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Figure 10. Comparison of theoretical results with the experi-
ments. The solid line was calculated by eq 10.a, while the dotted
one by eq 23. The values of the constants are given in the text.

thermal blob theories were considered. We have shown
that the James—Guth theory exhibits scaling behavior. As
a result of this, one can construct a universal function for
the dependence of the scaled quantities. It has been shown
that in the limiting cases the scaling functions belonging
to either the James-Guth or the thermal blob theories
coincide.

The Flory-Hermans-Wall-Kuhn theory gives basically
different swelling behavior: below the O temperature a
first-order phase transition is predicted and no scaling
behavior has been observed.

Experimental results obtained for chemically cross-
linked PV Ac networks swollen to equilibrium in isopropyl
alcohol are in agreement with the prediction of both
James—Guth and thermal blob theories.
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ABSTRACT: We study the sol-gel transition obtained by cross-linking of polymer solutions. We measure
the size distribution function of diluted pregel samples by size-exclusion chromatography coupled with light
scattering. With this technique a very good approximation of molecular weight distribution function is obtained
although the separation criterion in the columns is the hydrodynamic volume of the molecules. Experimental
results are found to be consistent with a scaling description of the sol-gel transition.

1. Introduction

Although polymeric gels are widely used materials, an
extended comprehension of their properties is far from
being reached. In particular, the relationship between the
structure and the properties of gels is not yet clearly un-
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derstood, even in neutral gels.'® Probably this complicated
relationship originates in the method of synthesis of the
gels, in the very beginning of gel formation. Therefore,
among the large amount of experimental and theoretical
work on gels, particular attention has been paid to gel
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synthesis and the so-called sol-gel transition,’?S i.e., the
transformation of the viscous liquid in the reaction bath
into a solid with an elastic behavior. In a chemical gel this
transformation occurs through the reaction of small
multifunctional units to form bigger ramified molecules.
The viscosity of the reaction bath increases dramatically
until a huge molecule spans the whole container. This is
the gel point where the polydispersity is infinite: all mo-
lecular sizes from the precursor units to the infinite cluster
size are present in the reaction bath. From this time, an
elastic modulus appears that increases as the reaction goes
on. The remaining sol phase is progressively incorporated
into the gel phase, the largest clusters reacting the more
rapidly.l8

Since the first investigations by Flory and Stockmay-
ert78 both theoretical and experimental work on gelation
try to understand the deep changes in macroscopic prop-
erties that occur in the reaction bath during the sol-gel
transition. These changes reflect the evolution of the
molecular weight distribution function of molecules in the
reaction bath, which has been described by many different
models,}€

The interesting feature of these models is to introduce
a scaling form of the distribution function of high molec-
ular weight species. This is a fundamental point that
implies a very simple relationship between all the moments
of the weight distribution function. However, this scaling
form is difficult to check through the evolution of a few
moments of the size distribution function with advance-
ment of the reaction: weight-average molecular weight,
z-average radius of gyration or hydrodynamic radius of the
molecules in the sol phase, gel fraction, etc. The difficulty
arises mainly from the lack of accuracy in estimating the
exact location of the gel point and the actual advancement
of the reaction.

In this paper we give the details of a method we already
proposed? to measure directly the size distribution function
(sdf) of the molecules in the reaction bath. For this we
use size-exclusion chromatography (SEC) to separate the
sol phase into fractions according to their hydrodynamic
volume. With a differential refractometer and a low-angle
laser-light-scattering (LALLS) apparatus coupled on line
with SEC columns we can measure the concentration and
the average molecular weight of molecules in each fraction.
However, the quantitative interpretation of the experi-
mental data concerning large branched molecules is not
straightforward. The use of this method to study gelation
processes requires some precautions, and several conditions
are to be met to get a meaningful size distribution function.
The purposes of this paper are to analyze these conditions
and to present the measurements of the size distribution
functions for a particular gelation process, namely,
cross-linking of polystyrene solutions by y-irradiation. We
have already studied this system by light scattering.'® The
SEC provides new interesting information on the process.

This paper is organized as follows: in part II, we recall
briefly the basis of scaling description of sol-gel transition.
Experimental details constitute part III. The determi-
nation of size distribution functions from SEC chroma-
tograms is detailed in part IV together with the conditions
to be met for a sensible calculation. The limitations of the
method are also discussed. In part V, we give the results
we obtained with our system.

I1. Theoretical Background

From the very beginning, the most fundamental aspect
of the sol-gel transition was recognized by Flory and
Stockmayer:»® if the chemical reaction between the
species occurs at random, then the description of the
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system is greatly simplified and is insensitive to the par-
ticular details of the chemical system that is considered.
Near the gel point the molecular weight distribution
function (MWD) has a universal behavior for large
branched molecules. When the functionality of the re-
acting units is large, the asymptotic form of the MWD is
given by

®(M,e) ~ M2 exp(-Y%Me?) (1)

where ®(M) dM is the weight fraction of monomers be-
longing to molecules with molecular weight between M and
M + dM, and ¢ = (p. — p)/p, is the distance to the gel
point. Here p is the fraction of reacted bonds and p, the
value of p at the gel point.

However, the MWD (eq 1) was calculated assuming that
the branched molecules have a treelike structure and that
no excluded volume effects are present in the reaction
bath.

More recently!''? it was argued that the sol-gel tran-
sition could be modeled by percolation theory, which allows
one to take into account loop formation and steric effects
in the branching process. Equation 1 is then modified to

®(M,e) ~ M1f(M/M¥) (@)

where f(x) is a cutoff function that is of the order of unity
for small x and that decreases very sharply for large x. M*
is a cutoff molecular weight that diverges at the gel point
as

M* ~ /e 3)

7 and ¢ are two critical exponents whose values are dif-
ferent in percolation theory (r =~ 2.2, 5 =~ 0.46) and in the
Flory-Stockmayer approach (r =8/, ¢ =1/,). Asa con-
sequence of eq 2, the function ®(M) has a simple algebraic
decay at the gel point ®(M) ~ M™1.12 The cutoff function
f takes into account crossover effects that are present when
the system is not exactly at the gel point.

The scaling form (eq 2) allows one to calculate very
easily all the moments of the distribution near the gel
point. Since the kth moment is defined as (M*) =
SMFO(M) dM, it scales like

(Mk) ~ M*h+2~1 (4)

Thus for complete characterization of the sol phase near
the gel point it is sufficient to measure the exponent 7 and
the cutoff size M* (or equivalently ¢ and the exponent o).
Percolation theory predicts that eq 2 describes also the sol
phase beyond the gel point.!21% The crossover function is
of special interest because of its qualitatively different
behavior in classical and percolation theory. In the first
case, the asymptotic form derived from Stockmayer’s
distribution results in an exponentially decreasing function
for positive values of the molecular weight, i.e.

f(M/M*) ~ exp(-M/2M*) (5)

On the other hand, results from numerical simulations
show a maximum in f(M/M*) for a nonzero value of the
reduced parameter. The numerical data are well described
by a Gaussian curve:

f(2) ~ exp(~(z = z10,)?) (6)

with z ~ (M/M#*)°. This empirical equation seems to be
valid on both sides of the gel point.1212

This shows the interest of the study of pregel samples.
In the case where the above description is correct, the
results we get before the gel point give information on the
evolution of the molecular weight distribution function
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after the gel point, where the characterization of the sol
phase is much more difficult to achieve.

II1. Experimental Section

The gelation process and sample preparation have been already
described in reference 10. The cross-linking of the polystyrene
solution in cyclopentane is induced by ®Co v-irradiation. The
concentration of polymer during cross-linking is ¢ = 0.1 g/cm?,
and the weight averaged molecular weight of precursor chains is
M,(0) ~ 55000 (polydispersity 1.2). The temperature during
irradiation is kept to 22 £ 1 °C, which is slightly higher than the
O temperature for the PS-C;H,, system. The concentration c
is close to the overlap concentration of the precursor chains. The
gel point is obtained after an irradiation time of 10° min with an
approximate dose rate of 1000 rad/min. All details of samples
preparation have been given elsewhere.! The important point
is that the advancement of the reaction is controlled by the
irradiation dose.?® Cross-linking comes about by combination of
neighboring radicals on the chains. In polymer solutions these
radicals can be formed in two distinct ways: direct radiolysis of
the polystyrene?’ or transfer on the chains of the free radicals
obtained in the radiolysis of the solvent.?® Direct radiolysis of
polystyrene in the melt produces both cross-linking (G, = 0.034)
and degradation (G4 = 0.0034) of the chains,” where G, and G4
are respectively the number of cross-linking and chain scissions
obtained for 100 eV absorbed by the matter. The transfer of
radicals from the solvent induces no chain scission and is the
dominant process in a polymer solution with polymer weight
fraction around 0.1. Thus degradation of the polymer during the
irradiation is strongly reduced: size-exclusion chromatography
does not indicate such a degradation, which would be visible in
the low molecular weight side of the chromatograms. In this study
we consider only samples before the gel point. Once the desired
irradiation dose is obtained, the samples are washed in toluene.
The sol phase is then extracted by evaporation, dilution in
benzene, and finally lyophylization. The final product is dried
under vacuum at 50 °C and is ready for characterization by the
usual physicochemical methods. Measurements of average mo-
lecular weights and radii of gyration by light-scattering experi-
ments have already been reported.i’

Here we use SEC coupled on line with a LALLS apparatus.*
Measurements are performed in THF at 25 °C with a Waters 150
C chromatograph and Microstyragel columns (nominal pore size:
103, 104, 10°, 108 A). The elution rate is 1 mL/min.

Dilute solutions (¢ =~ 107 g/cm?) of the samples are prepared
and injected into the columns. Branched molecules are there
separated according to their hydrodynamic volume:!® molecules
with small hydrodynamic volume can explore a great fraction of
the porous voids in the columns and therefore need more time
than bigger molecules to flow through the columns.

At the output of the columns there is a small-angle light-
scattering photometer (Chromatix CMX 100) with a 10-xL
scattering cell, the scattering volume being 0.04 uL when the
scattering angle is about 6°. The incident light is supplied by
a He-Ne laser (A = 6328 A). This particular scattering geometry
gives no angular dependence of intensity scattered by molecules
whose radius of gyration is less than 2500 A.

The concentration in the scattering volume was typically of
about 10 g/cm?®. Since for branched polymers of high molecular
weight the second virial coefficient is weak even in a good solvent
{about 1075 cm?/g for branched polystyrene in toluene'®) we can
neglect within a very good approximation intermolecular con-
tribution to scattering intensity. Therefore the scattered intensity
is proportional to the product of the concentration and of the
weight-averaged molecular weight of molecules that are present
in the scattering volume. Moreover we measure independently
the polymer concentration with a differential refractometer, taking
into account the dead volume between the photometer and the
refractometer.

Both detectors give continuous signals. However, we record
them in a discrete way at constant time intervals or equivalently
at constant elution volume intervals. Figures 1, 2 and 3, 4 show
respectively the refractometry and light-scattering chromatograms.

To obtain meaningful distributions from the chromatograms,
one has to be sure that there is no retention of the molecules inside
the columns. In fact, for each experiment, we verified that the
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Figure 1. Refractometry chromatograms for samples with dif-
ferent irradiation time in minutes. The curves are normalized
to a unit surface area.
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Figure 2. Same as Figure 1 with other samples.

amount of injected polymer and the area under the refractometry
curve (Figures 1 and 2) were always in the same ratio.

Another difficulty is related to a possible degradation of
molecules due to shear gradient effects. These effects are par-
ticularly important for large molecules and high flow rate of the
solvent through the columns. As a result of this degradation the
concentration of large molecules decreases while the fraction of
molecules with intermediate molecular weight increases. This
would lead to a drastic drop of the values of weight-averaged
molecular weight. Since we obtain the same values for the mo-
lecular weight before and after SEC experiments (Figure 5), this
degradation did not take place in our experiments. In fact, to
minimize shear gradient effects, we used a low flow rate (1
mL/min) and we removed the prefilter, which is known to be
responsible for the major part of the degradation process.!'® Also
our branched molecules are much more compact than linear ones,
and we can study higher molecular weights molecules without
shear gradient effects becoming important.

Thus for the samples studied in this paper we found no in-
dications of permanent retention or degradation in the SEC
columns. This allows us to calculate significant size distribution
functions from our data. However, the method is reliable for
studying samples that are not too close to the gel point. For more
highly irradiated samples we found that some molecules were
retained in the columns and moreover the molecules with the
highest molecular weights were no longer separated.

IV. Calculation of Size Distribution Functions

In the study of the sol-gel transition, the useful quantity
is the molecular weight distribution function ®(M,e).
However, this function is not directly measured in a SEC
experiment. This is for two main reasons. First, in the
SEC columns the molecules are separated into fractions
according to their hydrodynamical volume. Second, the
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Figure 3. Light-scattering chromatograms of the samples in Figure 1. The curves are normalized so that surface area is proportional

to the weight-average molecular weight of the samples. The in:
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Figure 4. Same as Figure 3 for the samples in Figure 2.

elution volume v, is not proportional to the hydrodynamic
volume vy. Instead we have!®

%

where k, and k, are two constants depending on the solvent
and the columns.

We first note that the hydrodynamic volume of chains
depends on their configuration and is a time-dependent
quantity. In the following we will consider that during the
separation process, the molecules can experience all their
configurations so that they are well defined by their av-
erage hydrodynamic volume. It is this value that appears
in eq 7. We will not consider thermodynamic fluctuations
around this mean value.

The basic feature of the sol phase near the gel point is
the large polydispersity. This includes not only molecular

log vy = Ry ~ kyv,

weight polydispersity but also shape polydispersity.t?
There are a number of molecules with the same molecular
weight but different shapes, i.e., different hydrodynamic
volumes. These molecules are eluted at different times,
and thus in a given fraction a mixing of different molecular
weights occurs. This effect is not to be confused with axial
dispersion effects that result from the imperfections of the
apparatus and are superimposed upon shape polydispersity
effects. -

It is difficult to estimate shape polydispersity effects
because theories often are not able to describe the mo-
lecular weight distribution function of molecules with
constant hydrodynamic volume. However, if branched
molecules are self-similar objects, we can expect that the
fluctuations of the size at a given molecular weight will
grow like the size. This point can be illustrated in the
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Figure 5. Comparison of weight-average molecular weights
measured by static light-scattering M., (.S)' and size-exclusion
chromatography coupled with low-angle laser-light-scattering M,,
(SEC-LS).

Table I
Average Size (g) and Fluctuations § of the Average Size of
Branched Molecules as Functions of the Number of
Tetrafunctional Branch Units in the Zimm-Stockmayer
Model!” (See Text and Appendix A)
no. of branch units
1 2 3 4 5 6 15

{(g) 0.8 0690 0618 0567 0525 0493 0.345
1) 011 013 0.135

simple Zimm-Stockmayer model for branched poly-
mers.'"?! In Appendix A, we give g, (g), and (g?) where
g is the ratio of the radius of gyration R of a branched
molecule to the radius of a linear one with same molecular
weight. It is found that

(8% - (8YHY? = 8(n,f(g)

where é(n,f) depends only on the number n and the
functionality f of the branch units (see Appendix A). We
have summarized in Table I the results for molecules of
functionality four. We find 6(1,4) ~ 0.11, §(2,4) =~ 0.13,
5(3,4) ~ 0.135. Assuming V; ~ R® we can then estimate
from the calibration curve of (7) the dispersion in elution
volume that results from the shape polydispersity at con-
stant molecular weight:

~ 3 AR
“k R

With typical values, AR/R ~ 0.15 and k; ~ 0.3 mL™?
(Figure 8), we obtain Av, =~ 1.5 mL. We note that due to
the particular relationship between elution volume and
hydrodynamic volume, the broadening does not depend
on the elution volume.

Axial dispersion effects are responsible for an additional
broadening of the chromatograms. Even a polymer sample
with a unique and well-defined hydrodynamic volume will
not be eluted as a é function but rather as a Gaussian curve
with a half-width o,. This broadening is due to the im-
perfections of the apparatus. Depending on the apparatus
and the way it is measured, o, is found to be either de-
pendent!® or independent!® of the elution volume. A
typical order of magnitude for ¢, in the columns we used
is 6, =~ 0.75 mL.

Now we assume that shape distribution effects change
the chromatogram of a single molecular weight fraction

Av, (8)
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from a é function to a Gaussian curve with half-width Av,
{eq 8). Combining these with axial dispersion effects, we
obtain a Gaussian chromatogram with half-width £ = (¢,2
+ Av )2 with £ = 1.6 mL as a typical order of magnitude.
This means that the molecular weights of the molecules
that are present in a given fraction can be very different.

However, it is still possible to obtain a very good ap-
proximation of the molecular weight distribution function
by the following procedure. First we divide the chroma-
tograms into fractions with the same width Av. Then for
each fraction ; we calculate the areas R; and I; under the
refractometry and light scattering curves, respectively. I;
is proportional to the intensity scattered by the molecules
with elution volume between v; and v; + Av, while R, is
proportional to their concentration. The weight fraction
f; of these molecules and their weight-average molecular
weight M; are then given by

fi=Ri/LR;
M; = kI;/R; 9

where k is a known apparatus constant. We have the
conditions ¥ f; = 1 and 3 f;M; = M, where M, is the total
weight-average molecular weight of the sample. Now from
f; and M; we can obtain easily the cumulative weight dis-
tribution function F(M;) defined as usually by

J
FM) = gfi (10)

We then define the size distribution function ®(M)
through

_ M
FOI) = {2 dM (11)

Thus the function ®(M) is simply obtained from the
numerical differentiation of the cumulative weight dis-
tribution function F(M).

The latter step, i.e., differentiation, is very important
to get a meaningful size distribution function. Such a
distribution function has the following properties:

fd)(M) dM =1
f (MM dM = M, (12)

Note that in eq 12 the integration is performed over
molecular weight. Often in the literature the quantity
fi(M) is called weight distribution function although it does
not verify (12). Instead we have

Sy doi =1
ffi(Mi)Mi dv; = M, (13)

where the integration is taken over elution volumes. Be-
cause of the nonlinear relationship between molecular
weight and elution volume, the functions f;(M;) and (M)
are not equivalent. For comparison with gelation theories
we have to use the function ®(M).

In Appendix B, we simulate chromatograms from
Stockmayer’s distribution function® and compare the
calculated ®(M,¢) with the input distribution function. We
find they are in a good agreement.

One point that should be important is the size Av of the
fraction. It is clear that Av must remain small compared
to the total spread of the chromatograms to describe the
details of the curves. In the opposite way, we find in the
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simulations that Av can be as small as we want. Even if
we simply take for R; and I; the values of the refractometry
and light-scattering curves (i.e., without integration), we
still recover a good approximation of the input size dis-
tribution function.

However, in a real experiment, some noise can be present
in the chromatograms and, moreover, errors are possible
in the measurements of the dead volume between the
detectors. Therefore it is better to give a finite value to
Av and to keep the integration procedure. We found that
a very efficient way to proceed in usual situations is the
following.

First, give a small value to Av to have a great number
of experimental points and perform the integration to get
I i and Ri‘

Then in each point ¢, calculate the mean values:

_ i+p i+p
M=k 2 I,/ 2 R
j=i-p T j=ip
i+p
fi= X fi/@p+1) (14)

j=i-p

with p between 0 and 3, according to the noise in the
chromatograms. By this procedure we eliminate the ex-
perimental scattering, keeping the same number of ex-
perimental points. The general shape of the function ®(M)
remains unaffected by this procedure, although it becomes
smoother. In our experiments, Av was typically 0.2 mL
and p was 2 or 3.

V. Picture of Gelation of Chains through
SEC-LALLS Experiments

Measurement of Typical Cluster Size. From the
chromatograms in Figures 1-4 we can get directly a nice
qualitative picture of the gelation process.

The signal at the output of the differential refractometer
is simply proportional to the monomer concentration in
the eluted fraction. We see that as the irradiation time
increases and the cross-linking reaction proceeds, the
concentration of monomers belonging to the linear pre-
cursor chains decreases. These chains are cross-linking,
building up larger molecules that appear as the wing in
the small elution volumes side of the peak.

On the other hand, since the signal obtained through the
light-scattering apparatus (Figures 3 and 4) is proportional
to the product of the molecular weight and concentration
of eluted molecules, we see immediately that the small
wing in the refractometry curve indeed corresponds to
branched molecules with high molecular weights. Although
they are present in small quantities, their contribution in
the light-scattering chromatograms is very important. In
fact, for most of the samples, the contribution of high
molecular weight molecules to scattered intensity is much
larger than that due to the linear precursor chains although
the latter are still the more abundant species (Figures 1-4).
The same feature can be observed on the simulated
chromatograms (Figure 12) we give in appendix B.

This experimental behavior agrees quite well with the
typical cluster size picture which lies behind the scaling
description of the sol—gel transition.!2!® This typical size
is the cutoff molecular weight M*, which enters into the
cross-over function f. Since the kth moment of the dis-
tribution is given by (M*) = [M**7"f(M/M*) dM, the
integrand is the product of a monotonously increasing
function (for £ > 7 — 1) and a cutoff function that decreases
more rapidly than any power law for molecular weights
larger than the cutoff M*. Thus clusters with molecular
weight around M* give the largest contribution to the
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integral. This is the physical basis for eq 4.

Figures 3 and 4 are beautiful illustrations for this be-
havior and provide us with an experimental measure of the
typical size M* of the samples. We simply identify M*
with the molecular weight of the fraction that gives the
largest contribution to the scattered intensity. In the case
where one could know precisely ¢, the relative distance to
the gel point, this would allow a direct measure of the
exponent 7, which gives the divergence of the typical
cluster size. However, in our case, we cannot measure the
advancement of the reaction. Nevertheless, we can obtain
the exponent 7 directly through the M* dependence of the
weight-average molecular weight M,

M, ~ (M) ~ M* (15)

A least-squares fit through the data shown in Figure 6
gives 7 = 2.3 £ 0.1.

One point should be made concerning the maximum
observed in the light-scattering chromatograms. Strictly
speaking, there is no dominant contribution in the terms
that enter into the calculation of the weight-average mo-
lecular weight since M, corresponds to the first moment
(B = 1) of the size distribution function ® and r ~ 2.3:
M*1f(M/M*) dM is a monotonously decreasing function
when k& = 1.

However, as mentioned in section IV, the intensity
scattered by a given fraction is

My
L=k fM MeM) AM ~ EM3M) (M4, - M)

which we can approximate, using the calibration curve (7):
Ii o Mi2¢(Mi)AU (16)

since the width Av of the fraction is kept constant. This
explains the maximum that is observed in the light-scat-
tering chromatograms. Correspondingly the refractometer
curves should not exhibit a maximum since

My
Ri= { o(M) dM ~ MeM)av
M;

For very high molecular weights, when we approach the
columns exclusion volume, the calibration curve (7) is no
longer valid and a maximum can appear even in refrac-
tometer curves. In this case M* measured from light-
scattering data no longer corresponds to the maximum
contribution to the second moment of the distribution as
in eq 16.

Once we have calculated the size distribution (M) ac-
cording the procedure described in section IV, we can also
determine a cutoff molecular weight simply by evaluating
the term MZ2®(M) for all experimental data points in a
sample. The maximum value should in principle corre-
spond to the same characteristic size as M*. For our
samples we verified that the two procedures give similar
values. However, in the following we shall use only the
value M* determined directly from the maximum in the
experimental light-scattering chromatograms. In fact this
value is less sensitive to experimental and numerical errors.

Conformation of Randomly Branched Molecules.
Our experiments provide us with two different estimations
of the swelling of the branched molecules in a good solvent.

In fact the typical cluster size is directly related to the
z-average radius of gyration, defined by

S(M)MM> dM (M2+2)

R2), =~ = 17)
Hs fcp(M)M2 dM (M?)
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Figure 6. Variation of weight-average molecular weight M, as
a function of the characteristic size M*. The slope of the con-
tinuous line is equal to 3 — 7 (eq 15).

10°

Figure 7. Variation of z-average radius of gyration' as a function
of the characteristic size M*. The continuous line has a slope 21,
(eq 18).

where p,, i8 the swelling exponent for randomly branched
chains. Use of eq 4 leads to

(Rg?), ~ Mxn (18)

In Figure 7 we have plotted the values of (Rg?), in our
samples!® as a function of M* values measured above.
Scattering of the data is rather important for the two
quantities obtained from different measurements. In fact,
for SEC experiments we cannot use molecular weight
samples that are too high, while for light-scattering ex-
periments, the errors on the radii of gyration are larger for
the smaller molecular weight samples. Therefore we have
only a limited number of samples that match the two
requirements. The value of u, corresponding to the straight
line in Figure 7 is », = 0.42 £ 0.1. However, here we want
not to obtain an accurate value for », but rather to show
that the variation of (Rgz)z as a function of M* is com-
patible with eq 18.

A much more precise value for v, is obtained from the
calibration curves we obtain from SEC experiments.
Molecules are separated in the SEC columns according to
their hydrodynamic volume: in eq 7, the constants k; and
k, are dependent on the columns, the solvent, the flow rate,
and the temperature, but they are the same for linear and
branched molecules.!® On the other hand, if we use a plot
of the logarithm of the molecular weight as a function of
the elution volume, the calibration curves will depend on
the architecture of the molecules. This is shown in Figure
8 where we plot calibration curves for the linear precursor
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Figure 8. Calibration curves log M = f(v,) for the linear precursor
chains (¢ = 0) and two branched samples. The slope of the curves
are related to the swelling exponent of the molecules in a good
solvent (see text).

chains and two branched samples. Following eq 7 and
writing that the hydrodynamic volume of a molecule is
proportional to the third power of its radius of gyration,*
we find that

ai/ap = vy/n (19)

where q; (ap) and », (v,) are the slope of calibration curve
(in Figure 8) and the swelling exponent for linear
(branched) molecules. Using the value » ~ 0.59, we obtain
from our data

w = 0.49 = 0.03

which is very close to the theoretical value (v, =! / 9) €X-
pected for branched molecules in a good solvent. %2

Scaling Behavior of the Size Distribution Func-
tion. The evolution of the size distribution function (sdf)
®(M), obtained as explained in section IV, is shown in
Figure 9 for several samples with different advancement
of the cross-linking reaction.

Some qualitative features can be drawn from Figure 9.
The peak observed in low molecular weight region (=~5 X
10%) corresponds to linear precursor chains. Their con-
centration decreases during the reaction as they cross-link
to form larger branched molecules. These large molecules
are responsible for a huge increase in the spread of the sdf.
In the linear chains sample the molecules have molecular
weight below 3 X 10° In the irradiated samples we can
observe clusters with molecular weights larger than several
millions.

For intermediate molecular weights, the sdf decays al-
gebraically with molecular weight, while for higher mo-
lecular weights ®(M) decreases very rapidly. The extent
of the algebraic decay region increases progressively as the
weight-average molecular weight M, of the sample in-
creases.

This picture is consistent with a scaling form for the sdf.
The increase in the spread of the sdf and the corresponding
increase of the extent of the algebraic region are due to
a shift of the cutoff molecular weight to higher values as
the reaction proceeds. Moreover the slope measured in
the algebraic decay region is consistent with the value of
7 that is obtained from the M* dependence of M,

We now want to perform a more quantitative test for
scaling. However, for any numerical fit of the sdf we would
have to postulate an analytic form for the crossover
function f(x). Here we prefer to use a quantitative test
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Figure 9. Size distribution functions calculated as explained in
section IV: (a) samples of Figures 1 and 3; (b) samples of Figures
2 and 4.

that does not involve any a priori guess for f(x).

From the experimental value ®(M) and M* measured
for each sample, we build a new function® G(M/M*) =
M*™1d(M). According to eq 2, a plot of G(M/M*) as a
function of the reduced molecular weight M /M* should
lead to a master curve that is independent of the ad-
vancement of the reaction. The reduced data are shown
in Figure 10, and they collapse quite well on a unique
curve. It is to be noted that we used for the exponent 7
the experimental value determined from the M* depen-
dence of M,. Thus to obtain the data collapse in Figure
10, we used no fitting parameters but only experimentally
measured values. This test is rather severe since our ex-
perimental characteristic sizes vary by nearly 2 orders of
magnitude.

It should be noted that, in Figure 10, samples with
different advancement of the reaction contribute in dif-
ferent M/M* range. In fact for very high molecular
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Figure 11, Crossover function f(M/M*) = M™'®(M) as a function
of M/M* on linear scales. Solid line corresponds to f(x) = 21.1
exp(-xf) with { = 0.85.

weights, size-exclusion chromatography no longer separate
molecules according to their hydrodynamic volume. Also
some retention of very large molecules inside the columns
may be observed. This prevents the characterization of
very high molecular weights. For the more highly irra-
diated samples, the sdf cannot be measured far beyond the
cutoff molecular weight M*. The points for these samples
correspond to values of M/M* 5 1. The points at higher
values of M/M* are obtained from the less highly irra-
diated samples. For all samples we have removed the
points corresponding to molecular weights smaller than
3 X 105, i.e., the upper limit for the molecular weight of
linear precursor chains,

Crossover Function. One step further we can attempt
to get some information about the shape of the cutoff
function f(x). In numerical simulations it is obtained as
the ratio of the sdf at a given advancement of the reaction
to the same quantity at the gel point to eliminate nu-
merical constants in eq 2. However, in our experiments
we cannot measure the sdf at the transition. Therefore
we obtain f(M/M*), apart from a numerical factor, by
multiplying the experimental sdf ®(M) by M~ for each
point. The results are shown in Figure 11 for several
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Figure 12. Chromatograms simulated from Stockmayer’s dis-
tribution function at ¢ = 0.15 and with a peak width £ = 1 mL.

The chromatograms are the superposition of 170 peaks (see Ap-
pendix B): (O) refractometry; {(O) light scattering.

samples, as a function of the reduced variable M/M*,

In this representation we obtain again the collapse of
the experimental points on a unique curve, although they
appear more scattered than in Figure 10. In fact the
calculation of M™1®(M) introduces errors, different for
each point, on both M and ®(M). On the other hand, in
Figure 10 the calculation of M*™1&(M) involves for each
sample only a constant error on M*, apart from the error
on ®(M).

Moreover the representation we use enhances experi-
mental errors for small values of the reduced parameter
M/M*, when the crossover function is still near unity.

Nevertheless the collapse on a unique curve is not so
bad, except for a few samples. In fact, no adjusting pa-
rameter is used in Figure 11, and the data are obtained
from graphical evaluation of the chromatograms. Com-
puter-monitored data input is now available on the ap-
paratus and will constitute a significant improvement in
further experiments.

Taking into account the scattering of data points, we can
make a few remarks.

First, it is not possible to decide whether or not the
cutoff function has a maximum as in percolation theory*?
or is a monotonously decreasing function as in Flory-
Stockmayer approach.! This is because we have poor ac-
curacy for values of M/M* smaller than 1: as in Figure
11, data points in this region come from high molecular
weight samples, for which measurements of M*, M and
®(M) are less reliable.

If we now turn to the M/M* > 1 region, the data do not
seem compatible with either eq 5 or 6. In fact if we adjust
constants to make 5 and 6 fit the datain the 1 < x < 3
region, we find that, for high x values, these functions
decrease too rapidly to describe the data in the x > 3
region. Instead we find that the choice

f(x) ~ exp(~x%), x> 0.8 (20)

describes rather well the data if we take the value { ~ 0.85
% 0.05 (continuous line in Figure 12).

Theoretical justification of eq 20 is not easy. Apart from
an experimental artifact that could change the value of ¢
in eq 5 from { = 1 to { = 0.85, we could think of eq 6 with
a very small value for x,,,.: in this case, for x > 1, { would
be given by { = 20, which is compatible with the value of
o in percolation theory. In both cases, the behavior in the
small M/M#* region is not correctly described. Thus it is
not possible to get here a definite idea on the crossover
function.
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Figure 13. Cumulative weight distribution function obtained
from the simulated data in Figure 12. Solid line corresponds to
the input Stockmayer’s weight distribution function.

VI. Conclusions

In most cases, size-exclusion chromatography coupled
on line with small-angle light scattering was considered as
a rapid and convenient way to obtain weight-average
molecular weights of polymer samples. In fact, using this
apparatus, we can avoid frequently calibrating the columns
with standards. Moreover, it was often thought of as a
convenient way to observe the occurrence of aggregates or
to get some idea of polydispersity, expressed as a ratio of
two moments of the weight distribution function.

In this paper we showed that it is possible to go beyond
this limited use. In fact the SEC-LALLS allows a very
good quantitative determination of the size distribution
function itself. Although the separation process occurs
according to the hydrodynamic volume of molecules, we
can calculate the size distribution function $(M) with the
procedure we described. Thus it is possible to study ac-
curately various problems, such as kinetics and mecha-
nisms of chemical reactions? in polymer science or irre-
versible aggregation and gel formation, since we obtain
directly the function of interest in the description of these
phenomena.

Here we focused on the particular problem of gelation
of solutions of linear chains. Even in this case, where shape
polydispersity effects are superimposed upon axial dis-
persion effects, simulations show that the calculation of
the size distribution function remains possible.

Moreover the size-exclusion chromatography technique
allows a direct measurement of the characteristic size M*,
which is the basic concept underlying the scaling de-
scription of the sol—gel transition. This characteristic size
is a measure of the effective advancement of the reaction.
The knowledge of this quantity is particularly important
in systems where the advancement of the reaction cannot
be measured. The characteristic size M* diverges at the
gel point, where the polydispersity of the reaction bath
becomes infinite. The divergence of all moments of the
weight distribution function is very simply correlated to
the behavior of M*, due to the scaling form of the weight
distribution function.

The variation of weight-average molecular weight M,
of sol molecules, as a function of M*, allows the deter-
mination of the exponent 7, which describes the decay of
the size distribution function at the gel point.

Similarly the variation of the z-average radius of gyration
of sol molecules with M* gives an estimation of the swelling
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Figure 14. Size distribution function calculated from the cu-
mulative weight distribution function in Figure 13. The agreement
with the solid line corresponding to the input Stockmayer’s
distribution is very good except at the ends of the distribution
(see Appendix B).

exponent v, of randomly branched molecuies in a good
solvent, A more precise value for », can be obtained from
the comparison of calibration curves log M = f(v,) for
branched and linear molecules.

Using M* as a renormalization parameter, we showed
that the size distribution function indeed has a scaling
form, consistent with the above experimental findings.
Moreover it is possible to get an empirical analytic ex-
pression for the crossover function that modifies the power
law behavior of the size distribution function when the
system is not at the critical point.

The measured values 7 = 2.3 + 0.1 and », = 0.49 + 0.03
are in agreement with those obtained on the same system
by light-1° and neutron-scattering® techniques. Moreover
they are consistent with experiments performed on dif-
ferent systems.?4?

In view of the data, a percolation picture of the gelation
of chains appears to be plausible, and the influence of loops
on the conformation of diluted molecules seems negligible.
However, the crossover function in our system is not de-
scribed by current theories, except for a possible compli-
cated experimental artifact.

As a final conclusion, we note that SEC-LALLS is a very
powerful tool to study growth processes in polymer science.
Indeed, compared to other techniques, a lot of information
can be obtained within a short time since a typical duration
time for an experiment is less than 1 h. Moreover it can
be easily applied to other systems.?
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Appendix A: Size Fluctuations in the
Zimm-Stockmayer Model!”

The calculation of the dimensions of branched molecules
can be achieved within the simple Zimm-Stockmayer (ZS)
model, which assumes ideal Gaussian statistics for the
chains and treelike structure for the molecules (no loops).

The quantity g is defined as usual by the ratio of radius
of gyration of a branched molecule to the radius of gyration
of a linear chain with the same molecular weight.

Clearly the maximal value for g is obtained when the
chains are attached by the ends and g,,; = 1. The minimal
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value for g corresponds to a compact star molecule con-
taining 2n branches with Ny/2 statistical units. Then g,
is obtained through eq 16 of ZS:V7

8min = 3/2"’ - 1/2n2

To calculate an average value, the distribution of branch
units must be specified. ZS consider that for a molecule
with given molecular weight and number of branch units,
all possible arrangements of chains of varying lengths occur
with the same frequency, provided the total number of
units remains constant.

For molecules with one to three f functional branch
units, the average values (g) are given by eq 15a, 18, and
19 (of ZS) averaged by using eq 21 of ZS. The average
value (g?) is obtained in the same way.

Final results are as follows:

for one branch unit

-6
=TT+
P+107+ 13-4
2y =
(g% = 36f! ¢+ o)
for two branch units

52— 6f + 2
=3

= -

1374 + 28 — 412+ 2f + 8
f(f + D+ 2)(2f + 3)4f2 - 1)

for three branch units

(g% =9

13/ - 20f + 8
=
&) = 2or o+ 2)
(1754~ 12/° - 385f% + 274f — 32)(3f - 3)!
(g’) = 36 Gf + 3)!

where f is the functionality of the branch units.

We define 6%(n,f) = ((g%) - (g)%)/(g)? where n is the
number of branch units. For high f we find 6(1,f) =~ 1/f*/2
but 6(2,f) ~ 0.2 and 6(3,f)) =~ 0.19. With f = 4, 6(1,4) ~
0.11, 6(2,4) ~ 0.13, 6(3,4) =~ 0.135.

For a large number of four-functional branch units, the
average value (g) can still be calculated, but computing
{g?) becomes rather difficult. The results for f = 4 are
summarized in Table 1.

The quantity & can also be calculated with a different
formalism but by keeping the same approximations as ZS.
Daoud and Joanny?! have performed the calculation of &
for a mixture of tri- and difunctional units. They found
in the high branching limit §(n>1,3) ~ 0.137.

No model is available to calculate the dimensions of
branched molecules obtained by the cross-linking of
preexisting chains with fixed length. Clearly the averages
as performed in the ZS model are not adequate to describe
a vulcanization process. However, we search only for
qualitative results, and probably the trends remain the
same as in the ZS model. The important point is that the
quantity 6 does not decrease but tends to a constant value
for a large number of cross-links.

The exact value of the quantity é is an open question.
We can take it of the same order of magnitude as §(n>>1.3)
=~ §(3,4) since we do not explicitely consider the numeric
constants in eq 8.

Appendix B

In this appendix we want to show that the procedure
we described in section IV is efficient to calculate the size
distribution functions. For this purpose we use simulated
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chromatograms and compare the calculated size distribu-
tion function with the input molecular weight distribution
function,

The molecular weight distribution function was obtained
by using Stockmayer’s distribution for vulcanization. For
the sake of simplicity we consider only the case where
linear precursor chains are monodisperse, containing all
N, monomers with molecular weight m = 100. Then, the
weight fraction of monomers belonging to molecules con-
taining n precursor chains is

(Ngn — n)!
n!(Ngn - 2n + 2)!

In the example we show below, we used N, = 550 and
a value p corresponding to a relative distance to the gel
point ¢ = 0.15. We recall that for vulcanization, we have
pe. = 1/(Ny — 1). These conditions correspond for the
sample to a weight-average molecular weight M, ~ 3.5 X
105 and a characteristic size M* ~ 2.2 X 10%, It is to be
noted that to describe correctly the sample, we had to
consider molecules containing up to 170 linear chains. This
can be seen by verifying the normalization of the function
&(n,p), i.e., the condition

&(n,p) = nNyp™ (1 — p)Nor-2n+2

(B1)

N
;}@(n,p) =1

is fulfilled if N is sufficiently large. This illustrates the
enormous spreading of the size distribution function as the
gel point is approached.

In a second step, we calculate the elution volumes cor-
responding to the molecular weights nmN,, of the branched
molecules, using the calibration law

V.(nNym) = Vo - (1/k) log n (B2)

with V, being the elution volume of the linear chains. We
used Vy = 40 mL and & = 0.15 mL! for the example.
We then calculate the refractometry and light-scattering
curves in L equidistant points, separated by AV, using the
amplitudes (B1), smeared by a Gaussian factor:

X V; = V(nNym) \2
R, = El PSS exp)| — 55— ¢(n,p)

- % nNem Vi = V(nNym) \*
FT st Qe =L 22 #Arp)

with V; = [AV,

In the example shown in Figure 12 we used Av = 0.2 mL,
L = 200, and the constant value £ = 1 mL. The chro-
matograms in Figure 12 are well representative of what we
obtained in real experiments (Figures 1-4), although the
real linear precursor sample has a finite polydispersity.
They exhibit the same qualitative features we discussed
in section V.

In the final step we use the procedure described in
section IV to calculate first the cumulative weight dis-
tribution function (Figure 13) and then the size distribu-
tion function (Figure 14).

In Figures 13 and 14, the points are obtained from the
“experimental” values given by eq B3, and the continuous
line is the input distribution function (B1). In Figure 14,
(B1) should be represented as a set of § functions, but on
the scale of the figure, the 170 & functions turn rapidly to
a filled surface. Thus for convenience of the eye, we rep-
resent the set B1 as a continuous curve although it is
actually discontinuous.

We see that the agreement between the calculated and
the input distribution is very good except at the very ends
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of the distribution. For higher values of 2 (£ > 2 mL),
we found that the region where the two curves agree
shrinks a little. However, the shape of the chromatograms
changes drastically and no longer corresponds to our ex-
periments. The chromatograms rather describe a different
system, which we studied by the same technique. This
study will be reported in a forthcoming paper.?®

Registry No. Polystyrene, 9003-53-6.
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