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Résumé. — Des propriétés expérimentalement intéressantes d’un sol dilué par un bon solvant sont
étudiées. La dilution laisse la distribution en masse inchangée mais conduit a un gonflement de chaque
polymére branché, et donc a un changement de propriétés mesurées telles que le rayon moyen { R? >,
le coeflicient de diffusion { D ), et la viscosité intrinséque. Nous comparons les résultats pour des
échantillons dilués a ceux de la polycondensation (percolation) et trouvons une différence aisément
mesurable. Le gonflement décrit par une théorie de Flory.

Abstract. — Experimentally relevant properties of a sol diluted in a good solvent are studied. Dilution
leaves the molecular weight distribution unchanged, but leads to a swelling of every branched macro-
molecule, and thus to a change in the properties that are measured such as the mean square radius
{ R*),, the diffusion coefficient { D ), and the intrinsic viscosity ¢ [5] >. We compare the results
for diluted samples with those for polycondensation (percolation) and find an experimentally dis-
tinguishable difference between them. Swelling is described by a Flory theory.

Introduction.

Recently much attention has been focused on theoretical [1-7] and experimental [7, 8] investiga-
tions of randomly branched polymers. Theoretically, two cases have been considered : diluted
monodispersed solutions, and very broad molecular weight distributions found in the polycon-
densation of multifunctional monomers. This last case was studied in the reaction bath and has
been related to the sol-gel transition [1, 2]. As pointed out by de Gennes [1] and by Isaacson and
Lubensky [2], the main difference between these two cases lies in the screening of the excluded
volume interaction in the polycondensed system. It is however possible to consider a 3rd case
in which the excluded volume interaction is not screened in the polycondensed system. This is the
situation where the chemical reaction is allowed to proceed to a certain stage below the gel point.
At this point the reaction is stopped by freezing or deactivation of the reacting groups and the
sample is diluted by a known quantity of solvent. Clearly, this process does not correspond to
either a monodispersed solution or a polycondensed system. It corresponds exactly to the expe-
rimental situation.

In this letter we consider the experimentally interesting case of a diluted polycondensed branch-
ed polymer solution. We determine the average radius of gyration, the diffusion coefficient, and
the intrinsic viscosity which are measured by means of neutron scattering, light scattering and
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viscosity measurements. We find that the results are much different from those for undiluted
polycondensed solutions (with a percolation distribution) and should be measurable experimen-
tally. The whole approach is at the level of a Flory theory(l, 2,6, 7, 10]. This is known[1, 2, 6, 7, 10]
to give a fairly good description of reality.

1. Earlier results.

1.1 SINGLE POLYMER. — Flory theory [9, 10] gives the following result for the radius of gyration
R of a randomly branched polymer of N monomers of length / (« animal »).

R ~ INY 1)
with [2, 6]
5 ,
) “
in a good solvent, and [6]
7 "
Y= 3@ O

in a theta solvent. Both these results are valid for a single branched polymer so that there is no
dispersity in the problem thus far.

1.2 SorL. — Consider a system of multifunctional units that are allowed to react until some
point below the gel point. Let p be the probability that a link is made between two neighbouring
monomers, p, the gelation threshold and ¢ = p — p.. Suppose the reaction is quenched at a
given &. Then the distribution of sizes is [11]

P(N) = N7 f(eN°) @

where P(N) is the number of N-mers, 7 and ¢ exponents which are related to percolation expo-
nents [11]

__1 _a._ P
a_ﬁ+y’ t—2+B+v. 3)

In three dimension, # =~ 0.4and y = 1.8. Note that in the Flory-Stockmayer theory[9] § = y = L.
As far as the radius of gyration is concerned, the only difference between the present case and the
single polymer problem lies in the screening of interactions in a Flory approach [1, 2].

2. Diluting the sol

Let us consider the system described in section 1.2 and stop the reaction below p, at some point
¢ = p — p.. If we dilute the sol in a good solvent, two effects occur simultaneously.

a) The distribution function remains unchanged, and thus the weight average molecular
weight N, is a function only of the point where the reaction was quenched :

sz P(N)dN ~ &7
N, ~ : @
fNP(N) dN
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b) Screening is no longer present, because the system is now dilute. Every individual molecule
is swollen and within a Flory theory it is argued that the polymer reaches the « animal » beha-
viour (Eq. (1)) :

5

R(N)~Nvl with V=2(d—+2-)'. (5)

The quantities that may be determined by neutron and light scattering experiments are the
radius of gyration and the diffusion constant. Then what is measured is a z-average [9]

JA(N) N2 P(N)dN

(4), = (©)

JNZ P(N)dN

Another set of experiments concerns the intrinsic viscosity. In this case what is measured is a
weight average [7]

j[n(N)] NP(N)dN

([nl> = ™

J. NP(N)dN

In such a dilute solution it seems reasonable to assume that hydrodynamic interactions are pre-
sent and a Zimm type behaviour is valid for the diffusion constant and the intrinsic viscosity [13]
of a macromolecule :

D(N) ~ R Y(N)~N~" ®)
[7(N)] ~ R‘/N ~ N1, ©)
Combining [2-9] we find :
{ R?), ~ N2+6 (10)
(D), ~ NSU+m (1)
(i ~ NI 1)

The values of the exponents for the three dimensional case are given in table I. In the second
row of the table we give the values for the polycondensed system, i.e. without taking swelling due
to dilution into account. This corresponds to the percolation case which is usually used to com-
pare with experiments [7]. Note that dissolving in a theta solvent leads to a similar effect, except v
is replaced by v, in equations (10-12).

If the same experiment is to be performed above the gelation threshold, then one must assume
that it is possible to separate the sol from the gel completely. This is a strong, but reasonable,
hypothesis [12]. Then it is possible to relate the quantities calculated to the gel fraction G,

G~lelf 13
where B is a percolation exponent used before. Combining (4) with (13) gives
G~ N b (14

'
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Table I. — Values of the exponents x for the weight average molecular weight N, dependence of
the various quantities indicated, { A ) ~ N, for three dimensional systems. The first line assumes
swelling after dilution. The second line gives the results for polycondensation without dilution (i.e.
percolation). For these first two lines percolation distribution is assumed. The last two lines give
the same results supposing that the mean field Flory-Stockmayer theory is valid.

(R*), (D), LI
Diluted system 1.26 — 0.63 0.37
Percolation 1.00 — 050 0
Diluted classical 2.00 -1 0
FS. 1.00 - 0.50 0

which may also be used to check experimentally the « criticality » of the experiments. Combining
now (14) with (10){(12) gives

<R2 > ~ G—2v(1+y/p) (15)
(D >z ~ G +V/B) (16)
< [,1] > ~ G~ 3A+yp+2+yB (17)

The values of the exponents are listed in table II for the diluted case and the undiluted polycon-
densed case. Again, there is a clear difference between the two cases which should be observable
experimentally.

3. Conclusion.

Upon dilution in a good solvent the branched molecules constituting a sol should swell. The
molecular weight distribution is however unchanged. This leads to a mixing of the properties
of a single chain (swelling) with the distribution of sizes in percolation. Swelling has been des-
cribed here within a Flory approach.

Table II. — Values of the exponent y for the gel fraction G dependence of the various quantities
indicated, { A ) ~ G, for three dimensional systems. The different lines are the same as in table I.
These may be measured only above the threshold. We suppose that it is possible to separate com-
Dletely the gel from the sol.

(R?), (D), <Inl>
Diluted system — 4.87 243 - 143
Percolation — 3.87 1.94 0
Diluted classical — 2.00 1.00 0
F.S. - 1.00 0.50 0
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A similar effect is expected if we suppose that the weight distribution is given by the classical
Flory-Stockmayer (F.S.) theory rather than by percolation. The results are also given in tables I
and II for this distribution and differ from those quoted above only by the values of f and y which
are both equal to unity in the F.S. theory, and they are also markedly different from those of the
undiluted sol, ie. F.S,, as also shown in the tables. The result is that the power laws in the two
cases (diluted and undiluted sol) are different and this difference is experimentally measurable.
Recent experiments by Schmidt and Burchard [8] and Bantle et al. [14] agree with the swelling
law corresponding to the distribution of sizes in the percolation model. On the other hand, we
expect the classical F.S. exponents to describe the distribution of molecular weight in the vul-
canization case.
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