of molecular weight 18000 . Several theories have been put forward

to explain the mechanism of this particular chromatographic process.

Some éuthors emphaéised'the role of preferentiélrexclusion of 1arg;'moiecules
,froﬁ small pores. Porafﬁ(ll) described the gel pores as being conical in

shape, thus acco@modating'bétterrthe small épherical molecules and excluding
;hose which have a radius lérger,than the cone radius. Anothet mechapism is

(12)

ﬁbased on the pfinciple of restricted diffusion . Accordingly, the gel
phase-conéispstéf é&iindfiéél ﬁores.in which free diffusioﬁ 6f fhe mbieéulés
is hindered bo£h sterically (moléculaf size) and by friétion; consequently
the elution ;oluﬁe of-moiéculeé 6f.diffefent sizes ié dependent onitheir rété
of diffusion in the éel'phase. 'Onrthé other hana the downward ﬁotioﬁ of the
entrapped moleculeéris the result of an exchange of_solvént and solute
'moléculés_between.the mobile and the stationary phases. The rate of exchange
, depend; on the equilibrium'distribution of the species between the fwo phases.
Furthermore, tﬁe dependenge of the retention or elution volume, Ve, of solutes
which are neither completely gxcluded.nér,able to diffuse freely is
represented by the equation
Ve = Vo + KVi

where K stands for the ffactioﬁ'bflthe pore volume V., accessible to a solute
of a certain size and Vo is the volume of the mobile phase i.e._void volume.
'Tﬁe sum of these 1ast_two volume parametefs plus the volume of the gel

matrix represents the total volume of the
' Ve

‘gel bed. The final product from.a GPC
analysis is the recorder trace of the
chromatogram, ghich in the case of a
monomeric compound appearsnot as a straight
line but as a bell shaped gaussian curve.

This is due to the occurrence of a certain

amount of mixing and dilution of the sample
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also expressed as instrumental or peak broadening. The uidth.of the peak (W) |
and the elution volume (Ve) are used for the determination of the efficiency
of a gel éolumn_in terms of the height equivalent to one theoretical plate
" (HETP). The number of plates constituting a gel bed is calculated from the
equation : '
N__(z..Ve)Z
AW

By dividing the length of the gel bed by the number of plates, one obtains the
length of the column that cqrresﬁonds to one piate (HETP). The smaller the

base of the elution curve the lower the value for the HETP and the greater the

efficiency of the gel bed.

A general review on gel éhfométography and its applications is giveh by

~(13)

Determan' >’ and some further developments. are reviewed in reference (14). -

Several mathematical methods have been developed to describe the chromatogram

shape. These have been reviewed and compared experimentally by Hamielec(15).

(16)

_ equation, for example takes the form

F(V) = Kﬁh exp [—h(.V-Voiz

where F(V) represeﬁts'the observed chromatogram height at elution volume V;

Tung's

Vo is tﬁe eluent volume At the peék of the cﬁrve, A is a constant related
to the.cqﬁcentration the compound and h is a resolution factor. For infinitely
high resolutions h approacheé infinity and the curve reduces to a straight
line. Meﬁhodshof solvipg thié equation have been proposed by.Smit et a1(17).
Smith(la)-on ihélother hand, described ‘the chfoﬁatogram shape in.the'similar
form | _ | o : -

F{V) = F(Vo) exp [-(Vo--V)ZIZ'S'E]
The exponential form of the equation is very similar to the normal -
distribution function; Vo repfeSenting the mean of the population.and's'z
its variance. A moderate agreement has beén found between the two-equations
at low aferage molecﬁlar weights, basically these equations have been develqped

for_therelucidation of the chromatograms of high molecular weight polymers for

which a single peak is regarded as an envelopeof several elution curves each
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corresponding to a macromolecule of a specific molecular weight. We have
confined ourselves to those equations describing the elution curves of

monodisperse compounds.

— Furtheimore, several approaches have been put forward to relate the elution

(19)

volume to a molecular size parameter of the eluting species. Edwards et al
related linearly the elution volume to the logarithm of the molar volume of

model compounds, Their calibration cutve was found satisfactory for the

~description of the elution behaviour of low molecular weight compounds.

The elution volume V has also been empirically related to the molecular
weight M df the solute by the;equation(zo)
InM = a-bVv

where a and b are constants for a particular column and their values may be

~ established by experiﬁénts‘with materials of known molecular weight.

Because of the extensive GPC wbtk done on polyétyrene.and its fractionation
into saﬁples Af Very narrow distribution, hence of well defined molecular
weight, éttempts have beenrhade to derive from it a calibration for less

tractable polymers, by finding an independently derivable parameter that is

related uniquely to elution volume.

The extended chain length, Lmax, was first introduced as a univeréal parameter

in the Q factor form

_ M
f Lmax

Q

where M is the molecular weight at the peak elution volume,
Since M= Mo Lmax
1
where Mo 1s the molecular weight of a repeat unit of length 1, then

Q= %?, which can be easily calculated for different polymers. The calibration

relationship taking the form
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=z

1 =9
2 @

If the relation M, versus elution volume, of a standard, is known then M

2

can Be calculated. -
However, from a GPC éqinﬁ of viéﬁ, ;he resolution is effected with respect

to molecular voiumeé rafhef'thén to linear dimensions which may be visvalised
from the fact tﬁat’the abdve relatioﬁship stands well for polymers of different
backbones but.with.similar intrinsic viscosities(zz), ﬁg; i.e. the .
Mark-Houwink equation, [ﬁ] = KM s where K anded are constaﬁts for a ﬁarticular

polymer-solvent system, must be taken into consideration.

Dawkins(23? suggested. the root mean square end to end distance, Loz- s
as a universal parameﬁer. This is expressed'in'terms of the A factor, where
9 . . .

o |

A=

.

The calibration relationship being

]

1 = =2
2 i

xl=

However, the most successful universal calihrétion for GPC is based on the
postuléte that the élution volume, v, of a solufe reflects its hydrodynamic

volume(zq)'i.e. (v) = [ﬁ] M. The method’itself has been developed by

(25,26)

Dawkins , the calibration equation Being'

. n
W - [af',
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4 PREPARATIVE GPC SET UP

This section deals,with,the_déscription of the equipment set to stﬁdy the

molecular weight distribution of the poly (propylene terephthalate) prepolymets.

The techniques and recommendations of Mulder and Buytenhuys(27)'as well as

(28)

those of Bio Rad Labs have been found very useful.

In essence, the equipment consists (figure V.2) of a glass column packed with

gel. The top of the column is comnected to a solvent reservoir while the bottom

end is connected to the cell of an infrared detector, which in turn is

connected to a time response recorder.

4.1 Gel Materials and Swelling Agents
The GPC experiments described iﬁ this project were carried.out on polystyrene
gels, Tﬁe polystyrene beéds, commgrcially known as Bio-beads, were purchased
from Bio-rad 1abora£ories._ Two different grades have been selected; these
were the Bio~beads SX-I'and_the Bio-beads §X-2 of molecular weight exclusion

limit 3500 and 2700 réspectively.

The beads were swollen in various solvents. In all cases they were soaked
 for 24 hours in an excess solvent and were degassed on a water pump before

packing.

The solvents used were of analytical grade purchased from Fisons Ltd, BDH or

supplied by ICI Ltd. They were directly used without further purification or

degassiﬁg.

The most suitable solvent was selected on the following basis:

-.Itg effeétiveneSS to dissolve coﬁpletely the polyesters
undex examination; |

-~ Its swelling‘pOWer for the polystyrene beads.

- Its infrared absorptions not interfering with the
absorptions of the main polyester groups, namely the carbonyl stretch at

1715-1720 cm™ L and phenyl hydrogens out of plane bending at 730 en” Y.
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The above considerations lead to the choice of .the fdllowing solvents.

) |#value [Clear i.r. : Refractive
Solvent  (29) region Bp (30) index (20°Cﬂ-
‘ CHCI3 0.76 }1715-1720} 61.7 1.4559
THF 0.72 | 730 65 1.407-8
Dioxan 0.69% | 730 101 1.4224
Benzene { 0.78 [1715-1720{ 80.1 1.5011

The aipha value. is the exponent of the Mark-Houwink equation, and represents
a measure of the polystyrene-solvent interaction. The more alpha tends to

'unity the better the swelling power of the solvent,

On the other haﬁd;_THF and'dioxan do not show any infrared abéérptiqns in

the carbonyl gfﬁup tegiop,'however'such absorptions develop with tiﬁerdespite
the presence ofrinhibitbrs_thereby making thi} region inadequate for GPC
purpéses. In addition, fhese tﬁo.solvents are'difficuit to obtain moisture

free.

Dichlotoethane which has a relétively clear infrared spectrum has been
recently used for the spectroscopic analysis of the eluting species in

solution(3a)

4.2 Columﬁs and Pluﬂgers

The columns used were made of glass since the system operated under very low
pressures only. . In addition, glass columns offer an advantage -over steel
columns, because cracks and chamnels, which sometimes develop in the gel

bed can be obsefved;

The column dimensions ranged from 100 cm - 110 cm in length and from 1<m to

1.25 cm in diameter; these proved to be adequate for the resolution of the

polyester under examination,




The plungers, manufactured from steel are schemat1cally represented in
figure V.3. These are adapted in the columns in the f0110w1ng way. by.
turning the horizontal ring_of the plunger, the polyethylene ring is pushed

"down over the oblique bottom part until the gap is sealed.

On the other hand, the bottom end of the glass column is drawn until the
inner diameter of the capillary formed matches, approximately the outer

diameter of the coupling plastic tubing,

4.3 Coupling‘
Stainless‘steel-capillaries and serum. needles (No.l or No.O) of about 3 cm
in.length were-used-to'intereonnect the valve, plunger, column and detector
with the intermediate‘of either PTFE or polyethylene flexible tubing. For
example,_to tﬁe-drawn—end'of the glass column a 2 c¢m capillary, half covered
with plastic tubing, was inserted to constitute the column outlee simllarly,
the plunger and its tubing were connected by means of a short steel capillary
present in the plunger bore and by means of serum needles with Luer connectlons

to a Hamilton three way valve.

Before using the column, a small wad of glasswool is pushed into the drawn
end of the glass column above the stainless steel @mnnecting piece, followed
by a flat thin layer of sand in order to avoid irregularlties in flow at the

end of the separation and for supporting the gel itself.

4.4 Column Packing
The adequacy of a chromatographic resolution largely depends on‘therpaoking
of the gel bed. Many packing procedures are described in the literature(2'13’31);

we have not adopted any special method.

Packing was started by keeping the column outlet shut and filling to a quarter
of its length with solvent. The gel slurry was poured with the aid of a glass

rod in a funnel topping the column. 1In order to avoid gel splashing, the slurry
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was allowed to reach the solvent surface by sliding along the walls

of the column. ~

When the solven; reacﬁé& a considerable height, the column cutlet was
épened and packihg was:continued under flow. During the packing operétion
the gel must not bg_allowedﬂto settle otherwise a separating zone is-formed
when more gel is added; iﬁ addition the gel should be always topped withr
15-20 cm 6f solvent exéept, of céurse, wﬁén the gel bed has-reached the
required height. ‘The plunger is thén.placed in position aﬁd the gel ié
allowed to settle under the required wo:kiﬁg-pressure., Very often a solvent
- gap deﬁélops between thérpiunger and the gel.:'Tﬁis is aiiéviatéd‘by pushing

the plungér down until it meets again the gel surface.

The deScribedApackiﬁg procedure can be carried out By using reasonably

thick gel slurries in solvents such as tetrahydrofuran, dioxaneand benzene
wﬁereaé'with éhloroform, iﬁ'which thé,gél floats, we havé-éxpefiencéd fhat

a dilute gél ié easier to handle, 'Packinglwith gél'éwdlléh_iﬁuTHF,;foliowed
By chloroform washings aé a means of avoiding flofation of the gel, has also
been suggésted. In our oﬁinion; thié me thod is time consuming and
unecondmical since a good gel performance 15 attained when chloroform is

used on its own.

4.5 Solvent Flow and Sample Application

The flow rates ranged from 15 to 25 ml/h sincé the system operated under
gravity. The average dufation of é GPC exberiﬁent was 5h. The sample
(0.015g) was diséol#ed in 0.5 Mi of solvent, Iin an ignition tube, and was
applied to the column, through the three way valve, under the effect of the.
solvent flowing through the column. After conplete.suction of the solution
followed by solvent washings, the coiﬁmn was again connected to the reservoir
by means of the valve, The whole "injection" sequence lasted for:4-5 min.

approximately,
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4.6 Detection
The most widely used method of detection of the eluting species is

differential tefragtometry, . Accordingly the refractometer respoﬁse—is

proportional to the concentration of the solute., Other ﬁethods of detection

(32) (33)

include flame fonisation , ultraviolet and infrared detection

In the experiments described in this project a’'439 Perkin Elmer infrared

spectrophotometer has been used as detector.

Thg éolumﬁ oﬁtlet was.connécted, withra plastic tubing to a steel capillaiy.
" inserted in tﬁe PTFE plug.of a sodium chloride cell of the detgctér._ The - |
ceil crystals were separated by a 0.07 mm Teflon.spacer; The experiﬁents

to follow wili show';hét_;hisrpath_length aliows an adequate differentiation
between the different speqigs that flow through the cell, The outlet of the
latter consisted again of.a PTFE plug equipped with a.steel capillary,
connected to a plastic tubing. The.effluent golvent ﬁas collected in a

graduated'cylindet.

The infréred spectrophotometer read throughout the experiment a single
wévelength whéfe.a specifié gfoup of the eluting component abéorﬂéd; The
ekactfpésitioh of the aﬁsorptioﬁ maximuﬁ was obtained from fhé spéctrum of
a dilute solution of the solute under eXamination.. Once th§ maximuﬁ_is
found, the infrared pen is brought to its béSé line (1001_transmi£tancé)
by atteﬁuating the Teference beam either with an attenuator or with a NaCl
reference cell containing pure sﬁlvent. In other Eerms.whén solvent only

passes in the sample cell the infrared pen must not move'ftqm its base line.

Furthermore, the detector was connected to'a 13 type time=-response recorder

which is also used to amplify the infrared signal several times.




As the eluting spécies“flow through the cell they cause the detecéor
.pen to deflect vertiéally. These deflections are cénverted fnto sets of
curves by the recorder. ‘Typical chromatograms will be found throﬁghoﬁ;
this_chépter. Their quantitative interpretation is based on a detection

theory exposed in the following sectiom,
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5 DETECTION THEORY

5.1 Meaning of the Area Under the Elution Curve

Infrared detectors, as_already mentioned,.have“been and are being used in

line with GPC columns for the detection of the eluting species. Of |
particulgf importaﬁcg't; this p?oject, is thé understanding of the meaning

of the area under the éhroﬁétogram curﬁé in.tefms of the infrared spec;ioscopy,

basic theory.
To elucidate this point the following simple treatment has been introduced: .

The‘procéss of forﬁation of é GPC elution curve may be considered as fhe
resuit of a series Af_sgparate infrared spectroscopy expgriments, whéfeby the
NaCl cell is filled‘with solutibns of concentrations determined by thé GPC
spread and, tﬁeir transmif;ance, at a waveiength where only solute absorbs,
plotted against an arbitrary lineér scale, As expected, the resulting plot

will be a curve equivalent to the chromatogram curve.

On the other hand, the transmittance, T, is related to the concentration, G,

expressed in moles per liter, according to.Beer's law.

108 %\. = Eo Col-(35)
or . T = e-E'c'l'

Since the extinction coefficient, E,‘is constant for a givgn compound at a
constant waveléngth, and 1, the path length, does not cHgnge provided the same
cell is used, then,

Te K¢

where k ='E. 1

However, calculating the area under the curve in terms of the linear
transmittance scale plotted as the ord#inate i.e. Area = T.A x/2, on the

assumption that the curve is almost triangular in shape, is irrelevant since
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the zero of the metric scale corresponds to unity'oﬂ the tratismittance

scale,

Therefore, the relevant linear expression for the calculation of the curve
height in terms of a metric scale is 1-T, and its relation to the concentration '

is obvious,

f.e. 1-T = 1-g XK€

By expanding the exponential. factor
o 22 33
1-T ='1-(1-kc+sz - k3f s

2y B H
If.ﬁhe concentration is low enéugh for the second and third terms to be
disreggrded,ﬁtﬁen
1T = ke
Thié ﬁéans théﬁ the‘spectrophétomer.deflections or the chromatogram ﬁeights,

measured in centimeters, for example, are linearly proportional to the solute

concentration in moles per liter.

It follows that the area under the GPC curve will be represented by the

sum of these deflections, each being the result of ‘an independent experiment

e

m
[74]
]

‘kcl + kcz +‘kc3_

It

k2e.
Hence the area under the GPC curve, as far as infrared detection is regarded,
is proportional'tofthe concentration of the eluted component in moles per

liter.

It is essential that the concentrations are very low otherwise Beer's law,
~on the validity of which this treatment has been based will be no loﬁgér
applicable because of possible associations leading to deviations from the

ptoportionélity.
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The severity of the eftof-whiéh could be introduced by the concentration
factor may be visualised if the same derivation is achieved by having
recourse to the absprbancgz(A), which is exponéntially related to thé
transmittance )
i._e.A*—-log-,lI'-.

- Calculation of the area uﬁder the chromatogram curve iﬁ terms of the
absorbance will again be irrelevant since the latter is represented by a
logarithmic scale; However, figure V.4, shows that the region betweén the
units of the sémi-logérithmic piot are linear functions; it.follows fhat
in these regions and-spécifically in the 0 to 0.1 region, there is arlineér
rel#tion betwéeﬂ absorbance and recorder deflection (D) and,'eVEntﬁally between
the latter and the conéeﬁfratibn

| c. D=ka
where k is a pfoportioﬁality factor depending on the amélification levels

used,

Hence - D= K.Ec.l
= K.c

The area under the curve will be represented by

Dl + D2,+ D

Kc

s 3 LR B )
2 f Ke

1_+ Ke

= K'ZLGi 

Hence, provided the concentrations or at least the maximum concentration,

3 >0

is low eﬁough to give an infrared pen defléction in the liﬁearity fegion,

the area under the GPC curve is proportional to the concentratioﬁ expresséd

in moles ber liter. It is obvious that this description of the concentration
does not represent the actual conéentfatioﬁ of the solution_éppliéd;to the GPC

column, but the quantity;_preferably in mcles, of the solute.
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The linear relationship Betweén quantity of material applied to the GPC:
columnn and the correspouding area under the curve has been verified A
experimentally by injécting dilute solutions (2-5%) of Bis (2 hydroxy propyl)
terephthalate {Chapter VI) in a column rwaning on chlorofofm and determining
" the areas under the curves of the ¥ec0rder dﬁart. The results are shéwn in

figure V.5,

5.2 Relation Between the Chromatopram Areas of Macromolecular Isomers
Of particular interest to this work is the deduction of a proportionality
between the area under the GPC curve and the number of chemical groups préseﬁt

in a macromolecule.

' To reach this expression, Beer's law will be applied separately to two possible
components of the prepolymer, ﬁamely P(TP)1 and P(TP)Z. The former comprises

two carbonyl groups and one phenyl while the latter four and two. respectively.

A pfeliminary experiment hés:theréfore beenrcarried out to verify the

applicability of Beer's‘laﬁ onrsolutions of P(TP)I.- Thus dilute chloroform
“solutions of'bis (2 hydroxy prdbyl).terephthélate, the synthesis of which is
fully discussed in_Chapter Vi, ﬁad_their maximum absorbance at 1215cm_1,
determined by means of a Perkin Elmer 459 infrared spectrophotometer.usiﬁg

chloroform as reference. The cell path was 0.07 mm, The.plot-oflabsdrbance

. against conéentration gaﬁe a straight line (figure.V.G)f

Therefore, for P(TP)i solutions
A) = E.L.C,

where El is an arbitrary point on the abscissa of the graph.

The term Cl also describes thé molar-conéentratiou of the -PT- units.-
If Beer's law had to be written in terms of the carbonyl group concentration

then
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Since P(TP)l, the diester of’terephthallc acid with propylene glycol

contains two carbonyl groupsf

If the same, infrared spectroscopy experiment, were répeated on P(TP)Z,
which contains two -PT-uhits, then C, moles of the solute WOuldlhave been

equivalent to 2C, moles of P(TP)1 or 4C, moles in terms of carbonyl group -

1
concentration., The corresponding absorbance would have been 2A1

i.e. 2A1'=14E21.G1
is the extinction coefficient of P(TP)2 at 1715 cmnl.

.{wherg EZ

The ratio of the last two equations shows that
By = 2B
Similarly E_ ='2nE1 where E, is the extinction coefficient of P(TP) .
Therefore, the extinction coefficient will be regarded'as;a property of a
_single.carbonyl gfoup, i.e. the maximum absorbance at'1715'dm-1,'of-_
Cl, EZ’ ;;.;_Cn, molés.of P(TP)l'P(TP)Z’-‘;f P(TP)n respectively per liter

of chloroform would be

=2E1C1, A2=4E1C -.‘o-----’-An= ZﬂE].Cn

Ay 2’
If, now, a gel permeation chromatography experiment were run on a mixture

of these species, the areas under the corresponding chromatogram curves would
be

§; = 2K_f ci-'il, SZ'= 4K zlc'.i, ceen S0 = 2nk22 4 respec.tively.
Henée; the concen;rations of the components in moles pér lit_erL

_kﬂs”  1-' |

Leg=% 5 L i7" aﬁ e Z-“ ZnK
Thefefore by dividing the areas under the GPC curve of each cbmponent in the
mixture by the corresponding number of carbonyls an expression for the

concentration is found from which the mole fraction of each component can be

calcuiated.
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6 EXPERIMENTAL PROGRAMME

6.1 Chromatographic Resolution of T400-A with a sipgle-column system

The gel perméation_chromacogram of the T400-A prepolymer is shown in

| figure V,7.a. -

The'oxperimont was Tun on c 95 cm long, 1.12 cm diameter column packed with
Biobeads SXlrswolien'ih chloroform. A solution of 0,016 g of prépolymer in
0.3 ml chloroform wasrapplied and the iofrared signal was amplified 4.3 times.
Since therspectrophotometer is set at 1715 cm ! (caroonyl strerch), it
follows that bropylenérglycol is not represented on the chart. On the other.
‘hand,rthe elution voiume of the lowest molecular weight component is 74 mi

whilst the:highest ﬁolecular weight component, starts eluting at 30 ml.

According to the GPC principles and Flory's polycondensation scheme each of
the chromatogram peaks'could be assigned in an increasing molecular weight
sequence ‘starting from the rlght, to the various hydroxyl group and carboxyl

group ended species cited in the introduction.

However, following the assumptions, also cited in the introduction of this
chapter, the main constituents are of the P(TP)i type and. a minority of the
(PT). type. The population of the latter, may be roughly.éstimated through

an acid number determination(36)

Therefore 2 grams of the prepolymer were accurately weighed in a 100 ml.
cooical‘flask and wererdissolved in 10 ml neutral acetone (AR), Thc solution
was titrated against a 0.182N methanolic solution of KOH using bromothymoi
blué indicator. The KOH colution_wos standardised wlth'bencoic,acid'(AR)'

dissolved in ethanol using the same indicator as before.

The titration trials aré shown inm table 1.
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Weight of Sample (g)]Vol. KOH Soln.(ml) | Acid Number

2.0289 2.18 10.95

2.2271° L 2.37 10.85

Table 13 Acid Value - of T400-A

Approximately, therefore, the acid value of the T400A prepolymer is 11
which is an expreesion'of the number of free carboxyl groups present in one
gram of prepolymer. Itsrmagnitude can be better visualised, when compared to_‘
the acid nnmber of- the original’ feed which can be calculated theoretically
since it is known that the mixture (166 £ terephtha}ic acid + 2,2 x 76 g _
propylene glycol = 333.2 g) is neutralised by 2.x 56 g‘potaSsiuﬁ:hydtoiide.
Therefore one gram of the mixtnte will be neutralised by

| '112/333.2 = 0.336 g or 336 mg KOH

It follows that 3.3% of the carboxyl groups remain unreacted.

This oboervetion, in conjunCtion-with the lon molecular weight of the:polymer,
suggests that the majority of the prepolymer constituents consists of P(TP)
species. Another way of conflrmlng th1s assumption is that if the ac1dity were
mainly contributed by (PT)1 or monohydroxypropyl terephthalate; the molecular
weight of which is 224, than 11 mg KOH would beIEquinalent to

: 224x11/56x10 = 0,044 g of (PT)l, or, in other terms T400-A w0u1d contain

4.47 by weight (PT)l, had only these species been formed.

Therefore, following these acidity measurements, the component eluting at
74 ml could be tentatively assigned to P(TP)I, its neighbour to P(TP)Z, the

next to P(TP) eee€lC. -
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6.2 Identification of a Prepolymer Component by a GPC Peak Enhancement
Technique . ) -

This is based on thé‘chrom;togfaphic evidence that under identical
experimental conditions the elution volume of # compound-is constant.
Therefore, P(TP)1 oribis (ﬁydrox& propyl) terephthalate has been syntheéised
(Chapter VI) and 0.003 g af it were added to 0.017 g of prepolymer; a
chloroform soiutioﬁ of ‘the mixture was applied to the chromatographic colﬁmn
and the resdltiug.chroﬁatogram (figure V.7.b) had its last peak enﬁénced,
definitel} the one corresponding to P(TP)l. In addition to this peak |
enhancément technique, 0.0057 g of the synthesised compound was applied on

its own to the coiumn. '

The retention volume of the eluent (figure V.7.c) corresponded to the last

peak of the prepolymer_hhfomatogram.

These experimental observatioms back the assumption made earlier on. that
the firét,chromatogram'peak,_corresponds to P(TP)l,_its neighbour_to.P(TP)ﬁ,
the next to P(TP)3....etc., provided ‘that the contribution of -COOH terminated

components to_the:chfomatogram'pattern‘is trivial, which remains to be provéd.

6.3 Detection of Carboxyl Group Ended Components of T400-A~
Addition with Carbodiimides

For the detection of the aéidic components of the prepolymer,-the-free .
carbbxyi group is condenéed with a high molecular weight cbﬁpéund'which réécts
rapidly and prefefentialiy.with'fhe -COOH groups. As a result the acidic
prgpoiymer‘constituenﬁs will have their molecular weight increased and,
accordingly, théir chromatogram péaks'will be shifted to lower elution volumes
or, in other terms, their position, relative to thé peaks of hjdroxyl groﬁp |

terﬁinated chains will be altered.

Advantage has, therefore been taken of the reaction between carbodiimides

and carboxylic acids, the course of which is described as followé(37’38)
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‘ ) ' + R-CO0 ,
R-COOH + R~N=C=N-R—> R-N=C=NH-R ————3 RN=C-NH-R

- RCOO (i)

+ : B
- RNH = CNHR /
_ 0
R'CO0 —» €=0
R

. R'~CO ‘
/ - ' . ' (ii) Acylurea

RNHCONHR - Urea derivative

R N-CO~-NH-R

+ R'COOCOR' Anhydride

The_carboxyliéracid first adds to the carbodiimide to form o-acylisourea(i).
The latter either isomerises into N-Acyl urea (ii) or interacts (side teaction)'

with a free carboxylic group to give an acid anhydride'ana a urea derivative.

Compound (ii) predominates with diaryl carbodiimides and should therefore be our
reaction product since the carbodimide. we have used, commércially known as

Daltogard PR, has the following structure

=C=N

Its molecular weight is 390.

Therefore, a chéin-beﬁring a terminal cafboxyl group will have its_mole;ular .
weight increased by.390,i£ the éroyl'ufea is-formed and by at least 206 if the
anhydride of ﬁonqhydro%y;prppyl ﬁydrogen ferephthalateIWeré formed; én
appreciable increase to diéplace a peak from its original position on the

chromatogram of the untréated-sample;

Samples of T400«A were accurately welghed in 50 ml round bottomed flasks.
From the initial acid value of the prepolymer, the stoichiometric quantity of

Daltogard to be added has been calculated and a 20% excess has been used.
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The samples'ueté.dissplvéd.in 20 ml of tetrahydrofuran and refluxed for
various time intervals. At the end of each pefiod the acid number was
determined by titration with standard methanolic KOH, using bromothylmol

blue indicator. The. results are shown iu table 2.

R?;i2:sgime Weight(g§ T400A Wéight(ziltogard Acid Fo'
0.0 - | - 2.4 - 10.52°
0.5 2.1972 0.1870 7.8

1.0 ©2.3040 | 0.1966 , 6.8

| 2.0 | 2,223 0.1980 5.26
3.0 - - 2.4723 0.2148 3.8
5.0 2.2719° 0.2115 2.0
6.0 | - 2.7586 o266 1.5
6.0 _'-,-_' 2888 | 10.47

Table 2: Treatment of T400A with Daltogard PR

On thé other. hand a samﬁlé free from Daltogard PRIWas refluxéd_fof thé
longest timengriod (6 hoﬁrs) and its aéid number was determined; the. fact
that no élteratioq‘occurréd indicates that'fufther condenéation of thé
carboxyl groups with the free =OH groups under these experimental conéitions

does not occur.

In addition, the course of the reaction has been followed by infrared

spectroscopy.

The most characteristic absorption of Daltogard is the one corresponding to
the assymmetric stretching vibration of the carbodiimidegroup., It is a very

strong band occurring at 2170 c:m-1 (39)(figure V.8.a). The weaker symmetric
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vibration at 1360 cm ., is not of any interest since it is overshadowed by
the much stronger déformatiou vibrations of the methylene and methyl grdups

of the prepolymer.

As a result of the reactlon betweencarbodiimides and carboxyl groups the
.strong band should gradually disappear, although not entlrely from our

' spectra, since the f11m$ cast from THF on the NaCl discs contain 207 more _
Daltogard than the stoichiomeﬁric quantity (figure V;S.b). In addifionlfhe
weak C-N, N-H And c=0 aﬁsofptions of the products will be shadowed by the
strong C-0, OH and carbonyl absorptlons of the prepolymer appearlng at

1050-1200 cm™Y, 3400- 3500 e~ and 1720 em™ respectively.

The most prominént change, however, in the spectrum of the sample treated

‘with thecarboaiimidefﬁr six hours is the presence of strong band at 2290ICm-1;
which falls in tﬁe absorptioﬁ region of the isocyan#telgroup; N,N* disubstituted
uréés as well as énhydéides not having‘sbeqific absorﬁtions in this.infraréd

-Tegion..

We shall not try to comment on this change at the present moment, but merely
accept the fact that as a result of the interaction between the carboxylic
groups of the prepolymer and Darltogard PR the acid number of the former has

fallen from 11 to 1.5,

The absence of any interaction between the hydroxyl groups and the carbodiimide
has been ver1f1ed agaln by infrared spectroscopy, it is known that
carbodimides react with alcohols according to the following path:

R—N C=N-R + R'-OH*—’RNHC=N R
OR'

Such reaction generally occurs at high temperatures, and proceeds quantitatively

when base catalysed i.e, in the presence of an alkoxide.
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Thus propylene glycol (2.7 g) and Daltogard PR (0.234 g) were refluxed
in 20 ml tetrahydrofuran for six hours. The presence of the strong -assymetric
absorption at 2170 cm‘;'on‘the infrared spéctrum (figure V.8.c) excludes the

possibility of any intéraction between'the carbodimide and the hydfole groups.

Summing up, the commercial carbodiimide, Daltogard PR, reduces the acid value
of the prepolymer and furthermore does not interact with the free hydroxyl
groups. Had the last reaction occurred then a quantity of Daltogard PR

corresponding to the'hydroxyl number of the prepolymer shduld have been used.

- For the chromatographic assessment of this effect, the following experiments

have been carried out.

0;11 B of'uﬁfreéted T&OO-A ﬁas applied to ihe THF-éélumn. The infrared
speétrémefer,monitofing thé appearance of tereﬁhthélate groubs at 730 cm-l.
The chromatogram-is sﬁan.oﬁ figure V.9.a. This was follqwed by 0.5-ml of the
prepolymer solution.in;THF treafed.withibaitdgérd PR for:sig hou?sﬂ }The
volume used contained approxima;ely 0.11 g of prepolymer, the acid‘number of

which ié‘ 1.5. The chromatogram is shown in figure (V.9.b).

It is apparent that no difference exists between the basic peaks of the two
chromatograms; the elution volumes being the same indicates that the
chromatogram pattern is caused by hydroxyl group ended components having

different molecular weights.

The only variation is caused By the appearance of a small peak at high
elution volumes and therefore corresponding to a low molecular weight
component. We shall leave this peak aside for the moment to draw our

L which, intuitively should

attenﬁion to fhe inffared absorption at 22%0 cm
correspond to a group present on the reaction product. By monitoring'thé
appearance of this group the chromatogram should give evidence on the

distribution of the acidic cﬁains. However, thié was not the cawve (figure

V.%9.c). Only one peak appears, the elution volume of which is the same as

the elution volume of the species giving rise to a low intensity peak in
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figure V.9.EZ; In viow of its position it cannot be-attribﬁted to 5
carbodiimideadduct siooe.thé,moleculap weigﬁt of tﬁe latter exceeds 282
{molecular weight of,P(TP)l). The alternativo is that the peak corresponds
to a tTeaction byproduof.!.ﬂowever, despite this ambiguity it is known. that
the molecular weigho'Of,tﬁé-oarboxyl_group ended chains has been‘incpeased

_but this alteration has no effect on the chromatogram pattetn.

Several assumptions may be put forward to account for the absence of
"acidic peaks". The simplest assumption is that the concentration of the
-COOH terminated éomponents, essentially that of (PT)1 is far too low for

these species to be déteéted by the-prééent;detéction system.

_ Tﬁe qoestionpélso arises on the position of tﬁe carbonyl absorption of this
monoester whioh could be-different from that of the diester. This assumptien,
however, is disproped'byftﬁe7fact that no (PT)1 peak occurs when the phenyl
absorption at 730 cm-;lis monitored.r.Dimethyl‘terephthalate_and terephthalic
ocid both héving an_out'of_plaﬁe bending vibration of the phenyl hydrogens
exactiy'af 730 cm_l. 'finolly; anothef_assumption is thaf'the acidic species
are intramoleculaiiy bondod to all fﬁe other species and therefore do oot give
rise to any specific-chromafogram peék This assumption, although plausible
15; in fact, weak because the same 1nteraction could have taken place between
the hydroxyl ended components, and the result would have been_a-disturbance
of the chromatog;am péttern; which is not the case (sub-section_6.6). An

alternative possibility is the interaction between the gel and the -COOH groups.

_To account for the appearance of the low molecular weight peak in figure
V. 9 ¢ as well as for the format1on of a strong infrared absorpt1on band at

2290 cm -1 the following mechanism is suggested.
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R-N=C=N-R + R*'-COOH--—s R-N-C-—bNH aR ——ty

R-CO0

R-N=g-NH-R  RI-COQH, R—N-C-‘gl-lz-R — 3 R-N=C=0  isocyanate
R-C=0 S R'-g:'f)- e’ |
. o ' ~ ..
: ' 0 anhydride
R'-g=0 v/ Yer
R-C :
“» .
R-—NH2 amine

Identification of a Prepolymer Component by Nuclear Magnetic
Resonance Spectroscopy

6.4

'The method involves the isolation of the component giving rise to the second

chromatogram peak, most probably P(TP)zg followed by its nmr analysis.

The same isolation proéeduré, as the ohe- to be described in Chapter VI,

subsection 4.1, has been applied. The procedure will be briefly reviewed here

to avoid reference to.a Iatef-chéptér; :Accordinglf_O.IS gram.of prepolymer
in72 mi-chloroform was.applied to the chromatoéraphic column and the elpting
solvent contaiﬁiﬁg thé component giving riée tb.the seéqéd chromatogfam peak,
WaS'isolated; :The solutidn was congentrgted‘and Wés;reapplied“to‘the column
for further pdfificé;ioﬁ.ofrthe component from higher and lower molecular
weighf iéomérs. JA pért of the eiuting solvent, assumed‘to'contéin.tﬁe pufe
combonent was isolated. After complete evapération'of.the solvent, the clear
liquid residue left_was'sﬁbjected to nmr analysis. The phenyl and methyl

nmr absorptions are shown in figure V.10, The fact that the ratio of their

integrated traces is equaluto-%4% = 0.87 suggests that the component is
P(TP)2 since it contains 8 phenyl hydrogens and 9 methyl hydroéens the ratio

of which is % = 0.89."This observation leads to ﬁhe conclusion that each

chrbmatogram peak corresponds to a P(TP)i component where i = 1,2...n.

This could also be regafded as an indication that the acidic componénts are

not bonded to other species.

143



W

.\x_ D _ ;
ananEEy

HEHIN

N -
L]

[

= .Jii;i““rﬁé!}itbmffjl'i T

PR R st
B AL TR ML

.

Tadinck

eg'wns of the HNHR speclrum

~N
™
T
=
3
NRREN NERESRERARRRRANRRRREERY L | DT T TR .ml
] i L i IS ) |
Pl SEENREREL! B i RN W ,.
REE ERREREREI T i+ ~ 2 |
L EEEENRRER 2 | TLELT 3 5 |
| EREEHE AT 217 | i g 7
BRI EEERARAEN 0K ik YT TN > § |
] Ll | L L “ s 1 N (] T  T@eg
R m | 2 [ | P £ d
ERERRNNENE-SRNEINARANAR i | 2 | RRRRRERNNE R =
TN ERuERan/ ANNEAN R EIRN b .w
I i D% __ M T z 2
R AN ST | S masamnnaaRRARRI ® 3 o5
1 | N | | L e
L RENIR _ T 11
IRERRRR [ | I o
SEEEERE | ARINENRE >
A B RN TE ¥
[EERNER RN RRRN AR H ) O T e md
v




6.5 Quantitative-Inférpretation of the Chromatogrém
It has béen.showh_éxpétimentally that each chromatogram elution curve cofrespohds
to a P(TP)n macromolecule where n is the number of phenyl groups of the

component or half the number of éarbonyl groups..

Provided that no solute~solvent or solute-solute interactions interfere with
the chromatogram patterﬁ,-the area, S, under each elution curve is
proportional to n and the ratio S/n represents the molar concentration of

B(TP)  in the prepolymer.

" In the following:subfsegfidns'thé numerical results will be tabulated as

follows
Prepolymer Molecular Chromatogram Molar Mole CN.M
Components Weight(Mi) ~ Areas Concent 'n} Fraction ‘(Ni) ii
— — — _ TR _ n -
ACOTEN IR R S 8, 5) Z(sili)_ R M5, /] (s1/1)
o . } ' n _ '_ o on
P(TP), - My, - s, | s,z 52-/27_,(51./71) M,S,/2 2(51/1)
. . : g n o
P(TP) M, 85 ] 8,/3 _53/311(51/1) M,S./3 J(si/1)
P(’I‘P)n 1 Mn 5o Sn/n Sn/n Z(Si/i) MnSn/ni(Sirli)
' S n n n 1 _ .
" Ks1/1) [Ei/iZ(Si/i] _Zﬁaisi/ﬂZ(ﬁ/i)

The lettefl"ﬁ" repfeéenfs:fhé molecularlweight éf the terepﬁthaléte based
Vébmpdneﬁ;s.' The-molé'ffaétions,‘as given in the table.above, do not rébfesémt
fhe acfual cbmpdsition of.the pfe#olymer but.rather translate the feiatiye'
-conﬁent of the various propyleﬁe terephthalate isomets;:since‘uqﬁer fhe
detection conditions embloyed, thejftee propyléné glycol is not represénfed on

the clromatogram. It is after its introduction in the calculations, that the
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distribution of the various species will be meaningful and representative

of the prepolymer analysed.

The free propylene glycol coﬁtent expressed in weight percent, W, as estimated
by nmr (Chapter Iv) is fitFed'in fhe above d;stribution as follows;

If Wg propylene glycolrare associated with (100-W)g of P(TP)n species

then Xg " " wili be " " Bg . " "

The m?lar concentration of propylene glycol will, therefore, be X/76, where

76 is its molecular weight.

1t follows that the mole fraction of the free glycol, in the prepolyﬁer is
equal to  X/76/14X/76. 7
Hence the mole fraction of each P(TP)i component in the system containing

propylene glycol, will be :
T | : n
si/ij[( Z-Si/i)(_l""‘”(’?] 7

6.6 Effect of the Solvent on the Distribution of T400-A

Under this heading, therdistribution of the-prepolymer conétituéﬁtsrin _
chloroform, tgtrahyd;ofuran;_dioxane and benzene will be investigéted;- This
aims at the elucidation of ény possiblersélute-solvent or solute-solute
interaction 1eadiné t67§a:iatioﬁs in the cﬁromatogram patferns, sincé‘it.is
known that in a ponrpéiér solvent, such as benzene for example, intramolecular
hydrogen bonds will result in mdlecularaégregafes which would‘have‘retéﬁtion
volﬁmes different frﬁﬁ_those ﬁf the free prépolymer consfituents or'those

bonded to polar 'solvent molecules.

fhg chromatograms of TﬁOOQA in the solveﬁts cited above as well as the
experimental conditiohs employéd'ate shown in figﬁfe V.1l. The areéé'under
the Chromatogtam peaks‘Were used to calculate the distribution of the
terephthalate based components only; However, owing to the extensive overlap
between the different peaks, especially in the high moieculaf weight region,
the representative areas have been confined to triangles drawn in-such a

way that overlap could be avoided. The representative areas are shown on

the figures while the mole fractions are shown in table 3,
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o : Mole Fractions
Species
|Chloroform } Tetrahydrofuran |Benzene |Dioxan

P(TR),; C0.557 . 0.526 0.532 | 0.533
P(TP), - "0.276 0.272 0.297 | 0.277
P(TP)37:'- : 10.097 0.111 | 0.099 | 0.1
P(TP), 0.036 | 0.050 0.042 | 0.045
_?(Té)s | oo | o002 0.015 | 0.023
P(TP)6 | | o.000 0.012 0.008 | o0.011
e(TP$7 | | © 0.006 0.007 | 0.006 | 0.005
p(re), | 0.003 ~ 0.002 0.002 | 0.004

Table 3 . Distributioﬁ of P(TP) spec1es of T400 A in
dlfferent solvents

It is apparent, that the values expressing the mole fractions of the high
molecularrwe1ght compqnents, show a pronounced devietion from solven; to
solvent. This can be better visualised ftoﬁ‘table 4, indicating ehe percent
‘absolutelﬁeviation of each ea1Ue.from the erithmeticimeae‘of ﬁhe four mele

fractions in each row.

. . % Deviation from the Mean
Species | Mean .
CHCl3 THF Benzene Dioxan

P(TP), |0.537 [ 3.7 2.0 | 0.9 0.9

- P(TP), }o0.280 ) 1.4 2.8 6.0 ] 1.0
P(TP), [0.102 4.9 8.8 3,0 2.0
p(re), [0.043 fle.2 | 16.2 23 | 4
P(TP) 0.018%13.5 | 8.1 18.9 24.3
p(TP), |0.01 0.0 20.0 20.0 10.0
P(TP), |0.0063 4.0 2.0 36.0 20.0
P(TP) 0.002¢ 8.3 |} 27.2 27.2 45

Table 4
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‘It is clearer'now tﬁéé iu the region of higﬁ overlap i.e, the high
molecular weight region the deviation from themean becomes more and more
pronounced. Thls is- attr1buted to a poor resolution of the chromatographlc
column rather than to a solvent effect. “Had the Iatter happened then its

effect would have been more pronounced on the low molecular weight ddmponents.

It is also apparent from the values in the first four rows, that variation

_either of the solvent or the monitoring of the infrared absorptipﬁ,viz.
suitable solvent has no effect on the resolution;' The values showing a

“satisfactory agreement.

" In order to effect a better resolution,which would enable -a thorough
comparison between the éxpe;imentél results and the theoretical ones, a

twin column system has beén sét up.

6.7 Chromatographic Resolution of the Prepolymers with a Twin.Column System

' The twin GPC colurn system is schematically represented in ftgure_V.Z; The
main difference froﬁ ;he one used in the.previous experimenfs is the additional
column connected in séries to the original one. The first column (1.05 cm long,
0.9 cm dlameter) was packed with Bio-beads $X2 while the second (95 cm long,
1.12 cm diameter) with Bio-beads SXL. It is assumed that the lower exclusion
limit of Bio-beads SXZ‘ﬁill allow a better separation of the higﬁ‘mdlecular'
weiéht éoﬁponents from the low molecular Weightlones. This in cohjunction with
the 1eng£h.of tﬁe Eolpmn systéﬁ, the low flow rates and the minute quantities
of Sémple under analysis.will lead to reasonably well resolved chromatograms

permitting, thus, a more accurate calculation of the areas under the curves,

The solvent used was chloroform and, therefore, the infrared spectrophotometer

was monitoring the carbonyl groups at 1715 s
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6.7.1 Fractionation of Prepolymer T400-A

The chromatogram of. T400-A is shown in figure V.12.a, The resolution,
as expected, is far better than the one obtained with the single column

system, especially innihg high molecular ﬁeight region.

. The areas under the curves were estimated manually by subdividing the curves :
into triangles. The ﬁumericél_reéults are tabulated in the way described

in sub-section 6.5, and are shown in table 5.

, _ ' Molar Mole _ .| Complete .
Species M‘w'.‘ ;A??a' Concentration| Fraction NiMi Distribution
B U R 7 D R ) 1 ovaze
P(TR),. | 282 7.405 | 3.702 0.531 |149.742] . 0.3045
P(TP), 488 16.975 | . 1744 0.250 | 122 0.1433
P(TP), 694 | 5.175 0.863 0.126 | 86.056  0.0711
pere), | 900 f3.26 | . 0405 | 0.058 | s2.2 0.0332
P(TP), | 1106 |1.595 0.16 | o0.023 | 25,44 | o0.0132
P(TP), 1312 Jol7s | 0.065 0.009 | 11.81 0.0052
p(TP), . | 1518 |o.44 | 0.031 0.0046 | 6.072 0.0023

- - | e o as3az | '

Table 5: Experimental Distribution of T400-A
At this stage the most obvious deduction is that the molecular weigﬁt of the
terephthalate basedrcompohénts is 453 compared to 454 as défermined by nmr

(Chapter 1V).

'On’ the other hand, the last column represents the chain distribution of the :
prepolymeriafter the introduction of the free propylene glycol content, which

. has beeﬂ found to be equal to 11.1% wt. by wt.

The method of calculating the new distribution is descfibed in sub-section 6.5

of this chapter; will.be applied numeripally‘below.
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Since the free propylene glycol (abbrev1ated PG) content is 11,17 then
11.1 g PG coexist 88.9 g of terephthalate based components. It follows
that X g PG will coexist with 453.32 g of terephthalates

‘Hence X = 56.6b g.i 7
Expressed in moles = Egzg_ = 0.744 molee
aod the corresponding moleAfraction
0,744
1 4+ 0.744

The mole fractions of t-he'_P(TP)i species are obtained by normalising the

=- 0.426

values in the fifth'coluﬁn'of table 5 against 1.744.

From these results, the molecular weight of the prepolymer, propylene glycol

included can be obta1ned 31nce

Number average molecular we1ght = z;;?i

where Ni is the mole fraetion of those'species having molecular weight Mi.
By substituting the values of columns 2 and 7 in the above equation the molecular

weight is found to be eqoel to 292 compared to 284 by nmr.

6.7.2 Fractionation of Prepolymer T400-B

The prepolymer was resolved into its chaln components with the chromatographlc
twin c01umn-system descrlbed previously, A solution of 0.0196 gram of T400-B
in 0.5 ml of chloroform_Waslapplied; The resulting chromatogram is shown in

figure V.ll.bl The mole freetions of the cohponent, calculated from the areas

under the curves, are shown in table 6, column 5,

In order to calculate the complete.distribution of_this prepolymer the
concentration of free propylene glycol was estimated by nuclear megnetic
resonance spectroscopy (Chapter V) and was found to be equal to 10,867 weight

by we1ght.
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The method of fittihg'the'propylene'glycol concentrailon in'the‘distributionr
of the terephthalate based components will be descrlbed once more;

It is known that 10 86 R of glycol coexist with 89 14 g of P(TP)

therefore o X g of glycol will coexist with 474, 34 g of P(TP)
474, 34 is the molecular weight of the terephthalate based components only.
It follows that X =.57.79 2

The corresponding molar expression is 57. 79/76 0.76

Hence the mole fraction of propylene glycol in the prepolymer is

0.760 = 0,432
T + 0.760 _
Speeies M‘w. ieék ' | Molar | | Mole '.ﬁiMi‘ Complete
: ‘Area | Concentration| Fraction 7 Distribution

PG 76 . o u 0,432
p(TP), | 282 7.81.  3.905. 0.514 | 144.95 | 0.292
p(TP), | 488 | 7.2 1.8 0.237 115.66 0.1347
B(TP), 694 | 5.99 - 0.998 0.131 90.91 | 0.0744
pe), | 900 | 4.025 | . 0.503 | o0.066 | 59.4 0.0375
p(TP), {1106 | 2.38 | 0,238 0.031 34,29 | 0.0176
P(TP) {1312 | 0.9 |  0.075 0.010 | 13.12 0.0057
B(1P), |'1518 | 0.665 ';'- 0.048 | 0.006 9.11 | 0.0034
P(TR), [ 1724 0425 - 0.027 | 0.004 6.9 0.0023

' 7.59 . 474,34

. Table 6: Experiﬁental Distribution of T400«B
By normalising the mole ratios of column 5 against 1.76, the actual distribution

of the T400-B constituents is obtained (column 7).
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On the other hand, according to the tabulated results, the molecular ﬁéight -
of the terephthalate'based components is 474, compared to 522 determined by:
nmr. Furthermore, the molecular weight of  the polymer including propylene
| INiMi

3Ni

glycol is obtained with the aid of the familiar equation M.W. =
by substituting the Mi and Ni values of columns 2 and 7 (table 6).

The result is 302 compared to 319 obtained by nmr..

In addition to the abdvé evidence an essential differenéebetweeﬁ T400-B and
T400-A should lie in their acid value since T400-A is the result of the
reaction of T400-B and an amount-of-glyCOl added near the end of the

bolyesterificationfptoceSS.

' Therefore acetone solutions of samples of T400-B were titrated against a
standardised 0;0845N methanolic KOH solution, for the determinationlof the

acid number. The trials and results are tabulated below

Sample Weight{Vol., KOH adde& Acid Number
(g) (ml) | l“mgKOH[g
1.2330 42 ] 16119
33820 | 1l.4 7: 15.95
3,064 10.4 16.06

' It.follows that the acid number of T400-B is 16 compared to 11 of T400-A.

6.7.3 Fractionation of Prepolymer T400-C

The chromatogram of the prepolymer'is shown in figure V,13.a it is the result

of the resolution of 0.020 gram of T400-C in 0.5 ml of chloroform.

The unreacted propylene glycol was estimated quantitatively by nuclear magnetic
resonance spectroscopy (Chapter V) and was found to be equal to 6.7% weight by

weight, which corresponds to 0.48 moles. The normalisation factor, on the
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other hand is equal to 1.48. Therefore by normalising the values in column
5 of table 7 against 1.48, the chain distribution of the prepolymer under

consideration can be fqund {(column 7).

- Species | M.W. Ki;: zgi::ntration ::;ztion NiMi gg:iiggstion
PG xR L _ 7 0.3242-
p(re), | 282 | 473 | - i2{365 | o.usre Ja20.06 | 0.3002
p(Tp)2 488 5.51 1.378 0.2666 | 130.1 0.1801
p(TPi3 e | a8 0.696 0.1347 | 93.48 0.0910
'P(TP); " 900 | 3.06 | ©0.383 0.0741 | 66.69 0.0500
p(rR), | 1106 | 1;485 2.1485 0.0287 | 31.74 | q.diéa
p(TP), | 1312 :_1.211 0.l | o.0194 25.45 0.0131
P(TP), 1518 | 0.7 | - 0.05 0.0097 | 14.72 10,0066
p(TP}S. 1724 | 0.45 | 0.028 10,0054 | 9.31 | -0.0036 -
P(TP)é‘ 1930 | 0.3s) 0.1 | o.0037 | ._7.i41 0.0025

. 5.1675 | 507.671 |

Table 7: Experimental Distribution of T400-C

The molecular weight of the terephthalate;based componencs is 507.67 (508) compared
to 524 obtoined by?nmf.‘-Fnrthermore, the“molecular neight of the oolymer’ |
including propylene glycol obtained with the equation M.W. ZNiMiIZNi, where

‘Ml and Ni are the values in columns 2 and 7 of table 7. The reeult is 368
r'compared to 376 by nmr, ‘Furthermore the acid number of this pneoolymer was

found to be equal to 13 mg KOH/g.

 6.7.4 Fractionation of Prepolymer T500

The gel pefmeation cnromntogram;‘resuit-of the fractionation of 0,022 éram of e
'prepolymer in 0.5 ml chloroform is shown in f1gure V.13.b. The'free prooylene
glycol content was determ1ned enperimentally by nmr spectroscopy, and was found
to be 23.06% weight by weight. ;ts corresponding normalisation factor,

calculated by the method described earlier is 2,577 and the glycol‘moie

152



i»

e fﬁﬁmv‘iz
YT 27 S S ' e - :
. CPE BR

th mm&tcgruma of

" prepelymers Taoo-A

and Tdeo. B

Yeliaoie (i
11525 .

- Finure V.13
are N 33

.Ch\r:emm},zmm’: o

prepolymers Tdoe-C
ond. T300 *

R




fraction is 0.6120 which leads to the establishment of the experimental

distribution (table 8).

Species M.W. Area gzizznt- F::::ion. ;Eﬁ%ht Cem?lete

' ration ii ~_| Distribution
PG - N 10,6120
p(TP), | 282 f11.61._ 5.805 | 0.6276 | 176.98 0.2435
p(re), | 488 | s.925| 2.2313) 0.2413 [ 117,75 | 0.0936
P(TP), | 694 | 4.582 0.764 | o0.0826 | 57.32 d.ojzs
p(re), | 900 2.282 | 0.286 | 0.0309 | 27.81 - 0.012
E(TP)5 1106 | 1.35 | 0.135° | o.0146 | 1615 | 0.0057
P(TP) 1312 | 0.33 | o.0275 o0.003 3.936 0.0012

9488 | 399.946

Table 3:.Ekperimente1 Dietributieﬁ of T500
Because of the high propylene glycol: content,_the number average molecular-
weight of the T500 prepolymer is expected to be low. In fact, substltution-
of the Mi and Ni values of columns 2 and 7 in the formula M.W. —ZN1M1/2N1 |

glves 202 compared to 200 as estlmated by nmr !

On the other hand the molecular welight of the terephthalete based compenents
is 399.9 (400) compared to 391 as determined by nmr. Furthermore the acid
number of this polymef was found to be equal to 9.6 mg.KOH/g.

6.8 Detection of the Carboxyl Group Ended Components of T400-B a.GPC
" Resolution of the FEsterified Prepolymer

In subsection 6.4 it-has been-assumed that the carbdel group terminated
macromolecules are e1ther of very low concentration or physically bonded to’
hydroxylated chains or to the gel The last assumption will be examlned for

TQOO B, because of its relat1ve1y high acidlty.
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The expected position of the "acidic peaks" can be determined through

the linear relatioﬂship between elution volume and log. molecular weight

the validity of which is exemplified in figure V.14,

Since the molecular weighf of monopropylene'glycol tereﬁhthalate, (PT)I,

is 224, then, frém thergraph, its elution volume should be 150 ml;.lHOWevef,

examination of the chromatogram of T400-B, which, theoreti;ally, contains the
iargesf quantity of @T)l ﬁnits, clearly sugéests that no peak e*fsts at that

particular elution volume.

In order to eliminate all ‘the association effects brought about by the free
carboxyl grqﬁps, and also to shift their -COOH carbonyl absorption-fd lower
wavenumbers, the T400-B prepolymer was treated with diazomethane which cbnvérts

all carboxyl groups. into their methyl esters.

6.8.1 Esterification Procedure

‘a) Preparation of Diazomethane(ao)

The laboratory set up used is shéwn in figure V.15, In the round bottomed
flask aré'introduced 6 gramé of p;tassium hydroxide dissolved in 10 ml of water,
35 ml of ethaﬁol, 10 mllof.ether and a PTFE codted magnetic stirrér. ‘In the
dropbing funnel is blacéd a solution of 21.5 g of patolfi'Sulfonjilmefhyl

" nitrosamide in 125 ml of ether. Thél'distill'in.g flask is heated at 70-75°,

the stirrer ig started and the nitrosamide solution is added at a regular rate
duringllS-ZO minutes, Wﬁén.éli the nitrosamide solution has been added mére
éthef is introdqced at-thg previous_rgte until the‘distillate is colourless.

The ethereal solutions :ecow}ered in -t.heErlenmeyer fiasks are gtoppered and

stored in a refrigerator. .

154



120 30 4o 150
Ecotion Voromie (mb )

flo

loo

%

K
T
[EEs
jpeu ]
Y A
\\h.vi\\
H :
1 ¥
s e ¥
T B . == r—
= ti4 +417+ [ -4 S—
Tl FIE T 17 -
£55 EBsEEEEE
11 A3V HH
-/
T g
I dwm
H ot
Fi
S mm .
2B
13
4
1 =4 ;
2 4 *
/- ‘
-+ Y TH
:
) 2
y i n
£ t
L {
4 }
/ :
A H
é By
3 _—
'y ‘, B
1 S SRRl
- I
A NG -‘_Il H 4 1
i} =iy 7 : =
t i
LT — =
yd 1
/- H
5 7 8
/- Cl
s :
—/ !
e /1 "
5 S=ns !
Py =
L\ Tl !
2 7 ] H
: o7 S it =
- \\ .” 5 = HH
= £ isi3gEan] : ERE
1 - :
+ + ~ :
T T 4 Trii
el } 7 T !
by ] T ! o
=1 + v + rFit+ b+ 14 1 H [ 1-
- Ty =] ! ]
+ nk v +,|. ; :
T " I- i 7 T ,
£ TR 1 o
- 1} ! rseas =S
! . I Ol g N o oy - M Chsk T Hor e o m
EREBERE Ea 7 1 ] i o R R
: : i W N ERE L
H 1} . [» Basa . uu LA .l-.ﬁ‘ h =
e 2 Rehihiuess ; d
t 1

8o



N Ltmsm de
&

£taD
CHaN2 N\ .

Et0

“ll..,- - LCC bath

iy B

-

Fioure V.13 - Labovatory sl up for the preparalion of dinzomethone



(41)

b) Diazomethane Standardisation and Prepolymer Esterification

The standardisation method consists in treating 10 ml of the solution with an
excess of an ethereal solution of benzoic acid at 0°C and neutralizing the
unreacted acid with a standard solution of KOH in methanol, using bromothymol

blue indicator. The titration trials are tabulated bbioﬁ.

Co VOI.KOH (ml.)
t. Benzoic (gr) (0.168) % CH, N2 (ot[v)
0.4520 5.0 122
0.476 . 63 | 1.2

Before treatiog a prepolymer sample wrth ‘the diazomethaoe solution,_rhe
effectlveness of the ester1f1catlon procedure has been checked as followe'
nslnce che acid number of TAOQ-B is 16 mg KQH/g_then.the_equ1vo1ent quantity
.of diazomethane is 12 x 10#3 g; one mole of KOH being equivalent to one mole
of CHZN2 in other_terms'one miliiliter of_toe echereal solution is needed
to esterify completely ooe gram of T400-B. For the'quehcitative determination,
1.5427 g of prepolymer dissolved in red1stilled chloroform were treated with
1.7 ml of d1azomethane-solutioo at 0 C. This solution was titrated with the
standard alkali solorion prepered before. Only a single drop (0.02 ml) was

needed to turn the initial pale yellow colour of bromothymol blue into dark

blue indicating that esterification had proceeded to completion.

6.8.2 GPC.Fractionetion of the Esterrfied T400~B

0.0258 g of the same.prepolymer, diseolvedrio 0.5 ml of chloroform, were
treated wirh 0.03 mlr(micropipette) of diazomethaoe.solution.at'OEC. 'The-
solvents were then evaporated by meaoé of a'stream of cold air and'the residue
was dissolred ooce agoin.in.b.é ml of_chloroform. The solution was rhen
applied'to the twin chromgtograohic system operating under the same conditions
as for the previous experiments, the only difference, this t1me, bexng that
the quantity of solute uSed is higher (25%) and the amplif1catlon level has
been increased to 6. We had recourse to these alterations in order to enhance
the intensity of those peaks_corresponding.ro the acidic (now esterified

chains)., This effect is obvious when the chromatogram of this sample
155
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(figure V.16) is compared to the chromatogram of the unesterified T400-B
prepolymer (figure V.12,b). The former shows, beside the familar pattern, two more-
peaks. One appearing at 150 ml and corresponding to a low molecular weight

component while a higher molecular weight one elutes at 128 ml.

_The_semilogarithmic'plot indicates that the molecular weights of the
polyester components eluting at these volumes are 223 and 410 respectively

which correspond to the molecular weights of the methyl esters of (PT)2 )
[M.W.43Q] and (PT)1 [y.w. 23@] ?1th a 5% error,
The results show that the acidic components can be detected by the -
chromatographic-sys;em provided that the experiment is run on the fully

esterified prepolymer;

rTherefore, the most probable cause for the absence of peaks of acidic
components from the chromatograms of the non esterified prepolymer could be o

well due to a théical'interaction between the carboxyl groups and the gel.
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7 DISCUSSION

7.1 Comparison between Theoretical and Experimental Distributions
Our initial aim was ;o_coﬁbare the experimental distributions as oﬁtained
by gel perméation chrbma;ography with the Flofy distribufion (Chapter_III).
For this purpose the Fldry équaﬁions'have been written in the fofm-of-a
Fortran IV computer program (pages 158 & 159). i"pr these equations to be solved
the necessary data are. the ex;enf_of reaction p and thg.ra£io of thé molar
concentratiop of terephthalic aéid‘to propylene glycol. The lattér is
known, while the former can be calculated from the acid number, A;'detefmined

by an acidimetric titration,

In sub-section 6.1,'it has been shown that, the acid number of a mixtufe

‘consisting .of one mole of tefephfhalic acid and 2.2 moles of propylene glycol,

is 336 mg KDH/g, it follows that the number of reacted carboxyl groups and
therefore, the extent of reaction of the carboxyl groups is

_ 336-A
336

For T400-B, A = 16, therefore p = 0.952.

The éoﬁpﬂte& 6utput,7for these vélues, is shown in tabie 9. A gfaéﬁical
compariéon betwéenrthe experiméntal and the theoretical P(TP)i mole fractions
only is shown iﬁ_figuré V.17..'Thg‘1a9k of agreement between the theoretical
values and ihe experimental is obvious. .waever, this disc;epaﬁéy.céﬁnot_be‘
used gé disprove Fioryfs theory BeéaUse the reaction conditions undef'which
the prepolymers are synthesiﬁed do not comply with Flory's model i.e. during
the ICI ° polfesterification process the water, by-product of the reaction is
‘continuously distilled off; ﬁhe distilléte, however contains free propylene
glycol also, Therefore initial stoichiometry of the system is lost and.the
resulting prepolymer cannot be described theoretically or at least not by the

Flory equétions.
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EXTENT OF REACTION20.95200MOLES Taz1.00000MOLES PG=2.20000

SFGMENTS MOL.FRAC.DIACID MOL, FRAC, GLYCoL
1 : 0.0018 0.5463
3 0.0007 0.2250
5 06,0003 0.,0927
rd 0.0001 0,0382
9 0.0001 0.0157

11 ‘ 0.0000 : 0.0065 "
13 n.0000 : 0.0027
15 ' 0.0000 _ 0.0011
17 C 0.0000 0.0005
19 ¢.0000 0.0002
SEGMENTS MOL.FRAC.HYDROXYACID
2 0.0400
4 0.0168
6 0.0068
8 : - 0.0028
. 0.0012
12 o 0.000S
14 0,0002
16 - 0.0001
718 o 0.0000
720 : n.0000

. Table 9: Theoretical distribution of T400-B

However, it méy be teﬂfatively'suggested, on the basis of the similarity between
the shapes of the curves in figure V.17, thét there is a fair chanée for

the theoretical treatmen;‘to deécribe adequately”the experimental:distribution
of a low molééular weight.poiycondensate Synthesised under controlled

conditions. Further reseatch in that respect has not been undertaken.

7. 2 Comparison between the Experimental Distributions of TQOO-A
T400-B, T400-C and T-500 . |

The experimental dxstr1butions of the four prepolymers studied in this project

(Tables 5, 6, 7 & 8, column 7) are compared graphically in figure V.18,

It is obvious that little is géined from the further treatment of—T&OO-B with
excess glycol to convert it into a T400-A; basically a reduction of the
acid number, from 16 to 11 and a few ester interchange reactions at the expense

of the high molecular weight components,
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It would be very interesting to know whether the variations of these distributions
have any effect on the properties of the cured resins, and if so which is the

distribution which results in products with optimum properties.

Furthérmore the T4500_p;epolymep, constitutes in fact a class on its own
5ecause it hasrbeen-synthesised from 3.3 moles of gljcol instead of'2;2. Ié_
is obvious that the majorréonstituéqt is propyléne glycol and a comparison
between.thé prope:ties';he'fesulting cured resin to those of a poly-'

(pfopy}eng fumarate)'wili_cleérly show the role contributed by the low content

of terephthalate components,

7;3 Conversion of a'thG-Prepolymer.to a TSOO
_Instead of synthesiéing Separately.TﬁOO and T500 prepolymers, ICI makes T400
and converts it to a T500 prepolymef through the_addition of excess prqpylene
glycol. This is-oq'the basis that.the T500 poly (propylene terephthalate),
synthesised from one mole of teréphthélic acid and 3.3 molés.bf pfppylene |
giycol has ifs'té¥ephfh$1ate_based componénts diluted becaﬁse, és_it has 5een

shown, a large amount of glycol remains unreacted,

The aim from the following paragraph is to find out how similar, the
distribution of a T500, 6riginating from a T400, is to a standard TS500 as

characterised in this chapter,

For this purpose,,therfa;tor; 2,577 (sub-section 6.7;4) which corresponds to a
23.067% free glytol, will be used to normalise the mole ratios of the
terephthalate based componeﬁgs of T400A, T400B and T400C. This will result

in a distribution haﬁing-a»mole fraction of free glycol équal to that éf T500
‘i.e. 0.6120., The distributions of the T400 prepolymers converted; theoretigally,
into T500 are shown alongside with the distribution of the standard'TSOO {Table 8

columm 7) in table 10,
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T400-A T400-B T400-C T500
PG 0.6120 0.6120 0.6120 | 0.6120
P(TP), 0. 2061 0.1995 0.1776 0.2435
P(TP), 0.097 0.092 0.1035 0.0946
P(TP)3L 0.0481 0.0508 0.0523 0.0321
pcre), | 0.0225 | 0.0256 0.0288 0.012
B(TP), " 0.0089 0.012 0.0111 0.0057
é(*rp)6 -0.0035 . 0.0039 0.0075 0.0012
p(te), | o0.0016 | 0.0023 | 0.003 -
p(TP)8 = | o.0016 } o0.0021 -
P(TR)y | - - [ o.0014 -

Table 16

The distributions tabulatéd-abbvé suggést_that a fair égreemeﬁt; is reached
between a’'T400 conveffed into a T500 and é standard T500. An assessment on
the success of this conversion may be reached only if ﬁhe physical properties
of the teéuifing'styrené cufea.unsaturated polyesfers ére consideied. If no
difference exists betweeﬁ ﬁhe-ptoperties Qf a_polyestef resulting from a
standard ?500 énd one resulting from a coﬁverted.TAOO, it can be'éertainly
claimea that tﬁe ptocess'haé been successful.

7.4 Applicatioﬁ of Gel Permeation Chromatography in the Study-of the
Microstructure of Ter-polycondensates

In the.following paragraphs a method is suggeétéd.for the determihation of

the 60mpo§ition of_thé ﬁhain cqnstituents of polyesteré synthesised from three
components e.g. terephthalic acid,'fumarié acld and propylene glyéoi._ The.
discussion will be'restricﬁed.to_low molecular weight polyesters i;e. result
of the condensation of ome mole of acids and.Z.Z moles of glycqi, for a

good chromatographic separation of the chain components to be obtained..
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The experimental prOCedute-wiil involve two stepsi:~ first the applicﬁtion

of a sample solution to théhchromatographic column and the detectioﬁ,-with

the infrared spectropﬁotOmeter, of the phenyl groups oﬁly. This would

result in a chrpmatbgfam as thé-pne represented in figure V.18,a. -Thé_

second éxperimént will-invblve the chromatographic reéolution of exacfly the
- same quantitf'bf sample but this time the infrared deteétor wiil be monitoring
the fumarate-doubie bonds. The resulting chromatogram ﬁouid be similar to the
one represented in-figﬁre V.18.b. The ares, under each chrométogrgm peak
will be proporticnal to ﬁhé”number of terephthalate (or fumarate) pfeéent in
each macromolecular constitﬁent.r In addition, the elution volumes of the
mixed mblécu?es will remain the same in both chromatograms, only the P(TP)i
_and P(FP)i species will'have differegt elution vplumes and will thé:efore be

easily picked up, on the assumption that the resolution allows so.

A quantitative interpretation of the resulting chromatograms and consequently
- a clear picture on the copolymer microstructure may be easily obtained on the

basis of the treat@eut ekﬁosed in sub-section 5.1.

For example if the‘aréa under the elution curve of a mixed molecule on .

chromatogram -a- is DT,(T_s;anding fo;'Terephthalate) then

.DT = ETCTkl'.
On the other hand if DF is the area under the same curve on chromatogram b,
(F standing for Pumarate) then

DF = EFCFkl
Since, the areas under the curves are proportional to the concentration of each
component in moles per liter, then the mole ratio of terephthalates to fumarate
groups in the mixed molecule under examination can be determined provided that the

extinction coefficients'ET'and EF are known
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As far as the relative concentration of all the components is conéerned,
then this may be easily found by runming a third GPC experiment, the detector
monitoring, this time a particular group of the intercomponent (figure V.18.¢)

‘and interpreting the chromatogram in the usual way.

The final results may be used for the verification of the mathematical treatments

deveioped to describe theoretically the éomposition of terpolymers.
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8 CONCLUSIONS
Both. NMR and GEC tecﬁhiques agree quite well in their reading of the prepolymers

molecular weight, supporting thus, the idea behind the experimental method.

A method has been developed for the quantitative estimation of the chain
constituents of low molecular weight polymers. This method can be extended

to the study of the microstructure of low molecular weight terpolycondensates,

The detection method can be used in the verification of the Flory statistics

provided that the model polymer is synthesised'ﬁnder controlled ekpefimental

conditions.

The variocus Tth preboiyme%s are diffefent from a sﬁatistical poinf of view.
This, in conjuﬁction with the féét tﬁat they should have different hYdrole
numbers (Chapter IV) suggests that, the final resins should have different
structu:es;,if the cutéd p;oduéts prove to differ in their physical properties,
then it is necessary to define_the prepolymer structurally for optimum final

properties to be obtained.
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CHAPTER VI

SYNTHESIS AND IDENTIFICATION OF BIS(HYDROXYPROPYL)TEREPHTHALATE

1 INTRODUGTION

Reference to the title eeﬁpoued has been repeatedly made in earlier chapters.
The interest in eynthesising it has been limited to the eharacterieation.
ﬁurposes invoived 15 thie reseerch[prbject, although the literature suggests
that its use-hae been extended in the technological field and especially in

the synthesis of saturated polyesters.

' The bulk‘of:the.wbrk.is dealtlﬁitﬁuin.the pateﬁt literature emphasisiné
perhaps, the:Quality of tﬁe final products as well as the techniques required
by the esterificaﬁien_preCess'mainly applied to overcomelfhe insolubility

and low reactivity of terephthalic acid on the one hand and, on the other,

to avoid the formation of hlgh molecular weight esters since the process

1nvolves the condensation of two difunctional components.

In eseence.the synthetic,methods involve fhe.reaction between equimolar
quantities of tetephthalic'acid and propylene oxide in the presence of a
solvent and a basic catalet, under a nitrogen atmosphere. The use of high
pressures is verﬁ often mentioned; The reaction times are short compered to

polycondensation'times and the temperatures rarely exceed 130°c.

(1) (3) (4)

Solvents such as water' ’, Dimethyl fofmamide(z), benzene and

( )

y Xylene

ethyl methyl ketone have been reported. “The chemical nature of the

catalyéts used varies frOm conventional bases such as triethyl emine;

6) (5) (7)

,-tripfopyl amine , phenyldiethylamine ’

. L+
to ammonium salts such as EtBNCHZPh Ci (1),Et

(8) (9)

Nmethylpiperazine, pyridine
4NBr -(6) and the rather non-:
, triphenyl phosphine(ﬁ), ferric acetyl

(10) (4)

» hexamethyl phosphoric triamide as well as porous particles

conventional MeCN

(3)

, (Me N) PO
acetonate

of 0.4 mm size and 40% porosity.
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fields vary from very good (75%) to excellent (987%) when water is the

reaction medium,

The product itself, réferred to as Bis (2 hydroxypropyl) terephthalate is

. - 2
-2 white solid melting at 130-131°C5 ).
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2 LABORATORY PREPARATION OF BIS(HYDROXYPROPYL)TEREPHTHALATE

An account will be given on- the unsuccessful and successful attempts
made to synthesise the title compound. - None of the methods described in the

introduction has been applied.

2.1 Ester Interchange Reactions

3

Owing'to the high_meIFihg'p6int and'poot-solubiliﬁy-df térebhthalic acid
(sub)-300°C); direct eSéefification with glycols under ordinary:laboratory
conditions, is a diffipplt process. On the 6tﬁer.hanA, transesterificatioﬁ
of dimethyl.terephthalagé with propylene glycol in the presence of a catalyst

offers a.more accessible path,

Hence, one mole of dimethyl térephthalate and 20 moles of propylene glycol,
were allowed to react in thelpresence of a catalytic amount of sodiﬁm.métal,
in a.three necked round bottomed flaék equipped with mechanical stirrer,

air condenser, thermomefef and nitrogen inlet. The flask was heated 6n an

electric mantle,

Dissolution of the solids started at 80°C. Hoﬁever, no reaction took place
at this temperature even after 4 hrs. On cooling a white precipitate
resulted which provedf;o be dimethyl terephthalate {(m,p. 14100, absence of

-OH absorption band from the infrared spectrum).

Similar attempts were made at IOSOC, 120°C but no reaction occurred.-,Fiﬂally
the experiment was repeated at 160°C for 3 hrs. and, separately, at- 175°C

for 3 hrs. and at 185-190°C for half an hour.
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In ali cases, the product consisted'of unreacted dimethyl terephthalate
suspended in a syrdpy mixture of pfopylene glycol and, apparently pplYmeric
products. Hoeever the time consuming fractionation procedures as well as
the possibility of obtaining a poor yield ied us to give ep any‘further

attempt by this method.

2.2 Condensation Reactions with Disodium Terephthalate

CH ' 0

0‘_@_/.9 o 13 -2NaCl A j ‘ ‘
' ¢  +2 Cl-CH-CH,-OH

B 2 _—-—) B B /c Q - - -
Naj Vona | HO-CH,~CH 0 . “0-CH-CH- Ok

CHy - oy

An attempt was made to synthesise bls(hydroxypropyl)terephthalate from the
disodium salt of terephthallc acid and 1,2 propylene chlorohydrin. The
reaction was carried out under various conditions but withodt'success._ Thus
one moleiof disodium terephthalate add 2.1 moles‘of propylene chlorohydriﬁ
were aliowed to react successively in dimethyl formamide, pyridine, dimethyl
‘sulphoxide and dioxane(li) at reflux temperatures. No reaction took place

even in the absence of a solvent but with a large excess of propylene chlorohydrin

and a catalytic amount of pyridine,

The isolation procedurerinvolved the distillation of the solvent and excess
liquid reactant under reduced pressure followed by dlssolut1on of the unreacted
salts in water which in our opinlon, shouldn't dissolve the diester.- No

'prec1p1tate was formed.

A similar set of reactions was carried out with bromoacetone instead of propylene
chlorohydrin., Had it been suceessful, the procedure would include a further

reduction of the carbonyl group. But this was not the case.

2.3 From Terephthaloyl dichloride

0 - CH
3 ; {3 \\ 0 P>
Ccl-C- ~C-Cl  + HO~CH~CH,-OH (excess)—3 ~0-CH,,~CH-OH
' HO- cn ~CH, 0/
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2.3.1 In “Absen(ie of .Solve.nt
Terephthaloyl dichioride;(0.0Z moles) supplied by ICI Fibres Division was“
allowed to react with 0.2 moles of redistilled propyleme glycol. The stirred
mixture was warmed at 55-60°C for two hours on a water bath. The”resulting
clear solution was mixed'with a slight excess of diethyl éther and washed
successively with a dilute (12) solution of Na2C03 and water. The ethereal
extracts were dried over a small amount of anhydrous sedium sulphate. After
the ether'has.beén dis;i}led of f, a viscous material was left behind, However,
the presence of more than one peak on the gel permeation chromat;gram of the

Teaction product suggested a polymeric composition.

2.3.2 1In Tetrahydrofuran

~ Propylene glycol (0.4 moles) and pyridine (20 ml or 0,02 moles) were mixed with

tetrahydrofuran (20 ml) in a 100 ml three necked round bottom flask equipped
with mechanical stirrer, reflux condenser, a thérmémefer and dropping funnel.
The last contained 5g (0.02 ﬁoles) of teréphthaioyl dichloride dissql#ed in

20 ml dry tetrahydrofuran, The solution was added dropwise to thé'stirréd
mix&ufe over a pefiéd of.two hours,-the reaction being éarriéd out at rooﬁ
temperature. After-the addition was completed, fhe mikture was warmed up‘té
45°C on a watér'bath for one hour. The resulting clear solution ﬁas then
poured in ice dold water and the precipitated solid was filtefed off and dried
in a vacuum oven at 50°C. After two crystallisations from water the pH of
which was adjusted to 8 with NaZCO3, the me}ting point of the product was
129-131°C. A ~50% yield was obtained. The compound also gives tiny crystals
from 1,2 dichioroethaﬁe;'if.is-sparingly soluble in chloréform, ether and
benzene but readily soluble in tetrahydrofuran, mgthanol, dioxané and dimetﬁyl

formamide,

Although this method leads to the product which, most probablj is the desired
one, doubts arise however of a possible polymerisation of tetrahydrofuran by the

hydrogen chloride evolved during the reactlon despite the presence of a large

(12)

amount of pyridine . A further attempt, therefore was made using a different

solvent,
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2.3.3 1In Diethyl Ether -

The same feaction was carried out iﬁ dry ether instead of tetrahydrofuran.
The equipmeﬁt is showm in_figure VI 1. After the complete addition of the
ethereal sblutién of" terephthaloyl chloride, the reaction mixture was stirred
for a further 10 hours ét rdbﬁ:temperafure. Two layers appeared on sfanding.
The bottom propylene glycoi iayervéontained a white dispersion which fesulted
in a whité precipitate after separation of the ether and addition of ice cold

water containing a small quantity of NaZC03.

During crystallisation frém:water (pH=8) of.approximatgly twenty gtaﬁS of thé
vacuum driéd'préﬂuct, thenlarger part of it dissolved in hot water ﬁhiie the
femainder formed a ﬁeavy oiiy léyef. 'UponAfiltration of the cleaf aédeoﬁs
solution and subsequéﬁt éoolihg-a crystalline cdmpdund pfecipitated. The latter
was reéfystallised from boiling wétef; its melting point as determined £y an
-electrotherma1 me1ting point apparatus was 131°C (compound A). The bii}‘léyer
was iSoléted'froﬁ tﬁe bottom of the cbntainer and washed réﬁeatédly-with small
quantitieé of 5oiliné water, It was then cfysfallised from-é large ﬁuaﬁtity.of

water to give a compound melting at LZ&OC {compound B).
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3 IDENTIFICATION OF THE REACTION PRODUCT -

3.1 Purity of the Compound

A solution of compouﬂds A and B in tetrahydrofuran was applied to a GPC
column. The presence of a single peak on the chromatogram suggests that
cdmponenté of higher or lower molecular weight of the synthesised compound

- are absent (figure VI, 2).
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Tt is obv1ous, however, that under thlS peak could be 1ncluded three
poss1b1e 1somersformed because of the assymetr1c nature of propylene glycol.

These;lsomers are°:_:,, ‘.j I
R <|:H3°wc Q //OCH S
’ HO~CH~CH- -0’ o-ca-cnz-ou
bis. (1 hydroxy prOpyl) terephthalate
'HO- CH-CHZ-OI T O-CHZ-CH -OH -
bis (2 hydroxy propyl) terephthalate

O
HO-CH -CH-O/C - \o-CH -CH-OH

2

2' (bis hydroxy propyl) terephthalate
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3.2 Mass Spectrometry(13’ }4’ 15)

“The spectra were obtained.bn a MEI.MS512 type mass spectrometer the ion’
source of which was maintéined at 148°C for compound A and at 130°C for

compound B.

The m/e values of the most important fragment ions (population exceeding 27)
appearing in the spectré'as'well as their relative abundance are tabulated

below. The most intense peak (base peak).was assigned the value of 100 percent.

_ Relative Abundance Relative Abundance
mfe 5 T mfe ¥ i
Comp'd A JComp'd B Comp'd A Comp'd B
_ B o Visible at _
282 1.8 high resol- 134 21 25,7
. ution - I P
238 17.5 17.14 121 14 20.0
225 3.5 14.3 " 104 29.8 48.6
207 100 100 76 19.3 31.43
180 - 8.6 65 . | 25,7
162 57.9 - - 82.9 ‘58 15.3 17.1
149 - 14,3 45 31.6 34.3
31 15.8 14.3

The molecular ion peak is not significant showing the inétability,of the. compound
under the conditions the spectra were taken. Nevertheless it denotes that the
molecular weight of the compound is 282 which corresponds to thé molecular

weight of bis (hydroxy propyl) térephthalate.(C The formatién of

24t18%
the ions giving rise to the values tabulated above may be explained by the

following fission mechanism.
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CH, .'_o\\c A iy

i " {
HO-CH-CHZ-OJ O-CHz*CH-OH

CH ' 3 : '
|4 ‘:cczo + OH-CH-CH,G'  CH, o ‘
HO-CH-C-0" . |7 Q\@& cn

| HO-CH-CH;0” oo, + |2

| 2 2 CueOu
m/e 207 - - mfe 75 : o
(base peak) : . mle 237 © mfe 45

CH, Q J'-0= CH, ' '
{ \ mfe 238
HD-CHa-CH - OH -

;Q*cio ~Co,
' mfe 104

afe 149
cH,
+ HO-CH-CHT mfe 121

‘mfe 58

Furthermore a double rearrangement may lead to the following |

. > 0
(I:HS 0\\. V) l
\ ——
HO-CH-;:HZ-O’ {')‘?(i H
{ [/.c—ch.
@3’ v
H

Ci, 0 H CH '
! i i ‘ I\

HO-CH-CH,,-0-C + 0-CH-CH, m/e 57
R 3 HER2L

OH m\\‘\\N\’ . +

mfe 225 CH ,CH=OH Y W

- + tH,-0- Q
l : : - mfe 45 }m

-Hzo m/e 180

CH l -HZO.

130 o+ Q ¥

m/e 207 (base peak) ) m/é 162




In the above mecﬁanism consideration has been given to one of the péssible
isomers, namely bis(i hydroxypropyl)terephthalate. The assignment is favouredJ
by the presence of a peak at m/e = 45 corresponding to CH3-CH = OH and a

parent beak at mfe 237;' Hoﬁéver, the occurrence of a peak at mle_= 31 suggests
the presence of a terminal”-cﬂz-OH grﬁup, but the absence of the parent peak

at mfe = 251 which is mﬁte.stabie than the one at mfe 237 because of the
stabilising effect of the‘methyl group, indicates that a single pompound is
present; the mfe = 31 fraément ions arising from a different sourcé, possibly
from the ions at m/e 75 and m/e 76 kcorrespouding“to propylene glycol).

.e.g.

cH, - O 0 .
i 3 ' Y CH3
HO-CH-CH,,-0-C — c |
- | " “o-CH-CH,0H

m/e 251 {absent) mle = 31
. O ; ;
?H {{?Hz -——-lCH3CH=0H + CH2=0H
HO _ OH . m/e 45 m/e 31
mle 76

3.3 Nuclear Magnetic RéSOnanée-Spectroscopy

The proton nmr spectra of both compounds (figures VI, 3 and VI, 4) were recorded
at-room temperature on.a Perkin Elmer R32 type .spectrometer operating at
90 MHz. 30 to 40% DMSO-d6 solutions were used intoc which CDCl3 was added to

dissolve the tetramethyl silane internal standard.
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The spectral charaétefiséiés of both compounds (A and B) are ideﬁti#al.i.e.
a doublet, in the 1;2 -71;3 pbm regiou indicates the presence of a methyl
group neighbouring a méthyne. The latter, being in the neighbourhéodlof a
methylene and a methyl group gives rise to a sextet overlapping with the

methylene doublet at 4 - 4.3 ppm.

On the other hand, the ratio of phenyl to methyl plus methylene, -to methyl

hydrogens, in both spectra, follow approximately the stoichiometric sequénce

" 4:6:6 of Bis(hydroxypropyl)terephthalate.

The_hydroxyl hydfogeﬁ absorptidn of compound A occurs at 4,85 ppm while that
of compound B at 4.95 ppm, since it disappears following a DZO exchange.
This shift difference is the result of slight variations in the concentrations

of the soclutions analysed.'

The main conclusion, drawm from these observations is that both A and B represent

a single and the same isomer,

A closer examination‘bf_the nmr absorptions; eSpeciélIy'their chemical shifts
may lead to the elucidation of the exact structure of the compounds; if three
isomers were represented then two methyl doublets would have been expected to

appéar_ip the spectrum, each representing one of the following two segments:

R-0-CH~CH,,OH 1
- and R-0-CH,-CH-OH . 1I
| CH,

Such an expectétion arises from the evidence given in an earlier chapter,

according to which the methyl groups of isopropanol absorb at highér fields

than the methyl hydrogens of isopropyl benéoate.




However, the key to the elucidation of the exact chemical Structufe ﬁf

the isomer is-the bvérlap of the methylene doublet with the methyne sextet.

The argument is the following. The me thyme multiblet_of propyiene glycol
‘occurs at 3.8 ppm in CDCI3 (figure ﬁI.Sa) while its metﬁylene hydrpgens absorﬁ
at higher yields .3;45 ppﬁ;' Furthermore, the.methyne Sextet of isopropanol
~occurs at 4 ppm (figure VI.5b) while the meﬁhyne of isopropyl bénzoate-appears
at 5.3 ppm (figure VI, 5c) showing the effect of the more eleqtronegative ester

group in increasing the chemical shift expressed in delta values from TMS,

In addition, the fact that both methyhe and methylene absorptions of the synfhesised
compounds 6ver1ap‘at'arouna 4 ppmrindicates that ;hile.the methyné is almost
magnetically-equivélent to that of propylene glycol and isopropanol, the

methylene doublets appeaf at lower fields than thoée of propylene glycol

indicatiﬁg that the group in their vicinity is more electronégative than the -OH;

the only alternative arises from the presence of an ester group.

It follows therefore that the terephthalate is composed of type I1 segments,

its structure being that of bis (2 hydroxypropyl) terephthalate

T \
O cH, N 2
HO-CH-CHZ-OI Y0-CH, -CH~OH

3.4 Infrafed.Specfroscopy

i.e.

Infrared.analysis_of both cbmpounds in the form of KBr discs provideé thé_basic
information.chéracterising them as pfop&lene glyc01 esters of terephthalic
acid, mainly by: |

a) The fQH sfretching vibration (\r-OH).atiu3400‘cmb1

b) The aromatic =-CH stretching vibration (V -CH) ata 3050 c:m-1

and the corresponding aliphatic vibrations at ~2850 - 3000 em L.
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c) The cafﬁonyl stretching (¥C = 0) at 1710 and 1715 cm-l for compound B
and A_respective1y§ aﬁd the ester stretching (C-0-) at 1100 cm-l and

1270 em L.

d) The methyl and methjlene scissoring vibrations in the 1380 - 1460 cm-ls

region.
e) The -CH (phenyl) out of plane bending vibrations (¥ -CH) at 730 cm-l.

Whereas the nmr and mass spectra of both compounds showed the same features,

their infrared spectra have the following differences:

(i) The ratio ofrfhe‘absorbance-of the methylene assymmetric
~ deformation at11410 em ! to that of the methyl deformation
at 1450 cm™ > is 1.138 for compound A and 1.779 in compound B

(figure VI.6 ¢ & d).

(ii) Whereas the metﬁyleﬁe rocking vibration at 918 cm_l of
~ compound B has a:rafher Broad band of medium inteﬁéity, the
absorptibn corresponding to compound B is sharper but. shows
" a shoulder at 930 crrl-1 (figure VI.6 e & f)., These banﬂ
bfoédeniﬁg features can be observed in the -CH stretching

fegion at 29_00“cm"l (figure VI.6 a & b).

The infbrmation given in paragraph 3.4 of this chapter dismisses the possibility '
of these Compounds‘haviﬁg different chemical formulae or even different
molecular weight, had this been the casé, then the nmr spectra would have been
differént. The alternativértherefore is that their crystaliine S?ructures are
different which results in slight variationé in their infrared spécffal

characteristics.
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3;5 Microscopic Examination

~ The crystals of_bofh compounds were examined under a micioscope as suspensiﬁns
in cedar oil ;He refractive index of which is‘1.533. Compound A consigted of
negdle like crystals, fibrillar in pla;es, having_a straight extinction i.e.

only parallel to the-direc;ion of ‘the polarised Iighf. Their birefringénce

was very high and the refractive iﬁdéx in the transverse direction of the
crystal matched that of:the suspending medium while the saﬁe index in the
longitudinal direction was slightly loﬁer, perhaps 1.5, Their crystallographié
.appearance can be roughly described-as:orthorombic, hexaéonal or triélinic.
Fu;thermore, examina;;on ofnthe mel;ing behaviour under é precalibrated

kaﬁfler hot stage micfoscope,'éhowéd that:whilst a very smali quantiﬁy melted ét

125°C the bulk of the crystals melted at 129 - 133.5°%.

The crystals of compouﬁd B, on the other hand, wére fouﬁd to consiét.ﬁainly of
plaques, two to three fimesrlonger than the.heediés described ébdve-éﬁ&,
whereas the refrécfive:iﬁdéx in the longitudinél direction matcﬁed that Ofltﬁe
medium tﬂe'other had a far-greater index. In addition the extinctién'was not
straigﬁt and from a crys£allogréphicApoint of view the shape.can be.described

as monoclinic.
The presence of some needle like crystals could not be disregarded. '

Their melting behaviour, examined under the Kauflér microscope, revealed that

the plaques melted at 125°C while the fibrils at 128-130°C.
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4 CONTENT OF BIS (HYDROXY PROPYL) TEREPHTHALATE ISOMERS IN POLY (PROPYLENE
TEREPHTHALATE? PREPOLYMERS. ' ‘

Since the analysis of the synthesisgd title compound suggests that the secondary

hydroxyl grouﬁ_remains free, it is our aim now, to find out whether this isomer
is the prédominant one in the polymer itself or, if the replacement of
terephthaloyl chloride by the parent acid in the synthesis of the prepolymer,

gives rise to the three possible isomers and if so in what proportions.

4.1 Isolation of P(TP)1

Bis'(hydroxy propyi) terephthalate was isolated from the T400-B prepolymer by
means of our standard GPC column containing polystyrene beads swollen. in

chloroform.'..

Thus a solution of 0,15 gfams of prepolymer in 2 ml of chloroform were first
applied én the column and the eluting solvent containing the last component
i.e. P(TP)IIWas isolated (figure #I;7a). Thé-solution was then concentrated
by means of é stream of cold air; until‘approximately 2 m] wére left behind.
This solution was tﬁén féinjected in the same column, for further purification
of the comp&nenf, and ; part of the soiveﬁt, thought to contain uncontaminated
.P(TP)l has been isolated (figure VL. 7b). 'Again, the excess solvent was
eyaporated, COﬁpletely.this tiﬁe, with cold éir‘and the resi&qe was subjected
to amalysis, It consi;téd of a colourless liquid in which crystals developed

l
with time.

Following the work of Heitz et 51(16: 17)

who achieved preparative separations
oh a one gram scale, usihg glass columns of 200 ém length and 50 cm diameter,
an‘attempt ﬁés been made to isolate P(TP)1 from 1 gram of prepolymer. A 20%
THF solution was first applied to a 1 m loﬁg, 2,75 cm diameter column containing
biobeads $X1. The solvént containing the last component was isolated, and after
concentration on a water baﬁh, fhe solution was reinjected in a 1 m long,

2 cm diameter column containing biobeads SX2 of low exclusion limit, for the

better separation of the low molecular weight components, Both columns were
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running on THF. The isolation seemed to be adequate but the contamination -
of the compound with THF impurities and decomposition products rendered its

analysis doubtful.

4.2 Analysis of theVIéplatéd Component
Tﬁe compound isolaféd.frdm chloroform, has only been subjectedrto'NMR anaiysis.
The spectrum (figuré.VI-S) taken froﬁ a 20% solution in DMSO cén be éasi1y
- elucidatéd by_mean$ of thelinfoinmtion given in Chapter IV {the lack af_
resolution, in CDCis, is‘apparént). The fact that the ratio of phenyl to
methyl hydrégens is approximately equal to 4/6 (%f% = 0.67), as well as because

of the absence of ébsorptions‘chéracteristic of diesterified prapyiene'glycol

segmenfs, indicate that the compound is P(TP)I.

It is apparent that in addi;ion to the absorptions due to Bis (2 hydroxy
propyl) terepﬁthalaté,'othet multiplets are also present. These are caused
by Bis (1 hydfoxy prbpyl).terephthalate. ‘The contribution of the mixed isomer

also, cannot be overlooked.

4.3 Statistical Analysis of the Results

For the calculation of phe-relative population of the above mentioned isomers,
advantége has béep taken of the presence of two distinct methyl. doublets at
1.14 and i.25 ppm characterising the primary esterified hydroxyl groups (p)
and thé'secondary esterified -OH groups'(s) respectively; Their integrated
traces being in the réti; | | |
P 4l
5 2.7
In statistical terms,_the.probability of esterification of a primary

hydroxyl group, denoted P(p) is 4.1/6.8 and that of esterification of a

secondary -OH, P(s), is 2.7/6.8.
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Since the synthesis of -the polymer is carried out in the presence of excess

glycol, then the formation of a p ester bond will have no effect on the

(18)

formation of an s bond, both events being independent . It follows that the

probability of formation of a p-p diesfer, (Bis 2 hydroxy propyl terephthalate),

4.1 4.1 _ 16.81

denoted by P(p-p) will be equal to == x on the same basis

6.8 X 6.8 - 46.24
2.7 2.7 7.29
Pls=s) = €5 X 5.8 “46.24
and _ _ )
' 4,1 _ 2.7 _ 11.07
P(p-s) =55 X 6.8 = 46.24

However, in the last case allowance must be made for P(s-p)} which is equal

to P(p-s). Therefore, the probability of formation of the mixed isomer is

. 11.07 22,14
B(ps) = 2 X354 = %6. %4

It follows that the ratid_of p-p to p—s to s-s isomers in the poly (propylene
terephthalate) prépolymer is equal to

16.81 ¢ 22.14 : 7.29

ot 2,3 : 3.1 : 1
The faster esterification rate of the primary hydroxyl groups(19> with the
carboxyl gro.ups is clearly_' shown from the - - - ratio of __ihe, methyl ga’abp'_
miegrals
5 27
= 1.5
i.e. * . primary hydroxyl groups are esterified 1.5 times maci¢ ct¥eéﬁvc1y than

secondary hydrokyls.
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5 DISCUSSION
Bis (2 hydroxy propyl) terephthalate offers an example of a compound existing
in two different crystalline forms; these are the low melting plaques and the

needles with a higher melting point.

In the experiment31 part-of this chapter, it is not claimed that the different
crystals have been succéssfully isolated despite repeated crystallisations,
meaning that each foim, although chemically pure and satisfactory enough for
characterisation purposes,. is slightly contaminated by the crystals of the other

thus causing probably some discrepancies in the true melting points.

The contamiﬁation can be easily understood frbm the fact that both '"compounds"
as obtained through the synthetic method described earlier on coexist and both
crystallise from water, fhe high meltingrone however being more soluble in the
mothér liquor, which, n@nefheless is not entirely free from the low melting
crystals, despite theirrmuch lower 561ubili£y. Other solvénts, suitable-for the
crystallisation of the compounds, such as.dichloroethane, have the ability to
dissolve both types of crystals with the séme-ease thus ﬁaking their Sepafation
practically impossibie. Further attempts aiming at the isolaéion of the pure
crystalline forms, followed by_ﬁore ektensiveVcrystallographic studies are being

considered by other resear;hers(zo).

The formation of these two_types of crystals may be explained in terms of
possible arrangements, or.packings, the molecules can assume thrbugh:ﬁydrogen
bonding; thus the.plaqués may result from molecules associated parallel to each

other -

€.2. _6\

: H
Il CH ~7
o cu-cn -o’ v-cH -cu i
" s
frCH-CHy~0_ 0=CH,,~CH
5 cu P $ l
3 o7 Yo CH

::;...Q
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while the needles couid‘Bé the result of a preferentially longitudinal

arrangement
e.g. _ CH,
~O ,D‘\ 1
H_ CH, SH CH=CHG
S
/o —CH —CH -o b-cu —CH-Q\

In the synthetic method, déscribeduin sub-section 2.3.3, 20 moles of propylene
glycol have been usedroﬁ,the basis that they correspond. to a "large excess" which
will prevent the formation of high mplecular weight polyesters. This quantiiy
can be gradually teducéd and the reaction conditions may be changed provided that
under the new conditions the stage of esterification §f the glycol at both ends
is not reached and'this can bé %onitored by nmr since,.as shown in Chapter IV,
segments such as RE-O—&HECHz-o-g-R Sh@w specific nmr absorptions.’

Whilst‘the kinetics of polyesterificétion have not béen studied in this work

it should be possible to apply nmr examination to this field when the following
'considg¥ations apply; large scéle'syntheses still with considerable.excess'of

acid éhloride(zo)

revealed the presence of relatively small quantities of the
mixed isomer (primary-secondary) as well as of bis (1 hydroxy propyl)
terephthalate, suppofting the fact that acid chlorides react much faster with

the priméry than with the secondary hydroxyl groups.

NMR evidence, on the otﬁér hand, shows that the réte of reaction of terephthalic
acid with the secondar& hydroxyl cannot be disregarded. A comparative study

of their relative reactivities towards a large excess of primary and éecondary
hydroxyl groups can be achieved by means of nmr spectroscopy énd,thé following

general kinetic treatment,
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If Po represents the initial concentration of the primary hydroxyl groubs

and P their concentration after a reaction time t, then

1. wBEA
where kp is the rate constant and A the concentration of the acid or acid

"chloride.

By rearranging, and integrating between limits

P i kp | [A:l 'fdt

fim-

Po

. : ﬁ’o
e e = In Pl
Similarly _ :

Where S stands for secondary

ke ] ¢

ks [A;]- :

The ratio of the two logarithmic equations is:

In IP!/ ! Pol

o B/ 159

Since [E’o] - [Sc;] = .[GO] , where: G, is the initial glycol concen&ation,

then 1n [P] /[G;\

= kp/kS

= kp/ks

E;] [G] v )+ (9

Where G is the cmncentration of the free glycol at the end of the reaction.
The ratio E’] / [S] can be determined as ex.plained in sub-section 4.3, by means
of the correspbnding m'e‘thyl integrated traces p and s whilst the individual

values of [P] [_S] and [9] may be estimated by the method descrlbed in Chapter IV

[P] [S] phenyl mtegral

and with their already known rati_c», [P] and[S] can be calculated,
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Similarly +[s]1 _ G+5)6

2 &3

where g is the nmr integrated trace of the free glycel methyls.

Once[G] and [G(J calculated, the ratio kp/ks may be determined.

From a technological point of vieﬁ, bis (2 hydréxy propyl) terephthalate is én
aromatic diol and subsequentiy a source for thé development of novel unsaturatea
_polyesté;s. It is obvioys'that the‘ratio of styrene moleciiles to ester bondsrin
_a‘repéat"ﬁnit of cured product, will be lower than in the case where the

: prepolyméf, P(TP), is used as the original diol, provided that both<un;aturated
polyesters contéin equiQaleni amoﬁnts of fﬁmarate_unsatufation as well as

styrene; therefore a thédretical prediction would be the enhancement of tﬁe
hydrolytié sfabiiity of thg P(TP)l based polyesters, In addition, because of

the short distance Which will separafe the double bénds é.reduction of the
flexibility of the f#ﬁglrproduct is to be expected. However, owing to the

lower molecular weight Qf_bis (hydroxy'propyl) terephthalate comﬁ;red to_fhe

poly (propylene terephthaléte) prepolymer, the resulting alkyd will consequently
have a lower molecular weight and therefore its styrenated solutions will have their
viscosity reduced, when gqual styrene levels are used to dissolve both polyesters.
Nevertheless,'iowef styrené quantities than those used in the 'Impolex' resins
could be tried ﬁo reéch the reﬁuired viscosity and the properties of the cured

" polyester tested and compared to those of the 'Impolex' types.
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6 CONCLUSIONS
A novel simple method has been introduced for the synthesis of
bis (2 hydroxy. propyl) terephthalate, a diol which has not yét been used

in -unsaturated polyestér technology.

Nuclear magnetic resonance spectroscopy can be used in following the kinetics

of the reaction as well as in improving the reaction conditions,
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 CHAPTER VIT

SEQUENCE DISTRIBUTION OF SATURATED SEGMENTS IN UNSATURATED

POLYESTERS

1 INTRODUCTION

Experimental evidence suggests that-unsaturated polyesters Synthesised'in
two stages result in cufed products with better properties than those originating
from one'stagé\alkyds. Twnrréasons hafe been given for the explanation of

this fact; the first is that the twﬁ_stage polyegters have their double bonds
locateﬂ at the end of the chains thus allowing a closer packing of the
macrpmolecules durihg crossiinki&g,-and tﬁe second reason 1ieslin the infiuence
of the distribption'bf the saturated segments determined by the first stage.
The effect of side reactions has also been mentioned in that respect

(Chapters I and II).

Hoﬁé#er, it seems hard to believe that théltérﬁinél double boﬁd-has such

an effect on the prdperties esﬁécially when the molecular wéight of the
polyesters is in the 3000 to 4000 range with an acid number of 7-10; in adﬁition
t§ the fact that mofe than 50% of.the prepolymer population'consistg of low
molecular weight 5pecie§ of the order of 450 as shown fn'Chapter IV indicating
that at least four douﬁle'bonds are present in the polyester spine Eesides the
terminal, Furthérmorg the occurrence of a hfdro#ylated end in the bulk of the
unsatu?ated polyester chains is unavoidable since they ;re synthesised from

equimolar amounts of maleic:anhydride and a diol, in the form of a prepolymer,

On the other han& the aééumption that the molecular weight distribution 6f the
firsf stage polyester contributes to the superiority §f the properties of the
final polyesters can ﬁe criticised on the bésis that this distribﬁtion can
easily be lost during the second polyesterification stage through éster .

interchanges.
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In this chapter are described attempts made to dissociate the saturated

poly (propylene.terephthalaté) segments from poly (propylene terephthalate
fumarate) dhains; The objective being the comparison of their distribution
with the distribution of the original prepolymer, described in Chapter.V.

In fact this gxércise aims at the elucidation of whether the prepolymer chain
structure suffers from hn}_pettutbation during the second polyesterificati;ﬁ

stage as the result of transesterification reactions.

Basically two routes have been followed in that respect, One, involving the
breakdown of the double bonds, including ozomolysis and phase transfer
oxidation and the other dealing with the preferential hydrolysis of‘thé

fumaraté ester bonds, The methods will be detailed in the sections to follow. )
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2 DOUBLE BOND SPLITTING BY OZONOLYSIS

The reaction of defins withrozone is described in all the standard textbooks

(1,2,3)

of organic chemistry, élthough specialised reviews offer a better
understandiﬁg of the process. The mechanism of ozonolysis is related to the

- classical work of Criegeej this can be described in the follbwing way?

. 0
4 - b i -
§_+03-—v¥_\0. — '&'0_'_ — 700
¢ 7 c ~C=0 +
A 7 N A : :C = 0

Because of the instability of the zwitterion formed, the following side

reactions may occur

Y o0-0" + 3 0._“?\,00 id
and . o . ‘ ' i
| Lo : : : - . ~ .-0\/
“C=0=0 ey polymeric peroxides '+ C
+ - _ _ N0 /\

Since the main purpose of this réaction is the splitting of a molecule bearing
a double bond inteo twé productg, it is essential to stabilise and decompose
the zwitterion and the ozonide respectively; i.e. two paths are available,
either to stop the reaction at the stage of the zwitterion formatibn through'

its interaction with a reactive medium, usually an alcohol

OR
+C 0=0" ————é )
oo
followed by the subsequent reduction of the hydroperoxide(a)
R N
Ll + (CH,),S—>C = 0 + ROH + (CH,),S0
NooH 327 e 372

or by allowing the ozonization to proceed to the ozonide stage by carrying it
in a neutral medium e.g. CCI.4 and splitting the ozonide with a reducing agent

e.g. . d/d;“ ~ .
,C-...,,a,/c + RH-——-—-;» 2 ©=0 +RoH
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Methods of ozonide reduction may be found in reviews and standard organic
chemistry books., Examples of typical reducing agents are sodium or potassium

iodides and glacial acetic acid (when hydroperoxides are formed)(s)
' (6)
5)

s zinc or
magnesium and water or acetic acid, catalytic reduction (Pd/H
' (7,8)

s sodium

‘bisulfite, sodium borohydride and aqueous ethanol as well as triphemyl"

(9’10). The last seems to be particularly attractive because it

phosphine
" converts ozonides almost quantitatively to the corresponding carbonyl compouﬁds;
it also avoids the formation of oxygen coﬁtaining bi-products since hydropefoxidés,

dimeric and polymeric peroxides and polymeric ozonides are all converted to

carbonyl compounds

(19 2%
0\
:xg:&‘c:: 0
\0-(07 : ] 1+

The reaction proceéds at room temperature in the absence of oxygen and it is

faster in polar media (e.g. ethanol),

From an experimental point of view, the ozonisation reaction is generally
~ followed by infrared spectroscopy; the ozonides as well as the ozonolysis

products are generglly detected by gas liquid chromatography.

In the polymer characterisation field, ozonolysis has been mainly'ﬁséd in the

elucidation of the structure of rubbers(11’12'13);

The preferred technique used
(14)

1s microozonolysis , carried out on small samples, This is claimed to

eliminate side reaction as well as the potential danger of large scale ozonolysis.

On the other hand, triphenyl phosphine is the reducing agent mostly employed.

The ozonolysis of unsaturated polyesters has not been tried before, Therefore
of particular interest to the work described in this section is the ozonolysis

of fumarate esters which constitute the polyester backbone sites for ozone attack.
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The actual ozonisétion:procedﬁre.of diethyl fumarate in CCl

&4
extensively studied by Briner et'a1(15’16’17). The course of the reaction

has been

was followed by infrared spectroscopy, the changes in absorption bands were
commented in terms of the chemical alterations that occur durlng the reaction,

Particular importance has been given to the carbonyl absorption at 1730 cmal.

As ozonisation-proceéds a strong band, attributed to the carbonyl néighﬁouring
the ozonidé.cycle, developé at 17667cm-1. This band bears a shoulder af
1750 <:m-‘1 caused by the qarbonyl group of efhyl glyoxylate, formed during
'ozonolysis. The'ozonide;groupzitself has a charaéteristic absofption.a;

1105 cm-l.

After prolonged ozoqolysis (20 days), the intensity of the absorptions at :
1766 cm-} and 1105 cm” ! ‘is reduced while two sfrong bands are formed aﬁ about
1747 en”! and 1732 em™'. The first is attributed to ethyl glyoxylate while
the second te diethyl oxalate resulting from the progressive auto-
transesterification of ethyl hydrogen oxalate which is also accompanied by

the precipitation of oxalic acid

A mechanistic approaéh_td the ozonolysis of diethyl fumarate in methanol

_has been given by Johnson and Bailey(ls) accordingly

0 Et0CO- CHO ethyl.glyoxylafe
G oo |
££0-CO-C-H
| b,
The hydroperoxide itself rearranges by two competitive routes
| §O0-OH H  Et0C0-OH-—$EtOH + CO,

i : e ,
1 Eeo-o-t —3rroco e ——s .
_ ‘ l |

OCH H-C-~OCH Methyl formate
3 3 3

I
0

E+0CO-CH=CH-OCOEt

OCH
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HO-0 OCH

i - 1
2 Eco-co¥edy __—-—~—-9Et000-c-‘6§H ————3 Et0C0-0C~OCH

(l)CH ' ' Q’)-H ’
3 Methyl ethyl oxalate
. i
H,0
The reaction was followed quantitatively by gas liquid chromatography. Thus
one mole of ozonised dietﬁyl fumafate gave one mole of ethyl glyo#ylate{

0.4 mole of methyl formate and 0.6 mole of ethyl methyl oxalate,

Pappas et al(é), however did not mention the formation of the last two compouﬁds
when_their diethylrfumarate ozonisation product, in methanol, was treated with
dimethyl sulfide, Two compounds were obtaimed, namely ethyl glyoxylate and

methanol hemiacetal in 87-92% yield.

The above experimental evidgnce will be reparded as valid for the description

of the ozonolysis df unsaturated -polyesters. In the folipwing se;tiops,_itrwill
be .assumed that ozonisation.in a neutral medium followed by the split;ing of
the ozonide results ;n glyoxylates, while in protic solvents such as methénol
and treatment ﬁith dimgthyl sulfiderthe producf will be glyoxylates and methanol_
hehiacétals. Because of the slight molecular weight difference between theée.
two compounds, it should be éxpected that the ozonolysié products;.in méfhaﬁoi,

have a less defined chromatbgram.-

2.1' Expérimental Programme

The experimental approach.to the pfoblem involves basically two steps, Fifst the
ozone treatment of the double bonds to form the ozonides and their éubsequent
splitting, followed by a gél permeation chromatography fractionation of the

ozonolysis products,

2.1.1 Ozonolysis of T400 alkyd in neutral media

The ozonisation was carried out on 0.2g samples of alkyd dissolved in 3 ml

chloroform or dichlorcethane, at dry ice temperatures.,
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The ozoniser used is shown in figure VII.1 Its ozone output, as determined

(19)

iodometrically was 4.5 millimoles of 03 per hour at an oxygen flow rate of

60 ml/min,

Since the alkyd itself has been synthesised from 1 mole of tefephthaiic acid
(M.W.166), 2.2 moles bf propylene glycol (M.W.76) and 1 mole of méleic anhfdridé
(M.W,98), then 0,2 grams of it will contain approximately 0.5 millimole of.
Vunsaturation. Therefore, if it is assumed that all the ozone'formed is consumed
by the double bonds witﬁout any loss; ozonisation would be completed-in

7 minutes.,

For a more acéurate assessment_bf the ozon;sation process tﬁe réaction has been
followed by infrared spect¥05copy, this of course is based on the fact that
absorptions characteristic of the double bonds will have their intensity fedﬁced
with time, Specifically these bands are due to:

‘a  The =CH viﬁfatioﬁ at 772 cmfl (figures VII.Z.#,b&é)

b The =CH out of ﬁlane deformation at 980 cm'l,tfigdres VIi.Ba,b&c)

c The C=C Stretchihg viBra£ion'at 1640 cm™ (figures VII.ha,b&c) :
The-disappearénce of tﬁé.firSt'band as a function of ozonolysis time.is shown in
figure VII.5; the band at 730 en~! (out of plané bending vibration of the phenyi
hydrogens) has been taken as internal standard. The graph shows that |
ozonisation is complete in 75°' which is a much‘longer period thén the éalculated

one indicating that the reaction of these double bonds with ozone is. slow.

The factrthat maleaterdoubie bcnds.ére absent is mainly deduced from the

nuclear magnefic ré;oﬁance épectrum of the alkyd (figure VII.6.2) which exhibits
a single absorbtion at 6.88 ppm, charactéristic of the =CH fumarate ﬁydrogen,
‘comphrgd to the two ébsorption# of a low ﬂ.w. poly (pfopylene-maléate)

cobolycondensate synthesised at low temperatures (figure VII.6.b).
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Furthermore, the formation of the ozonide is translated by a broadening of
the carbonyl absorption band (figure VII.4.a,b&c) mainly shifting towards
higher wave numbers, as well as by the broadening of the C-0 stretch absbrption'

region (figure VII.7a,b & c).

It is also interesting to notice a broadening in the region of the OH group
absorption (figure VII.!Ba,b&c)'mainly attributed to the formation of hydrogen

bonds'aSn-well.as to the possible occurrence of hydroperoxides.

In addition the poly (prdpylene terephthalate) prepolymer, which constitutes
the saturated_pﬁrtion of the alkyd chains; has been subjected to ozonisation on
its own. However,:ifs infrared spectrum showed no changes even aftér two hours
of ozone treatment (figureé VII. 9 a&b). Furthermore, the samé'techniqﬁe was
applied to'study the effect of'pure oxygen on the alkyd, Here again no

noticeable effect was detected spectrophotometrically.

Triphenyl phosphine was the reducing agent used to spiit the ozonides into
‘aldehydes, It has been selected on the basis of its fast and quantitative effect
furthermore it reacts without any special treatment_in the ozonisation solvent

itself without affecting the chemical groups of the rest of the macroﬂblécule.

Thergfofe'the freshly ozonised alkyd solution was first flushed with nitrogen to
expel the dissolve& ozone and oxfgen; it was then treated with 2,5 g.tviphenyl
phosphine, Be#ausé of the exothermic nature of the reaction it 1s.pre£etabie to
immerse the tube contaiﬁing thé chlorofqrm solution in cold water during addition
of the solid ozonide reduciﬁg agent. The soluﬁion is flushed once more with
nitrogen then the tube is stopbered and left to stand overnight. A goioﬁr'

change to pale yellow is noticeable.
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12.1.2 Ozomolysis of T400-alkyd in Dichloroethane/Metbanol
In the introductory.part of this section, it has been shown that ﬁhen ézonization
is carried out in a reactive solvent such as methanol, the reaction_does nbt'
feach the o%onide stage but results in a stable carbonyl compound and a
hydropercxide formed_by-the :eadtion of the solvent with the intermediéfe

zwitterion.

However owing to the inSqubility of the alkyd in methanol, 0.2 g were first
dissolved in 2 ml dichloroethane and then alcohol was added till the formation

of a slightly persistant turbidity.

The solution was ozonised, as before at dry ice temperatures, until the infrared
absorptions corrésponding to fumarate unsaturations completely vanished from

the spectrum,

The solution'wés thén flushed with nitrogen and Ereafed with 2 ml of dimethyl

sulfide at 0°C for 2-3 hr.

'2.1.3 GPG Fractionation of the Ozonolysis Products

The gel permeation chromatography experiments described in this subsection were.
carried out on a 95 cm long, 1.12 cm diameter column packed with Biobeads SX1
swollen in chloroférm. The infrared detector was set to detect the eiuting

: species‘containing.a_carbonyl group absorbing at 1715 cm-l._.

Two referencé chro?atogramé were first recoided. The one shown in figure

VII,10.a. corrésppnds-to a T400 alkyd. The absence of any resolution clearly
suggests that the molecular weight of this unsaturated polyester surpasses the
exclusion limit of the gel.. Therotﬁer chromatogram {figure VII.ll;p)‘displays

the familiar pattern of a T400 prepolymer.

The chromatogramg of the ozounised samples were the result of the application of
a quarter of the solution used in the actual ozonisation experimgnts i.e.

~0.5 g/1 ml chloroform {or dichloroethane). Because chloroform develops a
carbonyl infrared absorption after treatment with ozone, the solvent was

evaporated with a stream of nitrogen and replaced with a fresh quantity.
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Figure VII1.11.c, sﬁoWS'the Chroﬁatogram of a T400-A prebolymer subjected to au.ozoneli
treatment for one hour. It is obvious that desplte the fact that its corresponding
infrared spectrum remains unaltered, a good deal of the GPC resolution has been
lost especially in the high molecular weight region. No atteﬁpt was made to
1nvest1gate the factors causing the loss of resolutlon. The chromatogram has been 7
considered as a rough representation of the future chromatogram of the alkyd
ozonolysis product had the splitting ‘taken place as anticipated from the ba51c

mechanlsm of ozonolySIS.

The chromatograme_of the ozoﬁisation product treated with triphenyl phosphine ”
and dimethyl sulphide”afe shown in figures VII.1la and figute VII.llb |
respectively. It is apparent that the chromatographlc resolution is entlrely
.1ost, in addition to the fact that peaks probably due to low molecular weight l
produCts as well as peaks due to high molecular weight components, appafently

unaffected by ozone, can be detected.

The most unexpected observation, however,emerges undoubtedly from the
chromatogram of the ozonisation product (figure VII.1ll.c) which looks almost
like the two previous chromatograms ¥uggesting that the reducing agent hardly

affects the ozonidee; mostoof the splitting having talcen place.befonéﬁand;nﬁ

It is worthwhile mentioning that all the experiments. have been repeated at

least thrice, The outcome was always the same.

2.2 Comments on the results

ﬁefore drawing aﬁy conclusion sbout the controversial and apparently unhelpful
GPC results, some eiperimental”facts will be first enumerated. |
a It has oeen oositively shoﬁn, by infrared. spectroscopy, that- the
attack of ozone on the polyester double bonds proceeds.slow;y but

quantitatively,
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b The ozonides assumed to 5e formed in chloroform or
dichloroeﬁhhne are split either dﬁring ozonolysis or
dufing theifjresidence in the chromatographic column
{3-4 hr) since theif chromatogram, expected to ressemble
that 6f the uﬁtteated alkyd, indicates clearly the
'presencé of iow molecular weight components in amounts
suggesting ihe complete breakdown of the qh;in struchfe;'
.Besides, side.reathons which codid affect the rest of
the struéture are unlikely to occur to a large-extént
-siﬁce‘the gross features of the prepolymer chromatogram

are retained even after 2 h of ozone treatment.

¢ The intensity of the chromatogram.peaks of the very low
molecular weight eluants (elution volume 85 ml) is largely
increased when the ozonised alkyd is treated with.
triphenyl phosphine or dimethyl sulfide.

d The élution volume range of all the prepolymer components
is bétween 40 to 85 ml with two intense peaks, due to’
P(TP)1 and P(TP)2 at 81 ml and 66 ml respectiveiy.A
The élutién.voluﬁe fange of the components of the ozonised
alkyd éonstituting the largé,undefined curve is 35 to 80 ml,
If a tentative guess qn.the:possible position of the two most
intense-ﬁeaks had to be made then this would be at 65 ml‘and
68 ml,

Some of the obsérﬁaﬁiqns.cited above seem té contradict basic and widely

accepted facts concerning ozonolyses.
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Observation b, to étart with,binsinuates that the decomposition of an
ozonide is a épontaﬁeous,précess. However it is well known that the
ozonides of diethyl fuﬁarate have béen isolated, characterised and are -
stable compounds(ly). Té account for this ambiguity it is suggested that
the splitting of the ozﬁnides may be facilitated or promoted by the strain
imposed by macrbmolecular éhain as well as by the interaction of.the

ozonides with the reactive terminal hydroxyl group or carboxyl group

hydrogens by a mechanism similar to that proposed by Criegee (reference

3 p.33).
e.g.
_ 0 .
% H
(/C | C\ e 2\/*1
H \0_// Somomr T3 ¢
' 0// ¢ + Y =0=R
- I :
7/0 H \ H 0/.
"R
H
.:>0

This, of course assumes that the interaétion.of the intermediate zwitterion
with the intermediate carbonyl compound leading to the formation of the ozonide

ring 1s much faster than the reaction of the zwitterion with the active hydrogens -

e.g.

‘\~0‘},

R &t
'\ |

Wl 0]

+ HOOC v’ Monnme OH
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If it is assumed that the formation of long chain hydroperoxides, through

the interaction of the termina1 hydroxyl group hydrogen with the intermediate

zwitterions predominafgs then the result would be a chain structure bearing both

hydroperoxide and ozonide bonds.

The formation of the ozonides is inevitable

 because the population of the double bonds exceeds that of the hydroxyl groups.

Qw0

E.E. HOw/\ \M*COO-
- 0/,7 -+
+ 0
Ol

ooy Q0H

\0/ C

’,0\ + o

0
+ oG’ N coo”
. —0 +
0OH
+ o—c-/o\,'--——--c '
~ o-—-o
(D s

0
b-—-o

However, as stated before the hydroxyl group population is rather low, and

because of their large dilution it may be readily assumed that both mechanisms

are competing during ozonization

e.g.
’,0"'Q\ +

\\. ,/r"'COO
 -5~;DH

0Oy OOH
| \
Ho-z\o /'-'%
0.

SV o

K

O===0
Y
O=C~—‘, s QOH + O=C smsennr
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If it is assumed that.tﬁe mechanism invﬁlving the ozonide sﬁlitting which in

fact is a gatalytic process pfedominates in néutral‘media then the résplting
products could well account for the chromatogram pattern, the undefinéd shape
of.ﬂhich could arise“ffom”hydroperoxides of intermediate sizes as well as from
chains ghe double bonds of whiéh“have been lost during the second éolyesterification‘
stage, This explanation seems to tie up well with the fact that the

chromatograms of the products of ozonolysis in chloroform as well‘ag in dichloro-

ethane/methanoi are alike.

To account for the position of the most intense peak on the chromatogram of the
ozonide (elution volume' 68 ml) the following is sdggeéted:n
Because of the high concentration of P(TP)1 species in the prepolymer the

presence of segments such as

' CH, . 0 0 CH
E 3 NS éy- .y 3
0 ))- H--CHZ—.-O-'C -O—CHZ-—CH-—O U
W | . \7
c" e ' . C
-, . | Y
“CH=CH _ | _ CHsCH =

> -

in the unsaturated pplyéster chains is inevitable. These, upon ozonolysis will
most probably yield
0 0 s
(‘:Hg, ";c-@—c {..ocuz-cri-o\ _o
0 0=CH~—CH, =0 c
C CHO

Pt
CHO

of molecular weight 394 which. is midway between the molecular weight of P(TP)1
(282, elution volume 81) and P(TP)2 (488, elution volume 66) therefore the
expected elution volume, V, assuming similar élution'behaviour, can be calculated.

log 488 - log 282 ~_  log 3% - log 282
66 - 8L 66 -V

e V=75,5ml
in contrast to experimental 68 ml, suggesting either a lower molecular weight
which seéms improbable on the basis of the ozonolysis mechanism or a different

elution behaviour.
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Finally it is suggested that the very low molecular weight peaks are due to

the ozonolysis of segments-of the fype

0 CH 0
N\ 3 %
C =0 =CH -'CHZ"' O0=C
/cn=cu — \CH=(‘.H
0=C C=0

{ i
0 0
¢ ’

Further research aiming at the full elucidation of the ozonolysis of unsaturated
polyesters has not been carried out beyond this point. However, some interesting

suggestions can be found in section 5 of this chapter.

At this experimental stage“oﬁr concern was to find an alternative method for
detaching the saturated segments from the unsaturated polyester chain and to

compare its fraétionation'pattern with those obtained from the ozonised hlkyd.
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3 DOUBLE BOND SPLITTiﬂG ﬂY PHASE TRANSFER CATALYSED OXIDATION

Phase transfer cﬁfalysis_iﬁvolves the réaction between two substances. located
in different phases by the use of small quantities of an agent,whichftrqnsfers
one reactant acroés the inte;face into the other phase so that reaction can

proceed.

This technique was thought to be of partichlar_interest for the oxidation of the
unsaturated polyester double bonds with potassium permanganate since it is kfiown -

that the former is insoluble in water while the latter is soluble.

The t:ansfét of permanganate ions from an aqueous solution to the solution of
the alkyd in an organic SOIGeﬁt immiscible ﬁiﬁh water commonly benzene, is
brought about by organic soluble quaternary ammonium cations, Q. The mechanism
of the oxidation.in'benzéne is not known buf it 4s speculated that the rgactibn
sequence is similar to that generallyracceéted for aﬁuepus sYstems(zp)

i.e.

3RCH—CHR+8QMnO—-—56 RCO,Q. + 8MnO, + 2 QOH + 2H,0

N o L e R e L el bl ]

H.
R Rlo
\ﬁ, MnO \C/p\Mn// Mno, ~ ?,\ / 20, -
. +Mn — n Mn -MnO., 2RCHO MnO, 2RCO
R’C M } Yo T R’ \%
: H ' H :

. Under the oxidation cbnditionsrci;ed.the formation of the aldehyde, unaccompanied

by further oxidation to acid, is detected only at very low olefin conversion.

A whole range of reactions can be achieved by phase transfer catalyéis; these

(21) (22)

reactions have been reviewed by Dockx and McKillop
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As far as double bond oxidations are concerned, 1 decene for example“iﬁ benzene,

has been oxidised to nonénoic acid (917) by aqueous KHnOa using tricapryl

methyl ammonium chloride as phase transfer catalyst(23). Similarly, Sam and

(24

Simmons )'found that dicyglohexyl-lS-crown 6 ether complex of KMnO

4 is
effective in oxidisiﬁg-quantitatively iﬁternal olefins to diacids e.g. oxi&ation
of pinéne to cis pinogit acid with 907, yield. Trans-Stilbene, on the éthef hand
when rolled in a ball mill with solid KMnOA, the phase transfer catalyst and_
benzene gives benzoic acid in 97% yield. The same reaction has been tttémpted :
withraqueous KMnO sdlution and tetrabutyl ammonium bromide as catalyst. The
yield was again excellent(zs?. The userof_other.catalysts is also discussed. |
Finally the use of basic KMnO éfficiently hfdroxylates the double Bonds; for

4
example olefins have beeﬁ_converted to cis 1,2 glycols with improved yields(ZG).

3.L Experimental Programme”

'Oxidation of fumarate double bonds by phase transfer catalysis has not been“
directly attempted on’ unsaturated polyesters but first ot a model compound
namely dibenzyl fumarate, the.reason being that such a reaction has not yetl
been tarried out on oléfinic unsaturations of the fum&rate'tfpé.r Also the
reason for choosing the benzyl ester ié that if the reaction gives thé expected
product_i.e. benzyl hydttgen oxalate then thié would be a solid much‘essiér to

isolate and purify on a semimicro scale.

3.1.1 Synthesis of a Model Compound - Dibenzyl Fumarate

The title compound has been synthesised by the direct esterification of

'fumaric acid with benzyl alcohol

Thus 20 g.fumariclacid and 200 ml benzyl altohol were ihttoduced in a 500 ml
round bottomed flask equipped with a reflux condenser and a thermométer._ |
The mixture was heated at 130°C for 15 h. At the end of the_reattion period
the unreacted benzyl alcohol was distilled off under reduced-presédre. The
solid residue was dissolved in benzene and then was successively washed with

dilute sodium bicarbonate solution and water.
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After drying the.orgaﬁiC'léyer over anhydrous sodium sulphate, the beuiene

was dist111ed off and the solid was crysta111sed from diethyl ether. The

(27)

melting point of the resulting needles was 60-61 °c yield ~-85-907.

3.1.2 Oxidatlon of DLbengyl Fumarate by Phase Transfer Catalys;s

5 grams of KHnO4 were dissclved in 50 ml of distilled water present in a three
necked round bottomed flask equipped with a reflux condenser, a dropping funnel
and a thermometer. The flask, immefsed in ice cold water, contaiued-the PTFE
coated bar of a magnetic.stirrer. Torthe aqueous solution was added d.6 g of
tertiary butyl ammonium iodide, phagé transfer catalyst, a buffaer solution to
‘regulate the pH at 7 throﬁghouf the reaction and esseﬁtiéily to ﬁedtralise the
effect of the basic salt (QOH) generated; as well as 30.m1 of benzene. Upon
étirriﬁg the benzene layer assumed a purple colour ﬁecause of the transfer of

the permanganate ions from the aqueocus layer by means of the tertiary butyl

ammonium cation,

To the magnetically stirred two phase liquid mi#tufé was added drbﬁﬁise, a‘

30 ml_benéene solution of'diﬁeniyl fumarate (3g) present‘in the dfoéping fuﬁnel.
The aadifion was completed in 20 minutes and the temperatufe ﬁas kept at IQDC
throughout., Stirring was then continued:fdr 2,5 h at room temperatﬁfe.

After completion of the reaction périod the precipitated MnO2 was filtered

off and the two layers were sebarated. The aqueous layer, the. pH of_which
remained at 7 and containing the reaction product in the form of a salt_wa§
first tréa;ed_with ;odium_sulfitg to'destroy the excess KMnOa.
This was followed by the.addition of é cold, dilute solution of HCl until

pH=3, The precipitating compound was extracted with diethyl ethef} the
ethereal solution, to which were added the other extracts of the water washings

of the benzene layer as:well_as the washings of the precipitated Mn0,, was

2

dried over énhydrous sodium sulphate.
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After distillation of the ether on a water bath the oil residue left
behind slowly aolidifie&‘oﬁ standing. The melting point of the solid was
42%-44°¢, erstallisation.vas carried out from CCla; m.p. 48°¢C yield

~1.°og- (3370).

In addition, the benzeneg constituting the organic layer was distilled off.
A yellowish liquid, benzyl alcohol; containing traces of diethyl fumarate
was left behind- yield 0 5 g (171) Both components were identified by

infrared spectroscopy..

The crystalline solid recovered from the éthereal extract was identified as

benzyl hydrogen fumarate from its integrated nmr spectrum-'the ratio of the
"integrated trace of the methylene hydrogens absorption (5 = 5,25 ppm) to the
trace of the phenyl hydrogens absorptidn'(6== 7.35 ppm) being 2/5 (figure VII.lﬁ).
Furthetmore, upon treatment.with a dilute solution of sodium bicarbonate the |

solid dissolved with effervescence which indicates its acidic nature.

3'2. Comments on Results

Whereas thefapplication of phase catalysed oxidation to olefins, mostly.beating
a terminal double bond, results in quantitatine yields, its effectiveness in
splitting fumatate'dOuolelbonds is, as shown By the above experimental evidence,
reduced considerably;r This suggests that the.method is not aaequate for'etudying
the sequence distribution of the saturated segments in unsaturated polyesters-

an almost quantitative splitting being the prime requirement in fulfilling this

purpose,

Further investigations in imptoving-the reaction yield e.g. alteration of
reaction conditions, as well as.the isolation and identification of the
remaining 50% of the reaction products, have not been undertaken. However,
it is thought that owing‘to the poor yields obtained>by this procedute
followed any further improvement will hardly lead to quantitative oxidative

cleavages,
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Other oxidation methods, perhaps mot phase transfer catalysed, but operating
in mixed solvents, particularly dioxan/water, where the alkyd is soluble
(80% dioxan by volume), can be applied as alternatives to the method described

in this sectien.

' - 9
These methods arée a) Periodate - permanganate oxidation (Lemieuxﬁvon'Rudloff)(2§6§
in which the permanganate is reduced only to the manganate stage; it is then
regeneratéd by the periodate which by itself does not attack the olefin;
- | )
RCH Kﬂnor : R-CH-OH RCH-OH RCOOH
R iy /S > 1. = S
R'CH N8104(25 c) R~CH-0H R'C=0 - R'COOH
b) Periodate-osmium tetroxide oxidation (Lemieux-Johnson) 3l

The reagent, periodate catalysed by osmium tetroxide, operates as fqllbws;
- Osmium tetroxideadds to a double bond to form an osmate ester, and this is
oxidised by pefiodate with.cleavage_to carbonyl compounds and regeneration of

‘osmium tetroxide

e.g. . 0504 .
RCH=CR RCH ~———CR 2NaI0, RCH=04+0=CR.+2NalQ+0s0
2 25% l. : 1-2 —tiy, ) 2 3 4
NV |
- ,0s
#
0’, ‘Q§b
"~ ¢) Periodate-ruthenium tetoxide oxidation(32), is an

alternative to the above method and proceeds quite well in aqueous- acetone
where the alkyd ts soluble, 'Thé periodate is the prime oxidant, ruthenium
tetroxide functions as a catalyst. The application of fhe periodate-osmium
tetroxide oxidation method has been attempted directly on the alkyd, but the
 results were not very promising. Thus 0.12 g-of T400 alkyd preéent'in a

10 ml volumetric flask were dissolved in 2 ml dioxan, to this solution was




added diptilled water fill ihe'appearance of a slight turbidity; this was
followed by the addition of a few.drops of dioxan and 10.2 mg of 0s0,.
The solution first gssumed_a yellowish colour which furned to deeﬁ brown

on shaking. 0.2 g of finely.ground NaIO4 ﬁere then added over a perioq of

15 min and shaking at 25°C was continued for 1 h until the colour of the

slurry became pale yellow.

The mixture was extfaétéd with 5 ml chlbroform, the extract dried over
anhydrous sodium‘sulphate and 1 mi was injected in the chromatographic
bolqmn operatiné_on chldroform, Howévef, a greyish colour beéoming darkeri.
and da?ker devéloped with tiﬁe and spread itself thf&ughout the G?C:colﬁﬁn.
This adferée development led us to give ﬁp the method without any further

investigation.
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4 SEPARATION OF SATURATED SEGMENTS BY PREFERENTTAL HYDROLYSIS

The objective of the experiments described in this section is to detach
the saturated poly (propylene terephthalate) segments from the unsaturated
poly {propylene terephthalate fumarate) chains by hydrolysing preferentially

the propylene fumarate ester bonds.

The higher rate of hydrolysis of the esters of fumaric acid over similar
esters of succinic, maleic and terephthalic acids may be easily deduced from

published work.

It has long been known that the rate of hydrolysis of the esters of some of
the -above mentioned acids increases in the order
benzoates € succinates fumarates(Ss)

On the other hand, the difference of saponification rates of diethyl fumarates,

. . . . 20 . .
maleates and succinates in water-dioxan mixtures at 25 °C has been investigated

by Pekkarinen and}Halonen(3A’35); their results are tabulated below.

Reactant i k25

~ooC CH, CH, COOEt : 0.0177

EtOOC CH, CH, COOEt | 0,207

T00C CH=CH COOEt (trans) 0,158

 Et00C-CH=CH-COOEt (trans) 4ob7

“00C CH=CH COOEt {(Cis) 0.00486

Et00C CH=CH COOEt (Cis) 10,407

The tabulated results indicate that the rate of alkaline hydrolysis of the

three diésters under consideration increases”in'the order
succinate ¢ maleate '¢ fumarate

Furthermore, it has been shown that diesters of terephthalic acid undergo

alkaline hydrolysis approximately 1.5 times slower than the diesters of maleic

(36)

LY

acid

This set of observations suggests that during the hydrolysis of an Impolex

alkyd the fumarate ester bondsare bound to be separated from the
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macromolecules much faster than the terephthalate ester bonds and provide
therefore a method of detaching the saturated segments from the unséiurated
polyester chains with the subsequent study of their distribution by gel

'permeatidn chromatography.

4.1 Experimental procedure

Before making any attempt to hydrolyse a ThLOO unsaturated polyester, the

rate of hydrolysis of fumarates, succh¢ates‘as well as that of terephthalates
in neutral aqueous sclutions has first been verified, since the experimenfal
evidence exposed in the previous paragraphs, mainly goncerning the hydrolysis
in alkaline media, suggests that the rate determining step is the hydrolysis
of the sodium salt of the monocester because of the electron repelling nature
of thé carboxylate group, it follows that in a purely aqueous medium the
kinetics should be different since the hydrolysis of the first ester bond
gives rise to a -COOH group which onrthe one hand accelerates the hydrolysis
of the second ester bond and, on the other, increases the acidity of the
medium and therefore catalyses the hydrolytic process. The actual ﬁydrol&sis
éxpefiments were not performed on simple diesters but on polycondensates the
aleoholic component of which was propylene glycol present in a molarquantity
similar to ﬁhat of a TLOO prepolymer.

/
4.1.1 Synthesis of model polyesters - Poly (propylene fumaraite) and

poly (propylene succinate)

In a 500 ml tﬁree necked round bottomed flask equipped with a mechanical
stirrer, a thermometer a hitrogen inlet and a condenser set in a
distillation position, were introduced 100 g propylene glycol, 58.6 g maleic
anhydride (molar ratio 2.2:1) and a few.crystals of hydrogquinone. The
reaction was carried out ém 160°C under a slow stream of nitrogen. Samples
taken at various time intervals were titrated against a standard alkali

W

solution for the acid.number determination.
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The reaction was stopped when the acid value of the polyester reached approximate1y
20 mg KOH/g. The polymer contained 82% of fumarate double bonds as estimated

by nuclear magnetic resonance spectroscop&.' The same'experiﬁental brocedure

was épplied for the synthesis of poly (propylene succinate). Thus 100 g of
propylene glyeel and 70.56 g succinic acid (molar ratio 2;2:1) were stiffed

at 160°C fill the acid number of the polycondensate reached 25 mg KDH/g. "The

poly (propylene terephthalepe) model used ie the hydrolysis experiment

~ described below was fhe ThﬁO-B prepolymer, the acid number of wﬁieh was

16 mg KOH/g.

4.1.2 derolysis'of model polyesters

Aecurately weighed 0.2 g samples ef the model polyesiefs were introduced in

50 ml round bottomed flasks, each equipped with a reflux condenser, The:samples,
dissolved in 5 ml dioxan and 5 ml water, were heated at 9090 inra temperature'i
regulated oil bath., At various time intervals, a flask was allowed to cool at
room tempefature and its eentehts were‘titrated ageinst ; stendard KOH.solution
foflthe determination.of the ecid number. The end point was detecteﬂ with

bromothymol blue indicator.

The variation of the acid number of each polyester with hydrolysis time is

graphically represented in figure VII.13,

Accordingly the rate of hydrolysis, expressed in mg KOH/g/h, of pely
(propjlene terephtheiate), poly (propylene succinate) and poly (propyiene
fumarate) is in the respective order of 1:2.3:15.4. Therefore, if a T40Q .
unsatureted polfestef hydrolyses.ﬁith the same pase as the model.polyeefere
above, then its fumarate ester bonds will be hydrolysed well before the
saturated terephthalate:segments are sefiously affected, Ideally, therefore,
a curve representing the extent of hydrolysis of poly (propylene fgmarate
terephthalate) with time should'first result in a straight line with a
considerable slope denoting the preferential hydrolysis. of the fumerate ester
bonds, When the latter_comes.to an end then the slope of the cu;ve_Should

decrease sharply, approximately 15 times, because of the hydrolysis of the
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térephthalate éStef bonds only which is a much slower process.

The oﬁjective of the following experiments is to detect first the point of
inflection of the hydrolysis curve and then to isolate the hydrolysate at this
point, 'Accordiqgly_it should consist of poly (propylene terephthalate) segments
with a definite chain distribution which could be studied by gel permeation

chromatography.

4,1.3 Hydrolysis of a two stage T400 unsaturated polyester

Accurately ﬁeighed 0.2 ¢ sampleé of the alkyd were dissolﬁed in dioxan.

- The solutions wefé made:up to_the mark of a 50 ml volumetric flask, 10 ml samples
of the'resultiﬁg solutioﬂ were introduced, with a pipgtte in 50 ml found‘boﬁtomed
flasks equipped with a reflux condenser. ‘This-was followed by khe addition.of

2.4 ml distilled w@teE. ‘More water causes the preéipitation of the alkyd.l

The solution was he@ted;fﬁr diffetént time intervals in an oil ﬁath'regulated

‘at 90°c, At.the end of éﬁery interval the conteﬁt; of a.fiﬁsk'wefe.$116wed to
cool in a'réfrigerator; they were then-tfansferred quantitatively in a 100 ml
beaker and titrated against a standg;d ﬁethanolic solution of KOH'(6.0695N).

The end point was detected with.a calibrated_pH-mgtér. A typical titration

curve is shown in figure VII.1l4, The whole set of results is given in table 1

Time (h) "24 48 72 | 96 122 146 216

Vol.KOH(m1) “ 1 J2a 7. a2 fr | 227 35S

Table 1 ¢ Volume of Standard Alcoholic KOH Solﬁtion required to
: Neutralise the Hydrolysate at Various Stages of the
Hydrolysis Process '
The evolution of the hydrolysis is also répresented diagrammatically in figure
VII.15. (The experiment has been pérformed twice), It is obvious that the
shape of the curve is fiot the'expected one 1.e. first a line with a considefablé
slope followed by an almost horizontal line. On the contrafy,Jafter a 48 h heating

period the curve shows a marked increase in slope without any tendency of -

deceleration.
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It is known that a-T400 alkyd consists of terephthalic acid propylene glycol;
maleic anhydride\(converted in the fumarate form) in molar proportions
1:2.2:1; meaning that the alkyd in its fully hydrolysed form (1xi66+2.2x76+
1x116 = 449.2 g) is neutralised by 4 moles of KOH i.e. 4 x 56 = 22 g.
Accordingly 0.204/5 g are neutralised by 0.02 g KOH (0.204 is the total weight’

of alkyd dissolved in 50 ml dioxan) or 5.14 ml of a 0.0695N KOH solution.

The experiment itself required more tham 25 ml indicating thataside reaction
proceeds paraliel.to the hYdrolysis of:the ester bonds, and its effect ﬁecomes
very prbnounced'after 46 h which is actually near the point where the curﬁe
should have started to bgéémé,horizoﬁtél‘since.z.s-ﬁl of KOH SOIﬁtibn'are :

- requiréd io neutralise all the hydroiysed fumarate bonds, The acidity therefore
should most probablanriée from the décdmpositioﬁ 6f the solvent under prolonged
heating. In fact 10 ml sémples_of dioxan containing an additional 2.4 ml water
were heated at 90°C for different time intervals and then titrated ﬁith the
SAmeTKOH solution used Befbré:' The volumes bf'élkaliﬁé sgiufions §on§ﬁmed are
represented bj the dottéd'iiné:in figure VII;15. (The experiment has been

performed. once).

Finally a polyestér solution was heated for 120 h in the presence.bf
hydroquinone which is an antioxidant, In facﬁ, 0.3 ml oflstandard.KOH_solution
were required for neutralisation, meaning that under these conditions

'hydrolysis.of the resin_hardly'takés place.

4.2 Comments on Results

It is very clear that conglusions concerning the results of the hydrolysis
experiments cannot be deduced without'any_difficulties beéause of the strong
interference of the solvent with thé acidity of the solute itself. In addition,
fhis observation rendets the information_initially gained froﬁ the hydrolysis

~ of the models not very trustworthy.
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However, if the 11tefature datg are regarded with faith i.e, if ghe fastef
hydrolysis rate of fumarates compared with ferephthalates is definitively
accepted, then most of the concern should arise from the relative rate of
hydrbl}sis in water only whiéh, as shown experimentally is a very slow
process as well as the resistance of the organic solvent used in conjpnctian

with water to withstand prolonged heating ﬁeriods.

It is worthwhile however, to attempt the hydrolysis in the ptesence'of
minute quantities of an alkali on the basis that the fumafates will bé
hydrolysed much faster. The extent to which the terephthalate ester b;nds
are affected can be chgékéd'by gél’bétmehtioh chromatography. Then if this
proves that the damage may:bé ovérlobked then tﬁe mefhod could Be regarded és

promising,
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5 DISCUSSION
In this chapter have been exposed attempts aiming at the study of the sequence

distribution of the saturated segments in unsaturated terpolyesters.

Out of the ;htee methods it seems obvious that ozonolysis deserves more
attention because of the promising, firsf attempt results it gave and also
because of its simplicity whiéh enables its use directly in line with gek% |
permeation‘chromatography; whéreas‘the qther methods considered require sometimes
more than one chemical treatment between the actual double bondrsplitting or
-fﬁmarate.ester-hydrolysis and the GPC fractionation, ozonolysis is carried out
<in the'éPC'soiyenE and it may also be attempted on a microscale. The second |
choice beiﬂg hydrolysis with ?éry dilute NaOH solutions. The.prime'objective
of this éhapter has not been definitely reaché&.' Thé work should have involved
firstly an investigatioﬁ on the possibility of double bond losses thréuéh the
addition of free propyiene_glycol which, as stéted before, could resui;rin
saturated segments of intermediate molecular weight compared to those of the
prepolymer and cénsequently creating the broad and undefined curve on the

chromatogram of the alkyd ozonolysis product.

Therefore, the first attempt in solving pﬁs;tively the problem of fﬁmarﬁté
double bond splitting-Wnﬁld'be'to study the ozonolysis of a model polyester free
from any side reaction} for example ﬁoly (p;opyléne fumaraté) syﬂthesised from
propylene glycol in excess and'fﬁmérdyl didhioride, the cﬁromatogréﬁ.of which

should be similar to that of the poly (propylene terephthalate) preﬁolymer.z

On the other hand; if ‘the ozonolysis of the model is effective ther two peaks

should be represented on the corresponding chromatogram.

CHs
One corresponding to HO—&H-CHZ-OCO-CHO M.W, 132
| o iﬂs
and the other to OHC-OCO-CHZ- H-0CO-CHO M.W, 198
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Because of their small molecular wﬁight differenée, a twin column systém should
be used to improve the resolution. An ancilliary experiment.would be ﬁhe
identificatiénIOf the éluting components. The second sat.of experiments would
be to synfhesise a modei‘fwo-stage unSaturated polyester starting from the
prepolymer the chromatogram pattern of which is known, and fumaroyl dichloride.
This should be followed by ozonolysis and GPC analysis. Finally the same
experiments should be rgpeaﬁéd oﬂ a one stage model unsatﬁrated poiyéster
synthesised from.the acid chlorides of fumaric and terephthalicracids and _
propylene glygdl. The difference in tﬁe chromatoéraﬁs-of the last stwo
terpblyestexs_would_show the difference in their structures even if ozonolysis

does not proceed quantitatively i.e.»95% reaction.

The published research ﬁbrk conéefnihg.the single stage and two stage unsaturated .

polyesters doeé nqt.differentiaﬁé experimentaliy between the infiuencé'of the
~distribution of the satufated segments in improviﬁg the properties of:thé two
éfage alkyds and the effect éf‘tﬁé'éide feaCtioﬁs; eSsentiallf the addi;ibn of
glycoi to the double.béﬁds, in deferiorating the:proﬁerties of one stage

polyesters,

However, published expétimental evidencersﬁggests that the distribution of two
stage polyesters is lost during the second polyesterification stage and, it

could be argued that, in fact it matches thé distribution of one stage
polyestersﬁ On this basié, é;pethaps daéing assumption for the preSénﬁ
experimental stage would.bé to say that the two stagé polyesters sré'structurally,
single stage polyesters the'do&blé'ﬁbnds of which are almogt 1ntact‘because of
the 1§w concentration of free'pfopyléﬂe glycol present iﬂ-the first éfage

prepolymer, ’

The problem may be aiso tackleéd from a different angle; by examining the model
resins from a physical point of view i.e. testing and comparing their properties

with the properties of similar resins collected from a production line,




This set of experiments will, undoubtedly, reveal, in its own way, the
structural factors that influence the final properties of unsaturated

polyester resims.
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6 CONCLUSIONS
- The'development of a method of splitting the double bonds of unsaturafed
‘ ~ polyesters, ozonolysis or hydrolysis for example is an important and necessary
step towards the elucidation of their microstructuré upon which depend many.
of their properties. Essgntially, its importance, in conjunction with gél _
permeation éhromatography, lies in the determination of the differemce in
sequence distribution of the saturated segments in one stage and two stage

polyesters,

The developméﬁt of this method should lead to the determination of the

structure .of the commercial unsaturated terpolyesters.
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"CHAPTER VIII

SEQUENCE DISTRIBUTION OF STYRENE CROSSLINKS IN CURED UNSATURATED POLYESTERS *

1 INTRODUCTION

The determination of the average number of homopolymerised styrene molecules
constituting the crosslinking brldges in a styrene cured unsaturated. polyester '
has been extensively studied over the past two decades, These studies have

been reviewed in Chapter II.

This final part of our projeet may be regarded as a further step toﬁafds the
structural characterlsatlon of the crosslinks since its scope is the determlnation
of their sequence d1str1butloq. Up to. the present development stage of
unsaturated poiyester resin technology no iﬁterest has been shown in that

Tespect. -However, with the increasing commercial success of SMC aﬁd DMC, it

is certain that a deeper study of the structure of unsaturated polyester re51ns

is required.

Most of the studies related to the styrene crosslinks involved the conversion
of the insoluble cured resin to a soluble easy to handle polymer, without
affecting the crosslinks themselves, In an idealised way, the precess is

represented as follows

i.e.
) \ 1 _
P 5 -
1 .
e F e F v Fonnms 28EOLYSES F-S-F~§-F-S
1 ] ) : '
S S S
| | |

The resulting poly (styrene~succinic acid) may also be regarded, from a
theoretical point of view, as a hydrolysed copolymer of styrene and diethyl
fumarate since in the actual crosslinking process of the resin, copolymerlsation

takes place between the vinyl group of styrene and the double bond of the fumaric
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acid diester basically diisopropyl fumarate. Ideally, therefore, the copolymer
composition may be described by the copolymerisation equation (Chaptef I111).
The instantaneous composition of a styrenme diethyl fumarate copolymer as a

function of the feed composition is represented graphically in figure VIIIL.1.

For the analysis of the copolymer in terms of monomer sequence distribution
several techniques are available. These techniques have been applied, for the

same purpose, to various copolymers and they will be reviewed in the following

section,
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2 METHODS OF DETERMINATION OF COPOLYMER MICROSTRUCTURE

2.1 Infrared Spectroscopy

The sequence distribution of styrenme-methyl aérylate (MA) copolymers has been
determined by infrared spectroscopy in terms of the Broadening_of the carbonyl
group absorption with increase in methyl acrylate content(l). The change in
half band width was plotted against Pz and P3 which are the probabilities for
finding the conngctions_MA—MA and MA-MA-MA in a chain, respectively. These

probabilities were evaluated from the reactivity ratios for styrene and methyl

acrylate.

(2)

Naobumi et al ’ on-the other hand, considered the band intensity rather than

the band b%oadening in_the determination of the sequence distfibution of

styrene units in styrene—aérylonitrile'copolymers. Acbordinglj, thé probability,
P, for finding the styrene-styrené bonds in a copﬁlymer chain, is calculated by
the equation P =-(A1/A2-b)/é-b where AlIAZ is the relative intensity of the -CH
out of plane Bending vibration band at 760 c:m-1 to the out of plaﬁé riﬁg
deformatién band, at 700 cm-l;,a and b are constants chafaéteristic of polystyrene

and the styrene-écrylonitfile alternating copolymer, The observed P values

were in excellent agreement with the calculated.

2.2 Pyrolysis Gas Chromatography

Pyrolysis gas chromatogrébhy was.applied to elucidate the microstructure of
chlorinated polyethylenes, poly propylenes, ethYlene-propylene and'ﬁther'
cppolymers..

Of particular relevance to the work described in this chapter is Tsuge's(3)
application of this techniqué in the determination of the sequence distribution

"of monomers in high conversion methyl acrylate-styrene copolymers. Thus,

copolymer samples ranging from 0.2 to 0.5 mg were pyrolysed under a flow of
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nitrogen at 510°C. Each cluster of dimer and trimer peaks appearing on the
pjrogram was identified bj”means of mass spectrometry and was interpreted in
terms of diad and triad concentrations in the copolymer chain. It has been
found that the experimenﬁa} results for the sequence distributions Weré fairly

compatible with those predicted by the theories of cOpolymerisatioﬁ.

2.3 'H-Nuclear Magnetic Resonance Spectroscopy

The concept of studying the monomer sequence distribution of styrene copolymers
_by proton nucléar mégngtic'reéonance speétroscopy, has its source in Bovey's(a)
observatioﬁ_that the nmr spectra of atactic and isotactic polystyrenes show two
peaks in the pheﬁyl hydrogen region (figure VIII.2.a). The peak at ?.OSPPm
attributed to the bara and the two meta protons and the peak.at 6.5p§ﬁ tb the two
ortho protons. 'Furthefmore, Bovey and coworkers sfudied emulsion butadiene-

styrene copolymers and estimated that the styrene sequence length must be eight

to ten units before the shoulder starts to appear in the main aromatic peak.

(5)

This figure is backed by Fujishige's work who recorded the nmr spectra of
polystyrene dimers, trimers,. tetramers and pentamers isolated by GPC; all of
these n-mers show only a éingle peak in the phenyl proton absorption region,

(figure VIII,2.b). Based on this observation Mochel(6’7)

studied the
distribution of block styrene in styreme butadiene copolymers. A computer
method was introduced to resolve the overlapped aromatic protons nmr peaks.

Accordingly, styrene sequences as small as two or three units were detected.

13 ‘ _
2.4 C-Nuclear Magnetic Resonsance Spectroscopy

(8,9)

This technique is becoming more and more useful in the structural analysis

of polymers.

The direct observation of backbone nuclei, the broad range of chemical shifts
13 _—

and the simplicity of'H-decoupled spectra combine to make C -nmr spectroscopy

a more valuable tool than'H-nmr in the characterisation of polymgrs} especlally

in the copolymer field where comonomer distributions expressed as connecting

diads and triads can be determined,
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0f particular interest to this reéeétch project is the sequence distribution

of styrene copolymers, the aﬁalysis of which depends on the sensitivity of the
quaternary phenyl carbon, Cl, to both structural gnd configurational differences.
Published spectra of pure polystyrene show the(ﬁ_region (around 145 ppg'
downfield from TMS) to consist of three peaks corresponding to the isotactic,
syndiotactic and heterotactic configurations(lo); Since these peaks cﬁver.a
range of only 2.5 pbm whiie multiplicities due to structural effects

(comonomer distribution) cover~8 ppm, it is assumed that the gross feafures

of the Cl‘absorption region is due to different structural units with

configurational differences causing broadening of the peaks.

(11) 13

Shaefer used Comrto study the monomer distribution in acrylbnitrile-styrene
copolymers; The relative concentration of styrene triads, and.diads was
calculated from the areasAunder.the absorbtion peaks at 145.1 and 139 ppm
respectively. A good agreement ﬁas found between theoretical and experimental
values. Buchak and RaﬁeY(lz), on.the other hand, uséd the-same technique to
determine the styrerne sequenée dis;ribution in low molecplar weight styretie-
maleié anhydride copolymers. The resulting spectra as well as the peak
 assignments are shown in figure VIII.3. The relative'éoncentrationlof the
styrene triads, diads as well as ménads are calculated from the areas under

the peaks. The same type of‘splitting occurs in-the carbonyl carbon absorption

region, however its use for structural analysis has been ruled out on the basis

that assignments are speculative,

Finally, a poor resolution of the phenyl quaternary carbon atom in poly (styrene

13 (13)

‘ acrylic écid)'copolymers C nmr spectra, led Toppet et al to study the

microstructure of these copolymers in terms of splitting the -COOH carbon atom.

Numerous examples on the use of nuclear magnetic resonance spectroséopy in
copolymer characterisation can be found in Bovey's "High Resolution nmr of

Macromolecules" (Chapter IV, ref, 2),
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3 EXPERIMENTAL PROGRAMME

: L - : 13
3.1 Distribution of Styrene Crosslinks by ~Cnar

The method employed for the determination of the distribution of the styrene

crosslinks can be summarised as follows: -

CH,N

M styrene-fumaric acid copolymer '—""'"2 2 .

cured polyester resin
Methyl ester,
o : : 13 ,
The resulting poly (styrenme methyl succinate) is analysed by Cnmr and the

‘splitting of theCl‘phenyl carbon absorption region is compared to the Splittipg

of styrene-diethyl fumarate copolymers of known chemical constitution,
The actual experimentéi procedures are detailed below.

3,1.1 Curing of T400 and T500 Impolex Resins

Té twenty five grams of each resin were added 1.0% w/w of methyl ethyl ketone
lperoxide.(Laporte SD2) and Z;OZ;W/W of cqbalt octoate solution (Novadel NL 49/ST).
. The resins were then cast in petri dishes., Cellophane was used as mould release
agent, The curing was allowed to proceed for 5 h_at.room.temperature_(ZOQC), then
the moulds were successively heated at 60°C for 2 h, at SOOC for 1 h and finally

at lZOoC for another hour{

3.1.2 Hydrolysis of the Cured Products
The cured resins were finely ground in a laboratory hammer mill and ten grams
of each were introduced in a 500 ml round bottomed flask equipped with a reflux

condenser and containing 25 g ROH dissolved in 200 ml 6f benzyl alcohoi.

The hydrolysis scheme may be represented as follows (Chapter II ref. 54,55)}.
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Powdered cured resin 10 g

Reflux = 200 ml benzyl alcohol
10 h ~ 25 g KCH
filtrate ' Precipitate

~ wash PEOHIHZO

~ Reflux 10 h (200 ml H

205 20 g KOH)

- HZO
-~ HC1l {(comnc.)

-Precipitate

- Dissolve in dioxan

- Acidify with HC1 (dil)

Precipitation of hydrolysis
polymeric product

T

Dry in-vac. gven for 4 h
at 50°C

The effectiveness of the hydrolysis is visualised from the absence of infrared

absorption bands at 730 cm-l_characteristic of terephthalates (figure VIII.Q).

3.1.3 Esterification of the‘Hydrélysate
0.3 grams of the.bolycarboxylic acid were di#so}veé in 3 ml tetréhydrofuran.
To the.solution was added, with gentle stirring, an ethereal solution of
diazomethane (Chapter ﬁ, Subsection 6.8.1)., The addition was stopped when the
evolﬁtion of nitrogen gas ceased? then the excess ether as well as the
tetrahydrofuran were distilled off and the esterified hydrolysate was dried

for two hours at 50°C in a vacuum oven.
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3.1.4 Synthesis of Poly (S;yrene-diethyl Fumarate) Copolymer Standards

The copolymer standards were prepared by free radical bulk polymerisation.,
Styrene {(Fison's SLR) was vacuum distilled and used immediately. Diethyl
fumarate (BDH chemicals) was used without further purification as well as the

free radical initiator azodiisobutyronitrile {BDH).

Polymerisation reactions were carried out in 25 ml stoppered tubes-WASEEd
theroughly with HZSOA;distilled water and evacuated before use. The desired
quantitieé qf monomers ﬁere introduéed separately, in the tubes, by 10 ﬁl
microburettesﬂ. A total volume of 6 ml was used for each reaction. The initiator

(0.37 weight by volume) was accurately weighed and then transferred in the

4 tubes, .

7 Nitrogen was then bubbled in the solution for 30 sec. and the tubes were

stoppered by a glass ground joint stopper and sealed with PTFE tape.

Polymerisation was allowed to proceed at 60°C in a temperature. regulated bath

for 5 hours.

In a typical preparation of a copolymer standard, 0.44 ml of styrene (density
= 0.905 gr/ml) and 5.56 of diethyl fumarate (density = 1.06 gr/ml) i.e. in a

1:9 molar ratio, were used in conjunction with 20 mg of Initiator.

At the end of the polymerisation period, the tube contents were allowed to reach
room temperatufé. The pblymers were precipitated from the monomers
~ solution withrlight petroléum'(n-héxane). Purification was carried out by

multiple precipitations and dissolutions from light petroleum-dichloromethane

nen solvent-scolvent system,




The absence of monomers occluded iq the isolated polymer was verified by
gasAiiqugd chroﬁatogtaphy as well as by infrared spectroscopy. The
chromatographic method-consists in injecting a dilute solution of the polymer
in a column packed with Apiezon-L on Celite. The absence of peaks corresponding
to the retention times of the monomers clearly suggests that the polymers are
pure. The purity is also inferred by the absence of infrared absorptions

corresponding to olefinic unsaturation.
Finally the polymers were dried for 10 h at 50°C in a vacuum oven.

3.1.5 Quantitative Determination of Copolymer Standards
Composition by GLC

A picture on the composition of the copolymers can be easily obtained through

a GLC analysis of the reaction mixture before and after the polymerisation
process, The method is the following:

0.2 ml of the reaction mi#ture are transferred into a 5 ml volumetric:flask by a
L ml pipette, and ma&e up to the mark with a 1% (weight by VOlume)-solution of
p.dichlorbenzene in dichlorethane (para-dichlorobenzene being the chromatographic
internal standard).. 0.5 ml of this solution was injected by a Hamilton

‘microsyringe, in the 4 ft x %" column of a 104 Pye chromatograph

Column packing Apiezon L on Celite
: Oven temperature - 125%

Nitrogen Flow Rate 100 ml/min

Air Pressure 20 Ib/in2

Hydrogen Pressure 12 1b/in’

A typical chromatogram of a mixture of 0.57 mole styrene and 0.43 mole diethyl:

fumarate is shown in figure VIIL.S.a.
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At the end of the polymérisation period, 0.2 ml of the same mixture were made up
to the mark of a 5 ml volumetric flask with the dichlorobenzene solution and the
injection procedure was repeated under the chromatographic conditions éited above.
The changes that occur are glearly shown on the chromatogram displayed in

figul‘e VIII-5tbo

The composition of the copoiymef itself can be determined from the areas under
the curves., For example if D, F and § represent the areas under the chromatogram
curves .of dichlorobhenzene, diethyl fumarate and étyrene respectively, before the -
initiation of polymerisation.and D', F' and S' are the corresponding areas on fhe
second chtométograﬁ,_then the extent of conversion of styréne,.for example, is:

$/p - '/
S/D .

Therefore the styrene content of the copolymer will be:

x 100 = M

M x original feed

The composition of the various standards as determined by GLC is shown in table 1.

Feed (Styrene/Dieth. Fumarate) ||Copolymer (Styrene/Dieth. Fumﬂ
Volumes (ml) ! Mole Fractions Mole Fractions g:gs:z::ss
0.44:5.55 © § 0.,1:0.9 0.27:0.73 Monads
1.40:4.60 0.3:0.7 0.5 :0.5 Mainly monads
2.90:3.10 0.57:0.43 0.58:0.42 Monads-diads
3.09:2.91 0.6:0.4 0.68:0.32 Mainly diads
5.19:0.81 0.9:0.1 . 0.85:0.15 Triads,n-ads

Table 1: Copolymer Standard Composition

13
3.1.6 C -nmr Analysis of Copolymer Standards

13
The C-nmr spectra of some standard copolymers as well as of the esterified

degradation product were'recorded on a Varian XL100-15 Fourier Transform nmr
spectrometer operating at 25,2 MHz, Proton-noiSe decoupling was used throughout

and a standard VFT~100X Fourier transform system.
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The samples were dissolved. (207 wt/vol) in d6-DMSO which also provided the
deuterium signal for fleldlfrequency stabilisation; 12 mm OD nmr tubes were

used at 130 C.

For a full spectrum,pthat is 200 ppm, the folloﬁing spectrometer conditions

- were employed:

Spectral width 5000 Hz
Acquisition time 0.8 sec,
Pulse width - 90.}Lseé.

- 8000 points Fourier transformed:
Number of transients 40,000

Expanded spectra were obtained under the following conditions:

Spectral width 2500 Hz
Acquisition time 1.0 sec,
13

Three copolymer standards were selected for C nmr analysis; one synthesised
from a feed containing 90% styrene and thus,expected to contain long styrene
sequences contrarily to ;he one synthesised from 107 styrene which should bear
short styrene sequences; mosfly monads. Finally, the third standard was
obtained from a feed leading to an altermating structure. The mole fraction of

styrene in this copolymer was found to be equal to 0.45 by 'H-nmr spectroscopy.

The downfield absorption region of the quatefnary'phenyl carbon,rof each of the
standard copolymers is shan in figure VIIL.6. whereas the spectrum of
 polystyrene, in CDCl (flgure VIII.8,a) exhibits a single absorption in this
region at 147.2 ppm, two of the standards spectra have this absorption split

into at least three peaks.

In order to assign these peaks to specific styrene units along the copolymer

backbone, the following structural sequences will be first considered.
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'COOEt COOEt

'a = monads ~CH-CH-CH - CH-CH-CH-

| "
Et0OC - C COOEt
I\
.
COOEt COOEt
b - diads ~CH-CH-CH. ~CH_~CH -CH-AH-CH-
2 3 |
E£00C C COOEt
| )
/
COOEt CooEt
¢ - n-ads -TH-CH CH,~CH- 6h -cu“bu -CH-CH-CH
E£00C

Isomeric forms have been ignored because, as stated in the introduction,

they result in trivial chemical shifts.

From a structural point of'view, é quaternary phenyl carbon of type 1.(monad)
constitutes, by lying between two fumarates, a structural unit on its own.
‘Type (2) and (4), on the other hand will be structurally and magnetiéally
similar, as well as (3) and (6). Both sets of carbon types having a styrene
unit on one side and é fuhafate on.the other; the only difference being the
mode of attachment of the last styrene group to the fumarate;‘ Finally, the
type (5) carbon constitutes a unit on its own since it is surrounded by two

styrené units,

Further, the spectra in figure VIII.6 may be subdivided into [eur resonance
regions each assigned to styrene monomer units according to the sequences

shown in table 2.
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Table 2

" Structural Type Styrene Sequence |Chemical Shift {ppm)
(1) Monad (F-S-F) 137.5
(3) + (6) | Diadtn-ad,(F-5_-P) )1 139.1
(2) + (&) Diad+n-ad 142.5
(5) n-ad (F-Sn—F) ny2 144

The quanfitatife analysis of the tébuLated assigﬂments is based on two facts.
First, that the aréa under the absorption peak is proportidnal to the number
(moles) of épgcies resﬁonsible for the absorption and, secondly, under the
resolution power of the 5pec£rpmeter the triad,péaks overlap with theipeaksﬂofu'

higher order sequences,

If we assume that a copolymer consists of amoles of F-5,-F monads, b moles of

F-5,-S,-F diads and ¢ moles of F'Sa-(SS)n'-s ~F poly-ads (the subscripts

6
indicating the styrene type), then the number of moles of each styrene type
will be: a moles of type (1), b moles of type (2) and (3}, c moles of type
(4) and (6) and (n-2)c,‘ moles of type (5). The letter n Tepresents an average

number of styrene units in a polyad since the spectrometer resolution is limited

ton = 3.

It follows that the peak area at 137.5 ppm is equivalent to a moles of monads, the

one at 139,1 ppm to b moles of diads plus ¢ moles of n-ads, the one at 142.5 ppm
ﬁo_b moles. of diads plus ¢ moles of n-ads again and therefore its area should
be equal to the previous-peak area, and finally the peak at 144 ppm is

equivalent to (n=2).c moles of n-ads (n) 2).

Accordingly, the number of monads, a, can be easily determined since they give
rise to a well defined peak, The values of b and ¢ can be estimated if n = 3

otherwise only a tentative guess of their values can be reached.



As a numerical example, the spectrum of the 90% cobolymer will be considered
(figure VIII.6). The peak areas corresponding specific sequences are

tabulated below (the terms will be the same as before)

Chemical Shift (ppm)] Peak Area (cmz) Hypothetical No. of Sequences

139.1 ' 2.56 b+c

143.5 9.72 ' b+c+ (n—Zbr_
144 : 9.72-2.56=7,16 {(n-2)c

If we assume that S represents the area corresponding to the sum b + ¢ and C'

the area corresponding to (n-2)c, then

s - S Yo (1)
Hypothetically S can be éplit into two peaks the;r areas being B and C
attrib@fcd to b and ¢ moles |
| | S=B+C

By replécing this equality in.(l)

Cl
B+C - E—“ )y 0
But since’ | C = E:E
¢t
Then B+C E:E‘V = B

In the example under consideration

B=C = 2.5 cm’

and  C' = 7.16 cm2
: 7.6 o
.. 2,56 ey = Borb {2)

Hence for n = 3, B = =4.6, i.e. BLO
and for n»n', where n' is a number satisfying the condition B = 0 in equation (2),
B) 0, insinuating that diads are formed only when nyn'%3 which is absurd:

thereloré diads are absent from the copolymer standard
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containing 0.9 moles of. styrene i.e. B = 0 and the average value of n is

7.16

.56 + 2 =4.8

: 13
The assumption that the quaternary carbon gives rise to two peaks on a C nmr

spectrum of styrene n—ads (n) 2) can be proved experimentally if a low
moiecular weight polystyrene, having n)» 2 is first synfhesised (this cﬁn be
checkedrby GPC) and then copolymerisation with diethyl fumarate i.e. a single
synthesis carried out in two stages. The spectrum of the resulting copolymer
should show two peaks in the quaternary carbon absorption region, all

representing n-ads, where n) 2.

As a geﬁeral rule, applicable to the type of nmr experimeﬁts described in this
chapter, if inequality (1) is not satisfied when n = 3, the copolymer is free
from styrene diads this of course implies that peaks ﬁorresponding to monads
are absent, On the othef hand, if the inequality is satisfied for.n=3, then
it willlbe assumed that styrene sequences of higher or&er thaﬁ triads are

absent, this of course because of resolution problems.

Furthermore, it is wOrthwhile considering from a qualitative point of view only,

the carbonyl carbon Tesonances in the;172 ppm region of the copolymer standard
spectra, figure VIII,7. Quantitative interprétations would seem aﬁbiguous
'bécause of the configurétional as well as structural effects which:Should be
considefed in elucidating the nature of the multiplets. For example a fumarate
monad F=5-F, may assume the following configurations (R denoting the ester

group -CO0 Et).
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R, ¢
| S |
“-CH -CH-CH-CH-CHZ-CH
R
2
b ¥3

-CHZ—CH-CH—CH-CH =-CH
i N 2

L R,

$

-CH,, -CH-CH~CH~-CH -CH

)
$ R, R
? ?
-CH.-CH-CH-CH-CH,,-CH
2 2
Pt
. RE R5 :

It is assumed that a phenyl group distant by 3 carbons from an R group.has no
effect on the magnetic characteristics df this group. It foiloﬁs that there

are six different carbonyl carbons and in fact six singlets (two of which
apparently overlap) appeér on ;hé spectrum of the copolymer standard“synthesised
from 90% styrene and which is expected to include fumarate groups mainly in the
form of $=-F-S monads. Other structures can be interpreted in a similar way.

13
3.1.7 € nmr Analysis of the Hydrolysis Products

The spectra of the esterified hydrolysis products of T400 and T500 cured
Impolex resins are shown in figures Viiz.g, b and ¢ respectively, " The expanded
spectrum of the T500 hydrolysate is represegted in figure VIII.8.d. (The

corresponding specﬁrum of the T400 hydrolysaté is not available).

It is obvious that the_resolution of the spectra is not as good as the resolution
of the standards. Initially, thg spectra of the standards were_recofded_at

room temperature and they displayed a splitting pattern similar to that of the
hydrolysates, However, whereas the spectra of the standards recorded at elevated
temperatures (130°C) showed a finelresolution, those of the hydrolysates remained
unaffected., This effect migﬁt perhaps hamper slightly.the accuraéy of the

numerical results without however, making the analysis an impossible task.
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Basically the styrene quaternary carbon of the hydrolysates results

mainly in two broad resonance peaks centfed at 140.0 ppm and 144.4 ppm,

Each of these peaks will be regarded as an envelope of two peaks, specifically -
the broad peak at 140.9 ppm may be subdivided into a peak centredrat 139.7 ppm
and caused by styrene monads F-S5-F (its area ou the éxpanded spectruﬁ being

4.4 cmz) and into a peak centred at 140.5 ppm caused by the quaternary carbon
types (3) and (6) of diads aﬁd n-ads respecfively (its area being_G.Z'cmz).

No attempt will be made to resolve the peak at 146 ppm, its area being equal to

9.7 cmz.

According to the calculation procedure described in the previdus'subseétion

and applying the same terminology, it follows that
v
. s- =y 0
Since'_ S = 6,2 cm2
then 7-C' = 9.7«6.2 = 3.5 cﬁz
By substituting these numbers in the inequality above
6.2 - %f% >0
which is true for all values of n) 3. However, as stated previously, only
the value n = 3 will be considered.
Hence the number Qf diads will be equivalent to

6.2-3.5 = 2.7 cm?

and the monads are equivalent to the area of the first peak, i.e. 4.4 cmz.
Therefore, the styrene triads, diads and monads constituting the cfoéslinking

bridges in a cured T-500 Impolex resin are in the ratio 3.5:2.7:4.4,

the corresponding fractions being 0,33:0,25:0.42,

This result can be interpreted in two different ways; it can either be
accepted as it is i.e. that longer sequences than triads are not formed during
érosslinking and therefore the reaction does not proceed statistically or that

the copolymerisation does proceed statistically and that sequences of more
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than three styrene units are formed but are not detected. Roughly, it may
be suggested, that the styrene sequences cdnstituting the crosslinked network
of a T-500 Impolex resin consists of less than 507 of monads more than 25% of

diads and the rest are triads, tetrads etc. in decreasing population.

3.2 Distribution of Styrene Crosslinks by Infrared Spectroscopy
The idea of using infrared spectroscopy in following the érosslinking of
unsaturated polyesters, is not new., A survey on the techniques applied has

~ been exposed in Chapter II.

~In this section, infrared spectroscopy will be used in a slightly different
way for the determinatidn of the sequence distribution of styrene crosslinks

formed at different stages of the curing process.

The method is simple and stfaight forward; it consists in following the
disappearance of infréred_aﬁsorption bands specific to the fumarate and styrene
double bonds, and treating these changes statistically aiming thus at the
determination of the copolymer structure. The details of the method will be

described in the sub-sections to follow.

3.,2.1 Sample Preparation and Spectral Analfsis

Fi?e grams of T300 Iﬁpblex resin were mixed with 0.5 g of catélyst (meihyl
ethyl ketone peroxide) énd 0.05 g of accelerétqr {cobalt octoate).i Immediately
after the mixing 0,0148 g of the‘resin were applied on a NaCl infrafed disc.
This was topped by a second diéc. Both discs, separated by a 0,025 mm PTFE
spacer,'wefe clamped in position and were exposed to infrared radiation at
different time intervals, Tﬁe fesin levél used was sufficient to fiil.the
availablé space between the discs énd therefore to result in a weil defined
spectrum. Spectra were recorded at different time intervals, on the same chart,

(figures VIII.9 a and b)., -
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The exact origin of the bands which decrease in intensiiy during curing can
be easily deduced from tﬂe spectra of styrene.(figufe VIII.lb) and diethyl
fumarate (figure VIII,1l) recorded from thin films between sodium chlotidé:
discs., It is obvious that the styrene double bond bands which &o not overlap

1

with any other band are the ones at 907 cm-1 (=CH., wag) and at 1629 cm

2
(C=C stretch). The fumarate double bonds, on the other hand, have oﬂly one
characteristic non overlapping absorption on the resin spectrum, at 1640 ur:m"1

{c=C stretéh). It is also obvious that the -CH stretching vibrations, in the

3000 é;;l region, exhibit some changes during the crosslinking process.

For the quantitative purposes of the present work, consideration will be
given to the styrene and fumarate absorptions at 1629 cm-l and 1640‘cm-1

respectively, to which will be assigned a'singie-common base line.

3.2.2 Quantitative analysis of the spectra
The changes in band intensities with time are interpreted in terms of the
absorbance difference betweén.the base line and the peak of the abso;ption

band. The results are displayed in table 3.

Time Fumarate (1640 cm-l) Styrene (1629 cmfl)
s 0145 0.197
1h 45" 0.095 0.142
st 0.065 0.107
RO 0.050 ‘ 0,087
ish | . o020 0,027
+ 20 h at 80°% 0.008 0.002
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These chagges can also be interpreted quantitatively in terms.of doublg bond
consuﬁption on the assumption that Beer's law is appiicable. Thus, if A
is the absorbance of a band at the start of the crosslinking brocess
";'. A= E.C.i.

where C is the concentration of‘the specific group in moles per liter, 1 the
Lhickness of the resin film and E the extinction coefficient.
If A' is the absorbance after a curing time, t, then

A' =_E.C'.1.
It follows thét £he améﬁnt of unreacted component is

%' xl100 = -g-. x 100 |
Therefore, if C is known, C' can be determined and the'amoun£ of monomef
consumed can bg calculated. The method does not require reference to’any
standard band'since all of them have the same intensity throughout the
experiment. In the calcuiations, the crosslinking process will be regérded

‘as a set of independent copolymerisation reactions, the feed of each of which

1s estimated spectrophotometrically,

The relative changes in double bond consumption and feed are given in table 4.

Fumarate (%) : ' Styrene (%)
With respect to A With respéct to
Time Wit:0r§:2§Ct amount left free W1t2 r;spgct amount left free
from previous stage o tee from preyious stage
Free - |Reacted Free Reacted Free | Reacted Free Reacted
4* | 100 0 10 | o N 100 0 100 0
1h45 | 65.6 34,5 65.5 | 34.5 72.1 | 27.9 72.1 27.9
2h50 } 44.8 55.2 68.4 31.6 54.3 | 45.7 75.4 24.6
4h | 34.5 65.5 76,9 | 23,1  |es.7 55,8 81.3 18,7
15h | 13.8 86, 2 40 60 13.7 86.3 31,0 69
;ggg 5.5 94.5 40 60 1.0 | 99.0 7.4 92.4

Table 4: Monomer consumption during curing of a T500 Impolex resin
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Fumarakf/Styrene Content
Feed Copolymer Network
- Time :
Moles Mole Fraction Moles Mole Fraétion
4 2:2.95 0.4:0.6 - .

1h45 1.31:2.13 0.38:0.62 0.69:0.82 0.46:0. 56
2h50 0.90:1.61 0.36:0.64 0.41:0.52 0.44:0,56
4h 0.69:1.31 0.35:0.65 | 0.21:0.30 0.41:0,59
5h 0.28:0.41 0.41:0.59 0.41:0.90 0.31:0.69
+20h,80°C | 0.110:0.03 0.79:0,21 0.17:0.38 0.31:0,69

Table 5: Molar concentration of monomers in feed and copolymer
network at various stages of the crosslinkipg process

These results can be easily translated inimolar concentrations of thé §1efinic
'monoméfs, since a T506 Impoiéx resin is made of one molé of terephtﬁalié acid,
3.3 moles Qf propylene glycol, ﬁwb moles of maléiclanhydride aﬁd 50% by weight
of styreme. Therefore, in téfﬁs of unsaturated monomers,.ihé résin coﬁtains
two moleé.éf maleic éﬁhydride and 2.95 moles of'étifene'(mole fraétion'o.h:O.G).
It follows that for each row of valﬁes érésent in téble;& the-corre§pdnding raw

of value_shown in table 5,.

3.2.3 Determination of sequence distribution of styreme crosslinks

The tabulated mole fractions can be used in the determination of the sequence

(14)

distribution of the styrene units through Bovey's ~statistical treatment.

Accordingly, if Pss denotes the—proﬁability that styrene will add to itself
then the probability of addition to a fumarate is (1-Pss), In a styrene-fumarate

copolymer, the fraction of styreme triads (fsss) is given by Pss,Pss.
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Similarly the fraction of monads F-S-F (fssf) is (1—Pss)2, which is the
probability that S will have two F neighbours. The fraction of styrene

diads (FSS and SSF) is equal to Pss(l Pss) + (1- Pss) Pss

2
Pss

or . fsss

2 Pss (1-Pss)

W

ssf : fss

ffsf-z (I-Pss)2

The value of Pss is calculated from the equation

Ps; = rSfS/(l—fs + rsfs)

where T is the reactivity parameter of styrene with respect to fumarate and

_ f is the mole'fraction of styrene in the feed. In the following calculations‘-‘

5.
to r_ will be given the value 0.3 of the styrene-diethyl fumarate system at
GOOC. On the other hand f will be determined from the curve in figure VIII.l.
Since the copolymer composition at the end of each copolymerlsation stage is

known, this will lead to separate Pss values for every stage. The results

are tabulated below (table 6).

Crosslinking | Mole frac. § Moiﬁ iza;' S Pss £ £ £
Stage | in copolymer ( £rom fig?VIII.l) fsf ssf sss
1h 45 0.54 _ 0.47 0.21 | 0.624 | 0.332 | 0.044
2h 50 | 0.56 0.53 . 0.26 |} 0.545 | 0.38510.068
4h © 0,59 0.6 0.31 }0.476 | 0.428 }0.096
15h _ 0.69 0.8 0.55 }0.203 | o.495}0.302
+20h,80°C 0.69 0.8 0.55 |0.203 | 0.495]0.302

Table 6: Sequénce distribution of styrene crosslinks at various
stages of the crosslinking process
The variation of styrene sequences with time is also shown graphicélly'in
figure VIII.12. The most obvious deduction is that the concentration of
styrene diads and triads increases with time while the concentration of the

monads decreases,
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The overall mole fractions of the tabulated sequences are compared to those
13 : - '
obtained by C onmr in table 7,

S~-Monads S-Diads S-Triads

I.R. 0.41 0.43 0.16

NMR 0.42 0.25 - 0.33

Table 7: Comparison between IR and NMR results
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4 DISCUSSION
13
4.1 C nmr Analysis

An important point arising in that respect is related to the interpretation

of the quatefnary carbon splitting exposed in this chapter compared to

Schaefer's and Buchak's in;erprétation.

Both these researchers attributed

the quaternary carbon resonances to a particular sequence distribution based

on the magnetic environment of a central styrene unit in a triad.

Their assignments are given below in table 8.

Structure Triad Chemical Shift (ppm)
CH,CH(p)-CH,, -CH-CH ,~CH()- SSS 144
-cu CH CHZ-CH CHz-CH(b)- MSS 142
co co c
-CHZ-CH(O)fCHi-CH-CH-CH- SSM 138
¢, ¢o fo
il Y.
™
~CH~CH-CH ,~CH-CH-CH- MSM 137
I 3
Co 0.
0

Table 8: Buchak's assignment of triads in

copolymers
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The question we are asking is quite simple; why picking up the central -
styrene group and not its neighbour since both are expected to give rise
to an absorption in the'same sbectral region but mosi probablj of différent
chemical shift deséife their.existence in the same‘sequence for example
S1 and S2 in H—Sl-Sz-S—M; According to the above scheme Sl beloﬁgs to a
MSS triad and S, to an SSS triad. We believe that this peak aSsignmeﬁ£ is not
quite true, a more realistic approach to the determination of the séquence

. ) 13 .

distribution of monomers in copolymers by C - nmr, can be achieved by means of

the new assignment as put forward in this chapter.

From an experimental po{hf of fiew; the method can-be used to follow the

"~ distribution of the styrene seqﬁences at various stages of the crossliﬁking.
process, by hydrolysing samples taken froﬁ a resin during its curing éycle,
esterifying the resulting copolymers and analysing them by é3nmr. Furthermore,
the effect of structural variables such as the"distfibutioh of the double bonds
along the ﬁolyester chain - as well as the effect of filleré énd curiﬁg-COﬁditibns
on the sequence distribution of the crosslinks can also be studied by-this

method, The only drawback being the poor resolution of the resonance peaks

corresponding to styrenern-ads (n>.2).

4,2 Infrared Analysisr
The method of following the crosslinking process by infrared spectrosébpy'has
been introduced as a r@ugh alternative to the method suggested in the previous

. subsection,

The accuracy of the method, however is_doubtful; first from an experiméntal,
point of view since it involves the study of tﬁe crosslinking procesé‘of a
very thin film of resin which might be diffe;ent from bulk curing because

of exotherm variations. From a theoretical angle, the method involves the use
of a statisticgl treatment which assumes that the reactivity parameters of

standard monomers can also describe the hardening of the polyester metwork.
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(15)

If this assumption is accepted with reluctance s since it is known that

fumarates in unsaturated polyester chains do not homopolymerise during curing
then the fact that these parameters are temperature dependent(lﬁ), arises

serious doubts about their épplicability especially during the early stéges

of the crosslinking reaction where temperature variationsare proncunced.

Furthermore, Bovey's sta£istica1 treatment also considers the probability

of a fumarate_double‘bond homopolyme;isation, which has been overlooked in

our calculation#. Finally'the treatmenf doés not make any allowanéérfor the _
formation of a fully alternating copolymer i.e. for this condition to be

fulfilled.

It

ffsf

o.o PSS=0

'(1-Pss)2 = 1

and Pss rsfsl(l-fs + rsfs) =0

which is only true whent =20

Surprisingiy, however,.duriné the first 15 hours of crosslinking (taﬁle;S)

the reaction between the fumarate.and the styreﬁe double bonds proceeds almost
as predicted'by the instantaneous cobolymerisation curve (near the alternating
point). But it is not surprising to notice that after this périod, the free
styrenes, owing to their increased mobility relative to_the fumarates already
members of a rigid crosslinked network, are consumed faster and probably give
rise to long styrene sequénces i.e. in the latter stages of the crosélinking
process the copolymerisation equétion fails to.prédicf the kinetics of the

system, As a result the values given in table 7 should shift towards higher

concentrations of triads; the formation of n-ads (nY 3) should also be considered.
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5 CONCLUSIONS
The sequence distribution of crosslinks in styrene cured unsaturated
13
polyesters can be determined by C nuclear magnetic resonance spectroscopy,

through a more realistic absorption peak assigmment of the styrene quaternary

carhon resonances.

The method can be used to follow the build up of the crosslinks during the -

curing process.

Infrared spectroscopy is a more practical but less accurate alternative
in fOllOWlng the crossl1nk1ng process since it involves the use of a statistical
treatment which regards the curing reaction as a standard free radical

copolymerisation of two monomers.
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