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Synopsis 
Gel-point calculations based on the theory of polyesterification proposed by Flory do 

not agree with the experimental values even when Bobalek’s concept of gel point as the 
first formation of infinite molecules (microgel) is used. Resins covering the range 30- 
60% oil length were prepared and examined by electron microscopy for the presence of 
microgel particles. The extent of reaction a t  which microgel forms is discussed in rela- 
tion to the concept of equal reactivity. The conditions necesmry for the formation of 
microgel particles and the significance of these observations to the basic assumptions 
used in developing the theory of polyesterification are discussed. 

The basic theory of polyesterification has undergone only minor changes 
since it was first proposed by Flory as a result of his pioneering studies in 
which he compared the formation of simple esters with polyesterification 
reactions. The conclusions reached on the kinet,ics of polyesterification, 
on the reactivity of functional groups in polymer forming reactions, on the 
most probable molecular weight distribution for a polyester at  a given 
extent of reaction, and on the importance of ester interchange and related 
reactions, are based almost entirely on experimental results obtained on 
bifunctional or linear systems. 

The concepts developed for linear systems have been applied to nonlinear 
polymers; for example, equations have been proposed for the calculation 
or prediction of the gel p ~ i n t ~ - ~  of a polyfunctional system, and for the 
calculation of the most probable molecular weight distribution.‘ Many 
other investigators have elaborated on Flory’s initial efforts on nonlinear 
polymers and in some form or other, Flory’s concepts have been applied to 
most polyesters. 

Alkyd resins (polyesters modified by a natural or synthetic monobasic 
acid, often a fatty acid) and related polyesters, represent what is probably 
the most important class of nonlinear polyesters; they are of immense 
commercial importance to the paint and plastics industries, and because 
of this, the theory related to their formation and properties has been studied 
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intensively. Thus, one of the major problems investigated in alkyd resin 
formulations has been the prediction of the gel points; the belief is widely 
held that the optimum properties of an alkyd resin are developed at, or 
near, the gel point.6s6 For reasons of stability and reactivity, it is usually 
desirable to adjust a formulation so that it gels at a low acid number, that 
is when the extent of reaction in terms of acid groups is high, and an ac- 
curate prediction of the gel point of a formulation could save, and even 
eliminate, many unnecessary experiments. However, the calculated or 
predicted gel points rarely correspond with the observed physical gelation 
of the polyester; this disparity has led to many modifications to the equa- 
tions used to calculate the gel point, and to suggestions that intramolecular 
reactions are competing with those involved in polymer formation. R.e- 
cently, Bobalek et a1.2 have further suggested that the deviations between 
predicted and actual gel points are partly a result of not distinguishing 
clearly between the formation of some molecules with an infinite network, 
and the physical gelation of the polymer. Flory’s calculated gel point 
corresponds to the extent of reaction at  which molecules with infinite net- 
works should form, and most workers in this field have assumed that this 
is when the polyester physically gels. However, Bobalek et aL2 and Solo- 
mon and Hopwood7 have shown that molecules with an infinite network 
form prior to physical gelation and that these molecules are dispersed in a 
continuous phase of low molecular weight polymer. This dispersed poly- 
mer has been termed microgel. Hydroxyl groups are buried in the microgel 
particles and are not available for esterification reactions, for urethane for- 
mation by the addition of isocyaiiates, or for ether formation with melamine 
formaldehyde resin? These observations are of the utmost importance to 
the further successful commercial development of alkyd resins since it 
has already been shown that the film properties of an alkyd resin of a given 
chemical composition are related to the microgel content; preliminary 
studies have indicated that processing conditions can markedly influence 
the amount and type of microgel particles f ~ r m e d . ~ J  

This paper is concerned with the conditions necessary for the formation 
of microgel particles, and with a discussion of the significance of these ob- 
servations to the basic assumptions used in developing the theory of poly- 
esterification. 

Experimental 

The equipment used for the preparation of the alkyd resins, and the 
methods used to characterize the polymers have been described in previous 
 paper^.^ 

Alkyd resins were made from formulations chosen so that they covered 
the range of greatest commercial interest. The formulations varied from 
60% down to 33% oil length. 

The gel points of the formulations were calculated from equations which 
have been developed using the concepts proposed by Flory and Carothers. 
The details of the results of the characterization of the resins and of the 
calculated gel points are given in Tables 1-111. 
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The polymerization of glycerol/phthalic anhydride and trimethylol- 
propane/adipic acid at mole ratios of 2/3 and 1/1 was studied. At all 
stages of the reaction up until the physical gelation of the mixture the 
measured hydroxyl values corresponded with the calculated values. No 
microgel particles were visible in the electron microscope. 

The influence of solvent on the formation of microgel particles, and on 
the physical gelation of the reaction mixture was studied on the system 
lauric acid/trimethylol propane/adipic acid at  a mole ratio of 1/2/2. The 
results are given in Table IV. 

Discussion 

The results in Tables 1-111 clearly show that in alkyd resins molecules 
with an infinite network are formed at much lower extents of reaction 
than is predicted by equations based on Flory’s or Carothers’ assumptions. 
A significant difference between the alkyd resins and nonlinear polyesters 
which did not contain a fatty acid residue (e.g., glyceryl phthalate, tri- 
methylol propane adipate) was also noted; in alkyd resins the microgel 
particles increase in size over a considerable extent of reaction whereas the 
fatty acid free polyesters undergo a sudden change from a soluble polymer 
to a physically gelled mass. 

One of the basic assumptions inherent in the equations used to calculate 
the gel point of the alkyd resins is that “the intrinsic reactivity of a func- 
tional group remains independent of molecular size.” Since some molecules 
form a network structure sooner than is predicted by these equations it 
follows that the functional groups in these molecules have reacted at  a 
faster rate than expected. In other words at some stage of the polyesterifi- 
cation the increase in molecular size has resulted in an increased rate of 
esterification for some molecules. 

To explain the above conclusion the following model is proposed for 
polyesterification in alkyd resins; subsequently other evidence will be con- 
sidered in relation to this model. 

In the early stages of polymerization (average D.P. 2-4), some mole- 
cules will have a composition in which the fatty acid/polyester ratio is such 
that it will give them potential surface activity. These molecules will 
then form micelles, and it is at the surface of these micelles that rapid 
polyesterification occurs with the eventual formation of microgel particles. * 
The functional groups in the microgel particles then exhibit greatly reduced 
activity in polyesterification since they are no longer in the same phase as 
the other reacting entities. (Previous evidence has suggested that the 
hydroxyl groups are “buried” inside the microgel?) 

The influence of solvents on the gel points of an alkyd resin supports 
the above theory. The results in Table IV taken in conjunction with those 
of Bobalek et aL2 show that all solvents retard gelation but that the more 
polar solvents, such as dimethylformamide, are more effective in this re- 

* The concept of gelation proposed by Bobalek et a1.2 is used here; that is the point at 
which molecules with an infinite network first form. This point may occur some time 
before phase inversion and physical gelation. 
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gard. We suggest that the solvents retard, or in some cases inhibit, micelle 
formation, and this is the mechanism by which they retard gelation. Pre- 
vious theories of polyesterification have failed to offer a satisfactory ex- 
planation for the influence of solvent on the reaction.2 

The monomeric units available for polymer formation also influence 
microgel formation. Previously, we have noted that in glyceride/glycerol 
mixtures condensed with phthalic anhydride, microgel is most readily 
formed when the fatty acid is all present as glyceryl-a-monoester, provided 
that polyol is also present.' This represents the composition in which all 
the fatty acid residues are attached to polymer-forming molecules (i.e., 
the difunctional glyceryl monoester) and consequently this would be ex- 
pected to give the maximum opportunity for growing molecules to achieve 
the desired organophilic/organophobic balance. 

It should be understood clearly that we are proposing that, only some 
molecules lead to microgel in the early stages; others will grow in solution 
until their molecular weight, and the polarity of the medium, have changed 
sufficiently to enable microgel particles to separate. Indirect evidence in 
support of the contention that only some molecules are capable of microgel 
formation comes from a study of the hydroxyl values of samples taken 
during the formation of an alkyd resin. 

The unavailable hydroxyl groups have been showri to be present in micro- 
gel particles and consequently the measured hydroxyl value is a guide to 
the amount of microgel present. In some alkyd resin formulations there 
is an initial deviation of the hydroxyl value from the theoretical but as the 
polyesterification proceeds no further hydroxyl groups are lost,' apart from 
those which have formed ester links. 

Other evidence which supports greater activity in the early stages of 
polyesterification, at  least for some molecules, comes from molecular weight 
distribution studies on the diethylene glycol-adipic acid r e a ~ t i o n ; ~  at  low 
degrees of polymerization the most probable molecular weight distribution 
is not found. There is less low molecular weight material than predicted 
by the concept of equal reactivity. This has been taken as evidence that 
the low molecular weight polymers react more rapidly than those with 
higher molecular weights. However, in these linear systems, the molecules 
stay in solution and consequently, interchange reactions are likely and at  
higher degrees of polymerization the differences between theory and practice 
are less obvious. With nonlinear systems, however, any molecules which 
undergo rapid reaction can lead to microgel. These microgel particles 
are not in solution and interchange reactions do not alter appreciably the 
size or composition of the particles. 

Kinetic analysis of reactions leading to alkyd resin formation would 
appear to be of limited value in the light of the theory proposed above. 
First, some of the functional groups enter an environment in which they 
show enhanced reactivity and then little or no activity. Second, the third- 
order kinetics found by Flory apply only above 80% esterification;' at  this 
point microgel has usually formed and it is most unlikely that the hydroxyl 
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groups present are all esterifiable. Therefore, the equation developed 
by Flory cannot be used since it assumes that all groups are available. 
Third, most alkyd resins have a viscosity in the vicinity of 30 poise; even 
in the absence of microgel, this makes it difficult to obtain results of suf- 
ficient accuracy for kinetic analysis."J 

The authors would like to thank A. F. Wilson for the electron micrographs. 
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Resume 
Les calculs de point de gelification bases sur la th6orie de la polyest6rification propos6e 

par Flory ne concordent pas avec les valeurs exp6rimentales m6mes lorsque le concept 
de Bobalek (microgel) est util& comme premiere approximation pour des mol6cules 
infinies. Des r6sines couvrant le domaine de 30 B 60% de longueur ont 6t6 pr6parbs et 
examin6es par microscopie Blectronique concernant la pr6sence de particules de microgels. 
Le degr6 de reaction B la formation de microgel est discut6 par rapport avec la nature 
de la r6activith. Les conditions nkcessaires pour la formation de particules de microgel 
et la signification de ces observations pour les hypotheses de base utilisks pour le d6velop 
pement de la th6orie de la polyest6rification sont soumises B discussion. 

Zusammenfassung 
Gelpunktsberechnungen auf der Grundlage der von Flory vorgeschlagenen Poly- 

esterbildungstheorie stimmen auch bei Verwendung des von Bobalek benutzten Gel- 
punktskonzepts als erste Bildung unendlicher Molekule (Mikrogel) nicht mit den ex- 
perimentellen Werten uberein. Harze wurden im Bereich von 30 bis 607, 01-Streck- 
ung dargestellt und elektronenmikroskopisch auf die Anwesenheit von Mikrogelteilchen 
untersucht. Das Reaktionsausmass, bei welchem sich Mikrogel bildet, wird in Beziehung 
zum Konzept gleicher Reaktivitiit diskutiert. Die fur die Bildung von Mikrogelteilchen 
notwendigen Bedingungen und die Bedeutung dieser Beobachtungen fur die bei der 
Entwicklung der Theorie der Polyesterbildung gemachten grundlegenden Annahmen 
werden diskutiert. 
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