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Notes 
Characterization 
Gel Point 

of the Soluble Phase beyond the 
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The physicochemical properties of branched macro- 
molecules have been a subject of much interest in polymer 
science. Because of ita complexity, the process of gelation 
and the chemistry of the sol fraction that the product 
contains well beyond the gel point have been the objects 
of relatively little experimental research. One line of work, 
arising from Gordon's team, has been devoted to corre- 
lating molecular parameters of the critically branched state 
of matter with those calculated from the Cascade theory.'* 
The experimental materials were the stabilized macro- 
molecules that appear just before and just after the gel 
point in the polycondensation of 1,3,5-benzenetriacetic acid 
with 1,lO-decamethylene glycol (BTA/DMG). This com- 
bination of monomers has been a particularly good choice 
because it has given minimum deviations from the as- 
sumptions of the classical gelation theory."' 

Beyond these experiments on the critically branched 
state of matter, there is no record of attempts to exploit 
the near ideality of BTA/DMG polymerization in order 
to investigate other features of gelation. The molecular 
properties of the soluble phase and the way they change 
as gelation advances well beyond the gel point have not 
been experimentally examined with an ideal system. 

Therefore, as an extension of our effortss to characterize 
the soluble phase, fractions at  varioua extents of polym- 
erization of BTA/DMG beyond the gel point were isolated, 
and their viscosities and weight-average molecular weights 
were measured. 

The relative changes of the densities and diameters of 
these macromolecules a t  various stages of the reaction 
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Table I 
Molecular Weights, Viscosities, and Structural Parameters 

of the BTA/DMG Sol Fractions as a Function of 
Conversion beyond the Gel Point 

equiv 
dens eouiv 

(pSqu), g &am 
convn (p) WsC Mw X [VI, dL g-' mL-3 (d&, 8, 

277 0.206" 0.121 0.7205' 8.19 
0.7206" 4.39 0.200" 0.125 222 
0.7226" 1.75 0.130" 0.192 142 
0.7260 0.752 1.45 0.166b 0.150 144 
0.7670 0.347 0.18 0.199b 0.210 66 
0.8090 0.130 0.16 0.14gb 0.167 68 

"Reported by Peniche-Covas et al.5 bMeasured at 25 "C in 
methyl ethyl ketone. cSoluble fraction, Le., (wt sol)/(& (sol + 
gel)). 

beyond the gel point were calculated, thus providing more 
information for this rather important region of the process. 
Results and Discussion 

Intrinsic viscosities of three sol fractions of the BTA/ 
DMG polycondensation in the region just beyond the gel 
point have been reported by Peniche-Covas et aL5 In order 
to obtain additional points, the viscosity numbers (Table 
I) of sols isolated at  conversions well beyond the gel point 
were measured at  25 OC at  four different concentrations 
in methyl ethyl ketone. 

It is immediately apparent that these intrinsic viscosities 
are unusually low. The low intrinsic viscosities reported 
here indicate that the molecules are likely to have a highly 
branched structure. 

Further evidence of extensive branching is seen in the 
small dependence of intrinsic viscosity on molecular weight 
(Figure 1). The exponent CY and constant K of the 
Mark-Houwink equation were thus found to be 0.15 and 
11.2, respectively (K = 0.112 if [q]  is expressed in deciliters 
per gram). The unusually low value of CY indicates that the 
highly branched structure of these polymers confers con- 
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An Einstein sphere should possess a constant density, 
and its intrinsic viscosity should be independent of size.lo 
By accepting that the postgel soluble fractions in solution 
obey the spherical non-free-draining model (or imperme- 
able coil model), their intrinsic viscosity can be expressed 
as a function of their density by the relationship [ q ]  = 
2.5/pequ, where pequ is the density of the empty molecule 
without included solvent and [7] is expressed in milliliters 
per gram. 

The nature of the BTA/DMG polymers, together with 
their low Mark-Houwink exponent, strongly supports the 
validity of the pequ. values calculated in this way. These 
molecules in solution are expected to be more spherical 
than coiled. 

Table I shows the calculated pqu values. The densities 
of these polymers are very high compared to those of 
common linear polymers. The large densities of the 
BTA/DMO fractions are likely the result of high branching 
coefficients or even intraparticle cross-linking. 

Assuming a spherical shape for the BTA/DMG poly- 
mers in solution, pqu may be reexpressed as pePu = 6 M /  
NA?Tdeq$, where M is the molecular weight, NA is Avoga- 
dro’s number, and deq: is the diameter of equivalent 
sphere. Solving for dequ, one obtains relation 2, which in 
principle yields the diameter of spherical macromolecules 
(in angstroms if [77] is expressed in milliliters per gram), 
which in solution have intrinsic viscosity [q] .  
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Figure 1. log [7] vs. log Mw of the BTA/DMG soluble fractions. 
Mark-Houwink exponent a = 0.15. 

siderable rigidity on the individual molecules, so that, in 
solution, they approximate Einstein spheres rather than 
random c o i l ~ . ~ J ~  

To this point, the discussion has not taken into account 
the sensitivity of [7]  vs. fi plots to differences in molecular 
weight distribution among the samples. The intrinsic 
viscosities reported in Table I were determined on un- 
fractionated samples of sometimes extremely high poly- 
dispersity ratios. Such considerations might account for 
the large deviations from linearity of two points in the 
log-log plot of Figure 1. These points represent samples 
that differ in Mw/M,, by a factor of at least 

The work of Koningsveld and Tuijnman” has shown 
both theoretically and experimentally (for polyethylene) 
that the value of the Mark-Houwink exponent a was in- 
dependent of the polydispersity ratio (the range of Mw/Mn 
they studied was from 1 to 30). The value of K ,  however, 
was strongly dependent on Mw/Mn, and the dependency 
became greater if the molecular weight in the Mark- 
Houwink expression was the number average. The cred- 
ibility of our conclusions with respect to BTA/DMG 
polymers (based on the value of a)  is thus strengthened, 
while the derived value of K seems to need further at- 
tention. 

Despite the meaningful and apparently’l correct value 
of a obtained for the sol fractions of Table I, an alternative 
method was sought for calculating the Mark-Houwink 
constant, K ,  by taking into account the effects of poly- 
dispersity on its magnitude. For this purpose a “single 
sample” method, as it is usually referred to in the litera- 
ture, was employed. Voek’s treatment12 was found to be 
the most suitable for the present purposes. 

A knowledge of MW and [q]  allowed the calculation of 
cy, which in turn may yield K if entered into the Mark- 
Houwink expression. 

As predicted by Moore,13 the values of K thus calculated 
were considerably lower than the one derived from the 
Mark-Houwink expression (K  = 0.112). The effects of 
polydispersity on K and a, when taken into account, gave 
averages of 4.4 x and 0.516, respectively, for all the 
samples of Table I. 

It is worth noting thatsthe individually calculated values 
of cy lie very close to the value of 0.5 expected at the 8- 
conditions. However, 0-conditions are hard to establish 
for highly branched polymers, and it is very likely that 
methyl ethyl ketone at 25 O C  comesponds to a good solvent 
for the BTA/DMG  polymer^.^^^ Simha14J5 has pointed out 
that the value of the constant, K,  should be increased with 
branching. The trend, however, of the K values calculated 
was completely the reverse. It remains therefore to state 
that the Mark-Houwink expression for the postgel sol 
fractions for BTA/DMG gelation takes the form 

= 0 . 1 1 2 ~ ~ 0 ~ 5  (1) 
and that the effects of polydispersity on the value of K 
remain unknown. 

The d,, values for the BTA/DMG sol fractions, calcu- 
lated by means of eq 2, are also shown in Table I. The 
calculated diameters are relatively small, indicating the 
compact nature of the BTA/DMG postgel sol fractions, 
in agreement with the high calculated densities. 

It is thus shown that the hydrodynamic characteristics 
of soluble species throughout the postgel region obey the 
description of a spherically branched, compact, non-free- 
draining particle. 

Experimental Section 
The polymerization of BTA/DMG is described elsewhere.&* 

In order to extract the soluble polymers at various extents of 
reaction beyond the gel point, the network within the polymer- 
ization tube was first allowed to swell to 10 mL of THF overnight. 
The swollen gel was then broken into small pieces. The pulverized 
gel was quantitatively extracted with fresh THF (usually 8 X 10 
mL). The solvent was filtered through a fine porous funnel into 
a 150-mL predried preweighed round-bottom flask. Gels produced 
in the 0.720 5 p 10.795 region were found to swell extensively. 
This property made them difficult to wash free of sol through 
a porous funnel. In these cases, the sol was recovered quanti- 
tatively by washing the gel in centrifuge tubes. After centrifu- 
gation, the supernatant liquid was carefully withdrawn and filtered 
through a porous funnel. After 8-10 such washings, the gel was 
quantitatively transferred in a filter-paper cone and thoroughly 
washed with solvent. The collected washings after further fil- 
tration (through a porous funnel filter) were combined with the 
original extract, and the solvent was evaporated under reduced 
pressure at 40 OC. Additional THF was removed from the sols 
by applying high vacuum mmHg) overnight and then by 
drying to constant weight in a vacuum desiccator over KOH. 
Complete removal of THF required almost a week of standing 
over fresh KOH in a mmHg vacuum. Each sample was then 
redissolved in methyl ethyl ketone and microfiltered (0.5 fim 
Millipore filter, Waters), so as to give a 1-2 mg/mL solution, 
accurately known. Its viscosity was measured in a modified 
Ubbelohde, viscometer, five to seven times, at 25 OC. The lower 
bulb of the viscometer was reduced in size so that the viscosities 
of even 2 mL of solution could be measured. This was necessary 
because some of the samples, especially thoee from fractions taken 
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well beyond the gel point, were never available in greater than 
2-5-mg quantities. The viscosity of each sample was thus mea- 
sured at four different concentrations, by appropriate careful 
dilution within the viscometer, with fresh prefiltered solvent. 
Extreme care was exercised to keep the solutions and equipment 
dust-free during the measurements. 

Molecular weights were measured by injecting 250-500 pL of 
approximately 1-2% w/v of the above solutions into a KMX-6 
Chromatix GPC/LALLS photometer equipped with six pstyragel 
(Waters Associates) columns of porosity varying between lo6 and 
100 A. 

Registry No. (BTA)(DMG) (copolymer), 34606-50-3. 
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Equilibrium Copolymerization 
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In a recent paper Szwarc and Perrin' discussed equi- 
librium copolymerization in living polymer systems. In 
their treatment, which correctly allows detailed calcula- 
tions of all the properties of such systems, they used a 
matrix M 

where K s  denote the equilibrium constants of reactions 
such as A,* + A + A,A,+l*, A,* + B ;r A,&,+'*, etc. The 
symbols a and b are the equilibrium concentrations of the 
respective monomers, and A,*, B,*, A,A,+'*, and A,B,+,* 
are the equilibrium concentrations of living n-mers ter- 
minated by A and B and living (n + 1)-mers terminated 
by diads AA and AB, etc., respectively. 

In the special case of a singular matrix M, i.e., for IMI 
= 0, its reciprocal does not exist, and the treatment has 
to be modified. The modified treatment is discussed at  
the end of Szwarc and Perrin's Appendix 11. It reveals that 
for IMI = 0, the probabilities for finding the units A or B 
in any n-mer, n > 1, are constant for all n-mers and all 
segments but the f i s t  and last. The probabilities are again 
constant, independent of n > 1, for the last segments, 
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although their values differ from the previous ones, 
whereas the probabilities for A or B being in the first 
segments of n-mers (including n = 1) remain undefined. 
In an attempt to get the latter probabilities, Szwarc and 
Perrin wrote eq A20 as 

whereas the correct form is 

where O A l  and OB1 denote the equilibrium concentrations 
of the initiating 1-mers, "A2 and OB2 the equilibrium 
concentrations of the dimers starting with A and B,  re- 
spectively, and A2* and B2* the equilibrium concentrations 
of the dimers terminated by the corresponding units. This 
error invalidates their last equation (eq A21), needed for 
solution of the problem. It is necessary, therefore, to derive 
the correct method yielding the probabilities for A and B 
in the first segments of the polymers. 

The author of this note presented a simple solution2 of 
equilibrium copolymerization for high degrees of polym- 
erization (B, - m). This solution may be applied also 
to the case when IMI = 0, provided m, is high. However, 
it gives no access to values such as concentrations of n-mers 
and their microstructure. 

Therefore, one of the equations from ref 2, e.g., the 
relation equating the concentrations of diads AB and BA 

(1) 
(where a. and bo are the starting concentrations of the 
respective comonomers) can be used (after replacing the 
erroneous (A20) and (A21)) to get the approximate solution 
of Szwarc and Perrin's equations when IMI = 0. The so- 
lution would be only approximate because (1) is valid only 
for m, - m and the difference between the concentra- 
tions of heterodiads is especially important for low B,. 
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Dr. Szymanski is correct. The next to last equation (eq 
A20) of our paper' is erroneous. I t  reads 

instead of the correct 
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