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ABSTRACT: We report experimental data on gel fraction, gel equilibrium swelling, sol intrinsic viscosity,
and molecular weight distribution of the sol for a series of polyester samples above the gel point. The data
are analyzed in terms of scaling relations suggested by percolation theory. We determine the Fisher exponent
r that describes the power law distribution of molecular weights at the gel point, by five independent methods
above the gel point, and conclude r = 2.35 £ 0.03 (95%). This is in excellent agreement with the previously
reported analysis of v below the gel point for the same polyester system. The measured r is intermediate
between the expectations of three-dimensional percolation theory (» = 2.2) and the mean-field Flory-Stockmayer
theory (r = 2.5). We interpret the intermediate exponent in terms of a crossover between the two limiting
theories and estimate the prefactor for the Ginzburg criterion from the experimental data. We also find that
network strands are not able to completely disintersperse when the network is swollen in a good solvent.

Introduction

Gelation is one of the oldest and most important
problems in polymer science.! The mean-field theory of
Flory'? and Stockmayer?® is now 50 years old, but three-
dimensional percolation views of gelation*® and the
crossover between the two models®® have only developed
over the last 15 years. Experimental data prior to 1982
are interpreted in light of these theories in the review by
Stauffer et al.° Recently, a number of excellent experi-
mental works!®3 have demonstrated the utility of the
scaling ideas that emerge from the two models, but
experimentally determined values of the scaling exponents
are often found to fall between the values predicted by the
two theories. These studies focused primarily on char-
acterization of branched polymers below (but near) the
gel point, as was the case for the previous paper from
these laboratories on branched polyesters.?¢ Only four
recent studies have characterized samples beyond the gel
point'®17.20.25 gand the data are somewhat inconclusive.

In this paper we present characterization results on a
branched polyester system beyond the gel point, and
compare the resulting scaling exponents with those
obtained for the same polymer system below the gel point.
This system has the unique advantage of reaction pro-
ceeding at elevated temperatures by an ester-exchange
reaction that allows the gel structure to equilibrate, thereby
maintaining ergodicity. At the elevated temperatures
required for reaction (180-240 °C), the reaction is revers-
ible and thus the system is able to sample many possible
configurations beyond the gel point. Our system is,
therefore, more suitable than most for testing equilibrium
theories. The reaction is conveniently stopped by cooling
to room temperature.

We also report, for the first time, the equilibrium swelling
of the gel fraction of near-critical gels and compare it with
recent scaling predictions. From these measurements, we
find conclusive evidence that network strands cannot fully
disintersperse upon swelling.

Background Theory

As discussed by Stauffer,?34 both the mean-field Flory-
Stockmayer theory and the three-dimensional percolation
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theory predict scaling relations among various quantities
near the gel point. The main differences in predictions
of the theories are in the numerical values of the scaling
exponents. Infact,eachofthe theories applies to different
experimental situations, referred to as universality classes.
In this section we introduce the scaling relations we will
need in this study and simply summarize the predictions
of the exponents in Table I for the two universality classes
(mean field and 3D percolation).

The molecular weight distribution, described by n(M),
the number density of molecules with mass M, is a power
law in M that is truncated at high molecular weight by a
cutoff function f(M/Mhar).

nM)=M"fM/My,) (1)

The characteristic largest molecular weight, M.y, diverges
with exponent 1/¢, as the gel point is approached from
either side.

Mchar ~ lp - pc|_1/d ()

Here, p is the extent of reaction (fraction of all possible
bonds that have formed) and p. is the critical extent of
reaction (gel point). Thus, the molecular weight distri-
bution becomes infinitely broad at the gel point.

A number of measurable quantities are defined as
moments of the molecular weight distribution. The kth
moment of the distribution is defined in the usual way.

m, = ;M”n(]m ~I|p —pcl(’“k"”/" 3)

Equations 1-3 apply on both sides of the gel point, with
the implicit provisos that we only treat the sol fraction
above the gel point and that the cutoff function may be
different on the two sides of the phase transition.3*

The first moment m; scales as the sol fraction. It is
constant below the gel point and decreases above the gel
point as mass is incorporated into the gel fraction (m; ~
1~ Pg)). The gel fraction Py is the order parameter for
this phase transition® (zero below the gel point and nonzero
above) and grows beyond the gel point with exponent 8.
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Pgel ~ (p —pc)ﬂ p > P, 4

The exponent 8 is related to 7 and ¢ through a scaling
relation (from the & = 1 case of eq 3).

B=(r-2)/c 5)

The ratio of second and first moments defines the
weight-average molecular weight My = my/m;, which
diverges with exponent v as the gel point is approached
from either side.

Mw ~ Ip - pcrr ©
Another scaling relation links ¥ to r and ¢ (from the k =
2 case of eq 3).

y=Q@-1/e M

Higher order mass averages such as M, = ma/ma all
diverge in the same manner as the characteristic molecular
weight M par (see eq 2), because ratios of my/my-1 scale as
[p - poV/2 for k = 3 (see eq 3; this is a direct consequence
of 2< 7 <3).

Spectroscopic techniques typically measure the extent
of reaction, with a relative error of ca. £5%. Regardless
of the magnitude of this error, the uncertainty in p - p.
diverges at the gel point. Therefore, we are motivated to
compare two quantities that are more precisely measurable
near the gel point and thereby evaluate a ratio of critical
exponents.

Mch" ~ Mwl/ﬂ'r ~ Mwl/(3-f) (8)
Pgel ~ ‘hlw_ﬂ/‘y ~ Mw—(T_Z)/(S_” ©®)

Both eqs 8 and 9 effectively provide another measure of
the exponent 7.

The equilibrium swelling ratio € is defined as the ratio
of volumes of the gel in the fully swollen and dry states
(with the sol fraction removed in each case). Daoud et
al.3® calculated the equilibrium swelling by assuming that
network chains are free to completely disintersperse when
swollen. This assumption is central to the ¢* theorem of
de Gennes?® for network swelling. In the ¢* theorem, the
network strands are presumed to be just at the overlap
concentration (c*) when fully swollen (at equilibrium with
pure solvent). Thus, in situations where the network
strands are strongly overlapped in the unswollen state,
the strands must completely disintersperse to get to ¢* in
the swollen state.

Daoud et al.*® predicted the equilibrium swelling ratio
scaling with the gel fraction

Q ~ Pgel_z (10)
with
d/D)-1
zZ= .(._/.__!)__ (11)
-2

where d is the dimension of space (=3) and D; is the fractal
dimension of swollen branched polymers. Theory®37:38
predicts D, = 2, and all experimental results are consistent
with that prediction!424% with specific findings of D, =
1.98 £ 0.03'4 and D, = 2.04 £ 0.04.2¢ In this paper we will
take two approaches: We will first assume D, = 2 and use
swelling measurements to determine the exponent 7.
Second, we will use the experimentally measured 7 and z
exponents todetermine D,. Originally, eq 11 was derived?3?
using the hyperscaling relation* (only valid for percola-
tion). However, if complete disinterspersion of network
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Table I
Critical Exponent Predictions3#
T I's g vy lioy By =z a

defining eq 1 2 4 6 8 9 10 12
mean field bjp 1y 1 1 2 1 1 00
3D percolation 2.2 046 043 1.7, 1.2 025 25 0.38

 Logarithmic divergence.

strands on swelling is assumed, eq 11 applies to the mean-
field limit as well.3

Intrinsic viscosity, both above and below the gel point,
is expected to be a power law in weight-average molecular
weight40

(] ~ M,° (12)

with
@d/D)-r+1
a=—

3-7
As in the case above for swelling, if we assume D, = 2, as
expected for randomly branched polymers, intrinsic vis-
cosity provides an additional determination for . Onthe
other hand, if we know 7 and a, we can determine D,. Both
will be done below.

Above the gel point, the assumption of complete
disinterspersion of network chains leads us to expect a

very simple relation between intrinsic viscosity, equilib-
rium swelling ratio, and gel fraction.

The physical significance of the product QP,, is the ratio
of the swollen gel volume to the total sample volume in
the reaction bath (sol plus gel). We will demonstrate that
eq 14 is not obeyed for our data and attribute the deviation
to a breakdown of the c* theorem assumption for all
networks that are not in the percolation universality class.
Hyperscaling® requires strands of percolation networks
to not be strongly overlapping, whereas the mean-field
limit corresponds to strong overlap of network strands.
Apparently, overlap prevents the network strands from
completely disinterspersing to c* when swollen.

The predictions of the two models for the various
exponents defined above are summarized in Table I.
Clearly, a correlation of gel fraction and weight-average
molecular weight will provide the best means of distin-
guishing between the two theories, as the exponent of eq
9 has the largest relative difference in predictions.4!

Recent theory®® expects each model to apply under
different circumstances. Cross-linking of small multi-
functional monomers should be described by three-
dimensional percolation. The Flory~Stockmayer theory
models cross-linking of a melt of long, strongly overlapping,
linear chains. De Gennes® refers to this class as vulca-
nization.

Real gelation reactions usually correspond to situations
that are somewhere between these two extremes. Close
to the gel point the three-dimensional percolation model
isvalid. Further from the gel point the mean-field model
applies. The crossover has been discussed in the form of
a Ginzburg criterion,52 where N is the average number of
monomers between branch points.

_ lpx - pcl
éx =
P
For ¢ =|p - pc/pc K ¢, the three-dimensional percolation
model applies, and for ¢ >> ¢, the Flory-Stockmayer model

holds (vulcanization class). The Ginzburg criterion (eq
15) predicts a crossover at a relative extent of reaction

(13)

~ N3 (15)
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that depends on the extent of overlap of strands between
cross-links. For very large N (cross-linking of long, linear
chains), ¢, is very small, making the entire experimentally
accessible range of ¢ fall in the vulcanization class. For N
of order unity (cross-linking of monomers), ¢, is large and
the three-dimensional percolation theory should apply.
However, many real systems (including the one studied
here) have intermediate N. These systems should exhibit
percolation exponents close to the gel point and mean-
field exponents far from the gel point. Of course, eq 15
is an untested scaling relation, so the prefactor needs to
be determined in order to be useful. This will be crudely
attempted for our data in this paper.

Experimental Section

Synthesis. The precursor polymer was prepared via the melt
condensation chemistry described in ref 24 (kindly provided by
John C. Wilson), and designed to have the following molar
compositions: terephthalate (0.95), glutarate (0.05), neopentyl
glycol (0.90), and pentaerythritol (0.05). The second diester
(glutarate) was used to prevent crystallization. The precursor
polymer is below the gel point, with a weight-average molecular
weight (by SEC, see below) of My = 420 000. All samples were
made from this precursor polymer via additional reaction at
elevated temperature (180 °C or higher). The reaction proceeds
by ester exchange, resulting in neopentyl glycol (NPG) being
evolved. NMR results*? indicate the tetrafunctionally branched
monomer (pentaerythritol) has equal reactivities for its first three
reactions, but the fourth reaction is slower by a factor of 0.4. This
should affect the extent of reaction corresponding to the gel point,
but not the scaling exponents describing gelation.

Most samples (A-O) were prepared in a NPG/nitrogen
atmosphere at 180 °C, for up to 624 h. The quantity of NPG was
carefully chosen so that the reaction proceeded quite slowly (and
controllably). Smaller quantities of NPG resulted in fast reaction
rates (and inhomogeneous samples), while larger quantities of
NPG actually caused thereaction toreverse. A typical synthesis
is described in detail below. Roughly 40 h of reaction was required
to reach the gel point. The reaction times are listed in Table II.
There is a lack of reproducibility evident in Table II, as reaction
time does not always correlate with molecular characteristics of
the sol or gel. The origin of these variations is unknown, but
they are not expected to influence the results of our study.
Samples further beyond the gel point (P and Q in Table IT) were
prepared at 240 °C under nitrogen because the reaction at lower
temperature simply proceeded too slowly.

Example: A 3.7-g sample of precursor polymer was placed on
a Teflon-coated Kapton polyimide sheet in a 16 000-cm? vacuum
oven. A separate dish with 0.5 g of NPG was also placed in the
vacuumoven. Vacuum was applied and then the oven was sealed
at room temperature. The temperature was raised to 180 °C,
which caused the polymer to flow into a roughly 2-mm-deep
puddle and caused most of the NPG to evaporate (some NPG
condensed on the coldest parts of the oven). When the
temperature reached 150 °C, nitrogen gas was added to bring the
total pressure to ~0.2 atm (to prevent bubbling). The sample
was reacted for 354 h and then quenched by removing it from
the vacuum oven and squeezing (by hand) between steel plates at
room temperature. This resulted in sample N.

Gel Extraction. All samples were separated into sol and gel
fractions via the standard technique of Soxhlet extraction,*® in
dichloromethane with 0.5-um (nominal) sintered glass filters. A
time study was performed on one sample with a gel fraction of
0.314. The results of the extraction time study are presented in
TableIII. Theapparentadditionalsol fraction obtained between
25 and 175 h is actually less than 0.0001. The extraction is
therefore complete in 1 day, but we performed all extractions for
7 days to ensure complete removal of the sol from the gel. For
a different sample, we compared the gel fractions obtained by
7 days of Soxhlet extraction with those obtained by undisturbed
extraction in a 1000-mL separatory funnel for 30 days. The gel
fractions from Soxhlet extraction (Pge = 0.205) and undisturbed
extraction (Pg = 0.24;) are within the experimental error of the
Soxhlet extraction (see Table II and discussion below).

Roughly 0.3 g of sample was extracted, and replicate extractions
resulted in variations in gel fraction well beyond the expected
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Table 11
Characterization Data for Sol and Gel Fractions
sample (gr® Pga Q I M, M, Mou

Al 48 0.13;3 0.212 222000 3200000

B1 64 0.21g 0.167 70900 980000 860 000
Ci 76 0.23; 965 0.173 57900 660000 680000
C2 76 0.25; 818 0.168 54200 700000 580000
C3 76 0.26; 776 0170 47200 630000 530000
C4 76 0213 1023 0.174 60600 790000 810000
C5 76 0.25 819 0.173 47300 490000 550000
D1 88 0.10, 0.215 299000 4 100000

D2 88 0.144 0.201 189000 3800000

El 96 0.24; 993 0.174 56400 950000 720000
E2 96 0275 775 0.166 44900 560000 640000
E3 96 022 976 0170 57900 780000 1770000
E4 96 0245 863 0.169 49800 430000 600000
F1 100 0.269 81.4 0.168 49700 940000 610000
F2 100 0.29; 744 0.171 46400 550000 560 000
F3 100 028 824 0180 61700 620000 690 000
F4 100 0.323 474 0.172 48200 520000 390 000
F5 100 031 69.7 0.167 37600 670000 410000
Gt 116 031, 63.0 0.157 33600 300000 250000
G2 116 032 514 0153 28900 250000 210000
G3 116 0.32 544 0154 33000 260000 250000
G4 116 033, 525 .0.153 24300 190000 220000
H1 120 0425 402 0.156 26500 140000 150 000
H2 120 042; 39.0 0149 20700 140000 170000

It 140 0550 237 0.142 14500 68 000 97 000

Ji 140 0.37s 447 0.163 28300 220000 220000
J2 140 0.39; 448 0160 28300 170000 210000
K1 141 0.16¢ 0.182 142000 1500000 2400000
K2 141 0.20; 0.180 91900 1200000 940 000
K3 141 0.165 0.222 202000 3500000 4 400000
K4 141 0.205 0.184 142000 2200000 1 800000
K5 141 0.15s 1565 0.188 134000 1900000 2500000
L1 186 0.344 0.149 26300 190000 210000
L2 186 0.31; 0.155 34600 280000 310000
Mi 290 0.29; 0.151 35500 620000 260 000
M2 290 031, 0.142 30400 300000 290000
N1 354 0413 0.138 20400 130000 140000
N2 354 047 0.143 27500 140000 150000
01 624 0.53; 0.141 23700 200000 150000
02 624 0.51; 0.136 21700 210000 150 000
03 624 051, 0140 22800 160000 120000
04 624 0.51; 0.138 18900 150000 120000

05 624 0.53; 227 0.114 12400 37 000 32000
06 624 051, 231 0.115 10100 37 000 40 000
P1 c 090; 886 0.111 9300 37000 23 000

P2 c 087 105 0110 10000 45 000 25 000
P3 ¢ 088 895 0112 8100 37000 23 000
P4 c 088 978 0.112 9800 42 000 22 000
P5 ¢ 090, 113 0.109 7500 21 000 20 000
Q1 d 0.88; 0.121 11300 42 000 40 000
Q2 d 0.73; 0124 9400 43 000 45 000
Q3 d 0.80p 0.114 14900 52 000 21 000
Q4 d 0.769 0.131 8500 39 000 47 000

¢ Reaction time (h) at 180 °C in neopentyl glycol atmosphere.
b Intrinsic viscosity (dL/g). © Reacted at 240 °C under nitrogen
atmosphere for 18 h. 4 Reacted at 240 °C under nitrogen atmosphere
for 22 h.

Table III
Extraction Time Study Results
extraction time (h) extraction cycles® apparent Pge

2.5 10 0.415

7.5 30 0.325

25 100 0.314

75 300 0.314

175 700 0.314

¢ Estimated number of times that solvent surrounding gel was
replaced in extraction process based on a measured 15 min/cycle.

experimental errors in mass measurement. We are uncertain of
the origin of the random error in the gel fraction. We treat each
determination as a separate sample in order to clearly show the
experimental error in plots of our data. Sample N, for instance,
had two determinations (N1 and N2 in Table II).

Following Soxhlet extraction, the isolated gel fraction was
drained of free-standing solvent and weighed to obtain a swollen
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gel mass (mass of gel plus solvent inside swollen gel). Then the
gel fraction was dried under vacuum and weighed to obtain the
drygelmass. Dichloromethane was removed from the sol fraction
by first drying in a rotary evaporator followed by drying under
vacuum. By comparison of the dry gel mass and the sol mass
with the original sample mass, two determinations of the gel
fraction were made and averaged to obtain Py The mean sum
of calculated sol and gel fractions (for all samples) was 1.00s
0.03. The swollen gel mass and the dry gel mass were used with
the densities of the two components (CH,Cl, density, 1.33 g/cm?;
polyester density, 1.20 g/cm?) to calculate the swelling volume
ratio §. Values of gel fraction and swelling volume ratio are
listed in Table II.

Size-Exclusion Chromatography. The size-exclusion ap-
paratus utilizing low-angle laser light-scattering (LALLS), dif-
ferential viscometry (DV), and differential refractive index (DRI)
detection has been described previously.#4 Four 10-um PLgel
mixed-bed columns (Polymer Laboratories, Amherst, MA) and
a precolumn were coupled in series without a postcolumn filter.
The eluent was uninhibited tetrahydrofuran (THF), pumped at
a nominal flow rate of 1.00 mL/min. The retention volume of
an internal standard, 1-chloro-2,4-dinitrobenzene, was used to
correct for flow rate variations. All samples were prefiltered
through 0.2-um Anotop inorganic membrane filters (Alltech
Associates) prior to the SEC experiment. These filters have a
well-defined size cutoff that is roughly equivalent to the
hydrodynamic diameter of linear polystyrene of molecular weight
8000 000 in THF. Sample concentrations were 2-6 mg/mlL,
injected in a volume of 100 uL.. The refractive index increment,
dn/dc =0.134 at 632.8 nm (required for the calculation of weight-
average molecular weight from LALLS), was measured in THF
at 25.0°C. Intrinsic viscosity, [1), and weight-average molecular
weight, My, reported in Table II, were obtained by integrating
the DV and LALLS detector responses, respectively.*4” The
z-average molecular weight, M,, was obtained by summation using
the molecular weight (from LALLS) and concentration (from
DRI) at each retention volume. The molecular weight corre-
sponding to the peak output from the LALLS detector, M. (a
measure of the cutoff molecular weight, Mcher),>% is also reported
in Table I1. All data in Table II from the SEC experiment ([n],
M., M., Mn,,) are averages of between two and six replicate SEC
analyses. Mp,, could not be resolved for the two samples closest
to the gel point (A and D), due to the inability of our columns
to adequately separate species with molecular weight M. from
molecules that are excluded from the column packing pores.
Likewise, M, is questionable for these samples (but still reported).
Since [n) and M, are obtained by integrations of the DV and
LALLS detector responses, their determinations do not rely on
perfdct separation of the high molecular weight tail, and thus we
believe these results are still accurate for samples A and D.

Measurements of [} and My, from integration of the LALLS
and DV responses typically have standard deviations of less than
¢ = 4% for broad molecular weight distribution, linear
polystyrene.** However, for the branched polyester sols in this
study, we find o([n]) = 5% and o(My) = £12%. Thedistinction
to be made between these branched sols and linear polymers is
the need to cleanly separate the sol fraction from the gel by
Soxhlet extraction, followed by prefiltration. A small amount of
gel contamination in the sol has a relatively small effect on the
calculation of [] by DV but greatly affects the integrated light
scattering from the LALLS detector. The poorer statistics on
M., are thus attributed to the inability to reproducibly separate
the last traces of gel from the sol. Higher moments of the size
distribution are even more sensitive to the presence of gel, and
we find o(M,) = £24%.

In principle, one can calculate M, and M, from DV detector
output using universal calibration. This is tempting for analysis
of sol fractions because DV is far less sensitive to gel contam-
ination, as evidenced by the difference in reproducibility of [n]
and M,. However, it has been shown that the local molecular
weight calculated by this method is actually a number average,*
and the average from higher moments (M, M.) calculated from
summation can lead to systematic errors. Therefore we only
calculate [] from DV and calculate molecular weights from the
LALLS detector, relying on a large number of samples to improve
the statistics of the critical exponents we determine. It is
important to recognize in the following discussion of results that
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Figure 1. Weight-average molecular weight as a function of
extent of reaction determined by NMR. Filled symbols are
samples below the gel point.* Open symbols are sol fractions
above the gel point.

the relative precision of the data decreases in the following
order: [n] (£5%), Py (£7%), Ms (£12%), Mna (£13%), Q
(£13%), M, (£24%).

Results

Inref 24, the extent of reaction was measured by a NMR
method for polyesters below the gel point. This technique
was also employed for some of the samples in this study.
In Figure 1, we plot weight-average molecular weight as
a function of extent of reaction, both for samples below
the gel point (ref 24) and for samples above the gel point.
Notice that the two sets of data overlap in the range 0.78
< p < 0.81. Presumably the gel point (p.) is within this
range of p; ref 24 evaluated p. and v from nonlinear
regression fits to eq 6 and obtained p, = 0.84 £ 0.07 and
v 1.8%0.3. The value of v obtained by such a procedure
is extremely sensitive to the choice for p.. A random error
in p of ca. £5% translates to a minimum errorin p,of 5%,
and this is simply too large to make the extent of reaction
useful for accurate determination of critical exponents.
We believe the problem is, in fact, a generic one for all
gelation studies, not merely a specific problem for this
system. Extent of reaction is typically measured by
spectroscopic techniques of one form or another, which
have some inherent relative uncertainty. The crucial
quantity for evaluation of critical exponents is p — p. very
close to p.. Since both p and p. have a fixed relative
uncertainty, the relative uncertainty in p — p. diverges at
the gel point! In order to circumvent this problem, we
compare two quantities with finite random errors and
evaluate ratios of exponents (see eqs 8 and 9).

We plot the gel fraction as a function of weight-average
molecular weight in Figure 2. A least-squares fit to the
data is shown as the solid line in Figure 2, yielding the
ratio of exponents

B/y = 0.56 £ 0.04 (95%) = 7 = 2.36 £ 0.02 (35%)

As discussed above, Figure 2 should provide the best
determination of universality class, as there are large
differences between 8/ predicted by the two theories (see
TableI). Unfortunately, the dataindicate anintermediate
value of 8/, which leads to a value of 7 halfway between
the predictions of percolation and mean field. There is
a slight hint of curvature in Figure 2, which is consistent
with the idea of a crossover between the two theories. Close
to the gel point (large M) the apparent magnitude of the
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Figure 2. Correlation of gel fraction and weight-average
molecular weight of the sol. Solid line is a linear regression fit
to eq 9. Dashed curve is a nonlinear regression fit to eq 16.
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Figure 3. Correlation of molecular weight where the maximum
in light-scattering intensity occurs and weight-average molecular
weight. Filled symbols are samples below the gel point.#* Open
symbols are sol fractions above the gel point. Solid lines are
linear regression fits to eq 8 for each data set, with My,,; replacing
M e,
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slope decreases, consistent with the lower value anticipated
for percolation (8/y = 0.25). Far from the gel point (small
M,,) the absolute value of the slope increases, as expected
for the mean-field theory (8/y = 1). We will return to this
point in the Discussion section.

In Figure 3 we plot the molecular weight corresponding
to the maximum in light-scattering intensity, M., as a
function of weight-average molecular weight. This plot
was also made in ref 24, and we include their data below
the gel point in Figure 3. Clearly, the data below and
above the gel point are different, with the My, values
consistently larger above the gel point (at a given My).
This is expected because the cutoff function (eq 1) is only
symmetric for the mean-field theory.?* For percolation
there is a peak in the cutoff function below the gel point,
which is not present above the gel point.3 Thus, if we
compare samples above and below the gel point with the
same M., the one below the gel point will have a larger
M., due to the presence of the peak. The fact that the two
sets of data are offset from one another provides further
indication that the mean-field theory does not describe
our data.
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Figure 4. Correlation of molecular weight where the maximum
light-scattering intensity occurs and z-average molecular weight
for sol fractions. Solid line is Muee = M,.

Least-squares regression applied to the data in Figure
3 yields slopes of

1/(3-7) =165+0.11(95%) = 7 = 2.39 £ 0.04 p> p,
1/3-1) =143+ 0.08 (95%) = r = 2.30 £ 0.04 p <p,

The result below the gel point is from ref 24. These slopes
also indicate that the apparent value of 7 is intermediate
between the two theoretical expectations.

We have already discussed the expectation that all molar
mass averages of higher order than My (such as the 2
average, M,) scale in the same way as the characteristic
largest molecular weight M, Patton et al.?4 have
demonstrated that the molecular weight corresponding to
the maximum in the scattered light intensity, M., also
scales with Mcn,,. We therefore expect My, to scale with
M, and test this assertion in Figure 4. Least-squares
regression (not shown on plot) indicates a slope of 1.04 +
0.07 (95%). We conclude that the two are indeed
proportional, with My, = 0.95M,. 5

We plot z-average molecular weight against weight-
average molecular weight in Figure 5. Least-squares
regression, shown as the solid line, indicates a slope of

1/(8-17)=1.49%0.08 (95%) — 7 = 2.33 £ 0.04 p> p,

Since M, and M., are proportional, the fact that the 95%
confidence intervals on the slopes of Figures 3 and 5 overlap
is an expected result.

Swelling results are plotted in Figure 6 as equilibrium
swelling ratio vs gel fraction. Least-squares fitting yields
the exponent

z2=170%0.07 (95%) = 7 = 2.20 £ 0.02

This result for + was obtained using eq 11, assuming D,
= 2 and gives further indication that 7 is intermediate
between the two theoretical predictions.

In Figure 7 we plot intrinsic viscosity against weight-
average molecular weight. Thereis noapparent difference
between the samples above the gel point and those below
it (from ref 24). Least-squares regression applied to the
data sets in Figure 7 indicates

a=019+0.02(95%)= r=238%0.02 p>p,

a=023+0.04(95%)=7=235+0.03 p<p,
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Figure5. Correlation of z-average molecular weight and weight-
average molecular weight for sol fractions. Solid line is a linear
regression fit to eq 8 with M, replacing M. Dashed curve is
a nonlinear regression fit to eq 17.
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Figure 6. Correlation of equilibrium swelling ratio of the gel
and gel fraction. Solid line is a linear regression fit to eq 10.

The result below the gel point is from ref 24. Both
exponents agree reasonably well with the previous de-
terminations known to us: 0.17,%4%0.30,2¢ and 0.27.5° The
exponent 7 was obtained from eq 13, assuming D, = 2.

While the 95% confidence intervals for every deter-
mination of r do not overlap, we can make some definitive
conclusions. All determinations of r are consistent with
an intermediate exponent (2.2 < 7 < 2.5). Pooling the
determinations of  below the gel point?* yields r = 2.32
+ 0.03 (95%). Pooling the five determinations of r above
the gel point results in 7 = 2.35 £ 0.03 (95%). Since there
is extensive overlap of the confidence intervals for r above
and below the gel point, we can definitively conclude that
a single r = 2.34 + 0.03 (95%) applies both above and
below the gel point.

Using the pooled estimate of 7 above the gel point, we
can calculate the swollen fractal dimension of branched
polymers (D,) from the exponents a and z. Using eq 11
with z = 1.70 £ 0.07 we find

D, = 1.88 % 0.09 (95%)
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Figure 7. Correlation of intrinsic viscosity and weight-average
molecular weight. Filled symbols are samples below the gel
point.2# Opensymbols are sol fractions above the gel point. Solid
line is a linear regression fit to eq 12 for sol fraction data above
the gel point.

and using eq 13 with a = 0.19 £ 0.02 we get

D, = 2.04 £ 0.05 (95%)

Both determinations are reasonably consistent with the
expected value from theory,3% D, = 2. However, the
determination of D; from swelling is significantly below
the expected value of 2. Webelieve thisis due to aninvalid
assumption, employed in the original derivation® of eq
11, that network strands are completely free to disinter-
sperse upon swelling. We believe this assumption is only
valid in the percolation limit.

Panyukov®! formulated a swelling prediction without
this assumption. Panyukov predicted a smaller swelling
than Daoud et al.? (eqs 10 and 11) because the balance
between osmotic forces acting to swell the chain and
entropic elasticity that restricts swelling does not allow
overlapping network strands to completely disintersperse.
In the mean-field limit (where network strands strongly
overlap), Panyukov swelling is smaller than Daoud swelling
by a factor related to the relative distance to the gel point
with respect to the Ginzburg crossover ¢,. (Whereas in
the percolation limit, where there is no overlap, the
predictions are identical.) The ratio of the two predictions
in the mean-field limit is

Qp/Qp = (/) e>¢,

where Qp is the Panyukov swelling prediction5! and @p is
the Daoud swelling prediction.3® We consider the recip-
rocal of the swelling ratio (the polymer volume fraction in
the swollen gel), as it has a very simple interpretation for
the Daoud prediction in mean field.

1/Qp ~ P,y/[n]l ~ p-p,

The Panyukov prediction for the polymer volume fraction
of the swollen gel in the mean-field limit is

1/Qp ~ (p-p)*°

We plot the volume fraction of polymer in the swollen gel
(1/@) as a function of the ratio of gel fraction and intrinsic
viscosity of the sol in Figure 8. Least-squares regression
yields a slope of 1.26 £ 0.05 (95% ), shown as the solid line.
This clearly indicates a systematic deviation from the
prediction of Daoud et al.3% that leads to eq 14 (and an
expected slope of unity in Figure 8). The fact that the
slope is smaller than the Panyukov prediction®! of 1.6 is
not surprising since our gels are in a crossover between
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Figure 8, Correlation of reciprocal of swelling ratio of the gel
with ratio of gel fraction and intrinsic viscosity of the sol (linear
scales), as suggested by eq 14.

percolation and mean field, and Panyukov’s result is
strictly for the mean-field limit. We conclude from Figure
8 that network chains do not fully disintersperse in the
swollenstate. The same conclusion is already well-known
for fully cured networks.5?

Discussion

The single most important result of both this work and
ref 24 is that scaling works very nicely for describing the
static characteristics of branched polymers near the gel
point. Infact, scaling seems to work surprisingly far from
the gel point (the lowest molecular weight branched
polymers both here and in ref 24 had M, = 10 000, which
corresponds to Py = 0.75; see Table II). Although this
observation makes scaling seemingly more useful, it does
point to several experimental limitations of this study.
First, three-dimensional percolation is only expected to
be valid very close to the gel point, whereas experimentally
we can only handle samples with M., < 107 due to the
resolution limit of our SEC columns. This correspondsto
arestriction ongel fraction Pg > 0.1. Second, our polyester
has an average degree of polymerization between branch
points of N = 20, so it is not truly in either the percolation
(N = 1) or vulcanization (N > 1) limits. This latter point
seems to be consistent with our observation of r = 2.35,
intermediate between percolation (r = 2.2) and vulcani-
zation (7 = 2.5). It seems likely that the apparent 7 is
really evidence for a broad crossover between the two
limits. Unfortunately, we can get neither closer to nor
further away from the gel point with the present system
to prove this point. The best evidence we have is Figure
2, but the scatter in the data is too large to make definitive
conclusions about the crossover.

The idea of a crossover in Figure 2 can be better tested
by constructing a simple crossover function by addition
of the two limiting power laws:

Pgel - AMW'0.25[1 + (Mw/Mx)_075] (16)
where A is a dimensionless parameter and M, is the weight-
average molecular weight corresponding to the center of
the crossover (where the mean-field and critical contri-
butions to Pg are equal). The form of eq 16 is the simplest
crossover function we can imagine that has the mean-field
prediction (eq 9, with 8/4 = 1) as its limiting behavior far
from the gel point and gives the percolation prediction
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(eq 9, with 8/y = 0.25) close to the gel point. Typical
corrections to scaling in condensed matter physics often
are somewhat more complicated, but similar in form.5
The dashed curve in Figure 2 is the result of a nonlinear
regression fit of the data to eq 16. The parameters are A
= 2.6 and M; = 23000. Judging from Figure 1, this
(roughly) corresponds to ¢, = 0.04. Since the (average)
degree of polymerization between branch points is N =
20, we can estimate the prefactor for the Ginzburg criterion
(eq 15) &N/3 =~ 0.1. Figure 2 shows clear evidence of a
broad crossover centered at eN'/3 x 0.1, and presumably,
true mean-field exponents would only be found for eN/3
> 1and true percolation exponents would only be obtained
for eN'/3 < 0.01. The critical regime is thus much smaller
than de Gennes originally believed (eN'/3 < 1) due to the
combination of a prefactor of order 0.1 and an extremely
broad crossover. Perhaps this broad crossover offerssome
explanation for the variety of 7 exponents reported in the
literature that are between the two limits (2.2 < 7 < 2.5).

In principle the same crossover should be evident in
other data as well (Figures 3and 5-7). Inpractice, however,
the combination of random scatter, limited data ranges,
and smaller relative differences in limiting exponents
makes the crossover difficult to detect. Thereis curvature
evident in Figure 5, and we construct a crossover function
as

Mz—l = BMW—1.25[1 + (MW/MI)—0.75] (17)

where B is a dimensionless parameter. Equation 17 was
designed to give the mean-field prediction far from the gel
point (eq 8, with M., replaced by M,, and 1/0v = 2) and
the percolation prediction close to the gel point (eq 8, with
1/0y = 1.25). Infitting data, we fix the crossover to occur
at the same M, = 23 000 as determined in the fit to eq 16,
above. In principle, the z-average molecular weight need
not cross over at the same value of weight-average
molecular weight as the gel fraction does, since they are
determined by different moments of the molecular weight
distribution. However, the combination of data scatter
and small curvature in Figure 5 precludes the extraction
of more than one meaningful parameter in fitting the data
to eq 17. The result of a simple, single-parameter
minimization of residuals fit of eq 17 to the data of Figure
5 is plotted as the dashed curve in Figure 5 (and yields B
= 0.87). Visual inspection of Figure 5 indicates that eq
17 is not markedly different from a simple power law over
the range of the data.

A major experimental concern in any study of polymers
beyond the gel point is the question of whether we perfectly
separate the sol and the gel. We have already discussed
this as a primary source of random experimental error,
but there is a potential for a systematic error here as well,
particularly if the highest molecular weight species of the
sol remain trapped in the gel and thus would be effectively
counted as part of the gel.

Our experimental findings on melt viscoelasticity of
these polyesters® 56 indicate that entanglements are not
important in the melt, and it would be difficult to
rationalize entanglements being introduced on swelling
the gel. We thereby expect all of the sol to be easily
removed from the gel. This assertion is further corrob-
orated by the fact that we find the same values of 7 in all
experiments, both above and below the gel point.

Further evidence for complete extraction of the sol from
the gel comes from Figure 3. 1f we were leaving the highest
molecular weight species in the gel, we would expect Mpmax
to be lower (at a given M,,) above the gel point than below,
whereas the opposite is observed (due to the asymmetric
cutoff function).
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Conclusions

The static properties of branched polyesters beyond
the gel point are consistent with those found below the gel
point.2¢ The scaling ideas for gelation3 were found to be
useful for interpreting the data. We in fact offer two data
interpretations, which cannot be distinguished within our
experimental error.

The first is the usual direct application of scaling to
evaluate critical exponents. This resulted in multiple
independent determinations of the Fisher exponent r
(defined in eq 1), which agree within experimental error,
both above and below the gel point. The exponent 7 =
2.35 £ 0.03 (95%) is intermediate between the theoretical
values of 2.2 for three-dimensional percolation and 2.5 for
the Flory-Stockmayer theory.

The second interpretation assumes that our system
corresponds to a crossover between the two theories, and
the data are analyzed with a simple crossover function.
Fitting the data for gel fraction and weight-average
molecular weight (Figure 2) to a crossover function (eq
16) enabled us to estimate the prefactor for the Ginzburg
criterion for gelation.® We found evidence of a broad
crossover, centered around ¢,N'/3~ 0.1. We suspect that
eN1/3> 1 determines where mean-field theory is valid but
that true percolation exponents could only be seen in a
very narrow critical region, eN1/3 < 0,01, due to the very
broad crossover.

The crossover may explain the many intermediate
critical exponents reported in the literature. Application
of this crossover idea to other gelation systems is actively
being pursued in our current research.

We also found that network strands do not completely
disintersperse when swollen in a good solvent. This
violation of the starting assumption for the c* theorem of
swelling is anticipated by the treatment of Panyukov, since
our gels are in an apparent crossover between percolation
(where the c* theorem should work) and mean field (where
the c* theorem should fail). While the details of this
crossover are not completely understood, one might hope
that, in the future, the extent of chain interspersion in the
swollen state might be used to gauge where a given gel is
in the crossover.
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