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A survey of recent work on pre-gel intramolecular reaction and gelation in oxypropylene—triol and
tetrol-based polyester and polyurethane network-forming systems is presented, and relationships bet-
ween the properties of the networks formed at complete reaction and the product of extents of reaction
at gelation (a,) are discussed. In contrast to that in corresponding linear reaction systems, the amount
of pre-gel intramolecular reaction in the triol-based polyurethanes is never negligible, even in bulk.
Kilb’s model of RA; + RBy type gelling systems has been reanalysed and a more accurate condition for
gelation evaluated. The shear moduli and 7g4s of dry networks are found to increase as o, increases,
indicating that these properties are strongly dependent on the amount of pre-gel foop formation.
Extrapolated values of the shear moduli indicate that perfect, affine rather than phantom networks
would be formed by reaction systems having the ideal gel point [¢, = (f — 1)1,

INTRODUCTION

The properties of a polymer network depend not only on
the chain structures, molecular weights, and amounts of re-
actants used to prepare the network but also on the condi-
tions (concentration and temperature) of preparation. In
the Gaussian sense, the perfect network can never be ob-
tained in practice, but, through random polymerizations of
polyfunctional and difunctional monomers and prepolymers.
networks with quantifiable degrees of imperfections can be
prepared, and the importance of such imperfections on net-
work properties can be ascertained. In this context, the use
of well-characterized random polymerizations for network
preparation may be contrasted with the more traditional
method of crosslinking polymer chains. With the latter, un-
certainties with regard to the distribution of primary chain
lengths, chain lengths between junction points, loose ends,
and entanglements often exist.

The present paper presents a survey of recent work carried
out into correlations between network properties and reac-
tant structures and reaction conditions. The reaction systems
used have been generally oxypropylene triols or tetrols of
various molecular weights reacting irreversibly with diisocya-
nates (to give polyurethanes) or diacid chlorides (to give poly-
esters), with like functional groups having equal reactivities.
Empbhasis has been placed on the extent to which pre-gel
intramolecular reaction defines the physical properties of the
networks formed at complete reaction.

PRE-GEL INTRAMOLECULAR REACTION

Previous studies® have shown how ring fractions formed
during an irreversible linear random polymerization may be
measured. The results obtained may be correlated success-
fully in terms of a kinetic analysis?, cascade theory?, or rate
theory®. The important quantities in such correlations are
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and the initial concentrations of reactive groups (¢z0 and
cpg)- In equation (1), » is the number of bonds in the
smallest ring that can form, and b is the effective bond length
(vb2 = D)) of the chain forming that ring. The effects of
reactant molecular weight on ring formation enter through
v, and those of chain structure, temperature, and solvent
through b. The ratio of Pab to some function of ¢,g and
¢pg defines a parameter characterizing the competition bet-
ween intramolecular and intermolecular reaction, and the
various theories?™* provide frameworks describing how ring
and chain species form as a polymerization progresses. The
same quantities are important in descriptions of non-linear
polymerizations and gelation®.

In non-linear polymerizations recently studied®”, using
oxypropylene triols and hexamethylene diisocyanate (HDI),
it was found that the fraction of ring structures (¥,) was
always significant, even in bulk reactions. Figure I shows
results obtained® in benzene solution and in bulk at 70° for
stoichiometric amounts (# = 1) and v = 115. The product of
the extents of reaction at gelation (a.) were also measured, and
theoretical correlations in terms of rate theory® and cascade
theory® show that the measured values of both &, and &, can
be separately explained, but that for each theory different
values of b are required for the two quantities. These incon-
sistencies indicate that further theoretical developments are
needed before quantitative descriptions of intramolecular
reaction from zero reaction through to the gel point can be
achieved. Comparisons with the results for linear systems
show that /V,, at a given value of p and with the same values
of Pab, c,g and cpq, will be about an order of magnitude
higher for triol as compared diol.



04

O3

> 02

o1

O

Figure 1 Number fraction of ring structures, N,, versus extent of
reaction, p, for r = 1. Reaction system: oxypropylene triol + HDI
(v = 115)/benzene/70°C. ®, Expt 1.1 — bulk; ©, expt 1.2 — 70%
monomers; ® expt 1.3 — 50% monomers; O, expt 1.4 — 40% mono-
mers; ®, expt. 1.5 — 30% monomers. [Reproduced with permission
from Br. Polym. J. 1977, 9, 124 ©]

GELATION

It has been shown®, that values of &, measured for reactions
at different initial dilutions can be correlated by means of ap-
proximate theories of gelation due to Frisch'®, and to Kilb'!, at
least for reactions with r = 1. The use of analytical expres-
sions for o, derived from such approximate theories of gela-
tion avoids the numerical calculations necessary with the
more complete cascade and rate theories, and such expres-
sions at present provide an equally satisfactory means for
interpreting gel point data.

Recently, the Kilb model for a gelling system has been
analysed in more detail'* and a more accurate condition for
gelation in an RA; + RBy type random polymerization de-
rived, namely:

ac(f~ (1 -N2=1 (2)

&, is the product of extents of reaction of A and B groups
(pa-pb) at gelation, J'is the junction point functionality,
and A is a ring forming parameter, with:

Lo DRI 32N G
(/— 2)Pab(1,3/2)IN+(ch + cp) )

#(1,3/2) is the Truesdell function®, N is Avogadro’s number,
and (c, + cp) is some average concentration of the reactive
groups external to a given molecule. (¢, + cj) may most
simply be equated to the total initial or gel concentrations,
(Ca0 * Cho) 0T (czet Cpe), respectively®. Equation (2) re-
duces to Kilb’s expression

a(f~ D —Ag) =1 (4)

for small A, with X = Ag /2.

The analysis of gel point data is made by using experi-
mental values of &, to evaluate A according to equation (2),
and then plotting A/(1 — \) versus (¢, + ¢p) !, and evaluat-
ing Pab, and hence b, through equations (1) and (3), from
the slope of the line so obtained. This analysis is now pre-
ferred to that based on Frisch’s theory®. Compared with
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the Frisch analysis, the values of b so obtained show the
same variation with the structure of the chain (of v bonds)
which forms the smallest ring, the absolute values of b are
in better accord with values expected from solution proper-
ties, and the analysis is not subject to the condition that
A<l

Recent work on gel points includes studies of the effects
of temperature on @, in triol-based polyester systems’, the
study of triol/diol-based polyester systems’. and of tetrol-
based polyurethane systems?”.

NETWORK PROPERTIES AND GELATION

The results of the preceding studies of ring formation and
gelation show how the gel point is related to reactant struc-
tures and to reaction conditions. The present work indicates
how the physical properties of the networks formed at com-
plete reaction are to a large extent determined by the experi-
mental values of a,.. and hence, by the amount of pre-gel
loop formation.

Oxypropylene triol- and tetrol-based polyester and poly-
urethane networks have been formed, principally from reac-
tion systems at various initial dilutions and with r = 1, and
values of o, have been determined en route to complete re-
action. SHear moduli have been determined from uniaxial
compression'* !¢ and torsion pendulum experiments!”"*°
and the latter have also been used to determine loss moduli
and T,. Creep behaviour has also been studied'®. A brief
selection of the results is presented here.

For the reaction systems used, the value of MY, the
molecular weight between junction points for the perfect
network, is always krown at complete reaction. It is closely
related to v, and is defined by the structures of reactants, as
iltustrated in Figure 2 with respect to the reaction of a poly-
oxypropylene tetrol, based on pentaerythritol, and HDI. The
shear moduli (G) determined experimentally on dry and
swollen networks can be analysed through Gaussian theory
to give apparent values of M, according to equation (5):

G = ARTpoY 3 (V, V)M, (5)

p is the density of the dry network, ¢, is the volume fraction
of solvent present in the swollen network, V,, is the volume
of the dry, unstrained network and ¥V is the volume of the
network at formation. A4 has the value of (1 — 2/) for
phantom networks and the value of 1 for affine networks?.
Figure 3 shows values ofMC/AM? versus a, for oxypropy-
lene tetrol/HDI polyurethdnes'S. P1 and P2 refer to two tet-
rol prepolymers with different values ofM((,). The variation

a CH, CHy  OH
HO(—CH—CHZ—O)ECHz\C/CHQ—(O~CH5$H%O—i*l\'ﬂ(:gt‘g)fiﬁ‘i@o
HOFCH-CH5O)=CH3~ “CH5(O—CHz CH-+CH

| n [ A

CHs CHy
b ) e g
>~ N C—O=CH-CH~O)—CH~CZ
—/C~CH2—(O*CH2‘CH-)ﬁo—c—r\l(—(:Hz)6 N-C-OCH CHQO)ﬁCHzc\

Figure 2 Parts of chain structure used in defining {a) v ~ the num-
ber of bonds in the chain forming the smallest ring, and (b} Mg -

the molecular weight between junction points in the perfect network.
lllustrated with reference to an oxypropylene tetroli, based on pent-
aerythritol, reacting with HDI
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Figure 3 Mg/AM versus o for two tetrafunctional polyurethane
network systems. Reaction systems: oxypropylene, pentaerythritol-
based tetrol + HD!/nitrobenzene/80°C. P1 — M2 = 500, P2 — M2
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Figure 4 T, versus o for trifunctional polyurethane networks (@),
Reaction system: oxypropylene triol + PMDI/nitrobenzene/80°C.
M2 = 710. ®, Oxypropylene diol + PMDI, Mepeat = M2

in a, results from the use of reaction mixtures of different
initial dilutions. The lines through the experimental points
have been extrapolated to MC/AMC0 =1 at the ideal gel point
(o, = 1/3), consistent with A = 1 (affine behaviour) and

M, =M9. Forboth Pl and P2 systems, the points at the
smallest values of «, refer to bulk reactions,

The behaviour exemplified in Figure 3 is typical of that
shown by the other polyester and polyurethane systems
studied. MC/AMC0 is always greater than unity, and increases
with the initial dilution of the reaction system by an amount
larger than that which can be accounted for by a transition
from affine to phantom behaviour. In general, the results
indicate that in the limit of the ideal gel point (&, = (f —1)~1)
a perfect, affine, rather than phantom, network is formed.
Entanglements are apparently of negligible importance and
the behaviour observed is consistent with the presence of
elastically ineffective loops, and with the number of these
increasing with pre-gel intramolecular reaction. The range
of M,/AMD values shown in Figure 3 indicates that such de-
fects can lead to a reduction in modulus by a factor of about
7. This range of values is typical of that found for other
systems. In addition, larger proportions of the loops formed
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by the systems with the smaller value of M? appear to be
elastically ineffective. This follows from the relative posi-
tions of the two lines in Figure 3, and such a comparative
behaviour is also found for other network forming systems

Figure 4 shows the variation of T, with &, for polyoxy-
propylene triol/phenylmethane diisocynanate (PMDI) poly-
urethanes'®. These systems have an M,/AMD versus o, be-
haviour similar to that shown in Figure 3. Thus, Figure 4
indicates that Ty is a decreasing function of o, or M.

The horizontal line refers to a linear PMDI/oxypropylene
polymer having a repeat unit of molecular weight equal to
MD. In general, the variation of T, with a (or M) is a ref-
lection of the influence of elastic junction-point density on
the freedom of segmental motion, and the maximum range
of T, values shown (295-317K) reflects, possibly, the maxi-
mum influence for the triol system considered.

CONCLUSIONS

The properties of the networks formed at complete reaction
in random polymerizations have been shown to be strongly
dependent on the amount of pre-gel intramolecular reaction
which has occurred. Even with bulk reactions, it is not pos-
sible to obtain perfect networks. However, in the limit of

no pre-gel intramolecular reaction, perfect, affine rather than
phantom networks are predicted. Present theoretical develop-
ment allows only the semiquantitative correlation of the
amount of intramolecular reaction and the extents of reac-
tion at gelation with reactant structures and reaction condi-
tions. In addition, the properties of perfect networks are

not unambiguously defined?’. In spite of these shortcomings,
the present results show how network properties (as exem-
plified by M, and T) may be related, through a,, to reac-
tant and reaction variables.
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