VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

A KINETIG STUDY OF THE HARDENING REACTION

OF A MODEL UNSATURATED POILYESTER RESIN,

by

IAN D, MoMITIAN, B.Sc,, A.R.I.C.

A thesis submitted to the University of Glasgow
in fulfilment ef the reguirements for the degree

of Doctor of Philosophy in the Faculty of Science,

The Royal College of Science and Technology,

Glasgow, February, 1957,



ProQuest Number: 10656317

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10656317

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



ACKNOWLEDGEMENTS,

The author thanks Professor P,D, Ritchie for the interest he has
displayed in this topic, and Dr, Manfred Gordon for his encouragement
and advice on both practical and theoretical considerations throughout

he course of this work,

Acknewledgement is made to the Senate of the University of Glasgow
for permission to carry out the third year of this research at the

College of Science and Technology, Manchester,

The author thanks Dr, A.C, Syme for performing a number of
microhydregenation determinations and Mr, Brian M, Grieveson for

the ball rebound absorption experiments,



LIST OF PUBLICATIONS,

The bulk of the work in Sections 1 = 3 has been published in the

following papers,

"Monomer Reactivity Ratios in a Model Unsaturated Polyester System",

Gordon, Grieveson and dMcMillan, Journal of Polymer Science,

volume 18, page 497, (1955).

"Classical Gelation in a Model Unsaturated Polyester Cross Polymerisation",.
Gordon, Grieveson and McMillan, Transactions of the Faraday Society,

volume 52, page'1012, (1955),



TABIE OF CONTENTS,

SU*M ¢ s @ eeo e ee oce eece oeceo ecvee s c o

INTRODUCT ION o e i eone

Section 1.

Preparation and Characterisation of Polyethylene Fumarate,

1.1 Introduction .... ceee
1.2 Preparation of resin, .... cves cone ceae “eoe
1.3 Physical properties of the resin, cees sees cvee
1.4 Rate and reproducibility of polycondensation, .... ....
1.5 Equimalarity of the resin, ceue core rees oo
1.6 Rings and crosslinks, ....
1.7 Cis=-trans isomerisation, v case voes o

Section 2,

Investigation of the Gelation Mechanism of the Methyl

Methacrylate/Polyethylene Fumarate System,

201 IntrOduCtiOIl. o s 00 ¢tesa sec0 ses e sevre LR

2'2 E'xperimentalO s ey o000 [ ] [ ceve LN

2,3 Results,

2.l Discussion, ... ceve . eses  eeae

205 Su}nlmry. o8 o LI B K] oe e seee ee ee
Section 3,

Evaluation of lonomer Reactivity Ratios ry (MMA) and ry (PEF),

3e1 Introduction, .... eese  sese
3.2 Note on nomenclature. ....
3.5 Experimental, ..., cane .
3.4 Evaluation of monomer react1v1ty ratios ry and rp. cese
3,5 Discussion, .... eveo ceee oo cess  sase
3,6 Sumary and conclusions,

Page

11
13

19

51
52
53
59
68

13



Page
Section L.

Kinetic Investigation of the Post-Gelation Rate Plot,

l{"‘l Introdmtion. 2% 2N J L2 BN ] LB [ BN ) o000 L ) 7"!'
4’2 E‘xperimntalv o ¢ eca LR 2 4 LN N 4 oo s LA B ) L LN 75
2{"5 Results. A IR 2N L BN ¢ s0 e *t0 00 LR I ) LK I ] 78

L L Theory of the reduced rate curve, cese eees  sees 80
L.5 Discussion of results, ....
24..6 Smnﬂazy. .

se9 e [N N s e e 85

LN ) L N N ] LR N 2 L N N ) » e 90 e a9 91

Section 5,
The Pinal State in the Polymerisation of MMA/PEF,

5.4 Introduction., ..., ceoe voee ceee cees ceee 92
5.2 Experimental., ..., cese eess 93
5.3 Results, ceee oo ce e voon s oo cees 95
5.4 Discussion of results, .... cees cere ceer eeee 96
5.5 Fillal Sta'te Of curve, PP eo e s EEE eev e ss e e 97
5.6 Sumary, cous e veue cees ceee  sees 106

O()]-\ICLIJ-SIOI\TSC o0 00 LI ] L s Qv e LA LA 107

II.IST OF REFEREI\TCES. o e e L]

co . cae e so e 200 e 109

AFPENDIX,

LiStOfsy'mbOlS. coes veee s evee coes svee 112
-Calculation of solvent in extracted cross=polymer, .... veos 114
Calculation of final Fand M. =~ .... coos cees  eeee 114
Derivation of plasticisation and crosslinking parameters, .... 115
Tables of results, .... coes ceee ceee ceee  eees 118



S UAMARY

The hardening mechanism of polyester "contact® resins is
investigated with reference to a2 model system, methyl methacrylate/
polyethylehe fumarate (MA/PEF), These two reazents are completely
cormpatible without the addition of any complicating factors, The
preparation and characterisation of the FEF resin are described,

The gelling characteristics of this system are investigated
using a new viscometer-dilatometer (visco—dilatometer) technique for
following polymer reactions The gel time and rate of polymerisation
are investigated over a range of monomer feed ratio (PEF/:id),
catalyst concentration, temperature and desree of polymerisation of
the initial polyester., Experimental points for the dependence of the
gel time on the feed ratio and initial chain length are compared with
theoretical curves for the gel time derived from classical gelation
theory. The gel time is\found constant regardless of the catalyst
concentration because, on the classical gelation behaviour, an increase
in polymerisation chain length cancels out the effect of the increase
in rate on gelation, This constancy of the gel time confirms that
the reaction is a simple copolyrerisation, The effect of temperature
on both the rate and gel time is in accordance with the classical
gelation theory,

The direct determination of the main kinetic parameters,
namely the reactivity ratios of *the two monomers (iisA and FEF) is

accomplished roughly by a technicue of extracting the cross-copolymer



formed by solvent extraction of the gel.  The "netwoxk" polymer
obtained is analysed by a density technique, microanalysis and micro~
hydrogenation to evaluate the monomer reactivity ratios,  These
techniques allow the bracketing of the values of ry end rp within a
range which lies c¢lose to the values demanded by the theoretical
treatment of the gel point,

The investigation is extended beyond the gel point where
a sudden increase in the polymerisation rate is observed, This gel
effect is explained by the as:umption of a model where the initial
reaction constants remain constant but changes in the effective
radical concentrations due to diffusion control lead to a decrease
in the termination reaction, This Trommsdorf effect at the gel
point is only observed in systems where the primary polymerisation

al
L

chain is sufliciently large.

Complete rate curves for the system, obtained by a combined
dilatometer density tube technique are presented, showing the
transition to the third stage of the reaction when both the initiation
and propagation steps become subject to diffusion control, The
polymerisation stops at approximately the same degree of cure or
mobility irrespective of the feed ratio A preliminary theory for
the state of cure is put forward in terms of three parameters: = the
concentration of crosslinks, the concentration of residual methyl

methocrylate, and the concentration of residual free polyethylens

fumarate chains,
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INTRODUCT ION,

Unsaturated polyester resins have recently become established
as constructional materials in the form of laminates, for such diverse
purposes as the manufacture of car-bodies, ships up to the size of
medium launches, and particularly in the aeroplane industry, where they
are almost the only materials suitable for radome housings, Resins
of this type consist, essentially, of an unsaturated polyester and an
wmnsaturated monomer such as styrene or methyl methacrylate, in
conjunction with a filling material of glass-fibre, cloth, paper ar the
like, The laminates formed in this way are strong, light, and have
& high resistance to corrosion but their gfeatest advantage is the
ease of fabrication, High pressure and elaborate moulding machines
are not required, Laminates are prepared by spreading the filling
material on a mould of the desired shape and spreading the materials
on in svccessive layers at low temperatures and pressures,

Though resins of this type are now widely wsed, little is
known about the m@chanism of the ha;‘dening reaction, Their
commercial development has not been fully exploited because of this
lack of fundamental theoretical knowledge,

The polymerisation of these systems is characterised by an
increase in viscogity of the solution, the poiﬁt where the original
golution first becomes solid being known as the gel point, liuch
of the fundamental work on the gelétion and crosslinking of polymer

systems is due to Plory, Stockmayer and Talling, Flo:y(1) first
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postulated that the gel point in polyfunctional reactions occurs

when the weight average molecular weight (and hence the viscosity)
becomes infinite, i,e,, when in an infinite sample of the reaction
mixture the weight fraction of infinite networks first exceeds zero,
Flory derived a statistical theory for this critical condition for
polycondensations, in terms of the fraction of functiocnalities reacted,

(2)_,

This thoery was sextended by Stockmayer,”’who showed that the equation

(3)

could be apovlied to polyaddition chain reactions, ‘'alling '~ “abandoned
the simple classical theory for polyadditions and postulated a diffusion
control theory of gelation to obtain agreement fcr the gel points
predicted from the classical theory vith his experimental values,

The present work is an attempt to bring fundamental kinetic
theories to bear on the polymerisaetion of polyester resins, by
investigating the gelling behavicur with increase of viscosity and
finding what effect the viscosity has on the kinetic steps as the
reaction proceeds,

In order to investizate a corplirat=d system of this type
the relatively simple model system, methyl methacrylate/polysthylene
fumarate has been chosen, These two reagents are comatible vith
each other in all proportions so that no additional solvents or
conditioners have to be added as in commercial resins (e,g. styrene
and fumarete are not wholly compatible and a solvent or other comonomer
has to be added)h Y] additionél complicating factors are avoided,

Thouzh very little fundemental work on the reaction mechanism of this

type of system has been published, a short introductory investigation
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of the topic by the writer‘"/showed that the gel point was independen®
of the catalyst concentration, This was interpreted in terms of a
copolymerisation chain reaction between the methacrylate and fumarate
unsaturation,

Experimental work involving the invéstigation and measuremen
of kinetic parameters should, ideally, be carried out in high vacuum
on materials of a high state of purity, The attainment of this ideal
in the present case is not possible since the polyester is a solid a%
room temperature and is not homogeneous. All starting meterials
were purified as well as possible and the reasonable reproducibility

of the results obtained justifies the treatment by classical kinetic

theories,



SECTION 1

Preparation and Characterisation of Polyethylene Fumarate.

1.1, Introduction, In order that the results of polymerisations

with polyethylene fumarate can be interpreted and verified it is
necessary to give a full description of the preparation and
characterisation of the resin, discussing the possible presence
and magnitude of various compliczting factors,

The method of preparinz polyethylene fumarate (PEF) was
develqped, before its usefulness as a crosslinker in polymerisations
was realised, mainly through the work of Carothers and Arvin(5)during
their investisation of the fibre forming properties of various

polycondensates from acid anhydrides and glycols, e.g.,

v
Cz - 0 HOCH, O
n | O +n I H(~0~CHyp~6Hy=0~C~CIi=CH-C~ ) OH I
CE - ¢ HOCHj + (n~1)H0
v)

These and subsequent workers did not realise that the
isomerisation of maleic to fumeric unsaturation may occur during the
polycondensation reaction and it was only comparatively recently that
Batzer and Mbhr(6)detected this isomerisation and evolved a laboratory
method for avoiding it.

Apart from the question of geometrical isomerisation the
characterisation of polyethylene fumcrate is centred on the correct

weight-average nunber DPy of fumarate double bonds per PEF molecule,



Provided that the resin is prepared from an equimolar mixture of
glycol and anhydride, and consists of linear molecules enly as
illustrated by I, the distribution law of chain lengths may be taken

to follow Flory!s statistical equation for a random bifunctional

(7).,

condensation H

2 n=1
W, = n(1-p) p (1)
where p is the Fraction of carboxyls esterified and W, 1s the weight
fraction of n-mer, For this distribution, the weight-average DPy

and the number-average DP, are given by:

DPy = (14+p)/(1-p) = 2DP = 1 (2)

Three complicating factors that may cause deviatiens cf
the structure of the condensation polymer from the state defined in
eq., (1) must be taken into accowmt, These are, departures from
strictly equimolar composition, the presence of cyclic species in
the resin, and the presence of crosslinked molecules arising from
the latent functionalities, i.,e,, the fumarate unsaturation, in the
condensation polymer, The extent to which these possible deviations

occur is discussed,

1.2, Prevaration of polyethylene fumerate - polycondensation reaction,

The polyester was prepared from a mixture of maleic
anhydride, purified by two recrystallisations from chloroform, and

a 5% molar excess of ethylene glycol purified by distillation in a
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current of carbon dioxide at approximately 20mm, Hy, pressure,

The two compounds, typically 3.23 moles of maleic anhydride
and 3,39 moles of ethylene glycol, were mixed thoroughly in a beaker
to a viscous paste then transferred to the reaction vessel (see fig.1).
This consisted of a two litre round-bottomed flask with three necks,

A mercury seal stirrer was placed in the centre neck with a thermometer
and a still-head plus condenser in the side necks, A glass bubbler
tube connected to a reservoir of solid carbon dioxide was introduced
doin the inside of the still-head alloving the COo gas to bubble
through the reaction mixture, the cold bubble tube also acting as an
auxiliary condenser,

The flask was heated in an electric mantle, the temperature
of the mixture being rapidly raised to znd maintained at 195 & 500.

The extent of polymerisation was followed by determining the
acid nurber of small test samples, stock samples being withdrawn from
the reaction vessel as required and stored in brown bottles, In
later condensation runs the reaction was followed using the rough
rate curve in fig,2,

Under the storage conditions employed (in brown bottles in a
refrigerator) it was found that over a 12-monfh period, no measurable

change in the D2 had occurred,

1.3, Physical rroperties of polyethylene fumarate resins, The resin

samples prepared were glass clear, almost colourless, and ranged from

a syrupy consistency (DPpg = 3) to piteh-like consistency (DB, = 9).



Materials of a sticky syrupy nature like this present difficulties
in handling since they can neither be poured like a ligquid nor
handled as a solid, It was fownd that the best method for handling
these resins was to freeze them to the glassy state with solid COop

when they could be chipped or powdered,

1.3.1, Molecular weight determination.

a ) End-group analysis, T-e acid number of each resin was found by
titrating an ice-cold solution, of about 0,2gm, resin in 10ml, of A.R.
dioxan with decinormal sodium hydroxide which had been freed from
carbonate by precipitation with barium chloride, The indicator used
ﬁas phenolphthalein, The procedure adopted was to run in alkali,
till near the end point, the addition of one drop gave a colouration
lasting about one second. The end point was adjudged to have been
reached when the addition of one further drop of alkali gave a red
colouration lasting for at least 5 seconds, Subsegquent addition of
alkali gave a red colouration lasting for about 20 secands. Refluxing
of the dioxan solution before titration to expel any dissolved COp
did not alter the end point. Ti.e acid number found by this method
was reproducible to + 25, as satisfactory as by the alternative method
of titrating a chloroform solution with alcholic potash.'

The end-group molecular weizht and the number average degree
of polymerisestion DPpe were calculated from the qeid number according

to the relation:

5600
142 DP,, = )- 18 (3)

acid number
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All DP,, values quoted are calculated from the average
of three titrations.
b.) Cyroscopic molecular weight determinations were made using
AR, dioxan as solvent in a standard Beckmenn avpparatus. The
freezing point depression qonstant k for dioxan was determined using
two reference compounds benzoic acid (k Pound = L,565°C 1.mole—1) and
p - toluidine (k found = 4.670°C l,mole-1). Both these reference
compounds vwere purified by two recrystallisations and the mean value
k = h.617°C l.mole-1 (¢ 1,5 %) was used to calculate all cryoscopie
molecular weights and hence DP, values, All the DPp values quoted

are averages of three determinations.

1l.3.2. Specific volume determinations at BOOQK. The densities of

the resins were determined in a pyknometer of about 2,25 ml, capacity,
The pyknometer was filled with frozen powdered resin and degassed under
approximately 20mm, Hg, pressure at 100°C.  Since the very high
viscosity made complete filling difficult, only sufficient resin to
£411l the pyknometer about three-quarters full was used, together with
distilled water as a confining ligquid,

Results are graphed in fig.3. Owing to the difficulty of

the procedure, only resin F was done in duplicate (1.3478 and 1,3472

gn/ml ).

1.3.3. Refractive index measurement. Refractive indices of the

resins were measured with an Abbs refractometer thermostatted at 5OOQK.

The refractive index Tor the sodium D line for distilled water was
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Figure 2, Rough rate curve for polyethylene fumarate condensation

at 195°C.

The results shown were obtained from four different runs;
A, C-E, F=H, and J-L.

End group NP, O Cryoscopic DP, A



Specific Volume.

L 10 14 18
| | |

10*/Fnd Group M.W,

Pigure 3. Pyknometric specific volumes (300°K.) vs. reciprocal
(end-group) molecular weights of polyethylene fumarate,

for condensation rmm J=L,




Refractive Index at BOOQK.

Figure L.

10‘*/ End Group M.V,

Refractive index for sodium D line (at 300°K.) vs.
reciprocal (end-group) molecular weight of polyethylene

fumarate, for condensation runs F-H, and J-L,
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set at 1,33235. Small samples were smeared on the prism with a hot
spatula and five readings were taken for each sarmple, Rasults are
" graphed in fig,kL.

AlL DF,,, DP,, density and refractive index values found

are tabulated in the Appendix (table 20,

1.4, Rate and reproducibility of polycondensation, “ithout attempting

a critical kinetic analysis of the polycondensation reaction it is
nevertheless desirable to establish the reproducibility and rough
kinetic behaviour of the formation of PEF., The results of four
separate condensation runs, namely resins A, B-E, F-H and J-L are
plotted in fig.2, showing a sufficiently smooth g;'aph of DP versus
reaction time to justify the claim to reasonable reproducibility of
the reaction. This reproducibility is probably not critically
dependent on the purity of the starting materials since the ethylene
glycol and maleic anhydride used in condensation rum L (J-L) were not
purified by the usual procedure of distillation énd recrystallisation,
From fig 2. it is seen that, after a rapid initial reaction, the DP
varies about linearly with time in the range 3 < DP, < 6, for both
end-group and cryoscopic determinations, This linearity implies that
in this range the reaction is kinetically of the second order since the
DP varies inversely as the concentration of unr'eac‘ted functionalities,

(8)

Flory has shown that in the polycondensation of saturated di=-

carboxylic acids a third order reaction occurs, in which the DP varies
1

2
.

linearly with (time) However, in the absence of more refined

kinetic measurements of this system it is not possible to discuss the



ocondensation mechanism more fully,

The reproducibility of the condensation reactions finds
added confirmation from refractive index and density measurements,
Pig.3 shows that for condensation run L (J-L) the specific volumes vary
smoothly with DP,,. The fefractive indices vary linearly with DP, 4
(fig.L4) and in addition are seen to be gratifyingly reproducible from
run to run, for though there is a real parallel displacement it my
be regarded as insignificantly small,

A comparison of measured IP's and those interpolated from

figs, 2=l is made in table 41 with respect to condensation run 5(N-P),

Table 1.

Comparison of measured and interpolated DP's,

DPne DPpe DPy
Rate curve Density curve R,I, curve End-group Cryoscopic

Resin

N 3.5 347 3.98 5.05 3.29
P 5.05 5.0 5.65 8.61 5.02

Table 41 shows that a mean value of DPne'z 3.73 is obtained foir resin N
by interpolation compared with the actual measured value of 5,05, The
high DP,g values measured for resins N‘and P are consistent with a
shortage of carboxylic end-groups, perhaps partly.caused by the
formation of ring compounds (see Section 1.6),

On the whole, the evidence contained in figs, 2-4 suggests
that over the range studied the formation of the polyethylene fumarate

resins is reasonably reproducible witih the resins exhibiting an
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intelligible gradation of physical properties,

1,5. Equimolarity of the resin, Under the conditions employed for

the preparation of PEF, water of condensation is removed from the
system by distillation in a current of inert CO, gas, Unfor’cm_a’qely
the constituents of the reaction mixture, particularly the lower
boiling glycol, are also liable to be lost by distillation, In an

effort to compensate for this loss and obtain a final polymsr which

Table 2.

Mass balance of resin L,

Moles,
Maleic anhydride used 3,23
Glycol used 3.39
Distillate (46ml, collected in 320 min, )
Tater calculated ' 2,33
ater found (uncorrected for evaporation losses,etc,) 2,05
Glycol found 0,0643
Acid (calculated as fumaric acid) 0,0438
Mole ratio r of glycol units in polymer, = 3,23 = 0.0%QB
calculated from mass balance, ‘ 3.39 -~ 0,0643
= 0,958

is as nearly as possible equimolar, (i,e. containing exactly one
carbaxyl and one hydroxyl group per number average molecule as in I),
a 5% molar excess of ethylene glycol was used over the maleic anhydride

as recommended by Carothers and Arvin(5 ) . The effect of this on the



molarity of the product can be seen from a rough mass balance from
condensation run 4, resin L,

The acid dissolved in the distillate was assumed to be
fureric (or maleic) and was determined by titrating an aliquote portion
of the distillate with N/20 caustic soda and phenolphthalein indicator,
The glycol was estimated from the density of the distillate (1.038gm/ml)
on fhe assumption that it contained only water, fumaric acid and glycol,
This was done by preparing two solutions of 0,0438 moles maleic
anhydride in 46ml of water and in 46ml. of ethylene glycol., By
interpolating between the densities of these two solutions (1.030gm/ml
and 1.1293gm/ml respectively) it was calculated that the distillate
contained 8,4 glycol,

Flory(8) has derived an equation for the error E in
calculating DP,,, on the assumption that the mole ratio acid/glycol

r = 1, for smll deviations of the true r from unity, thus:

E = (4 -r)xDPne'
2 (1)
Accepting the result of r = 0,958, the error in the DPpq
computevd (table 3) would amount to almost 15% for resin L (i,e, the
highest DP mede), For resin G, the highest molecular weight resin
used in this work, the DP), value would be only % high. Finally, for
resin J, the lowest molecular weight used, (42ml, distillate collected
in 93 min,), the error in DP,, would amount to wnder 67,

It seems questionable whether such a smll correction can
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be reliably based on the analysis described, and throughout this work,

true equimolarity (r = 1) of the resin is assumed,

1.6. Sidereactions;pfoducing rings and crosslinks, Jacobson and

Stockmayer have shown by viscosity measurements that ring formstion

(9)

can occur when decamethylene glycol condenses with a saturated

dicarboxylic acid, Again,theimmnomeric ring caprolactam can be
extracted from Perlon polyamide in proportions up to 15%(10) and in
attempts to synthesise polyethylene isophthalate the cyclic dimer of
ethylene isophthalate has been isolated$11) Moreover, crosslinking
and even gelation are known to present difficulties in condensing
glycols with unsaturated dicarboxylic acids in both an industrial and
laboratory scale, In a preliminary condensation run, when the
temperature of the reaction mixture was allowed to rise to 210-22000,
the mixture became dark yellow in colour and set to a solid mess in
L5 minutes,

The possibility of ring formation and crosslinking of the
FEF therefore cannot be ignored, To investigate these two points
cryoscopic and end-group degrees of polymerisation (DPn and Dgne) are
compared. For the purely linear polycondensation polymer I,
prepared from equimolar proportions of maleic anhydride and ethylene
glycol, these two degrees should coincide, G?osslinks due to the
reaction of double bonds clearly raise the DP,, while they do not

affect the concentration of terminal carboxyl and hence leave DP,na

wmaffected, Conversely, ignoring minute changes due to the weight
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of water eliminated, cyclisation leading to species such as II uses
up carboxyls and hence raises the IP,, While the cryoscopic average

DPn is not affected,

Table 3,

Comparison of number-averages and the weight fraction ¢4 of cycles,

Resin DPp DP, cy
A 3,43 2,66 0,08l
B 3,75 2,94 0,073
c 4,88 3.90 0,051
D 6,0k L, 42 0.060
E 7.38 6.88 0.010
F | 3,78 2,90 0,080
G 5.73 5.58 0,005
H 6.68 5,65 0.027
J 3.6 2,93 0,053
K 5,25 5.09 0,006
L 9.32 9,81 0,005
N 5.05 3.29 0,106
P 8,61 5,02 0,083

Values from five condensation runs are analysed in table 3, It is

seen that the divergences between DIP,, and DP, never seriously exceed
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one wnit (with the exception of N and P) and are mostly quite small,
It is most unlikely that the agreement achieved arises through
cancellation of large opposing deviations attributable to simultaneous
cyclisation and crosslinking, The DP,, is gererally slightly larger

than ]Z’lPn which points to the possible occurrence of some cyclisation,

’
Assuming that crosslinking is absent, that the only nonlinear species
present is the monomeric ring II, and that the linear species is of
the general formula I, the weight fraction ¢4 of cyclic monomer may

be calculated from the following schems,

The avpropriate equations for computing the nurber and weight
fractions Il and ¢4 of monomeric rings, the number and weight
averages DPpqy and DPyy, of the chains I present, and finally the
DPW of all species (eycles plus chains), are derived as follows,

The weight and number fractions are related to the cryoscopic

P, thus,

¢y = T /DBy, , (5)
The end-group average DPpg is related to DPpp,
DB, = DPp /(1 - o4) (6)
The cryoscopic average is compounded from the average DPp,p
of the chains and that of the cycles (which is merely unity) thus,
Bp= (=T ) By + T ()
From equations (5, 6 and 7) it is then possible to express

DP h and cy &s functions of the measured averages:

ne
o = — - L (9)
Dy DPne'
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Thus the weight fraction of cyclic monomer is reduced to
a simple expression involving the measured cryoscopic and end-group
DP's, to give the values tabulated in table 3, It is seen that o4
never exceeds 10% (excepting N and P) and it is also significant that
it tends to decrease with increasing reaction progress, This runs
directly counter to the statistical theory of cyclisat:’.on(5 ) which
predicts an increase of cq with increasing reaction, A very slight
rate of crosslinking is possibly responsible for a progressive‘
masking of the effect of rings on the DP, The resin L of highest
DP (fig.2,) was not completely miscible with methyl methacrylate,
possibly in consequence of some crosslinks,

Jacobson and Stockmayers statistical theory leads to the
conclusion that the weight frection c4 of monomeric ring predominates
strongly and makes up the bulk of the total weight fraction £°x of
cyclic material, The treatment above was simplified by considering
only monomer ring formation, The assumption of a cyclic dimer,
replacing the oyclic monomer IT, would lead to a weight fraction
Cp = 2cy4,

Because of the assumptions and experimental errors involved,
the calculation described above is far from exact, and serves only
to show the small part played by cyclic structures in the resin,

On the v;rhole , the degree of agreement achievea between the DP,
and DPpe and the analysis embodied in table 3 justify the assumption
in this work, that the polyethylene fumarate resin employed may be

treated as a purely linear polymer with 2 weight average derivable
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from end-group analysis with the :aid of eqn,(2),

1. 7. Cis-trans isomerisation, The isomerisation of maleic to

fumric unsaturation during the polycondensation of maleic anhydride
and ethylene glycol was detected only recently by the work of Batzer
and lohr, .

Mr. A, Pojaczkowski and lir, B,M, Grieveson(12) (43) of the
Royal Technical College, Glasgow, investigated the isomerisation of
these resins and showed by infra-red spectroscopy that the conversion
of cis (maleate) to trans (funarate) bonds is substantially complete
before the number average DP has reached three, ~hile this
investigation was in progress, the paper by Feuer and coworkers(1h)
became available, which reaches the same conclusion by polarographic
and other means.

(13)

Experimental work by Grieveson on the comparison of
resins prepared from ethylene glycol and mleic anhydride or fumarie
acid further supports the assumption that these resins can be treated

as 100% polyethylene fumarate, The subject is discussed further

in Section 2. L. 9,
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SECTION 2,

Investigation of the Gelation Mechanism of the Methyl

Methacrylate/Polyethylene Fumarate System,

2.4, Introduction. The gel point of the MMA/PEF system may be

interpreted in terms of a theoretical equation (eqn,15 Section 2.b1.)
derived from the classicai network theory of gelation, assuming a
simple copolymerisation reaction between the MVA and FEF, This
equation prediots that with crosslinking reagents of high
functionality (such as PEF) the gel point is reached at low conversion
and the gel time Yaries inversely with the functionality of the
crosslinking reagent, A general kinetic scheme is derived from the
classical theory using the copolymerisation equation, so that the
gel time is equated directly with the kinetic parameters for the
system.  The theory suggests that the gel time should be independent
of the nature and concentration of the catalyst and should exhibit
linearity with reciprocal fumarate concentration at high fumarate
cancentrations, Also, the energy of activation of gelation is
predicted to be independent of both the feed ratio and catalyst
concentration,

The gel time and rate of polymerisation were investigated
as a function of monorﬁer_feed ratio, the molecular weight of the PEF
condensa%im cnains, catalyst concentration and reaction temperature,
The polymerisation rates and viscosity were followed by means of a

combined viscometer-dilatomer or wviscodilatometer,
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The experimental and theoretical results are all in
satisfactory agreement, The gel time varies with monomer feed ratio
as predicted (fig,9) the curves becoming asymptotic at low fumarate
concentrations and the asymptotic slopes lie in the correct theoretical
ratio, This figure is an absolute test for the classical network
theory of gelation, The parameters used for the fit of the
theoretical curve are corparable with directly measured values and
those found in the literature. The theory is further confirmed since
both the gel time and activation encrgy are independent of the catalyst
concentration,

The agreénent between theory and experiment is found not to
differ seriously, Such deviations as exist are not surprising
considering the number of assumptions involved in deriving the kinetic
acheme, For exanple, termination by radicalcombination is assunad and
if radical disproportionation was used would differ by a factor of
1,33, Also the primary polymerisation chain lengths of LM)/PEF
co-po;yme; are assumed to be identical with that of pure Illd,
Generally, tae absolute verification of the gel point theory to
polyadditions of high functionality cannot be expected to a factor

much less than three,

2,2, Experimental.

2.2,1, Materials,

a.) Polyefhylene fumarate, The preparation and characterisation
of the preformed condensation polymer chains has been fully described

in the preceding section,
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b.,) lMonomeric methyl methacrylate, This was the commercial brand
of Kallodoc liquid supplied by Imperial Chemical Industries Ltd, The
monomer was purified in the following manner.

| Approximately one litre of solution was successively washed
with caustic soda solution in a separating funnel until the rejected
aqueous phase was colourless, It was next washed at least three
times with distilled water then dried by the addition of anhydrous
caleium chlorids, Following this the solution was distilled twice
at approximately 20mm,Hg, pressure with CO, gas being bubbled through
the solution, The middle fraction of distillate was retained and
stored in a stoppered brown bottle at OOC. This purification is
insufficient to free the monomer from traces of catalysts and
inhibitors but more rigorous procedures are not justified, because
the PEF component admixed with the iivA cannot be highly purified.
c.) Methyl ethyl ketone peroxide was used throughout the work as
"ecatalyst" or initiator, This was supplied by Bakelite Ltd,, as a
60% solution in dimethyl phthalate, as marketed for the hardening of
comrercial unsaturated polyester resins, The peroxide concentration
was checked periodically (13)by iodimetric titration, dus allowance
being mede for any small decrease in peroxide content on storage when

dispensing the catalyst,

- 2,2,2. Preparation of the reaction solutian, Polyethylene fumarate

(PER) and nethyl methacrylate (:3A) were found to be compatible in all
proportions, lionomer feed ratios R were based on the ratio (PEF/MMA)

of the double bonds of each species; e,g. a solution of feed ratio



R = 1 was one in which the moles of fumrate repeat units and methyl

methacrylate was equal, allowing for PEF end-groups,

%, (PEF DP. 100
Feed ratio R = (PEF) x DPpo x (10)

Tt (MEA) x M, (PEF)

A quantity of PEF was weighed in a weighing bottle and the calculated
quentity of M¢A added dropwise from a weighing burette, It was
necessary to warm the mixture slichtly and stir with a glass rod to
dissolve the PEF completely,

The reaction solutiom was prepared immediately before use
in all the experiments in this section,

The calculated weight of MEK catalyst was added dropwise
from a micro-pipette or weighing burette immediately before the start

of the experiment,

2,2.3%, Viscodilatometer measurements of rates and gel times, A

detailed account of the development, manufactﬁre and use of the visco=-
dilatometer is given elsewhere (13) (15) but the use of the instrument
will nor be summmrised, In the instrument, vis&gsity is measured in
terms of the rate of flow of a colum of resin through a sintered glasé
plug acting as a resistance,

The glass viscodilatometer is seen in fig,5.,, together with
the brass stand which allows the angular setting of the instrument to
be varied, The instrument consists of a dilatometer bulb, usually
of about 2ml, volume, and two capillary tubes, in one of which resides

a sintered glass plug, The capillary used here is l,5mm, precision
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bore tubing about 8cm, long for each limb, The plug is made near
the end of one limb by sintering crushed Pyrex glass till the required
porosity is attained. . The plugs used in this work had an average
pore size of 90 microns, determined as described by British Standard
Specification 1752:1952, The two capillary linbs are attached to the
central bulb, care being taken thet the two pieces of tubing are
collinear, The viscodilatometer is calibrated for volume'by
measuring the lengths of colums of known weights of distilled water
at 2090 and similarly far hydrodynamic resistance by measuring the
rate of flow of water, It is filled to the desired degree by sucking
up the liquid slowly with a rubber‘syringe attached to one arm,
ensuring that all air bubbles are excluded from the plug., The ends
of the two tubes are joined by means of glass tubiﬁg and rubber
connections as shomn, The viscodilatometer is clamped to the brass
disc of the stand on top of a calibrated glass scale engraved in 1/3mm,
The liquid volume at any time t is deduced from the positions on the
scale, read with a magnifying glass, of the menisci in each capillary,
If the brass disc is set so that the capillaries make an angle o¢
(e.g. 5 = 20°) with the horizontal, gravity flow causes movement of
both menisci and the sinteréd glass plug acts as a hydrodynamic
resistance, A considerable rance of viscosities can obviously be

covered in one viscodilatometer by adjusting the angular setting,

2.2.L, Use of the viscodilatometer, The use of the viscodilatometer

in following the course of the polymerisation of MVA/PEF is seen in

fig.6 for the case of resin G, R = 0,5, 2,0% MEK catalyst at 62°C,
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Figure 6 « Viscodilatometer run with resin G 62°C, 2 & 1715
R = C.5. Top (0)s flow curve of meniscus in plug capillary;
middle (A): flow curve of meniscus in free capillary;
bottom (®): difference curve (rate plot).
The el tinme t; (29 min) and the criticzl shrinkage (Sc¢) are
found as shown. The critical conversion B,= C.055.4n this run.
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Reédings in arbitrary uwnits of the positions of the two menisci on the
scale are plotted against time, The top curve represents the flow
rate of the meniscus in the plug capillary which is almost independent
of shrinkage'and vhose reciprocal slope is proportional to the Viscosity
of the resin, The middle curve revresents the flow curve of the
meniscus in the plugless end, whose movement includes almbst all the
volume shrinkége; The shrinkage plot is obtecined as the difference
between the tvo curves as showm by the bottom plot in Fig;G. The
difference plots in all the experiments carried out are always linear
up to the time t, of gelation and are a linear measure of the degree
of polymerisation,

Referring to fig.6 it is seen that the first few points on
the difference plot fall in the induction period, This induction
period, unavoidable because of the relatively impure PEF end presence
of air, is an advantage in that it allows the establishment of thermal
equilibrium before polymerisation begins. In the induction period
the rate is zero and the viscosity is constant, as attested by the
constancy of the slopes of both fldw curves, The gel time %, is
determined from the end of the induction peried, i.e., the kink in
the difference plot, to the attainment of 2 horizontal position of the
top f1 w*curvé, i e, when the resin gels and the viscosity o the
resin reaches infinity This point, vwhere flow ceases, cen be located
with sufficient accur:icy and is thus a convenient method of Zinding
the gel point,

‘The sharp kink in the top and middle curves of fig.6
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represents thel point where the Jlow is reversed by turning the disc
from +xto -, because the plug meniscus approaches the plug, If
the resin takes a long time to gel, this reversal can be repeated,
running the resin back and forth repeatedly,

The gel point can be determined quite accurately even at
high conversion, i,e,, when the mixture is slow to gel and the viscdsity
increases relatively slowly, This can be seen in fig,7 where a
solution of R = 0,2 gelled in 53 min, at 0,108 conversion, Here the
initial viscosity was so lou that the direction of flo: had to be
reversed several times,

The viscodilatometer can be cleaned with alcoholic potash
and fuming nitric acid and used repeatedly, if it is removed from the
thermostat immediately after gelation (cf, degradation of gel under
flow, Gordon and Grieveson(15)) before the jelly-like resin has

a chance to set hard, e.o Viscodilatometer IX was used for runs

oS

D2 - 8 and F16 - 26, and viscodilatometer X for runs G2 - 24 and
F2 - 14,

The viscodilatometer was used to investigate the effect

of molecular weight, feed ratio, temperature and catalyst concentration

on the gel time and rate of MMA/PEF as illustrated in fig,9 - 13,

2.2,5, Molecular weight of Polymethyl Methacrylate, The number

average molecular weight of pure polymethyl methacrylate was
determined viscometrically, A small sample (2ml,) of methacrylate
monomer, purified in the usual way was polymerised in sealed Pyrex

tubes with 2% M.E,K. at 62°C, identical ccnditions to those used in
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the gelation ekperiments. The samples were polymerised up to about
205 conversion then dissolved in acetone, when the polymethyl
msfhacrylate was precipitated with methanol, The polymer obtained
was thoroughly washed before beins dried in a vacuum oven at AOOC for
12 hours,

The pﬁrified white powdery polymer was dissolved in
chloroform to give an approximtely 1 solution. This was filtexred
throvgh a Buchner filter and the strength of the solution determined
accurately gravimetrically,

The specific viscosity of the solution wis determined in an
Ostwald viscometer (Mo.41) in the ususl way, dilubting the original
chlorof orm solution by half for successive determinations, A tyoical
extrapolation to infinite dilution is exemplified in fig,8, The
intercept gives the intrinsic viscosity equal to 1,15 and, suhstituting

16)
2

in Baysal and Tobolsky's equation for intrinsic viscosity

8

P =252 x 1070 DR, (11)

gives the number average chain length DPpp in this case to be‘2,110.

2. 3. Results,

The details of all viscodilatometer runs are ziven in tables
( 22 & 23 ) in the Appendix, These results fall into tiwro
categories; runs in which both the gel time and polymerisation rate
were examined, and runs for which the rate ol contraction only wos
examined specifically Zor Arrhenius plots, The runs are tabulated

in chronolozical order,



The effect of DPj, and monomer feed ratio is illustrated in
figure 9. Arrhenius type plots of gel times (fig.11) give activation
energies for resins T and N of 13, cals, and 14,7 X, cals,
fespectivély. The activation energy of the dilatometric rate for
pure methacrvlate (fig.lZ) is 15,6 X, cals,, compared with that
(fig.l}) of 16.3 K, cals. for resin F and 16,7 ¥, cals, for resin N,

The influence oY feed ratio on the polymerisation rate is

showm in table L,

Table 1,

on polymerisation rate

Influence of fe?d rg#io :
sec” ') at 62°C, and 2% MEK,

x 10% (mele 1,”

Run Feed ratio R liean rate lean rate
(resin ) (resin G)
M, )., 10 0.0 3,63 3,63
G,20 0,15 - 3.1
F.8,G.16 0.2 3.85 3,05
F,26 0.25 3.9k -
F.6,20,46;G. 1L 0,33 3.86 3,22
F.12 0.k 3.82 -
P4, 14,163G,10,12 0.5 3.90 2, 8L
¢.8,2L 0.67 - 2,76
F.10,G.6 0,8 3.86 2,48
F,2,13;C, 4,22 1.0 3.88 3,06
G.2 1.25 - L,0

F,22 2,0 6,21 -
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2.3.1, Molarity of the reaction solution and conversion at 100/
Polymerisation,

In order to rresent the results in absolute units it is
necessary to know the contraction vhich takes place in the complete
conversion of monomer to polymer and also the molarity of the reaction
solution at any given time,

a,) For IIA by itself the “ractional volume shrinkage for 100
polymerisation has been investigated by several workers, Throughout
this work it is assumed that the value for pure MMA is little affected
by the presence of PEF, he values of the fractional volume shrinkage

are those published by Melville<17)and coworkers,

Temp, °C jo shrinkage at full conversien,
60 24,68
25 23,06
0 21,38

which are in close agreement with values from other sources quoted
by Robeftson<18). Drawing a straight line through elville's
values enables. with little'érror; thé fractional volume shrinkage at
any temperature in the range (20 - 80)°C to be obtained from the
relation:

3 s}minkége' = 21,83 + O,047T (12)
where T‘is the temperature OG,

(19)

b,) The expression for the density of 1ZA at T °C has been derived .

density = 0,965l - 0,00109T (43)
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Hence the coefficient of expansion of N¥A is 0,00124 (experimental
valus 0,00123, 1,22,24), so that the molarity of MMA is 9,36 mole 17!
at 27°C and 5,98 mole 171 at 62°%,

Similarly the coefficient of expansion of resin N can be
estimated as 0,.00055 by linear interpolation since thaet for a solution
of & = 1,75 is 00,0008 (N.72). Thus it follows that the molarity of
resin 17 changes Trom 9,12 mole 1:1 at 27°C to 9.0 mole 171 a4 6200,
Since the molarity of all the resins lies in ranse (9.15 - 9.35)
mole litré_1 and tl.e coefficients of exvansion are estimated to be
similar (0,0005 - 0,0008) tne molarity of the reaction solution will
never seriously diverge from 9 mole 171 regardless of the resin used,
the feed ratio, temperature or, for the low conversions studied, tue

extent of polymerisetion,

2.3.2, Sample calculation for a viscodilatometer rum,

The results for 2 typiczl run (G.12, fig,6) for R = 0,5,

24 MEK catalyst and 62°C are obtained as follows:

Total gel time = 33 min,
Tnduction time = . min,
Actvel gel time = 29 min,

Initial volune in viscodilatometer (L mins,) = 1,835ml,

Final i i L (33mins,) = 1,8510ml,
Shrinkage = 0,248ml,
" shrinkage = 1,355
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Since (eqn.11), 24,75/ contraction is equivalent to 100%

conversion at 62,0°C

1 x 1.36
24,75

Conversion at gel point (33 mins ) = = 0,055
.. Rate = 0,055 x 3429 < 60) = 0,000283 mole 1,'1sec.'1

2.3%.3%, Reproducibility of gel times and rates., The reproducibility

of the experimental results obtained with the viscodilatometer is

illustrated in table 5,

Table 5,
Reproducibility of el t imes an rates,
(Resins F and G; 62,0°C, 2 MEK, )
Resin F Resin G
Run Teed Induction tec :c'a*l:ez|r Ind, te ratel
ratio R period (mins) x 10 period  (mins) x 10%
(= /%)  (mins.) mole  (mins) mole
1' ._'1 l.
sec sec™
F,20 0.33 5 67 3,92 - - -
FOLI' 005 5 }-4'3 5.39 - - -
P.1,,6,10 0.5 5 340 2 31.5 2,71
F,16,G.12 0,5 5 60 4,30 2 29,0 2.83
G.8 0,67 - - -~ 2 28,25 2,62
G, 24 0,67 - - - L 30.5 2,87
7,2,G.4 1.0 2 18,5 7L & 16,5  3.21
F,18,G,22 1.0 2 17.5 k01 2 15.0 2,93

By finding the mean rate and gel time Tor each resin and

exprezsing the dilference from the mean for each run as a percentage,

the stancdard devietions are evaluated as follows;



Resin P, 8,2% and 4,1% for gel time and rate respectively,

Resin G, L, 1% and 4,2% for gel time and rate respectively,
The three runs 2t R = 0,5 for resir; I' represent the poorest agreement
ever cbtained, This is to some extent explained by the fact that
theage three runs vere made with different methacrylate solutions
namely; 54 solution distilled directly (24 hrs,) before the run, the
same YA used two weeks later, and MHA purified as described in
Section 2,2.1. (the normal 24 solution used), Generally, it rej
be claimed that the rates and zel times determined by this technique

are reproducible to + 5%,

2.3.4 Calculation of kiék?p from molecular weight, The ratioc k{-/ kzp

for pure methacrylate may be calculated from the familiar equationm,

Rate x TP = K3, M/k . (18)

Three determinations of Dp, (described in experimental
section) are listed in table 6 together with three rate determinations

from different methacrylate rums,

Table 6.

Rate and IP, values for MMA,

DP Rate Run
n - -1
moles 1, sec
3085 0. 000330 M, 4
2440 0, 000360 M, 10

2140 0,000289 M, 13
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These three results give a mean DPp, of 2545 and a mean rate of
0,000326 mole 1,"1seo™, and M = 9 mole 1,71,
Hehce,‘from eqn.(lh) the value of kt/kzp is found to be
98 mole seb.l.-1’ in satisfactory agreement with the value of 67
mole sec,l_1calculable at 62°C from data by liatheson and ccworkers(19),

and other similar values in the literature,

.

2,4, Discussion,

2.,4,1. Avoplication of classical gelation theory, Assuming a simple

copolymerisation reaction between methyl methacrylate and polyethylene
fumerate, measurements of the gel point of the system imy be inter-

preted in terms of the theoretical equation:
o = 1/A (TP = 1) (DB, = 1) (15)

whereo{s is the critical fractional conversion of PEF wnsaturation at
the gel point, DPWp is the weight average length of the ?adical
polymerisation chains, DPy. that of the original PEF polycondensation
chains, anq/Ois the fractioﬁ of the polymeiised unsaturation which is
fumerate as distinct {rom methacrylate, This equation follows from
the gelation theory of Flony(1)and\Stockﬁayer(z) and_it degenerates
to knom special cases, In particular, if DP,, = 2, the equation
appropriately reduces to that(Z)valid for copolymerising MMA with a
doubly unsaturated monomer such as ethylene dimethacrylate; iffD = 1
aﬁd DPyp = 2, the equation degenerates to that for the vulcanisation

of PEF chains,

Of the four variables in equation (15),on1y the weight
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average chain length DPg, of the PEF condensation chains is readily
acce'ssible', via the nunber average DPp, from end group titration
(section I) o, p > and DPyy are difficult to measure, but additional
relations can be obtained between the four variables from the kinetics
of copolymerisation, At the price' of making additional assumptions,
it is possible to integrate the gel point theory into 2 zeneral kinetic
framswork,

The key to equation (15)_ vhich involves dilution of a
polyfunctional reagent (PEF) by means of a difunctional one (mlJ'A),
lies in the simple role played by the dilution parameter f//‘.), to which
the critical conversion o(.is seen to be proportional, ith
crosclinking reagents of high functionality, the gel point is reacned
at lovo<e, even when the value of 1/',0 is quite large, Under such
conditions of gelling at low conversion the proportionality of ~. to //p
can be extended to many related variables, Thus at lov.'r conversion
all interesting measures of reaction progzress, in whafever units may be
chosen, will rema-in proportional tood., The critical fraction .
of all double bonds (fumarate and methacrylate) polymerised, or even
the critical gelling time tc, become useful indirect measures of o<,
Again, the fraction © of polymerised bonds which are fumerates remains
proportional to the concentration Fy of fumarate double bonds in the
initial monomer mixture, when both P end Fo are small, There is,
there':f‘ore, a general expectation for any system of the type
conterplated, to exhibit linearity between critical conversion

parareters and 1/3‘0 at hipgh 1/}3‘0 values,
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2.4,2, Copolymerisation equation and kinetic scheme, The concentration

of fumarate unsaturation remaining unreacted is denoted by F (mola/l.),

that of methacrylate unsaturation by M(mole/1.), and their ratio by
R = F/A (16)

As seen in section 2,3,1. the total concentration of unsaturation in

the initial monomer mixture is given to an excellent approximation by

Fg + M, =9 (17)

vhich will be used to simplify the equations, Moreover, Where

appropriate, F,M,R, dF/at, di/at, and © are treated as constants equal

to their initiasl values F,, etc., and the steady state free radical

b

concentrations F#+ and M are also assumed to be constant., This is
the usuval practice, permissible because the gelling experiments are
confined to changes in M < 20% while those in F are much smaller The

fractional conversion 3 of the overall unsaturation is given by:
B =1 - (@ +M)/(F, + 1)) (18)

The constancy of dF/dt was checked dilatometrically in every rum by
the constancy of the rate of shrinkage; Thus the typical rate plot

in £ig,6 is seen to be linear up to the gel point, and
B = (aF/dt) to. (19)
From the definitions already given, it follows that

P=(Fo=F)(Fy - F + M, - M) (20)



The oopolymsrisation equetion

F/aw = P /(1 ~pP) =RRep +1)/(xx +R) (21)

introduces the usual monomer reactivity ratios rp Tor fumrate and ry
for methacrylate radicals, They are defined in terms of prorcgation

rate constants, thus:

rp = kpip/kpiy , and 1y = kfy/ kow (22)

in an obvious notation, Thus kp%; denotes the rate constant for attack
of an F* on an M, etc. In particular, use is mede of the fact that
ky*y is identical with the propagation constant for pure MMA, denoted

simply by kp. Solving eqn. (21) yields:

P = R(RrF + 1)/(1‘1‘_,5 + R(R:qa + 2)) (23)

The fraction 2 of the total, and the fraction o of fumarate,

wnsaturation reacted are related thus:

B = B[R +1) . (24)
The critical valuve of the former is found from equations (15),(16),(17)
and (23), by substitution in (24):

2 = W (my + R(Rrp + 2))2

9(Rrp + 1)°(DPyp = 1) By = 1)F (25)

This exhibits the linearity of [is with 41/p predicted sbove for low
values of T, where in fact M~9 (eqn.17) and R~0 (e'qn.l6), Further

trensformtions of (25) concern the weight average chain length DPyy



of the polymerisetion chains, As the number average chain length
IEﬁp is more readily expressible in terms of the kinetic scheme, it

is convenient to use the substitution,
PP - = b DP '
(DB = 1) = L5 DR (26)

which is correct for termination by radical combination, and will
rarely be far from the truth in reactions of the type wnder discussion.
While it is not possible to obtain directly an expression for D'Pnp
which is free from the wnknown radical concentrationsF# or M¥, or
from the: initiation rate, the product of DPnp and the reaction rate
can be obtained, This suggests a transformation from Estto t, with
the aid of eqn. (19)

Thus it is assumed that the four propagation steps with rate
constants kM*M?kM#F’ kpagp, and kpyp make up the total propagation
rate, while three termination steps together exhaust the possibilities
of chain termination, These involve the binary radical collisions of

the type M¥ + 1B, M¥ + F%, and F% + F#, with respective rate constants

ki, k] and ki, The product of rate and DP,

P can then be written

N 2
(08 /atynm,, - T T ¢ K+ )

(27)
I(ctMs® + KIMEFE 4+ KPFR)

. The factor 1/9 is provided by eqn.(17). From (27) the unknown
radical concentrations F* and M¥ can be eliminated together, because
they occur honmgeheously, by means of the customary stationary state

assumption

Gl = ™R | (28)



Substituting for (a3/at) from (19) and for 2 ¢ from (25)-,

the Tinal general form of the gel point condition is obtained as

k ‘f{ ’«:""2
v, KR xR

Mew  wrkpay Keu (29)
1,5 (Rrp + 1)%(DPye- 1) F

This form involves directly the gel time t, without any
conversicn factors relating to density, volume shrinkage, etc,
Measurements of t, are also important industrially as a variable in
production control for which purpose a special measuring device is
available,(zc)

Equation (29) dezenerates, as did (25), to a linear form at
suffiéiently high /7, The three important aspects of (29) to be
considered are the slope of the asymptotic line o the plot relshire~
t, to 1/F (£ig.9 and 10), its intercept on the t, axiz, and the

detailed shape ol the curve itself,

2,.L,3, Detailed shepe of the gel time/composition curve, The

experimental points plotted in fig 9 conform closely to a linear law
when R < 0,5, This implies that the curve should approach closely
to its asymptote beyond that limit, In other words, the last two
terms in the numerator of (29) and the term (RIF + 1)2 in the
denominator are negligible beyond R £ 0,5, and the following

inequalities should hold:
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T <<% (i.e. ¢<L 2) (30)
cplare/kgkmar << VR (i.e, << 2) (31)
i /Rl << /R%(hae, K 1) - (32)

Of these, inecuality (30) will be borne out in Section 3 of this work

by direct measurement, The otlher two inequalities constibtute the

‘relation:

E= b=

——ent. e an—

.2
(31) _ ey 4\ (33)

(32) lepkch

and according to Flory(21),¢>)g /| , s a general ruls, o direct
evidence for the validity of these two inequalities can be offered,
Furthermore, the contribution of the last two terms in the
numerator of (29) would impress the opposi%e kind of curvature to that
observed, The observed curvature cen be accowmted for only by the
term (Rxp + 1)2 in the denominator, Assuming that the two last terms
in the numerator of (29) remein negligible throughout the ran-e o

composition R studied, eqn. (29) can then be written in the form,

2 . 2
ty = kpre/ (1.5 KgarRep + 1)° (Pyo= 1)F) (3%)

The classical gelation theory ewbodied in eqn,(34) can be put
to a simple absolute test, Experimental points for the gel time with
varying R values for resins of two different DP's are compared with
the theoretical cuirves predicted.by eqn, (34), These were calculated
usins values of rp = 0,25 and ry = 29, wrich lie within or nearly

within the range of direct measurements of these two parameters in



in Section 3, namely O <rp € 0,7 and 10 ¢ ry € 25. The DP;y values
used (resin F = 5,56, resin G = 9,46) were deduced from end-group
titration, The ratio kt/Xfsa = 98 mole sec.l.”! was measured as
stated earlier and is in satisfactory agreement with the previous
literature,

The experimental points are in good agreement with the
theoretical curves in fig.§ and constitutes a satisfactory, complete,

absolute test for the classical gelation theory.

2,4 L, Slope of the asymptote. As a more restricted test of the

classical gelation theory, the constant rp, which is the most difficul:
to obtain, can be elimineted by using directly the slopes of the
asymptotes of the plots in fig.l0 2t low R values, obtainable from

(3L4) in the form:
slope = lctzj?,: 1.5 k%::_'g[ (DPWO - 1) (35)
Table 7.

Relative verification of the classical gelation
theory from figwre 10,

Ratios of
Resin (DPWC-1) Asympt, Asyrmpt, Slopes Intercepts (Ech"1)
slope intercept '
(mole sec.171) (sec)
F 5.56 81410 204 G
| 1,70 1,70 1,70
G 9.46 4970 120

The fact that the asymntotic slopes in f£ig.l0 are in the ratio of the

values of (DPwr' 1) is a verification of the classical gelation theory in



a relative sense; which can be shown to be independent (eqn,15) of the
mechanism assumed for the copolymerisation reactiom,

According to the diffuvsion control theory of gelation(j) the
slopes and absolute gel times —would be practically independent of the
condehsafion chain length DPﬁC, because of the saturation & the cross-
linking capacity assumed to occur under the present conditions, ioreover,
such saturation vould cause the curves in fig,9 to approach the
horizontal at lov 1/F, in direct contradiction to fact, A critical
(22)

re-examination of the diffusion control theory has led Gordon and Roe

to reject the theory on general grounds,

2.4,5, Intercept of the asywptote, The intercept of the asymptote on

the to axis can be obtained from eq, (29), with the 2id of (16),(17) and

(35) in the form:

t
Slope . ky . kg (36)
9 kt kst

Intercept

This is less useful here than the slope (35) because the
constants ki and kpyqr 2re not knom, The experimental intercepts are
seen to be smell absolutely, end small relatively to the slopes, in
fig.10, Therefore little support for the theory can be claimed from
the achievement of two intercepts which stand, perhaps somewhat
fortuitously, in the correct theoretical ratio given by (36),(see'table 7).

However the smallness of the intercepts compared with the slopes (table 7)

does support the validity of inequality (31),



2,L.6, Temperature dependence of the gel point. The theory embodied

in e@n.(}#) should also account for the influence of temperature on t..
It does so very plausibly, By ignoring the small contribution from
byl (i.e. putting xp = O) and substituting for ry from (22) the

following expression is obtained after logarithmic trensformetion of (34).

logyq ¥, = const, + (ZEM=;:F - Et)/2°5 Rk (37)

The activation energies ENHF and Et are identified by their subgcrlpts.
A linear Arrhenius type of plot is predicted by (37) for loc te |
against reciprocal temperature, This is verified in fig,1l on two
separate resin condensates F and N, polymerised with 2% and 0.%% MIK
respectively, the gel points of resin F beiﬁg determined 7ith a
viscodilatometer and those of resin ¥ in a simple dilatometer with a
magnetic stirrer (see Section 4.2.1.) Eq,(37) is also independent of
both R and the catalyst concentration, This is verified here Tor two
widely different R values (0,33 and 1,75) and catalyst concentrations
(z% and O,ﬁ% MEK), since the overall activation energies obtained from
the ragression lines drawn in fig,10 are 13,8 and 14,7Kcal, respectively,
Purther analysis of the mean overall energy of activation of gelation

in accordance +ith (37) gives:
E = 2Bpe-E = 3105 K.cal,/mole (38)

Since the activation energy Ey of termination between two methacrylate
radicals is (23) about 2 K.,cal/mole, this leaves about 8.1 K,cal/mole

for Emgp of the cross propamtion step. This value 1s reasonable,
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because it lies about 2 - 3 K, cal., above the activation energy EM{M
for pure MVA polymerisation(23) as might well be expected, This analysis

pinpoints the term EM#F as predominantly responsible for the effects of

temperature on gelation,

2, 4,7, Effect of catalyst concentration on the gel time, Eqn.(jh)

predicts that the gel time t. should be independent of both the nature
and concentration of the catalyst (B), This seems directly counter
to the fact thet in commercisl practice the gelling times of ‘“contact
resins” are uéually regulated by chancing the concentration or nature
of the catalyst system(24). It must be remerbered, however, that
gelling occurs under conditions avproaching adiabacity in comrercial
practice, The increase of rate is due to the well known heat build up,
or lack of tempmerature constancy due to the poor dissipation of the
polymerisation heat through the viscous resin, while eqn, (34) applies
only under isothermal conditioms,

As already mentioned,(h)the constancy of the gel time with
MEK concentretion for this system was discovered by the vriter in &
short exploratory investigation of this topic, This work -~ras somewhat
crude, the gel time being measured by injecting bubbles of air into
the solution akd noting when fhey stopped rising, A detailed
investigation of the effect of the concentration and nature of the

* (13)(45)

catalyst on the system has been carried out by Grieveson in this
laboratory usingy the viscodilatometer technique, and his results will
be briefly reviewed here, Over a considerable range of tvio types

(methyl ethyl ketone peroxide MK, and 1-hydroxy cyclohexyl hydro-



peroxide=-1, HCH), of catalyst, t, wes found to remain constant, At the
same time} the rate varied in these experiments as the square root of
the'catalyst concentration, & well known consequence of the'pairwise
distryction of radical ends in chain polymerisations, Thus a confirmation
of the kinetic scheme adopted is provided which is independent of
gelation theory,

The constancy of t, with varying catalyst concentration acts
as both a key proof of classical gelation behaviour, and as confirmation
of the chain reaction nature of polyme?isation of unsaturated compounds,
Thus apart from any detailed mechanism, the observed constancy of the
gelling time in the face of observed variations of the reaction rate
with (B%) requires some compensating factor Hhichrvaries with (B‘%);

If the reaction were not a chain reaction it seems impossible to see
what this factor could be, If it is a chain reaction, then the gel
point theory sﬁggests that the compensating factor must be the chai.
length DP_. and the kinetic scheme leads precisely to the variation of

wp
1
this factor with (B72),

2.1.8. Dependence of rate on feed ratio R and on temperature, As seen

in table?g the rate of polymerisation is independent of R in the range
0< R 14, but increases somewhat as R rises above unity, The
application to the propagation rate of the kinetic scheme adopted above,

with the 2id of eqn,(16), (22) and (28), leads to the equation:

Rate = k 2 (1 + (R(2 + Rry,)/7)) : (39)
Since the term in square brackets is practically constant up to R = 1

and then indréases slowly with R, it must be concluded that variations
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in M and M¥% must largely balance so as to keep (M#xM) constant, This
behaviour is compatible with the kinetic schems adopted (cf. Palit(zs)),
but too many wmknown parameters would have to be adjusted to fit the
data quantitativély. The rise in the radical concentraticon M# with
falling M must be interpreted in terms of an increase in the rate of
radical initiation by the catalyst as the mixture is made richer in PEF
and. pooger in MMA. If, as, suggested, the termination of radicals
occurs largely between couples of M¥ radicals irrespective of R‘over
the rangeystudied, (i.e, eqn,(}h) is independent of k% and k; ), then
the DPnp varies as WM, or as M (since M'xM is constant), Thus the
primary polymerisation chain length varies about 9-fold over the 3-fold
range of M covered by fig,9 and 10, The advantage of plotting %,
directly is again emphasized, since this procedure automatically allows
for variations in rate and chain length, Figures 12 and 13 present
Arrhenius plots of the overall rate in the absence and presence of PEF,
The regression lines drawn have slopes corresponding to overall
activation energies of 15,6 K,cals,/mole for pure M/A compared with
those of 16,3 K,cals./mole and 16,7 K,cals./nwle for R = 0,33 and 1,75
reépectively. The former value is acceptable for pure MMA and is in
accordance with the kinetic scheme here used, as made up of contributions
from the activetion energy of initiation, propagation, and termination,
thus:

Overall activation energy = %Ei + EM%M = %Et (hO)

In the presence of PEF, the three energy terms are liable to change in

virtue o7 the contribution made by this resin to the overall polymerisatiam.

\
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In particular, the three propagation steps involving PEF might contribute
to the term corresponding to By and the two termingtion steps involving
PEF, to the term corresponding to -%Et. However, it would be expected
that the propagation steps involving PEF make only a smell contribution,
as is evident for the indicéteé values of ry and rp, and E; is known to
moke a very small contfibution to (40) in any case, The constancy of
the activation energy despite the 2ddition of 55% of PEF in going from
fig. 12 to 13 suggests that the activation energy of initiation E; for
PEF is not greatly different from that for pure MMA , The practical
constancy of rates and activation energies in presence and absence of

PEF obviously support the identity of the mechanism (i.e. radical chain
polymerisation) of the hardeniny reaction of the model "contact resin

and the polymerisation of pure methyl methacrylate,

2.L.9 Analysis of some assumptions. The neglect, inherent in (34), of

two side reactions may briefly be discussed,

2) Firstly, chain transfer reactions have been totally discounted in the
kinetic scheme, Crain transfer to IMMA monomer is known to be
inap;rebiable; Chain transfer to the PEF resin may occur to a small
extent, but the constancy of the gel time under varying catalyst
concentration forms a2 sensitive test for the absence of such transfer,
b. ) VSecondlyj delay of gelation through internal cyclisation

(27)(28)(29)

reactions has been entirely discounted, The only detectable

effect of such cyclisetion in this work would be & rise in the apparent
value of 1y calculeted from fig.9 with the aid of (34). The fit of

the data in fig.9 does require a value of Ty = 29 compared to the
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range 10K < 25 obtained by direct measurement in Section 3 and this

&'
discrepancy mey conceal some intermal cyclisation,

e.) A further assumption made in the derivation of (34) is that of
radical termination by combination, The extent of radical termination
in the polymerisation of MMA is controversial and will be further
discﬁssed'in Section L. The assumption of radical termination by
disproportionation would reguire Ty to be increased by a factor dfh/i:gg
to fit the data in fig,9,

d,) It is inherent in the use of monomer reactivity constants,
particularly ry, in the gelation theory (3L) that all the unsaturation
in PEF is equally reactive, The possible effects of variations in
reactivity due either to chemical causes, or to the relative position of
a fumarate double bond within its condensation chains has now to be
discussed,

Chemical causes arise from the interconvertibility of maleic
and fumaxric double bonds, It haslbeen assumed that the polycondensation
chains contain only fumarate unsaturation, i.e. that complete gebmetric
inversion takes place during the condensation of maleic anhydride with
ethylene glycol, Infra-red analysis suggests (see Section 1,7) that
such conversion is substantial and that its equilibrium level is
attained rapidly before resin samples are collected(12). It has recently
been thought(jo) that a noticeable fraction of maleate unsaturation may
be preseht in the équilibrium state, Even if this is so, the present

treatment is not seriously affected, Thus if maleate and fumrate

unsaturation have equal reactivity ratios in respect of methyl



methacrylate, then the treatment is clearly completely unaffected, On
the other hand, the reactivity of maleate to methacrylate radicals
might be negligible when compared with fumarate, so that only fumarate
units would polymerise, The apparent chain length IP,, in eqn.(29)
ought to be reduced corresponding to the fraction £ of the total
wsaturation in the condensation chains which is fumaric (and therefore
polymerisable), The fraction f would be constant from one DP .y value
to another. The relative slopes in fig.9 vary as 4/(fDP_,- 1) on
this assumption and the agreement would be little affected even if f
were as low as 0,5, The absolute comparison of rﬁ from the slope with
direct measurements would be wunaffected by £, as both estimates are to
be mede on the same value of T,

a.) The assumption tacitly madé, that all fumarate bonds have equal
reactivity constants irrespective of their position in a PEF condensation
~ chain, seems plausible on theoretical grounds. The possibility that
terminal bonds only differ in reactivity from all others towards the
centre of a PEF chain mey be considered, If the terminal bonds were
completely unreactive to addition polymerisation, all the apparent
DP_,, values used would have to be reduced by two, i.e, the number of
terminals per weight average chain, This would not significantly
affect the treatment, If conversely only the terminal double bonds

of a condensation chain were reactive, the gel point would be expected
to be delayed as the actual length DP_, was increased, This is

completely ruled out by the results in fig.9.



2,5, Summary, Both absolute and relative verifications of the
classical network theory of gelation are presented for the model system,
Theoretical curves for the dependence of the absolute gel time on the
feed ratio of PEF to MMA, and on the chain length of PEF, are fitted to
experimental results, Variations in the concentration of a percxide
and hydroperoxide catalyst do not affect the gel time, because the
effects on reaction rate and primary polyaddition chain length cancel
each other, The classical gelation theory also accounts for the
(constant) activation energy of gelation. No interference by diffusion
control effects with the classical gelling behaviour is encointered,
Gel point measurements are thus vindicated as a theoretical tool, as
well as being of much technological importance,

The reaction mechanism of the hardening of MMA/PEF, a model
"econtact resin" system, is found to be a simple copolymerisation, in
which both the reaction rate and its activation energy are practically
independent of the feed ratio over a wide range extending down to pure
MMA, The polymérisation may be simply explained in terms of the
classical gelation theory by reference to fig,1lh and 15 and equ, (15),
Thus the critical conversion oL depends on two f‘actorsP(DPWp - 1)
dealing with the horizontal (polymerisation) chains, and (DPy, - 1)
dealing with the vertical (condensation) chains, The first term is
equivalent to the weight average nurber of double bonds on a condensation
chain available for crosslinking, and the second gives the number of
fumarate units on a polymerisation chain which are available for

crosslinking, The fraction/o depends on the relative ease (or rates)



e R

L L P S S —

Figureql .
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at which fumarate bonds get incorporated into the growing polymerisation
chains relative to the methacrylates, The simple picture is then one

of a methacrylate radical (e.g. represented by Z in fig, 1k and 15) picking
up another methacrylate monomer repeatedly, until occasicnally it attacks
a fumarate double bond, The relative appetites for reaction of the

two types of unsaturation are governed by the ordinary copolymerisation
equation, that is, in terms of the reactivity ratios of the two kinds of

‘monomer, and the feed ratio R,

At




SECTION 3.

Evaluation of lonomer Reactivity Ratios Tyr (Methyl Mbthacnvla@gl

and ry (Polyethylene Fumarate).

3.1, Introduction, The copolyrerisetion kinetic scheme developed'from

the classical network theory of gelation, in the previous section, uses
the values of the reactivity ratios as Ty = 29 and Tp = 0.25, for
methacrylate and fumarate radicals respectively, The evaluation of
these two parameters is of paramount importance in order to confirm the
gelation theory which uses the aforementioned values of 1y and rq to
£it the experimental data,
The classical method of measuring the reactivity ratios of
the cross-copolymer is to isolate it and determine its composition,
This is done by a regetitive solvent extraction procedure and the
isolated cross=-copolymer is analysed by density measurements, carbon-and
hydrogen microanalysis and by hydrogenation of the double bonds presen.,
The values presented for the reactivity ratios were derived from the
density measuréments, which were thougnt to be the most reliable as well
as being most easily accomplished, The values from microanalysis and
microhydrogenation measurements are in satisfactory agreement,(see £5g.19)
The values of the parameters Tound in this way are bracketed
in the ranges 1€ <IpM <25 and 0 < Tp € 0,7 which agree reasonably
enough to the theoretical values to confirm the validity of the classical
network theory of gelation and the copolymerisation kinetic scheme, The

nature of the model system makes a direct verification of the ratios
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extremely difficult (as reflected.in the relatively large ranges
assigned to them), for in contrast to a normal difunctional
copolymerisation reaction the polyethylene fumarate, which formally
takes the place of one of the two usuval comonomers is itself a low
molecular weicht polymer, It is not a pure compound but hetero~disperse
and may contain some rins compounds as well as linear molecules, It
contains condensetion chain molecules with multiple unsaturation
functionalities, the reaction of any one of which suffices to attach

it to the cross-copolymer (fig.1l4k and 15), Thus the freeing of the
cross-polymerised oopolymer from unattached monomers recuires lengthy
and repetitive separation procedures, it being particularly difficult to
extract completely the free PEF condensation chains none of 7lose

double bonds na2s become incorporeted in an addition polymerisation chain,

5,2, Note on nomenclaturs, It seems to be customary (éspecially in

Britain) to speak of crosslinking the polyester resin with a monomer

such as rethyl methacrylate, while occasionally (especially in U.S.4A.)
tlnvpolyéster is referred to es the crosslinker for the methacrylate,

In as much as the polyester is the polyfunctional component, it seems
preferable to associate it nominally with the crosslinking process, so
the latter usage is adopted here. It should be obvious from the
symmetry of the ceometrical structure underlying fig.l4 of the copolymer,
in which a rotation through 90° will interchange the horiéontal with

the vertical lines of atoms, that it is arbitrary which of the two is
considered to contain the crosslinks (c?, the decision as to vhich of

two numbers is the multiplier and which the multiplicand in a product).
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In the network theory of size distributions, gelling, etc,,
the arbitrary choice of "crosslinks" from the bonds occurring in the
meshes is reflected in alternative routes of deriving precisely the same

equations, The words cross-polvmer (or g;oss-copolqug) will be used

for the structure typified by fig.1ll.

3.3, Experimental,

3.3.1. Choice of solvents for cross-copolymer extraction., “hen the

MMA/PEF system gels the gelled solution is a mixture of methacrylate
monomer, fumarate monomer and the cross-copolymer, In order to isolate
tihe latter it is necessary to extract the remining unsaturated monomers
by solvent extraction, and a satisfactory scheme was evolved only after
an extensive investigation of the efTect of a large variety ol solvents
on the compenents. Essentially, solvents had to be found for the two
monoiners which had no ef’ect on the cross-polymer, In the solubility
experiments polymethylmethacrylate itsel was used to simulate the
cross-polymer since the two differ only by the inclusion of FEF branching
units. The plan followed was to “ind a good solvent or each monomer
and then examine its effect on Ferspex under varying conditions of time
and temperaturé.

The extraction of methacrylate monomer from polymer presented
no greet difficulty since it is standard practice to extract methacrylate
monorer from Perspex with methanol,

02 all the solvents tried for fumarate, it was found that
ethylene zlycol monoethyl ether (Cellosolve) was the most satisfactory,

the resin being soluble in warm Cellosolve, or in the cold aiter standing,



Cellosolve has no solubilising effect on Perspex unless under
drastic conditions, A éample o? Perspex was lef't standing in
Cellosolve for nine days at room temperature, Even then the sample
remained qguite hard and there was no detectable swelling, and the
addition of methanol to the Cellosolve did not produce any precipitate
or milkiness,  Another sample of Perspex was refluxed with Cellosolve
under reduced pressure (about 140°C) for two hours then left standing
at room texmpercture Tor nine days, The addition of metlanol rave
only a slicht milkiness to the solution,

Thus the extraction scheme followed consists of extracting
the methacrylate :ronomer witi methanol and the free fumarate condensation

chains with Cellosolve, leaving only the cross-copolymer,

3,3,2, Cross=polymerisation and purilicaztion procedure, “‘eighed -

quantities of MMA and PEF totalling about 3 ~ 1Ogm were mixed to a
clear solution of the desired mole ratio R in the usual mammer, 2% MEK
catalyst wes added to the solution which was polymerised in sealed
Pyrex glass tubes at 62°C until gelled, At the gel point (about

5 - 20% conversian), determined by the probe method described in
Section 4.2.1.(22)the polymerisation was stopped by immersing the tube
in a freezing mixture of methanol 2nd solid carbon dioxide, The
gelled mass wa2s pusied out of the tube and weighed, A tenfold excess
of chilled met?anol and a trace of hydroquinone, to prevent further
polymerisation,were added and the mess was worked by manually rolling
and pressing iith a glass rod terminatine this stage by stirring with

a hirsh speed propeller stirrer for about 10 minutes, The methanol
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was decanted and the procedure repeated with fresh methanol four times,
to complete extraction of unreacted methyl methaérylate. In this
process, the originally doughy mass became broken up into small, plastic
particles, presumed to contain the cross-polymer and free condensation
chains,

To extract these free chains, the second stage consisted in
the addition of 100-fold excess o Cellosolve and heating for a few
minutes to 60°C with stirring, The particles swelled to clear soft
jelly-like rlobules of much increased volume. The solvent was decanted
and the process repeated twice with fresh Cellosolve, The swollen
particles were then left 4n contact with Cellosolve at room tenperature
for 10 - 20 hours then finally weshed with fresh solvent,

In the final stage, the cross-polymer particles were freed
from Cellosolve by refluxing +:ith methanol in a Soxhlet extractor,
renewing the methanol after three hours and continuing the extraction
for a further three hours, The product was washed from the thimble
with fres: methanol which was then decanted and the final polymer dried
in a vacuum desiccator over calcium chloride for abouvt 15 howrs, The
polymer wes obtained as a white powder suvitable both for microanalysis
and density determination, The whole extraction procedure (Cellosolve
and methenol) was repeated once or twice, i,e. in principle to constant
composition and density of the cross=polymer powder., A typical rough
yield survey (table 8) may be presented for the rums corresponding

toR = 0,5 and R = 0Q,1.



Table 8,

Tield survey for cross=polymers,

R = 0,5 R = 0.1
Teight of gelled resins 3.08 g. 6,62 g,
Height of cross-polymer estimated from
shrinkage during polymerisation, 300 mg, 70C mg,
Net yields of cross=-polymer powder after
first extraction 180 mg, - 594 mg.
second extraction 9L mg. 304 mg,
third extraction 53 mg, 15C mg,

No allowance has been made Cor considerable unavoidable
losses in handling the polymer during the extraction procedures, or of
the minute quantities used Jor density measurements. Nevertheless,
the relatively low net yields reflects real losses by solubility of the
cross~-polymer in Cellosolve, To reduce this solubility in the two runs
of lowest R value in which the effect was most serious, 10 of methanol
was added to all the Cellosolve used, This mixture is still & solvent

for the free polyethylene fumarate condensation chains,

3.3,3, Density determination of the cross-copolymer, The densities

of the cross-polymer sairples ware determined in a density gradient tube
the use of which has been described elsewhere$31)(32) The method makes
use of Pyrex zlsss floats és reference standards which are used to
calibrate density as a function of hei-ht in the tube by interpolation,

The gradient ic established in the tube by the vertical interdiffusion

of two miscible liguids which have no chemical or physical ef’ect on the



polymer, A particle of polymer film introduced into the tube sinks to

a level et which its density equals that of the surrounding liquid,

a,) Manufacture and calibration of slass floats has been described in
deteils by Gordon and MdN&ijB) The floats were nade'practioally
spherical in shape and about 2 = 3 mn, diameter from thin-walled capillary
(1 mm, diam,) drawm originally from 1,5 cm diameter Pyrex tube, Floats
in the desired density range were obtained by controlling the

glasgs~-to-air ratio, The spheres were stored for two days before

being calibrated since incomwlete annealing caused an initial small
increase in density.

Tne Ploats were calibrated for density by the method deseribed
by Gordon and Mclab involving flotation of the glass sphere in a density
bottle containing a solution of the required density, The float
densities were found to 0, 0009 gmL/ml. The density of the cross-
polymer samples lies between 1.191 and 41,2876 and five floats were
calibrated to cover this range,

b,) Preperation and use of density gradient tubes. The density
gradient was formed in a dumb=-bell shaped tube(31) of about 25 cm, stem
lenzth and 2 cm, diameter, The heavy solution was placed in the tube
with the meniscus in the centre of the stem and carefully topved with
the lighter solution so as to preserve the interphase, The floats
Weré then introduced and rested on the interphase, Alfine wire coil
stirrer was then moved up and dowmn throuzh the interphase ivith stroles
of increasing amplitude so that interdiffusion of the solutions

caused the formation of the density gradient which was observed in
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terms of the vertical spreading of the floats. The height against
density plot is alweys sigmoid, approaching the vertical at each end,
i,e. at the height of the dumb-bell reservoirs where the density is
constant with height,

Individual small particles (a few milligrams) from a
polymer powder were pressed to clear films about 1 - 5 m? in area at
approximately 150°C for 30 seconds under ca,lO0 atm, between glass plates,
These plates, cut {rom microscope slides to 5 x 5 mm, in size, were
pressed along their edges by two spring-loaded ("oull=-dog® type) clips,
and a jet o superheated steam directed against each plate, The films
were cut into distinctive shapes with a clean razor blade end placed
in the gradient tube which was immersed in a 26,7°C water thermostat
for 15 mins, The height of the floats and the polymer particles were
measured using a cathetometer and plotted as typified in fig,16. The
polymer densities determined graphically in this way were accurate to
0,0010 gm./ml. or better,

The solution used in the gradient tube was calcium caloride
which was previously degassed in order to prevent the formtion of air

bubbles on the floats and polyirer particles,

3.3, L, Microanalysis and michrohydrogenation of the cross-copolymer,

a,) The qross-éopolymer samples were analysed for carbon and hydrogen
content by Drs, eiler and Strauss of Oxford,

b.) The residual unsaturation of the cross-copolymer samples was
determined by Dr, A,C. .Syme of the Royal Tecihnical College by a

microhydrogenation technique., The polymer samples were left standing
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in the cold in zlacial acetic acid when they became highly swollen and
in a suitable state for microhydrogenation, A blant run was carried
out an polymethyl methacrylate polymerised, isolated esnd purified in

exactly the same menner as used for the cross-polymer.

3.4, BEvaluation of monomer reactivity ratios ry; and rp. The procedure

for calculetinz monomer reactivity retios for a binary linear
polymerisation consists in analysing the number fraction//ﬁ of monomeric
repeat units (fumerate) in the polymerisetion cheins as a function of the
feed ratio R, At low conversions; the following linear equation is
obtained by rearrenging eqn.(21) and allows the reactivity ratios rp

and Ty to be deduced from slope and intercept by plotting R (146 - 2)

versus R? (14b - 1)

re B (p-1) + R(p -2)= x5, (11)

As long as not more than one double bond of each poly=-fumarate
condensation ciain has become incorporated into a polymerisation chain,
eqn, (41) remains applicable since we are dealing with a linear
copolymerisation (free from crosslinks), For this very reason, the same
e@uation avplies at the gel point of the MMA/PEF copolymerisation as
an almost exact approximation, Of the order of scores of condensation
chains enter into each polymerisetion chain, At the gel point,
however, only one of these chains on average 77ill have a second double
bond which has polymerised and thus serves as a crosslink with a second
polymerisation chein (fiz,15). Tais average of one crouslink per

polymerisation chein follows from the network theory of the gel point



(2)

on the assumption that cyclic structures can be neglected in the network,
The general applicability of this network theory of gellihg to this
system was demonstrated in the previous section, Accordingly the
experimental polymerisations were carried to the vieinity of the gel
point, which pccurréd at < 20% conversion of the unsaturation present,
and the polymer composition enalysed in terms of eqn, (41).

Tﬁe classical method for determining the number fraction /3
is by elementary microanalysis of the purified polymer, Because in
this systém, one of the components to be removed (viz, the free polyester
candensation chains) is itself polymeric and thie zelled polymer is no
longer completely soluble, the swelling and extraction technicue described‘
had to be adopted. The purified polymer obtained by this method could
hardly be expected to be in the state of purity normally obtained in
simple systems by repetitive precipitation and redissolutiam,

The normal method of analysis of the purified polymer depends
on the fact that the carbon (or hydrogen ete,) percentage Cp and Cy
(or Hp and Hy etc,) of the two homopolymers obtainable from the two
monomers F and M separately wili generally differ, The weight
fractional compositions of'copolymers are deducible by linear interpolatim

-of the carbon vercentage C between CF and QM’ etc, Thus the

copolymer

weight fraction of component ¥ in the copolymer is given by:

-

Wy = Gy - Ocopolymer = Hy - “copolymer
M TII -
% - Cp B! Hp

Thesevequations are applied to this system for carbon and hydrogen

(42)




analysis, Because'QF - Oy end By - H; are smell (10, 23% and 3,65%
respectively) tﬁis procedure is not very accurate, Experimentally, it
is simpler and more convenient to analyse the copolymer by specific
volume measurements, deducing the weight fraction wp of polyetaylene
fumarate units by linear interpolation between the specific volumes of
pure methyl methacrylate polymer and that of a hypotheticai polynmer

(see fig.17). Thus

V. - V...
MMA resin
L © (43)
Vamr: -V, p
MMA nypotnetical polymer
where V is the specific volume denoted by its prefix, This method,

though in principle more accurate then elementary analysis, gave in
practice, results in satisfsctory agreement but of only the scwe order

of precision,

3.4.1. Range of feed ratios available, Egn, (l1) naturally gives results

of the monomer reactivity ratios which are the more accurate the wider
the range of R values ernployed The system anere presents yet another
difficulty in that the experimentally menageable range is restricted.
At high proportions of polyethylene fummrate (R > 1.5), the mixtures
become too viscous for handling and the conversion at the gel point so
low, that efforts in this direction had to be abandoned., Accordingly
only the range 0,1 < R € 1.5 has been covered here in four steps

(R = 0.1, 0.5, 1.0, 1.5) corresponding to extractions (E, O, 3 and D

respectively),



3.4.2,Conversion of weight fraction wp to number fraction P

The composition variable Wy i.e,, the weight fraction of
(polymerised + unpélymerised) fumrate wnits in the cross-copolymer, is
egperinehtally accessible from density measurements and microanalysis,
According to eqn. (41), however, the number fraction o (fraction of
polymerised units which are fumarate) is required for evaluating rM:anﬂ
rp. To computé/O:from'w , two statistical assumptions are reguired,
Pirstly, as already explained, the nunber of fumarate units polymerised
per condensation chain in the cross-polymer is taken not significantly to
exceed unity at the gel point, It is also necessary to knoi7 the average
number N of fumarate units in those polycondensation chains wnhich are
bound in the cross=-copolymer, Simple'étatistical anaiysis leads to the
following results concerning the appropriate average:

a,) Low conversion: The initial copolymer formed incorporates

condensation chains whose nunmber average DP is the weight average of the
original free polycondensetion chain distribution,

b.) Full conversion: The polycondensation chains incorporatéd in a

hypothetical copolymer containing all the initial condensation chains
necessarily have the same number average DP as the original distribution,
For an original distribution obeying equations (1) and (2),
this implies that the required average N falls in 2 calculable manner
with the copolymerisation progress reaching about half its initial value
at full conversion. Because of the low conversion of fumarate bonds
when the reaction is stopped at the gel point, case (2.) is assumed to

be applicable and the nunber average of fumerate units per condensation
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chain is equated to the weight average DBWe, calculated from end group

analysis, Then /o must be caleulated from wy as follows:

100w
100w+ 142DE (1 - wp)

3.4h.3, Estimated density of polymerised condensation polymer, In order

to calculate L from specific volume measurements (eqn,L3) it is

neceésary to estimate the specific volume of the hypothetical condensation
polymexr when one double bond per weight average chain has polymerised,
This was done in the following mermer from the values of per cent
shrinkage P psr double bond and reciprocal molar volume 1/Mv for ten
diealent monomers, quoted in the literature by Nickols and Flowers(jh

(see Appendix table 31). The resression line from these values was

found to be:

p o= A% (15)

M,

Then, for resin F say, substituting for t/MV = 1.3475/950 from

the density and DP values of resin F, P is found to be 3,1%. That is,
the’polymerisation of one double bond per weight average polymerisation
chain (the condition at the gel point) lowers the specific volume of the

- polyester from O.743 to 0.720 as shown in fig,17.

3. b, Reactivity ratios from density measurements, Despite the

excellent reproducibility normally attained with this technique, films

prepared from any one cross-polymer sample here gave a considerable
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Figure 17, Specific volume of the cross=copolymer at 300%. vs.
fraction w, of ethylene fumarate units: (@) Experimental
points from mean of carbon and hydrogen content. On the
ordinate wF=¢, the upper point shown'is for unpolymerized
polyethylene fumarate resin F. The point 0,023 unit below
this is the estimated specific volume when one double bond

per weight-average chain has polymerized.
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scatter of density values as exemplified in colums 3 and 5 of table 9,
This scatter naturally infects the calculated composition paramester /D

(through eqns. 43 and Ll.) as also seen in columns L and 6 of table 9,

Table 9.

Reproducibility of density measurements of purified (twice extracted)
polymers at 300%K,

Film Pure MMA Cross=polymer R = 0.1' Cross=polymer R = 1,5
fragment density  Density R(‘I/f) - 2){ vy  Density R(Téb - 2){ 1
! 1.1911 1,2019 13.3 1.2748 15.1
2 1,194 1,1980 21,2 1.2736 15.6
3 1.1909 1.4973 23.6 1.2718 16.2
b - 1.1938 55.6 1.2671 18.1
5 - - - 1.2606 20,95

The relative reproducibility of the density was found to be unaffected
by.moderate'variations in the time of hot-pressing of the films thus, two
fragments from extraction B preSsed for 10 and L5 seconds had densities
of 41,2535 and 1,2522 gm,/ml, respectively, but appeared to be caused by
real inhomogeneity of the powdéf before hot-pressing, This is attributed
to the limited efficiency of the purification process, i,e,, the
extraction of free condensation polymer from gel particles instead of

the normal dissolution and reprecipitation of linear polymers, Accordingly,
table 9 shows that the higher the R value the worse is the scatter, and
excellent reproducibility is seen to attend the determination of the
density'of polymethyl nethacrylateiuncontaminated by condensation chains

(R = 0), polymerised and purified from monomer by exactly the same



65.

technique as described for the cross-polymsr. Superimposed on the
difficulty of completely extracting the free condensation chains, there
is a marked tendency of the éttached condensction chains in the cross-
polymer to polymerise further ihen heated in air, This manifests itself
in an increase in density, loss of thermoplasticity and loss of swelling
power of the cross=cnpolymer in Cellosolve after repeated extractions,
Both incomplete extraction and after-polymerisation lead to high
densities, high/o and low calculated values of the reactivity ratio ry.
For this reason, it would appear that the most reliabIQ/o value is
obtained after the second extraction, and fig,18 is, accordingly, based on
these valves of the composition parameters, In the absence of the
disturbing after-polymerisation just described, the density andlﬁ> values
should decrease somewhat with progressive purification and then remain
constant when no free condensation chains are left to be extracted., The
reasonable degree of attainment of this ideal is illustrated in table 10
for the runs at R = 0,1 and R = 1; the corresponding points are plotted

in fig, 19,

Table 10,

Constancy of mean density at SOOQK and composition of sross-polymer
after repeated purification,

__R=1,0 R = 0,7
Purification Mean /g Mean /o
cycle density density
1 1.26L6 0,0676 1.2005 0,00639
2 1.2510 0,0508 1,978  0.00L5L

3 1.2530 0,0532 1,1980 0,00469
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Rgg; - 1)

fvaluation of monomer reactivity ratios for methyl o
methacrylate/polyethylene fumarate., The mean res gkgfgggtles)
the second extraction for the R values 0,1, 0.5, 1.0, and 1.5
are plotted. The horizontal line F is intended roughly to
represent the data (ry = intercept = 17, rp = - slope = 0),

The line S for the system methyl methacrylate/styrene

(r,= 0.5, rg=0.5) is shown for comparison,
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The densities of film fragments for successive purification cycles of
individusl extractions are tabulated in the Appendix (table 32)., Mean
densities of successive purification cyecles for individual extractions

and the parameters calculated therefrom, are tabulated and compared .in

table 12,

[P NP

and hydrogen analysis,

The values for the carbon and hydrogen contents of the
copolymer when substituted in eqn,(hz) gave two different vaiues of Wi
(the weight fraction of fumerate component), the carbon analysis
iﬁvariably giving a value a few per cent higher than the hydrogen value,
Since methanol was the last substance in contact with the copolymer
(in the final solvent extraction) before drying and analysis, it seemed
probable thaet a small amount of this remaining in the copolymer might be
responsible for the discrepancy, From equations based on the carbon
and hydrogen contents of methanol and the copolymér (see Appendix P.114),
it was calculated that in each sample analysed there was in the region

of 35 of methanol impurity present.

Table 11,
, Analysis Figures , _
Specimen Calculated Methanol
‘ _ Impurity ;5
Caxrbon % Hydrogen 7
B.1 55.1 6.62 2,5
B.2 55.4 6.67 2,7
B.3 56,75 7.28 3.2

C.3 55.4 6.95 L.3
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A similar calculation made on the assumption that Cellosolve was the
impurity, showed that about 105 (8,4% in extraction B,2) would need to
be'presenf in the copolymer samples in order to accoumt for the
difference in analysis, This was thought to be an unlikely explanation
since such a relatively large amount of Cellosolve would almost certainly
have lowered the temperature required for fusion of the copolymer
samples to well below the 150°C found to be necessary in the density
measurement technique, As methanol is the most likely impurity, and
since only a small and roughly constant amount present in the copolymer
would account for the discrepancy in the analysis, it seems probable
that it is in fact the cause of the difference,

In order to calculate/o from eqn.(h#) the average of the wy
values from carbon and hydrogen analyses was used, The calculated
parameters determining rp and ry are tabulated in table 12 and illustrated
in £ig,18 and 19 and are seen to give reasonable agreement with those

calculated from density measurements,

3.4h,6, Reactivity ratios from microhydroszenation - sample calculation,

Microhydrogenation experiments gave the amount of hydrogen
absorbed by a given quantity of cross-copolymer, e.g. For extraction
B,3 (Resin F, DP . = 6.56, R = 1,0):

3,357 m,g, of cross-polymer absorbed 0,158 ml.H2 at N,T.P,
(4 blank run on pure polymethyl methacrylate showed no H, absorption, )
6

i,e, 3.357 mg. absorb 0.158/22400 moles H2 = 7,06 x 10 ° moles H

20
Now,for each condensation chain attached to a polymerisation segment of

"a! ynits there are (DPWB - 1) points for absorption, i.e, 5,56 moles
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(double bonds) saturate a molecular weight of 950 + 100a,

2.06 x 1076 5.56

3.357 950 + 100a

R + FM 1

) R(Rrp + 1) ;ZT'

8 = 1609

The results of the microhydrogenation experiments carried out
are tabulated in table 12, They tend to give rather lower values of

X,

) Put never admit values below 5,96.

3,&.7L,Tabulation and comvarison of results from density, microanalysis
and microhydrogenation, Results from density, microanalysis and

microhydrogenation experiments are tabulated for comparison overleaf,

3,5, Discussion, The plot accerding to eqn, (41) of the mean results

(Prom density measurement) after the second extraction for the four R
values studied is shown in fig,18, A straight line with intercept Ty
end slope -rp is expected, but the first impression of fig.1l8 reveals

-the rather poor linearity achieved in practice, This reflects not only
the many experimental difficulties already discussed, butﬂalso the
aporarent values of Ty and Tp. However, useful information can be
extracted even from the felativély inaccurate results of fig.18, To put
mtters in a proper perspective the line S hés been drawn for comparison,
which from the knowm values of the appropriate reactivity ratios, is
applicable when the polyethylene fumarate in this system is replaced by
styrens, It is then immediately clear in what sense lie the considerable

deviations of the fumarate system from the styrene one, and what is the
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E.1(R=0,9
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Table 12,
Density measurements

density  wy 1 R°(1p-1)  R(1p-2)

1,2876  0,5260 9.55 19,2 1.3

1,2696  0,4350 13,3 27.6 17.0

1,2646  0,4080 14,8 13.8 12,8

1.2510  0,3360 19,7 18.7 17.7

1.2530 C.3470 18,8 17.8 16.8

1,2562  0,3640 17,52 4,15 7.76

1,2338  0,2710 26,5 6ol 12,3

1,2587  0,3770 16,7 3,93 7.4

1.2005 0,052 156,5 1.56 15.5

1.1978 00,0372 220 2,19 21,8

1.1980  0,0387 213.5 2,13 21.2

Microanalysis Iincrohydrogenaf ion

v, p R%(1/p =1) R(1e =2) 1P R2(1/o -1)  R(1/p-2)
0.435 12,0 11.0 10.0 - -
0,402 11.5 10,5 9.5 - -
0,264 26,k 254  2hk 17.9 16,9 15.9

- - - - 61.6 0,606 5,96

- - - - 6l 1 0,631 6,21
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order of magnitude of these deviationms,

Next it must be borne in mind that a line drawn through these
data with a positive slope would be meaningless, as ~Tp mist be £ 0 as
defined by eqn,(41). This restricts the range of lines that could be
fitted, For the same reason, the ordinate R(LCL) - 2) of each point
gives a minimum estimate of the intercept, Ty The four mean values of
the ordinates in fig,17, as well as the nineteen individual valuss from
which those means were obtained (exemplified in table 9 and table 32),
all lise above 7, As the principal experimental errors have been seen
to lead to los results of ryp it would seem reascnable to conclude that
Ty > 7. It is well known that for values of ry &8s large as- this, the
companion reactivity ratio r(F) is very nearly zers, Fh?Ch corresponds
to a nearly horizontal line in a plot such as fig.lB; In view of these
remerks the line F has been drawn giving ry = 17, rp=0asa reasonable
£it to the data, and it seems guite justified to assign the limits
10 < ry; <25, 0< Ty € 0.,7. A pair of values (rM =17, rp = 0) puts a
strain on accuracy even with simpl. systems, and the pair lies outside
the useful range of the eleg;nt nomograph published by “helan for
evaluating copolynerisationsf35)

Measurements of monomer reactivity ratios are customarily
correlated with the structures of the radical pair concerned, As these
measurements are ratios of rate constants, they do not greatly differ for
systems in which the substitfution pattern around the double bonds of the

monomer pair are similar, The applicetion of this test to these

measurements on MMA/PEF and the three related systems reported in the
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literature is successful, As is evident from table 13, the four systems
are cheracterised by i values well in excess of unity, and the companion

values r( are close to zero,

F)
Table 13,

Comparison of monomer reactivity ratios for related systems,

Méfhyl methacrylate: FM = 3,5 0,5 Fumaronitrile(jé) r = 0,01

Methyl methacrylate: ny = 6.7 0,2 Maleic anhydrideG?) r =0,02

Methyl methacrylate: Ty = 10 - 25 Polyethylene fumarate:rF = 0~0,7
(This work)

Methyl methacrylate: Iy = 20 Diethyl naleateKEB) r =0

The geheral meaning of these figures is that the methyl
methacrylate radical and the maleic or fumaric companion radical both
have a marked tendency to react with MMA monomer and little tendency to
react ﬁith mleic or fumariq companion monomer., The monomer reactivity
ratios, together with a given feed ratio R, fix the composition of the
oross-copolyne:. As an illustration it is convenient to choose a feed
ratio of unity, i,e., ar equimolar mixture of MMA and PEF unsaturation,

Accepting the values ry = 17, = 0, which have been approximately

p
suggested by the measurements described above, it follows that the

initial cross~-copolymer incorporates (eqn,4l) in its polymerisation chains
one reacted fumarate bond for each (FM + R)/R = 18 reacted methacrylate
bonds, More precisely, the numbers x, y.. etec,, in fig,15 of
methacrylate units intervening between fumarate units follow the usual

(approximately ekponential) distribution, with a mean of 18, This

calculation illustrates the key position of the monomer reactivity ratios



12,

in the quantitative description of a cross-copolymer such as a cross=-
‘polymerised unsaturated polyester, |

However, it must be remembered that in the later stages of the
"curing" of such a resin, the immobilisation of functional groups is
expected to lead to variations from the simple copolymerisation scheme
unde;lying eqn, (41), as discussed for related systems by Loshaek and Fo£29)
and in Section 4 of this work,

| Though the measurements of T and :M here discussed have been
based on density determinations, the validity of the results is borne out
by comparison with the values from microanalysis and microhydrogenat: on
experiments in table 12, Indeed the degree of agreement obtained by
three totally different methods of measurements is most encouraging.

Two assumptions have been made in the theory given here for the
copolymerisation reaction, One, the substantial equality of all the
fumrate bonds iﬁ a condensation chain, irrespective of their position
(e;g., at the end or near the céntre of such a chain), has already been
Jjustifiied in the previous section, he other assumption is that no
significant fractionation occurs in the purification of the insoluble
cross-polymer, i,e,, that the ffaction remaining insoluble after the final
extraction, about 1/5 of the total copolymer, has a o value which
practically coincides with the remaining L/5 (table 8). The number N
of fumrate chains attached to primery polyaddition chains of fixed
lengbh varies about the mean number., The distribution of N is an
exponential distribution which is very sharp provided the mean is large

(i.e., of the order of scores). he DP of a polyaddition chain is found
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to be several thousand, as shown by molecular weight measurement on pure
polymethyl methacrylate, so that of the order of scores of fumarate
units are incorporated into each polyaddition chain, Therefore,
although the exact fractian/O incorporated may vary slightly from one
polyaddition chein to another, statistical theory shows that these

veriations are negligible,

3,6, Summary and conclusions, The reactivity ratios of the monomers

in the system MiY/PEF are found to lie in the ranges 10 < Iy { 25 and

0 <:?F 4 0.7, these values being based on the density measurements of the
extracted cross~copolymer and supported by microenalysis and micro-
hydrogenation measurements, These values are in reasonable agreement
with the values of r

M

data to theoretical curves in Section II, The measurements of Ty and

= 29 and rF = 0,25 used to fit the experimental

;F rresented here thus support tihe classical network theory of gelation
and the copolymerisation kinetic scheme postulated in Section II,

Though it would be desirable to be able to measure these
parameters directly with greater accuracy it is not immediately clear
how this could be effected, The problem really centres on the extraction
of the cross-copolymer in a pure form and not on the method of analysis
of the cross-copolymer itself, The difficulties involved in the
attainment of this ideal cannot be stressed too strongly, This work
does not claim to give accurate measurements of these reactivity ratios
but serves rather as a corroboration of the general nature of the

copolyrerisetion involved and it is thought that this has been

accomplished satisfactorily,
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SECTION L.

Kinetic Investigation of the Post-Gelation Rate Plot,

4, L. Introduction. . The first stage of the bulk polymerisation of the
¥MA/PEF system occurring at low conversion and viscosity, so that the
rate plots could be treated by mass law theories, has been shown to behave
as a classical copolymerisetion, For which the important kinetie
parameters have been approximetely deduced, The end of this first
stage is narked by the gel point since immediately afterwerds the rate
plot in this and other similar systens(15)(22)has been observed to
increase suddenly (Trommsdorf or gel effect)gho)(hl)

As the result of experiments on the system methyl methacrylate
and‘ethyleneidimethécrylate (3MA/EDMA) Gordon and Roe have proposed a
model(22) for this second stage in a vinyl bulk polymerisation, that of
diffusion control of the termination step, of non-linear polymerisations,
This model predicts the shape of the rate curve after the gel point, and
the model is applied here to the MMA/PEF system,

The present investigation entails a critical examination of
the post-gelation rate plot, to the limit of applicability of the
dilatom@fric tecinique under & wide range of experimental conditions,
namely, feed ratio, catalyst concentration and temperature, The range
of experimental conditions is limited, however, since polymerisations
of this type can only be followed dilatometrically to about 20%
conversion when the shrinking gel developes‘an internal tension as it

becomes less deformable, and eventually breaks, It is therefore
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necessary to obtain a set of conditions so that the gel ,point occuré at
as low conversions as possible, This necessarily precludes low feed
ratios, high temperature and catalyst concentration,

The reduced rate curves are found to superpose over the wide
range of experimental conditions (fig, 23 and 24) as demanded by the
thearetical treatment, but theory exaggerates the extent of the Trommsdorf
rate acceleration since it does not allow for termination between pairs
of crosslinked radicals,

Two additional polymerisation systems, used industrially as
laminating resins, are examined as regards their absolute gel points,
and the shape of their rate plots is compared and contrasted-to that of
the MM&/PEF system, The absence of a kink in their rate plots is

attributed to their relatively short primary chain lengths,

. L. 2, Experimental,

L.2.1., Emergent stem dilatometer., A fully immersed dilatometer

(or'viscodilatometer) cannot be used at high conversions after the gel
point, and the experimental technique involving a dilatometer with an
emergent stem(h)(15)was employed, The instrument is sketched in fig, 20,
It consists of about lOcm, length of 1,5mm, precisiom bore capillary
tubing joined to a dilatometer bulb of from 1.5 - 7ml, volume depending
on the experimental conditions, so that down to 0,0025% contraction

per minute could be detected with accuracy, A clamping rod attached
to the bottom holds the dilatometer in position. The instrument was
clamped so that the level of the thermostatted water bath (¥0,05°C) was

about 1cm, above the join of the bulb and stem, The resin in the stem
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then remained liquid even when the bulk of the resin in the bulb had
gelled, As the resin contracted the liquid column was drawn slowly
into the bulb, the movement of the capillary meniscus being followed with
a cathetometer and its position plotted against time, The intrusion
of the colder liquid in the stem into the bulb was not serious since the
amount was small compared with the total, The dilatometer was filled
through the stem by a finely drawn out capillary funnel, A ground glass
stopper was fitted into the stem to prevent monomer evapor=tion,

The gel voint was located by the stirrer probe, consisting of
a glass covered steel wire, which could be raised magnetically as
illustrated and allowed to drop under gravity, Observations, typifying

the sharpness of gelation are given in table 1L,

Table 1L,

Typical cbservation on the sharpness of gelation, for
resin N,R = 1,25, 0,50% MEK and 42,0°C,

Actual reaction Conversien Movement of Remerks,
time (min, ) % probe
0 0,0 - Falls freely. End of induction period,
15.5 0,50 Falls freely,
17.5 0.56 Falls slowly to bottom,
18,5 0.59 Palls very slowly. Probe viewed through
' _ cathetometer,
19,5 0.62 Does not fall to Gel point,
bottom,
20.5 0,69 Moves in "cell"
bounded by gel.
22,5 0,78 Completely immovable,

144.5 9.9 Gel breaks implosively,
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Gel formation near the bottom of the dilatometer bulb always preceded
that in the rest of the bulb by a short time, The first appearance of
gel was always taken as the gel point, i.e,, the time when the probe
stopped falling under gravity as viewed through the cathetometer. As
reported by Gordon and Roe, the probe could be moved by the magnet,for
some minutes after the gel point, in a liquid "cell" caged in by gel which
they attributed to the mechanical degradation induced by the movement of
the probe, This mechanical degradation of weak gel was reported and
discussed by Gordon and Grieveson in an earlier publicationg15)

The polymerisaticn was followed as described for as long after
the gel point as possible, usually till the internal tension developed
by shrinkage caused the gel to break, The break usually took the form
of a sudden mild implosion, Sometimes the liquid in the stem gelled
before the internal tension reached this critical point and generally it
was not possible to follow the polymerisation beyond 207 conversion,

The volumes of dilatometers used in these experiments were
calibrated with distilled water, It was impossible to clean out the
bulb and a new dilatometer had to be menufactured and calibrated for
each run, Typical plots of conversion versus time are shown in fig,21
and an enlarged detail of the rate increase at the gel point is shown for
one typical run in fig,22,

A list of the runs carried out in this manner is shown in
table 15, the reproducibility of the gel point and rate measurements by

this method being clearly demonstrated,
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Table 12,
Details of kinetic runs with resin N and commercial resins,
Run Feed Temp, ¥ MEK Time in mins, of Ratio of 107 rat? % Conversion
ratio ©C s - =~ slopes at mole,}” at gel
R Iﬁigﬁ %Zint k' U Tk seo, ] point
"N72 14.75 62 0,52 L,0 3.0 4,0 1.1L4 35.9 0.96
N2 1.25 70 0.5 2,0 3,0 4,0 1.30 149. 4 1.10
¥i0 1,25 62 14,00 3.5 9.5 10,0 1.31 35.8 2.27
N2 14,25 62 0,54 5,0 7.0 7.0 1.29 29.4 1,37
N6O 1,25 62 0.51 5.0 7.0 7.5 1,21 28,40 1.32
N62 1.25 62 0,62 5.0 7.0 8,0 1,21 29,25 1,56
NL6 1.25 52 3,85 11,0 52,0 - ~ 21.55 7.46
N50 1,25 52 2,50 3.0 34.C 39,0 1.18 19.53 L.L3
N54 1.25 52,7 1,96 7.0 20,5 20,5 1.17 20,50 2.81
N1y 4,25 52 0,51 L0 11,5 11,5 1.40 12,20 0,93
N22 41,25 51,7 0.55 1.5 10,5 10,5 1.42 11,07 0,70
N2 1,25 52 0,54 1.5 8.5 9.5 1,23 12,23 0.69
N58 1.25 52 0,52 11.5 9.5 11,5 1.25 11,02 0.70
N26 4.25 52 0.50 11,5 7.5 8.5 1,20 12.14 0.61
N8 1.25 52 0,11 23.0 9,5 14,0 1,25 7.55 0.48
N56 1.25 52 0,13 23,0 10.0 12,0 1,20 7.20 0,48
N6 1,25 47 0,51 18,5 16,0 17.5  1.39 7.56 0.81
N28 1.25 47 0.50 19.5 12,5 12,5 1.21 7.95 0,66
Ni18 1.25 42 0.51 34,0 20,0 21,0 1,28 Ly 46 0.53
N20 1,25 42 0,50 35.5 19.5 19.5 1.24 4,75 0,62
N30 1.25 L2 0,53 32,0 19.0 19,0 1,18 5.15 0,68
N32 1,25 37 0,52 58,0 27.5 29.0 1,20 3.50 0,64
N3L 1,25 27 . 0.51 199,0 66,0 72,0 1.16 1.61 0.71
N36 1,25 27 0.50 210,0 65,0 70.0 1.19 1,40 0,60
N8 4.0 62 1.97 3,0 17.0 15,5 1,20 56,40 4,39
N6k 1,0 62 0,54 6.5 145 1L.5 1,20 27.40 2,6l
Ny, 0.8 70 0,51 2,0 13,5 13.5 1,23 99.00 3.80
N6 0,5 62 1.97 3.0 61,0 6L,0 1.24 39,40 16,00
Ny 0,5 62 0,53 6.5 48.5 147.0 1.19 23,10 7.45
N70 0.5 62 0,54 7,0 56,0 56.0 1.21 20,45 7.64
N66 0.2 62 0.51 4,0 96,0 - - 24,0 15.33
N6&8 0,2 62 0,51 5.0 90.0 95,0 1.13 22.70 14,39
28 0,25 52 0.40 27.0 12,0 s 31,4 2.51
28 0.25 L2 0.53 66.0 90.0 o kink L. 16 2.50
TAC - 62 0.51 25  1420,0 0.47 8, 85

TAC - 62 0.5 20 1360,0 No kink 0.46 8,45
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I, 3,1, Measvremsnt of the rate kink. Typical rate curves for the

system are illustrated in fig, 21, The rate increases linearly with time
in all runs up to the close vicinity of the measured gel point then
accelerates linearly for a short time as shown in greater detail by fig,22,
In each of the thirty runs where the polymerisation proceeded far enough,
this increase of the rate at the gel point, marked by a sharp kink in the
rate plot, was observed, The values for the ratios of the slopes in
colum 8 of table 16 were measured as typified in fig,22, drawing the
portion of the rate plot on each side of the gel point in a large scale
and calculating the gradient of each line graphically; The comparison

of the graphical with the ratios of the slopes of the regression lines

(after and before the kink) are given in table 16,

Table 16,

Graphical tangent ratios compared with calculated regression line ratios,

Run Ratio of tangents,
Graphical method Calculated regression line
N,26 1.20 1,200
N, 32 1,20 | 1,206
N, 34 1,16 o 1.148
N.36 " 1,19 | 1.183

The excellent agreement between the tangent ratios found by
the graphical method and those from the calculated regression lines for
the four runs selected at random provides a satisfactory test for the

accuracy of the tangent ratios found graphically and tabulated in table 15,
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Figure 21,
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Time From Knd Of Induction Period 0,'in.)

Fate curves for V.A./P, F, AKesia N.) shov”ing
Trommsdorf rate acceleration. Arrows mark the observed
gel points, The same curves are reduced to coincidence

in figure 22 where the gel points correspond to t* = 1,V =1.

R ILF.K, catalyst Temp.
1.25 0.5 A2
0.5 0.53 62
0.8 0.51 70
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Though the kinks observed are small, the reality of these kinks is not

in doubt. Over the range of experimental conditions studied, there is
no significant trend iﬁ the size of the kinks though a certain amount of
scatter does exist., Neglecting runs NLZ and 72 which were toc rapid to
give accurate measurement of the gel point or kink » the mean tangent retio
of the remaining 28 runs is 1,23 with a standard deviation of 0.07.
However since the distribution is rather skew, few ratios fall far short

of the mean,

L.3.2, Comparison of measured cel point and kink. It is seen in table 15

that the measured gel points lie close to the kinks in the rate plots,

In more than a third of the runs the two points are coincident and the
mean percentase deviation of the kinks from the measured gel points is

T 5%, This is rather different to the condition found by Gordon and Roe
in the MVA/EDMA system where the Trommsdorf rate acceleration set in some
time after the gel point, In only one case does the kink precede the
gel point and nowhere is the deviation nérked with the exception of run

N, 48. | In view of the close agreement'af the two points it would

seem reasonable to propose that the kink in the rate plot and the gel

point occur at the same time,

l.h,1. The Reduced Rate Curve, Typical rate curves for the system
are shown in £ig.2l showing the rate acceleration which occurs at the
gel point, marked by the arrows, This is the well knowm Trommsdorf

effectgho)(hl) the accepted interpretation of which is an increase in

the rate of monomer consumption attributed to the diffusion controlled
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reduction in the rate of radical termination.

Gordon and Roe have extensively investigated the Trormmsdorf
effect in the M 3/EDiA system and have put forward a theoretical model(zz)
faor interpreting the shape of the rate curve after the onset of diffusion
control of the termination step. Their treatment, - hich will be dbriefly
summarised in this work, leads ther to suggest that the crosslinking
index ¥, de"ined as the number of crosslinks per weight average primary
polymeris=tion chain, is the key variable in the diffusion controlled
termination in bulk polymerisation, Gordon and Roe derived a simple
test for this conclusion, The test depends criticelly on the sssumption
thet for each experiment the crosslinking index V is unity at the gel
point in accordence with the classical netiwork theory of celation
(Stocknayer(2>}, This assumption allows V to be determined ot all
stages of a copolymerisation run provided the fractional conversion B
of the totel wnsaturation is knom, sincefﬂ is proportional to V/ and
the gel point fixes the proportionality constant, To apply the test,
all the fS scales (fig.21) are merely transtormed toV scales by a linear
scéle transformation, Since only rates relative to the initial rate
are required in studying the Trommsdorf acceleration, the initial rate
lines are brouvght to coincidence by a linear transformation of the time

scale fromt to t'. This means that:

i

B /B (46)

and £ = t/t, (u7)

Y

The two transforzations together amount to a process of bringing the
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gel points of all the runs to coincidence by a single linear co-ordinate

transformation, The curves so obtained are called reduced rate curves

in which the reletive acceleratior of the polymerisation rate of all the
runs is compered at equal )/ values, This test is carried out in figs, 23
and 2L and is highly successful in the Mis/ PEF system, since very diverse
curves including the three shom in fig.21 are brought to coincidence

within experimental errar,

(22)

4L, 2, Gordon and Roe guentitative theory of the Trommsdorf effect.

Gordon and Roe assume that, in the steady state of 2 nonlinear
polymerisation“where'the radicals are widely distributed in size, of the
two colliding radicals, the diffusion coefficient of the smaller one is
the rate~controlling factor in diffusion-controlled termination, e
Gordon/R0e model oversimplifies, however, by assuming a size barrier
below which a radical diffuses freely, but above which it becomes
completely immobilised, whereas the barrier is more gradual in practice,
Their model assumes that each termineting collision involves at 1eas# one
of the smell (freely diffusing) radicals, whose concentration is denoted
by c¢. The total concentration of radicals (small and large) is denoted

by C, The termination rate is then:

termination rate=ktcc (1.8)

Here k; is defined as a true constant equal to the initisl terminetion
constant, The agparent variations in ¥y during the Trommsdorf

acceleration are absorbed in veriations in the concentration o, Gerrens(hz)

and Bartholomé(hz) have independently pleaded that k, should be defined
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as a proper constant, ascribing changes in the overall rate to changes
in the radical concentretion,

In the gaa:c-ly parts of the reaction, all redicals are freely
diffusing (c = C), but later an effective barrier divides tﬁe smll
moving radicals froxn the large "frozen" ones, The initial steady state
concentration of radicals before the Trommsdorf effect is denoted by C,
so that,

C, = rco (19)
before the barrier descends, This barrier descends when the microscopic
viscosity becomes large enouvgh, Since occasionally termination between
two cfosslinked redicals will be successful (when they collide in virtue
of segmental diffusion), the model theory exagserates the Trommsdorf
effect, and in particular the extent of the kink in the rate curve (see
below),

Gordon and Roe's treatment leads to the conclusion that the
size barrier to diffusion processes is not fixed and they consider the
barrier theoretically, by studying first two limiting cases, 4 and B,
Tolloved by a satisfactory intermediate case C,

Case A, | Here ¢ = G, all the radicals are mobile so that there is no
diffusion control of termination and the rate curve corresponds to the
linear plot (C) in figs. 23 and 2k, i,e., complete absence of the
Trommsdorf effect,

Case B, In the . opposite extreme case,'c = 0, all the radicals present
at the zel point or generated thereafter are immobilised, They are

therefore prevented from engaging in any kind of termination reactiom,
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and the size barrier is zero (i,e,, down to the monomer), The initiation
and propagation rates are unaffected since both involve freely mobile
monomer molecules, In this case the polymerisation would be almost
explosive and the rate curve would become practically vertical 2lmost
immediately,

Since neither the extreme cases where none or all the radicals are
immobilised conformed to the experimental data Gordon and Roe postulated
that the true size Earrier lay between these two extreme casés;
 Case G, Zere all uvncrosslinked radicals diffuse freely, A small
freely diffusing, growing, radicel is pictured, Ifs most freguent
propagation step is the addition of 2 methyl methacrylate monomer or, less
fréquently, a free PEF monomer, Howevér, occagionally it mey become
crosslinked by %eacting with a2 furerate bond already attached to a fully
grown polymer chein which may or may not be crosslinked to further chains,
Random statistics leads to the qualitative result that just after gelation,
where Gordon and Roe postulate that the size barrier is becomihg effective
because of the rapid divergence of the viscosity to infinity, a radicall
will grow on average to the order of magnitudevof a dead primery polymer
chain before acquiring a crosslink, The radical then becomes attached
to a dead polymer chain, which thereafter it must attempt to drag with
it when diffusing., The average size of the dead polymer chain acguired
by crosslinking is the weight average size of a primary polymerisation
chain, This means, qualitatively, that almost every time a2 radical
acguires & first crosslink, ifts size will increase more than twofold.by

virtue of such attachment, This led Gordon and Roe to associate the
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crosslinking process with the size barrier, by identifying c writh the

concentration of crosslink-free radicals, Their treatment, in which

the concentration ¢ is evaluated as a function of V, leads to the two
equations for the rate curve, for radical termination by disproportionation

and combination resvectively:

£ = /L (4 In (V+ (w2 +0)%) ¢ 2+ 1)% -y2 - 1.934)
(disproportionation) (50)
g = /6 (50m e W24 9D+ 0 4 9)F 92 - 8.597)

(combination) (51)

he theoretical curves (4 and B) predicted by eqns.(50) and (51)
respectively are plotted in figs,23 and 24 along with the experimental

results for the MVA/PEF system and two commercial resin systems,

4,5, Discussion of results, The superposition of the MMA/PEF runs is

saown in figs, 23 and 2, The straight portion of the rate plot
immediately after the gel point is shown in fig,23, the regression line

of which has e gradient of 1,243 compared to the mean of all the runs
listed in teble 16 of 1,23%0,07, The ratio of the tangents on each side
of the kink is given by the model as 1,62 for radical disproportionation
(eqn,50, curve A, fig,23 and 24) and as 1,39 for redical combination
(eqn,51, curve B, Pig, 23 and 24), i.e., the model exagperates the extent
of the kink as noted earlier,. The rate curves summarised in table 15
and figs, 23 and 24 cover a molar feed ratio R of fumarate to ﬁethacrylate
unseturation between 0.2 and 1.75, and a range from 0,11 to 2,15 weight

per cent of methyl ethyl ketone peroxide catalyst, A 45°C range of
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temperaturé has been included as a veriable not preyiously considered

by Gorden and Ros, The sbsolute initial rates varied over a 100-fold
range} In conformity with the model theory, none of these variations
affect the superposability of the reduced rate curves in figs,23 or 24,

It can be seen from fig 23 that at high catalyst concentration the rate
curve does not increase so steeply. It is possible that at high catalyst
concentration there is some chain transfer involving catalyst itself

and clearly further work in this direction is desirable. Fig,24 includes

(22)

some representative points from Gordon and Roe'!s paper on MWM/EDMA,

2 system which itself gives rate curves which superimpose well after
reduction, It is seen that the reduced rate curves of the two systems
agree within experimental error, though the common component (MiA)
sometimes makes up less than half the weight of the mixtures. The
catalysts employed were also different for the two syéfems, viz, MEK
and benzoyl peroxide'respectively, The constancy of the reduced rate
curve in the face of chemical changes forms the severest possible test
of the model theory, |

It may be mentioned that a central point in the theoretical
treatment has found incidental verification in the work of Schuis(hz)
on the homopolymerisation of MMA(R = 0). EHe showed that the chain
length during the second stage remains proportional (cf. reference 22,
egns. 3 and 4) to the rate over an 80-fold range, (Over this large
range he had to make-corpections for transfer to monomer, and for changes
in monomer concentration, both of which are negligible in the present

applications),
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The agreemsnt between the quantitive theory and the combined
experimental runs in fig.,23 and 24 depends on the nature of the
termination mechanism assumed, Equation (51) which assumes radical
combination is seen to give a much closer approach to the experimental
curves, The degree to which disproportionation and conbination
participate in 13 polymerisation is controversial, Baysal and Tobolsk§&5)
have argued that conbination alone is operative, while Bamford and
Jenkins(hh) from coupling work with block copolymers have reported strong
evidence for termination by radical disproporticnation, Figures 23 and
2l clearly incline to the former view but the agreement is seen not to
be quantitative, The deviation, however, is not serious, and is in
the sense of an observed termination rate faster than predicted from
eqn, (51) on the assumption that ¢ denotes crosslink-free radicals only,
Gordon and Roe showed that the agreement cannot be substantially improved
by raising the assumed size barrier, i.e,, by'including radicals bearing
exactly one crosslink, (as well as those bearing none), in the

concentration c,

L,5.1, Styrene-based bolyester and triallyl cyanurate , Dilatometric

polymerisation rate curves of a commercial styrene-based polyester
(Scott-Bader resin 28¢) showed no trace of a kink at the gel point
(fig.23) nor did thOée of triallyl cyanurate, It is shoin belo: that
the observed gel noints are in substontiel agreement vith the network
theory of gelation so that the model theory would be expected to apply
on this score, The absence of a kink at the gel point means that this

is not the point at which termination becomes affected by diffusion control,




i,e,, in terms of the model theory, crosslinked radicals do not become
frozen at this point, The explanation offered attributes the failure

" of the model theory to the much shorter primary chain lengths attained
by styrene and triallyl cyanurate radical chains when compared to MiA
radical chains, More specifically, a styrene radical embodying several
crosslinks and a triallyl cyanurate radical embodying hundreds of
crosslinks are likely to be smaller in size, and hence diffuse more
readily, than an uncrosslinked MMa radical,

The shorter chain length of styrene radicals is similerly
evidenced by the mucih later onset of the Tromisdorf effect in the homo~-
polymerisetion of styrene(18) compared to MMA, It is calculable from
values of k%/kt by Bamford and Dewar(AB) that at the same temperature
(OOC) styrene radicals attain to about 1/25 of the length of methacrylate
radicals at equal rates of homopolymerisatiocn of the two monomers, In
the case of allyl polymerisations, the primary chains are normally cut

(46)

to a length of a mere 20 repeat wunits by degradative chain transfer,

L.5,2, Network theory of the gel point applied $q styrene-based

polyester and trisllyl cyanurate. The following equation for the

critical fractional conversion ﬁsccj? all the original unsaturation
(Pumarate and wethacrylate) 2t the gel point is easily derived from

equations (15) and (24) in Section 2;
~ 2 " -
B, = ¥R®+ 1)p?% (P, - 1)(E, - 1) (52)

where the fraction,()of the polymerised double bonds which are fumarate

rather than methacrylate is given by,
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p o= R (Reg + 1)/ (r, + R(Rey + 2)) (53)

'IE%Pis the weicsht average polyaddition chain length, and DEWC is
theAnumber of fumerate dovble bonds in the initial weight average
polycondensation chain, The reactivity ratios far methacrylate and
fumarate radicals are denoted by ry and Tp.

The dilatometer measurerents in tabls 17 (transforming run
Nl with the aid of fig,10 and 12) compare the gel points under ;
comparable conditions of the model system MMA/PEF and 2 commercial
styrene based (S/PPFP) polyester designated as 28c, This comrercial
polyester contains a condensation resin (1 mole maleic anhydride
converted to fumarate ester, 1 mole of phthalic anhydride, and 2,5 moles
propylene glycol) of acid number 50, This resin is marketed with
styrene monomer in the weight provortions of 35 to 65, It will be
seen that at equal polymerisation rates and temperatures, tue critical
conversions of the two systems are roughly equal,

The only material factors ir evaluating § for the two

systems from eqn.(52) are © 2 and (DP._ - 1), and to produce equal
A P wp = 1)

P
gel points in the two systems there must be compensation between these
factors, The rough measurements of Ty = 17, ry = 0.25 lead (eqn.(53))
t0/02 = 0,0026 for MMA/PEF, For S/PPFP,/QZ will lie close to 0,25,
since the reactivity ratios are estimated to be both nearly zero, The
polyaddition chains in the styrene syctem must then be about one
hundredth the length of those in the ¥Mi system if the observed gel

point is to accord with the classical theory of gelation, Since this

ratic of chain lengths is quite plausible in the light of the
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polymerisation chain lengbths of the pure monomers styrene and MMA
(mentioned previouSly), there is no reason to doubt that the styrene
system, like the A model system, gels essentially according to the

classical theory embodied in eqn, (52).

Table 17,

Comparison of M¥A/PEF (resin N) with commercial
stvrene~besed polyester (28¢c).

Resin Feed Ratio Temp, 4 HEK Gel Time OCrit.con- 10° x (0B, - 1)

R °C min, version rate
. mole.l',-1
. sec,”
(ﬁfﬁéﬁEﬁ) 0.8 L2 0.51 65 0,018k 4.23 5.5
%/1;?:9) 0.25 L2 0.53 90 0.025 416 2,5

For the bulk polymerisation of allyl esters, eqn.(53) may

be re-written:
B, =V(E  ~1&-1) (5

since R/ (R + 12;)2 is then unity, and the place of DP . is taken by 4,

tﬁe number of ailyl-sroups per monomer morecule, (Internal cyclisation(ZS)
is ignored in eqn,(54)). Thus the critical conversianzgcshould vary as
/(& - 1), i,e., for triallyl cyenurate (A = 3),£i:should be one half

the value of [3C=:0.16 * 0,028 calculated from Simpson end Holt's data(hé)
for the diallyl esters (A = 2) of phthalic, isophthalic, terephthalic,
and oxalic acids., In excellent agreement, it is found that/3_= 0,085

by dilatometric measurements on triallyl cyanurate.,  Although

differences in the tendencies of these various monomers to cyclise
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(28)

internally or "incestually® on polymerisation has been ighored,.
the comparison shows that triallyl cyenurate gelation is in

substantial agreement with the network theory,

L,6, Summery, The data in fig,23 and 2L furnish additional evidence

o

that the theoretical picture of difusion control in bulk polymerisation
is sound, The success of the test contzined in these two figures
confirms that the Trormmsdorf rate acceleration is correctly attributed
to diffusion control, and thet geletion is correctly founded on the
effects of random crosslinking, Thouph this work demonstrates the
substantial correctness of the theory underlying the Gordon/oe model,
the generality of the treatment is howrever restricted to polymerisations
in which the primary radical chains are su’ficiently long.

Thus the second stare in the 1%:A/PEF polymerisetion can now
be‘understood, on the assumption that every collision between two
radicals leading to termination after the gel point involves at least
one radical c;rried an & primary chain free from crosslinks, The rate
constants of all elementary steps are tazken to remein constant in the
second stagé, the change in the overall polymerisation rate being caused
by changes in the effective radical concentration only, This then
leads to & linear pre-gelation rate curve, while the post-gelation rate

curve becomss of exponential type,

- Sk A -
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SECTION 5,

The Final State in the Polymerisation of MMA/FEF,

5,4, Introduction, In the $hird stage of the MMA/PEF copolymerisation

the initiation and propagation steps becoms diffusion controlled and
the reactipn stops before complete conversion is attained, it is
necessary to find when the reaction stops and what is the state of cure
in terms of the composition when it does stop.

The final conversions obtainable by polymerisation at 52°C
of the model polyester are measured as & function of the feed ratio R
of fumarate {o methacrylete uwnsaturation, As a first avproximetion,
it is conlirmed that the reaction becomes arrested when the second order
transition reaches the polymerisation temperature, This generally
happens vhen about 9045 of the methacrylate and 10% of the fumarate
unsaturation have been destroyed by polymerisation, This confirms the
earlier conclusicn, according to which the polymerisation is largely
carried by the methacrylate unsaturation, and shows incidentally that a
polyfumarate is not an efficient crosslinker for methacrylete, As a
second approximation, the final state of cure, as deduced from the
second order transitions, is sonewﬁat variable with R, To account
for these variations, the theory of the state of cure is developed in
terms of three parameters: the concentration of crosslinks, the
concentration of residual methyl methacrylate, and the concentration

Wal

of residual free polyethylene fumrate chains, A statistical theory

leads to symmetrical formulae for the first and third of these parameters,
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The results sugrest that in the present model system the final state
of cure is dominated by the concentration of residual methyl methacrylate

acting as plasticiser,

5.2.1. Method of followinz the finel polymerisstion, It is an

experimental Tact, illustrated in the previous section, that poly-
mexrisation reactions cannot be followed to completion in a normal
diiatometer bulb due to the tension built vp in the polymer as it contracts,
Thus polymers usually break around 2Cs conversion when confined in an
ordinary dilatometer bulb rendering further readings useless, Schulz

(18) (49)

and Har:orth and Burnett have shown how this can be overcome

by the fact that discs of resin of about 30 wm, diam, by 5 mm, toickness
can be polymerised to.over 90% conversion without any internal distortion
occurring, Since a dilatometer of these dimensions would present

great practical dificulties in handling, ?illing and accuracy of
reading, the ideal is to confine the resin in the desired shape in a
dilatometer bulb with a heavier, inert, solvent, | Mercury was the

only confining fluid readily availaeble but experiments with various
designs of dilatometers failed because the MEK catalyst appeared to
oxidise the mercury which then no longer confined the resin satisfactorily,
As other technigques of polymerising the resin alone ir small ampules
presented insurmountable difficulties, all efforts to follow the 1MA/PEF
polymerisation continuously in the one reacting system had to be
abandoned.

The tecinique finelly adopted to obtain a complete rate curve

of the MVA/FEF polymerisetion consisted of following the reaction in
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two parts. The reaction solution vas naderup in the normal manner;

a dilatometer was Tilled with one part and the reaction followed as

far as possible as described in the previous section, The remainder

of the resin veas poured into round alumihium moulds of about 25 mnm, x

7 mm, and placed in a metal box immersed in the same thermostatted bath
as the dilatoreter, The aluminium moulds, which did not contaminate
the resin; were sealed on the top and bottom with micro-coverglesses
and a film of ethyl cellulose, Once the reaction could no longer be
followed dilatoretrically, moulds were removed from the box 2s required,
the polymerised discs pushed out and tieir densities determined, The
contraction that hed occurred in the discs after a specified time was
calculated from the initial density of the liquid, thus making the
drawing of a rate curve possible, Sometires a portion of the rate
curve remained uncovered, viz, betvween the implosion in the dilatometer
and the attainment of sufficient firriiess by the dise for successful

handling,

5.2.2. Determination of disc densities, The densities of the

polymerised discs were determined by the density tdbe technique
described in Section -3 ,3.3.  The method had to be modified in this
case since some of the discs were ouite hard and it was difficult to
cut off srall samples representative of the disc as a whole, without
spoiling the whole disec, This was undesirable since the discs were
required for relaxation experiments (see below) and it was found that
if the whole disc was dropped into a density tube it soon upset thé

gradient, To overcome this a large density tube about 3{%, high
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and 3" diem, was constructed, the gradient being formed by interdiffusing
a calcium chloride solution (density about 1,40 gm,/ml,) and water,

Over a three month period when numerous discs were put ih and withdrawm,
the gradient was not seriously disturbed, 'The range of gradient

covered is illustrated in fig,25 and 26, The dises, in the majority

of cases lay quite flat (a check on wniformity), and a typical section

of the tube with three discs is shoim in sketch 1,

5.5, Results, Six complete rate curves covering the feed ratios

R =0, 0,2, 0,5, 1,0, 1,25 and 1,75 are shown in fig,27~30, the joining
of the tvo sets of points being indicated in each case by a dotted line,
It cen be seen that the smoothness of the rate curves at the point of
switching from dilatometry to density tube measurement was satisfactory
and completely vindicates the validity of the technique,

. The total polymeris-tion attainable from these runs (taken
from the horizontal portion of the rate curves) 2nd for the case R = 0.1

(not sufficient points to show a complete rate curve) are tabulated in

table 18,
Table 18.
Final composition from shrinkage measurements,
Initial Mole jo MMA  Final % Residval unsat, Final F Final M
feed ratio_  100M, conver- M+F, mole./1, mole/ 1, mole/ 1.,
R M, + Fy sion f

1.75 36,4 29.5 6.35 5.25 1.10
1025 )-l-l'l-oll" 3605 5.72 1‘!"55 1'17
1.0 50,0 45,0 Lo 95 4,00 0.95
0.5. 66,7 62,2 3.0 2.60 0,80
0.2 83.3 76.5 2,12 1,30 0,82
0.1 91,1 87.2 1.15 0,68 O.47

0,0 100,0 87.0 1.17 0.00 1,17
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The tobuleted fractional conversion § of all the 1m;atxuﬁatioﬁ
(methacrylete and fumarate) originally present is found from the shrinkage
by way of eqn,(12), This equation is known to apply for the special
case (R = 0) of absence of fumerate, However, it must be an excallent
approxiﬁation Tor all R values examined, because little of the fumarate
reacts, and because the shrinkage per mole of reacted fumarate unsaturation:
happéns to be estimated (eqn. 45) at almost equal to thaﬁ per mole of
reacted methyl methacrylate, Here, ¥y, F,, and M, F, are the initial
and final concentrations of free methacrylate and fumarate respectively,

he rate curves exemplified in fig,27-30 and table 18 are

shown to be brought to coincidence in the reduced form in fig.31.

-5,4. Discussion of results, In fig.31 it is seen that the complete
reduced rate curves for the range 0,1 € R < 1,75, under otherwise
constant conditions, superpose to produce one limiting expanential type
of éurve (the dotted line D), from'ﬁhich the individual curves more

or less suddenly deviate to level off at a point depending on their R
valus, The exponential ourve (D) covers the second stage of the
polymerisation, the levelling of £ corresponds to the final, third stage,
The exponential limiting curve is compared in fig.31 with the thebretioal
curveTKB) for combinatioq)over a greater range still thaen in fig, 24,

It is again apparent that the model theory does not exaggerate the gel
effect too seriously, as the comparison of(D)With(E)aﬁd(C)shows. On
the scale of £ig.31, the theoretical curve for disproportionation

(not shown) appears to differ but 1itt1e from that for combination,

The'levelling off process of the curves is quite sharp at low
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R valueé. Evidehtly, the theory of the second stage of vinyl
polymerisation there applies till near the end of the realisable
polymerisation, with little contribution to the total polymerisation
from the slow third stage, Generally, the levelling off process is
seen to occupy about 10% of the polymerisable unsaturation, and the
detailed kinetics of this slow third stage have been investigated by

an elastic relaxation technigue by another worker£13)

5.5.4. Final "equilibrium" cure as a function of feed ratio R, The

final states of internal mobility or cure have been studied by a ball
relaxation teclmique similar to that described by Jenckel and Klein,(SO)
which is appropriaté for examining the approach to equilibrium or
pseudo-equilibrium, The method emplayed consisted essentially of
dropping a metal ball on the polymer sample and measuring the height

of bounce, Thus at the d&namic second order transition temperature the
bounce is a minimum, and the energy absorption by the sample is a
maximum, +hile details of the experimental technique and kinetic
theory of the relaxation process arc treated elsewhere$13) the final
dezree of cure at "equilibrium" as a function of R is discussed here,
Thus fig,32 shows the typical ball rebound energy absorption peak curves
for the final states of polymerisstion for different R values at 62°0,
The rising branch of the peak constituting the dynamic second order
transition (i,e. the branch corresponding to the glassy state) was
determined sufficiently quickly (about 2-3 minutes) to eliminate the
danger of after-cure during the measurement, Also, the discs used for

ball rebound measurement were the same specimens used for determining
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.the.final points of the rate curves (fig.27-30) by the density gradient
'teChnique described in the experimental section, so that the equilibrium
v(or pseudo-equilibrium) state of the samples is attested by'the
horizontality ol the rate curves,

The TBO value, i.e, the temperature at which the rising
branch cuts the 50/ absorption line (£ig,32) will be taken as a measure

of the degree ofrcure. The peak temperature itself corresponds to a
segmental relaxation time of 1073 sec,, i.e, the impact time of the
ball, and T50 lies close to the static second order transition at very
slow deformation rate, Of course T.. rises with the degree of conversion

50

in any one'run, and in fig,32 we are concerned with the final TBO at
equilibrium.(TgO).

Theory sugzests that the polymerisation should become
arrested at the same mobility or state of cure irrespective of the feed
ratio R, viz, when Tgb’reaches the polymerisation temperature of 62°C or
thereabouts, At first sight, this prediction seems in poor agreement

with the results in fig,32, where T; is scattered over about 5000.

0
However, the mean of the results is close to the prediction T;O = 62,
loreover, T;O in any one run is extremély sensitive to the degree of
conversion, and the final degrees of conversion differ widely over the
range of R valyes studied, viz, from about 30 to 904 of the total
unsaturation originally present, The theory is therefore considered
borne out to a first approximation, A better second approximation is

obtained below which accounts for the general shape of the curve (fig.33)

e
of T5O against R in terms of the measured final conversions, though no
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theory is offered to account for the smell differences betieen thess
measuvred conversions and those which would be required to arrest the

reaction at TEO = 62°C exactly,

5.5.2, Second avvroximetion theory of cure in polyesters. Linear

theories of the effects of structural varisbles on the second order
transition have been successful, e g, for the plasticisation of linear
polymers (Jenckel and Illers(51)), for cross-linking and molecular weights
(Loshaek(sz)) and for copolymer composition (Gordon and Taylor(55)),

e therefore éxpeot to be able to approximate to the effect of resin
structure on the Tgo value in terms of tlree structural parameters in a
linear fashion. One resinification parameter V shouvld account for the
rise in Tgo with increasing branching and crosslinking, and two
plasticisation parameters WF gnd'WM should account for the fall in T;O
respectively with rising molar concentrations of residual free fumarate
condensation cheins (not attached to the netWork), and of residual free

methacrylate, The linear approximation, which should be valid for low

concentrations of crosslinks and residuval monomers, runs:

e e , _
T (R):SO(O) + aV - bW, - o7 (55)

e . q s a
where T~ (R) is the equilibrium value of T

50 50

feed ratio R at the polymerisation temperature of 62°Q under consideration,

for the composition of

and a, b, and ¢ are constants, For large values of v, Wﬁ and ﬁﬁ) higher
Vi

power terms would have to be added on the right of eqn.(55), There

can be no point in atteipting to £it the results in detail to an eguation

with as many as three constants which are not yet known., For the
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present the interdependence of V, WF and"-.-?:M in terms of the kinetie

scheme and the choice of the parameters V, Hﬁ and WM in comparison with

- possible alternative parameters are discussed, On the basis of a model
calculation, a plausible reason is given why the terms in V and'EF
occurring in eqn. (55) may have little effect, so that the behaviour of

Tgoﬁi) is dominated by the term in'ﬁM, as is actually found,

1) The plesticisation parameter Wﬁ due to methacrylate will be equated
i .

to the residual methacrylate concentration in mole/l., which is calculated

from the observed shrinkage (see table 18), Since this shrinkage is
due to the polymerisation of both fumarate (F) and methacrylate (M)
wmsaturation, an assumption is required for apportioning the share of
methacrylate and fumarate polymerisation, In the first stage of

- polymerisation this share is calculable in accordance with the co-
polymerisation e@uation from the rough reactivity ratios measured

(;M = 17, :F = 0.25). This calculation is amply accurate enough,
because the final results are not sensitive to even considerable changes
in the reactivity ratios, In the second stage of polymerisation the
same equation based on random copolymerisation is still valid, while
in the third stage the copolymerisation equation will overestimate the
amount of fumerste reacted, This is because free, and a fortiori
>attached, fumarate chains will become much moré strongly diffusion-
retarded in the propagation step with a redical than free metﬁacrylate
ronomer, However, the third stage usually makes only a rather smell
contribution to the total polymerisation and always less than 50%

(fig.Z?-}O). The composition of the final equilibrium polymer is
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therefore calculated from the integrzted form of the copolymerisation
equation(55) (see Appendix) with ry; = 27, rp = 0.25; in other words
minor deviations of the equilibrium polymer from the state of random.
statistics due to differential diffusion control of the propagation
step of methecrylate and fumarate unsaturstion in the final stage are
ignored, The same-approximetion is used in computing the parareters
V and HF,

‘The final free methacrylate and fumarate concentrations are
calculated from & as shown in the Appendix and tabulated in table 18,
This shows that the total polymerisation ettainable at any feed ratio
R f2lls just short o the total methacrylate unsaturation originally »
present, This is true also of the romopolymerisation of MMA (R = 0),
as was knowm from previous workers§18) The theory that the polymerisation
is predominantly carried by the methacrylate unsaturation, based on the
various weys of estimeting the monomer reactivity ratios, is thus again

confirmed,

2) The crosslinking parameter V, The following parameters sugszest

themselves as suvitable measures of the degree of network formation:
(a) the molar concentration K of junction points in the network, i.e, of

polymerised fumarate double bonds;

K = F_ -~ F (56)
here Fon is the number of moles Fo of original fumarate double bonds

per litre corrected for volume shrinkage, thus

oc C. = (original volums/final volums) (57)
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(b) the molar concentration N of fumarate units which are attached to
the network polymer (i,e. which belong to condensation chains of which

at least one fumarate double bond has polymerised,
N = F, - T;DP! (see eqn,61) (58)

and (e¢) the molar cencentration V of crosslinks,

It will be shown that the three parameters are equally suitable
for theory of cure (eqn.55) since they remain substantially proporticnal
to one another and V will be chosen for detailed discussiaon,

A crosslink will be defined as a segment of a condensation

chain lying between two network junction points, As was discussed in
Section +3.,2, one can equally use a segment of a polymerisation chain
lying between two network junction points, Provided both condensation
and polymerisation chains are infinitely long (no loose ends), the two
kinds of crosslinks have, by symmetry, the samp concentration V, Heré
the number of loose ends in the short condensation chains is very high,
while thet of the long polymerisation chains is negligible, Accordingly,
the above definition is more accurate for the purpose of counting true
crosslinks but not‘loose ends, As an example of the calculation of a
crogslinking parameter, the following expression for V is guoted, which
is derived (see Appendix) from the assumption of random copolymerisation

by simple statistical theory,
2
V=p (-9 F_ /(1 -pq) (59)

Here p is the fraction of fumarate carboxyls esterified (= 0,732 for the

resin N used), and q(= E/Fo) is the fraction of fumarate double bonds
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ariginally present which have not polymerised.

3) The plasticisation parameter'?m. The molar concentration of free

fumarate chains acting as plasticiser is shown in the Appendix to be
given by ‘

H=a(-p"F / (1~ (60)
on the same assumption as eqn,(59) = in fact it turns out that V'is
transformed into'jF by the interchange of p and q,

The number average chain length DP! of the unattached chains
is always less than that of the original condensation resin (here: 3,73)
and is given ﬁy

op! = 1/ (1-pq) : (61)

5.5,3. A model calculation. To illustrate the behaviour in practice

of the parameters defined, the results of a model calculation are listed

in Table 19, Random copolymerisation (ru

and q has been fixed by the assumption that at all R values the final

=17, rF = 0,25) is assumed,

equilibrium concentration M of methacrylate unsaturation (wncorrected
for shrinkage) is unity, which is near the truth (cf, table 18),

The salient features of the table are as follows, Both the
crosslinking parameter V and the plasticisation paraneter ﬁf increase
with the amount of fumerate in the original mixture in a similar fashion,
The rate of increase of hoth parameters decreases with increasing R,

and the parameter V reaches a flat maximum near the highest R value used,

This is shown graphically in fig, 3.



R

1.75
1.25
1.00
0.70
0,50
0.40
0,30
0,20
0.10

Note:

FO
5.73
5,00
4,50
3¢
3,00
2,57
2,08
1,50
0,82

This
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Table 19,

Model calculation of final states (M = 1).

Foo

6.18
5.50
5,02
L, 22
3.48
3,02
2. 47
1,81
1,01

table

F

5.16
L, 17
L., 00
3.27
2,65
2,27
1.82
1.32
0,72

)
c

5.51
b, 92
k. 96
3.72
3,07
2,66
2,16

1.59
0.89

e, ¥
0,90 0,13
0,89 0,13
0.89 0,13
0,88 0,12
0,88 0,10
0,88 0,09
0,87 0,08
0,88 0,06

0,88 0,03

X N KV

0.61 2,46 .75
0.59 2,35 k.43
0,57 2.13 437
0,51 1.60 4,09
0.1 1.52 L.13
0,36 1.1 4,08
0,31 1,11 3,90
0.22 0,81 3,97
0.12 0.4k 415

contains minor rounding-off errors,

19.1
17,8
16,4
13.0
15.4
13,0
14,0
(I
15.1

The three typical crosslinking parameters defined remain practically

Dp!
n

2,954
2,89
2,87
2,82
2,81
2,82
2,78
2.79
1.82

proportional to each other, as indicated by the approximate constancy of the

two colums of ratios (X/V and N/V).

The length DPA of the unattached

chains is seen to be remarkably constant at 2,86 ¥ 0.08, (Hence the DP of

the attached chains in the network cannot vary appreciably either),

It

follows that other possible parameters for expressing the plasticisation

instead of Wp, such as the weight concentration of unattached chains, would

merely run proportional to ".’-.’F,

the fumarate unsaturation present is ever utilised,

Since g~0,9 at all R values, only 10% of

The conclusions drawn from the model calculation in this section

are generally valid for a lightly crosslinked system, such as 2 cross-
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polymerisation in which little of the crosslinker (here fumarate) is

actually utilised,

&.5.L. Interpretation of the cbserved states of cure. Fig. 3L shows that

the two parameters V and '-:'.-’F rerain very approximately proportional to one
another, From the manner in Whic‘;l they enter eqn, (55) it may thus
happen that their effects on TgO approximately cancel each other, This
will happen when the constants a and b have suitable values with a ratio
of &/b~1/6, This would imply that the rise in cure due to one mole of

crosslinks equals the depression caused by 6 moles of free fumarate

condensation chains acting as plasticiser, If this condition is only

S

50

free methacrylate M, The plots of experimental T;o(R) and

very approximately satisfied, the trends in TS . will be dominated by the
M(R =0) "~ M(R = x) against R confirm the dominance of the free
methacrylate, since there is a marked correlation, On this interpretation,
of the three co'nstants 2, b, end g, only ¢ mkes a substantial contribution
to the varistions in T;O with R, end it is readily seen that o must be
of the order 100°C depression per mole of free methacrylate per litre
of resin, In satisfactory agreement, 2 depression of ¢ = 60°C is
predicted from the known values( ok )of the depressions in ’ché second
order transition of polymethyl mé’chacrylate by esters similar to MMA
monomer, and the same constant is calculated at ¢ = 120°C from direct ball
rebound measurement,

It is concluded that the slightly different internal states of

mobility (or cure) attained at equilibrium for different R values reflect

primarily the survival of slightly different concentrations of frese
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methyl methacrylate (table 18), TWe are little nearer to the solution
of the technically important problem as to why slightly different degrees
of conversion of methacrylate, and hence slightly different degrees of

internal mobility are actuelly achieved,

5,6, Sunmary. The MMA/PEF polymerisation is seen to accelerate

exponentially with time till near the end of the realisable polymerisation
when the third stage of the reaction is marked by the onset of diffusion
control of the initiation and propagation rates with a subsequent
levelling off of the rate curve, This slow third étage contributes
little to the total polymerisation, The reaction is finally arrested

at approximaetely the same degree of mobility of the system irrespective

of R,

The addition of the polyeste; to methyl methacrylate, for the
purpose of intrbducing crosslinks is inefficient, as in practice only
about 10/ of the added fumerate unsaturation is utilised for
polymerisation, Much of the polyester survives as completely
wpolymerised micro~molecules acting as plasticiser, As regards the
stiffness or cure aétainable, it has been shown that it is not efficient,
therefore, to add more than a small amownt of polyester,

An approximate theory has been developed for computing the
final cure in terms of the crosslink density and plasticisation by
residual monomers, The detailed anplicztion of this theory will have

to await more exact data,

- e e o —
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CONCLUS IONS,

This vrork shows that a complicated polyfunctional industrial
system falls within the scope of a simple mechanism when properly
controlled, by reference to a model system, Thus the hardening reaction
of methyl methacrylate/polyethylene fumarate, a typical pblyester "contact"
resin, is a simple copolymérisation reaction, The role of the gel point
as a tool is emphasised, it being shovm that the kinetics of the
hardening reaction can be explained in terms of the classical gelation
theory, The gel point is defined in terms of a number of fundamental
parameters which wholly determine the polymerisation.

A polymerisation of this kind is shown to proceed in three
more or less clearly defined stages, In the initial stage the system
behaves as a classical copolymerisztion controlled by the usual appropriate
kinetic parameters until the system gels. 1In the second stage diffusion
control of the termination step causes an increase in the rate of
reaction, In the third stage the system becomes so immobile that
propagation and ultimately initiaéion become diffusion controlled and
the reaction (or curing) rate decays to zero and an equilibrium state
is approached,

The Gordon/Roe model for the diffusion control of the
termination step is further verified by this work but it is shown only
to hold whén the primary polymerisation chain length is suff'iciently
large,

The vreliminary theory of the state of cure attainable shows

that PEF is relatively inefficient as a crosslinking agent in the
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MMA/PEF system, The general principle then emerges that the ideal
system would be one in which the monomer reactivity ratio is > 1, and
the primary chain length is relatively short, so that sufficient
crosslinker may be incorporated without the system gelling excessively
early,

The theoretical prediction of the gel points of polyester
resins, in an absolute or even in a relative sense, is technologically
important, For instance, the fraction of the total crosslinking reaction
which takes place at finite viscosity, i.e, before the liquid sets solid
at the gel point, is reflected in the "pot lif'e" of the resin, It is
inversely reflected in the amount of undesirable, more or less isctropic,
shrinkage of the solid article, Once the resin does gel, its final

cure cannot be altered,
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T2,

LIST OF SYMBOLS,

A Nunber of allyl groups per monomer molecule,

D!  Number average chain length (fumsrate double bonds) of free
condensztion chains (i e, none of whose double bonds have polymerkxdl

DPhc,DPWBNunbef and weight average chain length (fumarate double bonds)
of all condensation chains,

DP,, Number average chain length (fumarate double bonds) of all
condensation chains by end-group determination (as distinet from
cryoscopy DB, ).

IPo= DP,, in this work,

DP

won Jurber and weight average chain lengths of the chains I.present,

DF ohs
T s01 Number and weight fractions of monomeric rings II. present,
DPnP,DPWP Number and weight average chain length of the polyaddition chains,

EDMA Ethylene dimethacrylate.

F Concentration (final)(moles/1l.) of fumarate unsaturation,

Fc F corrected via eqn.(57) for volume shrinkage during polyaddition,
Foe Initial F corrected for volume shrinkage,

P« Conqentration (moles/1.) of fumerate radicals,

K Concentration of junction points in cross-polymer network =

concentration (moles/1.) of polymerised fumarate double bonds,

M Concentration (final)(moles/1.) of methacrylste unsaturation
(free MMA monomer),

M- Concentration (moles/l,) of methacrylate radicals,
MMA Methyl methacrylate,
MEK Methyl ethyl ketone peroxide,
N Concentration (moles/l.) of fumarate units which are attached
to the cross-polymer network, i e belonging to chains of which

at least one fumarate double bond has polymerised,

19) Fraction of fumarate carboxyls esterified during polycondensation,



PEF
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Polyethylene fumarate,

PFFP Polypropylene fumrate/phthalate,

q

R

Fraction of fumarate double bonds not polymerised
during polyaddition,

Peed ratio of wnsaturation, i.e, concentration ratio of fumarate to
methacrylate wnsaturations (E/M) or fumarate to styrene (E/S).

Tps Ty Monomer reactivity ratios for fumarate and methacrylate radicals,

S
t!

T50

Styrene,
Time, in multiples of the gelling time (%,) as unity.

Temperature (on the ascending or "glass" branch of the absorption
peak) for 50, energy absorption on ball impact,

Equilibrium value of T

50 after completion of the attainable
polymerisation,

Concentration (molea/l.) of crosslinks, A crosslink is a portion
of a polycondensation chain lying between two polymerised
fumerate double bonds (see K),

Weight fraction of (polymerised + wpolymerised) fumarate double
bonds in the cross=-polymer,

Concentration-(moles/l.) of free condensation chains, not attached
to the cross-polymer,

Concentration (moles/l.) of free MVA monomer = M,

Fraction of original fumarate double bonds which give rise to a
crosslink (see under V) during polyaddition,

Tri allyl cyanurate,
Comrercial S/PPFP resin.

Fractional conversion by polyaddition of all the fumarate
vnsaturation initially present,

Fractional conversion by polyaddition of all the unsaturation
initially present,

Crosslinking index, number of crosslinks (see under V) per weight
average polyaddition chain,

Fraction of the polymerised ynsaturation which is fumrate a
distinct from methacrylate ?g; styrene),
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Calculation of solvent in extracted cross-copolymer,

If F, M end S are the moles of fumarate, methacrylate and solvent
respectively, the following identity can be written.

. F + M + S = 1 (1)
a,) Por the system, fumerate + methacrylate + methanol, by taking a
carbon, hydrogen and oxygen balance for each constituent the following

three eguations are cobtained:

19.75 F + 59,98 M + 37,48 S = C (ii)
LU F + 8,05 M+ 12,5853 = H _ (i1i)
45,85 F + 31,97 M + 49,93 S = 0 (iv)

where C, H and O are the weight percent of carbon, hydrogen and oxygen
present in such a system,. |

Solving these equations yields the equation:

5 = 0,01030 + 0,0M5H =~ 0,0177 C (62)
Therefore assuming any residual solvent to be methanol only,
the pei'cmt impurity shown iﬁ table 11 is obtained by substituting the
appropriate C, H and 0 microcanalysis figures in eqn, (62),‘
b, ) Similarly, if Cellosolve is the impurity the same equations may be
written with the substitution of 53,71 S, 10.52 S and 25,77 S in the

third colum, and solved for S in the same menner,

Calculation of final F and M,

In order to calculate F and M separately from the residual unsaturatiom

(M + F) of table 18 it is necessary to make use of the integrated form



o
m e—
3
. ‘006 .001& -002 0-0 002 0.& 0.6 0.8 1.0
| | | ] ] | | ] |
Figure 35 . Calculation of fumarate unsaturation., Intersection (O) gives final

expérimental fumarate unsaturation. Intersection (@) gives final

fumarate concentration for model system (M = R).
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of the copolymerisation equation(55) which can be written:
: M
F(xy P 1-rpr (ry 1) 5 - (2= 1)
1 °F o) CTFPTM M F _
log — = | log ——i-!- log f;l ' | (63)
{ 4o (g - -1y My (-
F T M F 51 rF)(1 Iy ) (rM 1) F_q (:cF 1)
O
Substituting the valuss Ty = 17, rh = 0.25, and rearranging:
-
log F = = !L(O.jjl; log R) + 0.271 log (_1§6_ + 0.75)} (61)
+ ((0.33a log Ro) + 0,271 log (-%-6- + 0.75) + log FO}
N
o
From the definition of R = "‘/M, the identity is deduéed:
logf= log R ~ log (R + 1) + log (F + M) (65)

Plotting these two equations over an arbitrary range of R values
in £ig,35 gives the two curves shown, full line (eqn,64), deshed curve
(ean., 65), The intersection, dencted by (0), gives log F and hence the
final F(and M) values, The model calculation in table 19.is based on the
same ‘technique_', but replacing the experimental values of (P410) by the
assumption M = 1, so that F = R, and the intersection denoted by (®) again
enable the final F value to be found,

The experimental results show (table 48) that M is of the

order of 4 mole/1, for all R values, while the residual F varies widely.

-

Derivation of equations (59 and 60) for plasticisation and crosslinking
parameters.

Let p be the chance of a fumarate carboxyl having become
esterified during polycondensation, and g the chance of a fumarate double

bond not having becoms polymerized during polyaddition, The Flory
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"most-probable" distribution of the number fraction [ [,of n-meric

condensation chains is:
n-1
Th = p  (1-p) (v)
with a nurber average chain length
DP = - ]
o 1/(1-p) (vi)

After polyaddition (cross-polymerisation) the listribution of unattached
condensation chains, i e, chains all of whose double bonds have escaped

polyaddition, is giveh by

7= 27 (1) (vii)
since the fraction of all the original chains of length n is given by
(v) and the fraction of tﬁese which remain unattached is qn (because there
are n double bonds, each of which has an independent chance g of being
wnpolymerised), By summation of TT,we obtein the Praction of the original

chains remaining unattached:

s g (1) Z (0™ = g (4-p)/ (4-pq) (viii)

The concentration (moles per litre) of original condensation chains is
given by
F P F - i
oo/ DB, = F_ (1-p) (ix)
Hence the concentration of free condensation chains is

Ty= F_a (1-0)° / (1-pa) (60)

To find the concentration of crosslinks, i e, of condensation chain
segments lying between couples of polymerised fumarate double bonds

(junction points in the netwoﬁk), we first select a fumarate wit F at
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random, e require to find the chance that F should be polymerised , and
that proceeding from F along the condensation chain in one fixed direction,
say downward, we shall eventually encounter another polymerisea fumarate
double bond, The total contingency of this event is made up of four
chance‘s, thus: The chance of F being polymerised is (1-q), ‘chét of
finding n fumrabes belov is pn. There is a chance qn-'l thaf the Pirst
(n=1) of these are unpolymerised, and a chance (1-q) that the nth is
polymerised, Combining the four chances we find the overall contingency:

(1-9) 2% " (1=0) = p7¢" " (1-0)° ()
Summing over all values of n we find the fraction Z of all the original
fumarate double bonds which have given rise to a proper crosslink as defined
i,e. a segment of condensation chain leads downward from them to another
Junction point:

z = p (1=0)*/ (1-pa) (x1)

Multiplying by the number of moles per litre of original fumarate double

bonds, we find the concentration of crosslinks:

- Vo= F__p (1-0)% / (1-pa) | (59)



Run Resin
1 A
2 B
14 G
H D
H E
3 F
11 G_
n H
L J
1" K
1" L
5 N
i P

Table 20.

Table of physical properties for resins for fig, 2,

Reaction
time mins.

90
215
270
310
105
235
315

95
195
320

95
200

TP DF
ne n

3.43

5475
L. 88

6,0L
7.38
3.78
5.73
6.68
3.46
5.25
9.3

5.05
8,61
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Table 21,

Density

1.3507

1.3648
1.3475
1.3534
1.3508
1.3556
1.3616
1.3642
1,3568
1.3612

R.I,

1.5087

1.5100
1.5110
1.5068 -
1.5101
1.5130
1,5081
1.5106

R.,I, and specific volume vs, 10%/ end=group M,#, for fig., 3 and L.,

Resin

Mo Ry

Specific volume R.I.
0.73717 1.5068
0.734% 1.5101
0.7330 1.5130

- 1.5070
- 1.5100

10%ﬁvih

19,65
13,11

7.46
18,03
12,03
10.03
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Table 22,

Tabulation of visco-dilatometer runms,

Run Feed ratio Temp, % MEK Induction Gel time % conver- Rate x:l_g
R °g cat, time min, t_ min, sion.  mole.l, !
at ¢.B  sec,”1

HMEEHE R R R QQNRRARRRRNN DU

b 1.0 62,0 1.97 L 10 ©2,3L 3541
.6 0,67 " 2.11 L 2445 5.28 32,3
.8 0.50 " 1,96 2 42,67 9.09 32,0
o2 1.25 62,0 1,98 2 8,75 2,34 L0,0
oL 1,0 " 2.07 b 16,5 3.51 32,05
.6 0.80 " 1,97 2 20.5 3,39 2L, 70
.8 0,67 - " 2,02 2 28,25 L. 9% 26,20
.10 0.50 o 2,01 2 34.5 5.69 27.1
.12 0.50 v 2,09 L 29.0 5.47 28,3
Ak 0.3 " 2,03 L 36.25 7. 80 32,2
.16 0.20 " 1.99 5 53.25 40,82 30,5
18 0,10 " 1.97 5 77.0 15,63 30,4
.20 0.15 " 2,0L 5 4.0 15,37 1.2
22 1.0 " 1,93 2 15.0 2,93 29.25
24 0.67 " 1,99 L. 30.5 5,82 28.7
2 1.0 62,0 2,09 2 18,5 L. 64 37. 4
b 0.50 " 2,10 5 43,0 11.17 33,9
.6 0.33 " 1,80 5 67.33 15,97 35,6
.8 0.20 " 1,98 5 59.33 14,54 36,8
.10 0,80 " 1.94 5 28,5 7.33 38,6
12 0,40 " 2,00 5 57.0 14,51 38,2
Ak 0.50 " 1,98 5 53,0 14.14 40,0
.16 0.50 " 2.10 5 60.0 17.22 43,0
.18 1.0 " 2,0L 2 17.5 L.69 40,1
.20 0,33 " 2,01 5 67,0 17.55 39.2
22 2.0 " 2,02 2 10,0 ho13 62,0
.2k 0,20 " 2,00 5 92,0 23,55 38,4
26 0.25 o 1,98 5 76.0 19.9 39.25
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Table 23,

Tabulation of visco-dilatometer runs for rate determination only,

| . 5
Run  Peed ratio Temp. % MEK Reaction time % Conversion  Rate X'19

R o¢ cat, t mins, at ¢t min, mole 1,~
: sec."1
F.28 0,33 72,0 2.09 37 19.94 80.8
P, 3C " 82,0 2,03 21 254 181,2
P.32 " 52,0 2,08 M 11,06 18,23
F.3L " 52.0 2,06 160 18,64 17.50
F,b36 " 72,0 2,0l 30 - 16,70 82,2
F,38 " 32.0 2.0k 70 2,02 L. 31
F, L0 # 42,0 2.01 80 4,39 8.08
F.42 " 67,0 2,02 39 15,62 60.1
F. Lk " 57,0 2,02 56 10,35 27.7
F.L6 " 62,0 2,0L 59 16,02 40,8
M, 4 0.0 62,0 2,0 30 6.64 33,05
M, 6 " 52,0 2,0 30 3,67 18.3
M, 8 " L2.0 2,0 L0 ' 2,0 7.55
M, 10 " 62,0 1,99 30 7.21 36,0
M, 12 L 72,0 1.99 20 8. 84 66,1
M, 1L " 72.0 1.99 20 8.61 71.8
M, 46 " 82,0 2,01 15 13,18 o 132.1
M.18 u 57.3 2,01 30 L, - 24,5
M, 20 " L7.0 2,01 50 3.90 11.7
M, 22 " 62.0 0,50 150 19.10 20.1
M, 20 " 62,0 0,51 163 19.57 20.0
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Details of readings for fig.6, (readings from calibrated scale),

Plug

0,30
0.40
0,50
0,65
0.80

0.95 .

1.05
- 1.26
1.30
1.45
1.55
1.68
1,75
1,85
1.95

1.90
1.8
1.78
1,70

Time

=~ OVWVWoONANFWNWND = = o

-— e

s,

20
50
25
10
55
LO
15

5

LO
35
20
10
40
20

0

Flow

12
12
13
14

0

55
10

5

Open

4.0
k.1
4.2
4,35
L.55
4,65
4,75
4,87
5.0
5.10
5.20 "
5.29
5.35
5.45
5.50
reversed,

5.40
5.3k
5.27
5.18

Details of readingzs for fig.

1.47

Time Open
m, s.
1 15 4,6
1 35 4,90
1 55 5.25
2 20 5.60
Flow reversed,
3 10 5.40
3 L5 5.0
L 10 4,70
4 30 4,40
5 0 L.15
Flow reversed,
5 55 L, L0
6 55 4,85
7 50 5.35
8 25 5.65
Late stages.
33 50 4,70
36 5 L4.59
37 15 4,53

Time

m,

1L
15
16
17
17
18
20
21

22
23
21,
26
27
28
29
31

32
32
33
35

S.

LO
50
25
10
55

L0
0

10
25
15
40

5
20

20
25

5
10
L5
25

0

Open

5.67
5.0

L 95
L,87
4,82
Lo 75
4,66
4,60
L.52
L.48
Lo li3
4.38
4,33
4,31
L.28
L, 2y
L. 22
L, 24
4.19
L.17

Time
m, S,

15
16
16
17
18
19
20
21
22
23
2k
26
27
28
29

31 .
32

33
33
35

25
5
LO
30
15
0

20
20
L5
35

55
20

readings from calibrated scale).

Table 2L,
Time Plug
m, s.

1 35 1,65
1 5 1.55
2 35 1.50
3 20 1.45
L 25 1.40
5 0 1.35
5 35 1,28
6 20 1.25
7 15 1,18
7 55 1.15
8 40 1.12
9 25 1.09
9 55 1.07
10 LO 1,06
11 10 1.05
1,04
12 20 1.035
12 50 1.030
12 30 1,030
14 20 1,030

Table 25
Time Plug
m, s,

1 25 1.4
1 45 1.40
2 10 1.37
2 30 135
1.33
3 25 1.31
3 55
L 20 1.32
L 45 1.3k
5 10 1.35
1.36
6 10 1.37
7 5 1.38
8 5 1,38
8 L0 1.39
1.395
3L 15 1.40
36 25 1,40
37 L5 1.40

Time

mn

38
5D
11

43

L
46

S.
LO

0
50
30
50
50

Flow

48
49
51
51
53
Sk
56
56
58
58
59
60

0
%0
10
55
20
50
10

L0

0
15

5
10

Open

.y
L.b3
4,35
4, 32
L, 27
L, 22
reversed,
L,21
4,20
L.19
4.18
4,17
L.15
}"‘-0114-
L.13
k,12
L, 11
4,105
4,09

Time

59

S,
10
20
30
10
20
10

20
55
30
10
35

5
25

0

10
30
20
25



Table 26.

Points for theoretlcal curves in flg,.9

(from eaqn. (34). kt~5p = 98,1p= 0.25,0y = 29)

R - _31.1. 'l:c sec, t, sec.
1.r1rxol',"l resin G, resin F,
2 0.17 L29 731
1.33 0.19 635 ‘ 1080
1.0 0,22 825 1405
0,67 0,28 1185 2020
0.50 0.33 1529 ‘ 2600
0.33 0.4 2185 3720
0.25 0,56 2860 4,860
0.20 0.67 3505 5970
O0.14 0.89 L840 8180
Table 27,
Plot of tc vs 1/F and R {experimental points) for Pigs. 9 and 10.
Run R 1/F tc secs.
1. mol-1 resin F resin G
.22 2.0 0.17 600 -
.2 1.25 0.20 - 525
.2,18;G, 4,22 1.0 0,22 1080 9L5
.10;G,6 0.8 0.25 1710 1230
.8,24 0.67 0.28 - 1760
A,14,16;G, 10,12 0.5 0,33 3120 1800
| Oy 0.39 3420 -
.6,20;G,14 0,33 0.L4L 4020 , 2475
26 0.25 0,56 4560 -
2h;G,16 0.20 0,67 5520 3195
.20 0.15 0.85 - LU L0

PHE"EEQEEQ N
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Table 28,

Log gel time vs 10°/temp. %K for resins N & F (figure 11),

Run log1o te 10°/temp. K
‘ : resin N resin F
F.30 - 1.3222 2.818
P, 28 - 1.5682 2,899
F,6&20;N,12,60&62 0, 8451 1, 8261 2,985
N,1L4,22,58,2,8 26 0.9956 - 3.077
N,16 & 28 1.1461 - - 3.125
N,18,20&30 1.2900 - 3.175
N, 32 1.43593 - 3.225
N, 34836 1, 8162 - 3,335
. Table 29.
Logsp (rate x 105) vs, 103/‘ben§p.oK. for MMA, (Pigure 12).
Run 1og1o(rate X 105) 103/temp.oK
M, 16 2,1206 2,816
M, 12 1,8222 2,899
M. L & 10 "~ 1.5378 2.986
M,18 1.3892 3.028
M, 6 - 1.2625 3.077
M, 20 o 14,0682 3,125
M, 8 0.8779% 3.175
| Table 30, .
Log,ioﬁrafe x 10°) vs. 103/temo.°K. for resins N and F (figure 13),
Rwn log, (rate x 105) 103/temp.oK
o resin N resin F
F,30 - 2.2h82 2,818
F,28,36 - 1.9112 2.899
L2 - 1.7789 2. 911
N12,60,62;F6,20,46  1,L462L 1.5866 2.985
g';g’zz’%’%’%’ 1.0693 1.2519 3,077
oSy
. N,16,28 0, 8899 - 3.125
N.18,20,30; F, 4O 0,679 0, 9074 3.175
N, 32 00,5447 - 3.225
F.38 - 0.6345 3,278
N, 34,36 0.1769 - 3.335



Table 31,
% shrinkage P vs, reciprocal molar volume /My, Nickels & Flowers.( 3k
1/ My % shrinkage.
Vinyl chloride, 0.0147 3L L
" Tromide, 0. 0141 28,7
Methacrylonitrils, 0,01193 27.0
MVA _ 0,00939 21,2
Vinyl acetate, 0.01083 20.9
Styrene 0, 00872 14.5
Ethyl methacrylate, 0.00798 17.8
n~Propyl " 0, 0070k 15.0
n=Butyl i 0.006255 14,3
iso- " i 0,006255 12,9
Table 32,

Densities (pm /ml,) of individual cross-polymer film frapments at BOOOK_

Film fragment, Density Film fragment, Density
D.1.1 1.2978 B.3. L 1.2539
2 1,2999 5 1,294

3 1.2911 6 1,2758

L 1,2837 7 1.2627

5 1,2708 C.1.1 1.2562

6 1.2733 C.2.1 1.2L470
D.2.1 1,2718 2 1.2429
2 1,2736 3 1.2432

3 1,2748 L 1,2373

Ly 1,2606 5 1,2365

5 1.2671 6 1.2325
B.1.1 1,2691 7 1.232L
2 1,2667 E.1.1 1.1981

3 1,2648 2 1.1975

L 1,2605 3 1.2033

5 1,2632 L 1,2023

6 1.2699 5 1,2011

7 1,261 E.2.1 1.1938

8 1,2621 2 1.1973
B,2.1 1.2502 3 1.1980
2 1.2500 L 1.2019

3 1.2529 E.3.1 1.1982
B.3.1 1.2520 2 1.1977
2 1.2522 3 1, 2029

3 1.2535 L 1.1940
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Table 33,
Details of experimental points for fig.?21.

Run Time mins, % Conversion Run Time mins, 7o Conversion

N,20 8.5 0.276 N. 40 53 8,16
" 12.5 0,398 " 58 9.11
" 19.5 ‘ 0.617 " 63.5 10,23
" 2L.5 0,813 " 71.5 11.95
" 29.5 1,036 " 79.5 13.96
" 54,5 1,266 N, 4y 3 0, 8l
" L, 5 1,752 " 6 1.69
" éL.5 2,887 " 8 2,23
" 84,5 L.287 " 10 2.81
" 114.5 6.727 " 11.5 3.24
" 144, 5 9.917 " 13.5 3.80

N, 40 10 1.42 " 16 4.68
" 20 3.01 i 18,75 5.59
" 30 L.53 " 20 6,15
" LO 5.75 " 24 7.82
" Iy 6,67 " 32 12,04
" L7 7.16 " 36 14,7
" 50.5 7.80

Table 3k.
Detail of kink for run N,26, fig, 22,

Reading em, Time mins, Reading cm. Time mins,
59.578 15 59.168 21
59.542 15.5 59.125 21.5
59.515 16 59.090 22
59.477 16,5 53.050 22.5
59. 447 17 59.011 23
59,378 18 58,970 23.5
59.34L 18,5 58,927 2L
59.310 19 58, 886 2Lk.5

59.2L5 20 58. 852 25
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Table 35,
Particulars of polvmerised resin discs, figs, 27-30.
Run Feed ratio Reaction time Density % Conversion
hrs, gm,/ml,
M, 2L 0 7 1.1016 63,80
" " 8.25 1,1579 ‘ 81,01
. " 9 1.1571 80,77
" " 12 1.1773 86.79
" n 15 1.4817 88,10
M, 22 " 7 1. 1347 3.7
" " 10 1.1647 83,05
" " 18 1.1810 87.89
n ‘ u 2 1.1822 84,14
N, 7L 0.1 1L 1,2130 87.2
N,72 1.75 1 1.2888 19.43
" " 1.18 1,2970 22,04
" " 1.5 1,304 2L, 54
" ) 1.75 1.3103 | 26,19
" " 2.0 1.3094 25,93
" X 2.5 1.3156 27. 84
" " 3.5 1,3189 28,86
" " 4.5 1.3200 29.18
" " 5.5 1.3217 29.71
" " 7.0 1.3202 29.23
N,70 0.5 2.5 1.1640 23,65
" " 3.5 1.2499 51.73
" " 3.75 1.2487 51.40
; ) L5 1.2579 5h.16
" " 5 1,2616 55.30
" " 6 1.2711 58411
" " 1 1.2720 58,35
" " 8 1.2762 59.58
" " 9 1.2765 59.68
o " 2L 1,287 62,77
N.68 0.2 L 1.1388 45,57
" n 5 1.1802 59.1L
" " 6 1,209 68,0k
t " 8 1.2212 71.66
" " 9 1.2120 68,93
" " 10 1.2192 74.08
" " 12 1.2412 77.48
" " 15 1.2344 75.45
" " 18 1.2367 76,20
" " 2l 1.2339 75.40
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Table 35 (contdil

Run Feed ratio Reaction time Density % Conversion
hrs, gm,/ml,

N, 64 1.0 1.33 1.2356 22,83
" " 1.67 1.2463 26,32
" " 2.0 1.,2715 34,37
1 u 2.25 1.2787 36.65
" " 2,50 1.,2893 39.89
" " 3.0 1.,2955 41,76
" " L. 1.3047 L, b3
" 0 5 1.3049 42,60
" " 6 1.3090 L5, 81
" t 2l 1.3138 g 17

N,62 1.25 1.25 1.,2913 30.76
" " 1.5 1.2943 31.27
" " 2,0 1.3008 33.67
" " 3.0 1,3054 35.12
" n L 1,3065 35.43
" " 6.5 1.3094 36,32
" " 8 1.3124 37.20
" " 12 1.3100 36,47
" " 2l 1.3125 37.25

n n L8 1,3106 36,68



