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Résumé. — Un pic d’intensité de neutrons diffusés aux petits angles par une solution de poly-
électrolyte est obtenu a une concentration supérieure i une concentration caractéristique c¢,. Ce fait
est interprété comme la preuve de I’existence d’un ordre entre les polyions étirés.

Abstract. — An intensity peak in small angle neutron scattering in a polyelectrolyte solution is
found above a characteristic concentration ¢, of the polyelectrolyte. This is taken as evidence for

ordering between the elongated polyions.

Polyelectrolytes are polymers having one or more
ionizable groups per monomeric unit (—COOH, for
example). In solution, they are dissociated into
polyvalent macroions (polyions) and a large number
of small ions of opposite charge (counter-ions). The
polyelectrolyte solution is characterized by the stce-
chiometric degree of neutralization o of these ioni-
zable groups with alkali (sodium hydrox1de) and the
polyelectrolyte concentration ¢ (g.cm™3).

In pure aqueous solution, some properties of poly-
electrolytes are well-known [1] : at a low, constant
concentration c, the variation of o, from 0 to 1 increases
the number of dissociated groups (or charges) and the
polyion changes its configuration from a random
coil (¢, ~ 0) to an extended chain (x,=> 0.6-0.7);
this elongation is caused by electrostatic interactions
between the charged sites on the chain ; at constant a,,
the chain again contracts with increasing polyelec-
trolyte concentration.

Recent experiments on pure aqueous solutions, at
concentrations low enough for the polyions to be in
their stretched form, showed anomalous behaviour
of the reduced viscosity. This suggested that elec-
trostatic interactions caused ordered clustering of the
polyions [2]; note that this ordering must disappear
below a critical concentration c,, so calculated that
each stretched polyion can freely rotate about its
centre of mass (see Table I).

A scattering technique is the most direct method of
looking for this clustering.

TABLE 1
a, 0.27 0.6 0.9 1
R, (A) 33.7 74 (**) 83 (**) 88 (**)
Co(*)(g.cm™3) 43x1072 25x1073 1.8x1073 1.5x1073
LA) 256 287 305
1 (A) 35 34.5 34

(*) ¢, has been calculated, for «, > 0.6, assuming that the
polyion is a rod of length L : ¢y = M/(N.v), v = 4= (L[2)*/3,
M molecular weight and N° Avogadro number; for a, = 0.27,
the polyion is considered as a spherical coil of radius (5/3)'/% x R,.

(**) This approximate value has been obtained assuming that
the peak has a negligible influence at small values of ¢ on the curve.

The need to resolve distances less than 300 A with
sufficient solute-solvent contrast, suggests the use of
small angle neutron scattering [3].

The measurements have been performed on a
sample of Polymethacrylic acid [P.M.A. (C,H(0,),]
of molecular weight My ~ 13.000, dissolved in heavy
water. The chosen concentration ¢ = 1072 g.cm™?3
is higher than the concentration ¢, (see Table I) and
low enough for the polyions to be in their straightened
form. For these preliminary experiments, the para-
meter used was the degree of neutralization «,, set to
values between 0.27 and 1 by the addition of sodium
hydroxide to the aqueous polyelectrolyte solution;
no simple electrolyte was added to the solution.

The scattered intensity was recorded by a multi-
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detector [4] of (p, 0) type, at a distance of 2.60 m from
the sample, so that the momentum transfer

q = (4 n/A) sin (6/2)

ranged from 1072 to 10°! A~1; 1 is the wave-length
(arithmetic mean 7.60 A) and 6 the scattering angle
(3/260 to 31/260 radian).

Generally, the intensity I(6) scattered by polymers
in dilute or not very concentrated solutions, decreases
monotonically as @ increases. The curve in figure 1
shows this typical behaviour; this curve corresponds
to a value of oy = 0.27, at which the polyion has the
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can be considered to be a rod or an ellipsoid of high
axial ratio. This increase in polyion dimension further
restricts the range of ¢ values for which the condition
g <1/R; holds, and the R, values determined for
o = 0.6 must be taken as minimum values.

For values of o, greater than 0.6, the Guinier range
is followed by a maximum, shown on figure 2 ; note
that, at the same value of 6, the scattered intensity is
ten times lower for oy > 0.6 than for o, = 0.27.

random coil configuration [5], and is similar to curves
observed for non-ionic polymer solutions [6]. The
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F1G. 1. — Variation of the scattered intensity X(f) (in arbitrary
unit) with the scattering angle 0, for a; = 0.27.

apparent radius of gyration R, of the particles can be
estimated from the low g-value range of these curves
(the Guinier range), using the following relation [7]

I6) = I(g) ~ I0) (1 — ¢* R}/3), qR; < 1

which gives the scattered intensity in the direction 6.
The R, values so obtained [5] are given in the first line
of the data table; for «; = 0.6, these values djffer little
from the radius of gyration of the fully stretched
chain, showing the elongation of the polyion, which
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F1G. 2. — Variation of /(6) with 0 : a, = 0.6, curve A, o, = 0.9,
curve B; oy = 1, curve C.

This maximum clearly shows that there is ordering
of the particles; since it appears outside the Guinier
range, it indicates that the average inter-particle
distance d is lower than the dimension of the particles
and confirms the model of elongated chains ordered
parallel to one another.

This is confirmed by the numerical values which
can be deduced from the curves of figure 2. The
distance d obtained from the Bragg relation (A = d.0)
applied to the position of the maxima is 80 A. Though
the intensity of the central scattering is decreased by a
factor of ten when these peaks appear, there are also
fluctuations in the position of the particles about their
average : the order is consequently not perfect and the

distance d = 80 A is over-estimated.

This inter-particle distance can be compared to the
length L of the rod equivalent to the polyion (using a
diameter [8] of about 7-8 A) deduced from the radius
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of gyration R, These results are summarized in
table I and give an idea of the degree of stretching
of the chain.

It is also possible to calculate a characteristic range
for the electrostatic interaction, i.e. the radius y~!
of the ionic atmosphere around each polyion [9];
the corresponding values (Table I) indicate 2 y ™' ~ 4,
confirming the previous models. Figure 2 shows as
well a progressive decrease of the peak intensity
when o, changes from 0.6 to 1. This phenomenon
cannot be explained by the slight variation of the
apparent coherent scattering length, expressing the
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solute-solvent contrast, when alkali is added to the
solution, and has not yet been accounted for.

These preliminary experiments show the existence
of an ordering between stretched polyelectrolytes in
dilute solutions. The influence of the concentration
can now be studied.

The experiments have been made on the EL 3
reactor of the Commissariat a I’Energie Atomique
(Laboratoire Léon Brillouin, C.E.N. Saclay). We
should like to thank Dr. R. Ober for his interest in
this work and Professor C. Wolff for fruitful comments
and discussions. The P.M.A. sample has been provided
by Dr. R. Zana.
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