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A series of small angle neutron scattering experiments on polystyrene solutions was used for measurement of radius of
gyration, screening length, and an interaction volume as a function of concentration. The results were compared with
predictions from scaling theory. In all cases, experiment and theory are in modest disagreement.

1. Introduction

Small angle neutron scattering (SANS) meas-
urements of polymer solutions containing some
labeled (by deuterium) polymer molecules yields
both a single molecule scattering function and a
collective scattering function of the system [1,
2]. We have done this for polystyrene in
deuterotoluene [3,4] and have compared our
results with calculations based on scaling laws [5].
A summary of our findings is presented.

2. Theoretical background

Consider a polymer solution containing N poly-
mer molecules, each of which is composed of n
monomer units. The intramolecular scattering
function S,(¢g) is defined as

S,(q)=(1/n*) X explig-r;], (1)

where r; is the vector connecting monomer i to
monomer J, and ¢ is the wave vector, equal to
(27 /A)(k — k,), A, being the neutron wavelength
and k, and k unit vectors is the direction of
incident and scattered neutron beams. The sum is
taken over all monomer units within a single
polymer molecule. S;(¢) is the total scattering in

the absence of isotopic labeling and is equal to

Sr(g) = (1/Nn) X explig-ry(M, M")].  (2)

MM’

r,;(M, M’) is the vector connecting monomer i on
polymer molecule M with monomer j on polymer
molecule, M’. The sum is taken over all monomer
units on all polymer molecules. M may be, but
need not be equal to M'". S.(¢) is normalized so
that it is equal to S,(¢) in the limit of high
dilution.

It has been shown that the intensity of neutrons
scattered elastically from the polymer molecules
may be written [1, 2, 3]

I(q) = K[AS,(¢q) + BS:(q)], (3a)
A= (ay — ap)’N,Mcx(1 — x)/M; m, (3b)
B=(a, - a*)’N,Mc/M; , (3¢)
a,=xap, + (1 - x)ay, . (3d)

ay and ap, are scattering lengths of protonated
and deuterated monomer units, a¥ is a volume
adjusted scattering length of the solvent, N, is
Avogadro’s number, M; and M are molecular
weights of monomer and polymer, c is the con-
centration of polymer in g/ml and x is the mol
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fraction of polymer which is deuterated. A and B
are not functions of ¢, and can be changed by
variation of either a* or x while S,(¢) and S;(q)
remain the same. Eq. (3a) applies if and only if
the degree of polymerization of the protonated
and deuterated polymers is the same.

From measurements at two values of x, S.(¢q)
and S;(¢) may be determined independently. R,
the centroidal radius of gyration, can be obtained
from S,(g) unambiguously, and ¢, a screening
length, may be calculated from S;(g) using a
simple model. € measures an effective wave
length of concentration fluctuations, and de-
creases rapidly with increasing solution concentr-
ation.

Intramolecular and intermolecular scattering
functions are related, and theoretical analysis by
Benoit and Benmouna [6] as well as by Jannink
and de Gennes [7] lead to the result

Sy'(q)=58."(g)+ (NMc/Mg)v . 4)

The quantity, v, is an interaction volume, which
at low concentration is proportional to the second
virial coefficient. The validity of Eq. (4) for
polymer solutions can be examined by measuring
the variation of S;'(g) — S '(g) as a function of
g, or by measuring the slope of a plot of S7'(¢q)
versus S_'(q) [4].

Scaling theory, when applied to polymer solut-
ions, provides predictions of the concentration
dependence of varying experimental parameters.
If the radius of gyration varies with molecular
weight as R, ~ M, the scaling laws yield [5]

R ~c(1-2v)/(3v—1) (Sa)
g >

§~C‘v/(3v—l) (Sb)

7T~c3v/(3v—l) ) (SC)

The values of v for high molecular weights
polymer equals 0.6 according to mean field calcul-
ations [8, 9] and 0.588 according to renormaliz-
ation group methods [10]. In our experiment (see
below), polymer molecular weights are 10°, and
by comparison with earlier experiments [11], we
find » = 0.57. We note also that S7'(0) varies as

Table 1
Predictions for scaling exponents. The exponent n in X ~ c”,
where X=R,, £ or v

R, ¢ v
Mean field -0.25 -0.75 0.25
Renormalization —0.230 -0.770 0.309
Einaga-Fujita —0.197 -0.0803  0.408

experiments

m/c and therefore, v varies as ¢*7>"'®*~1_ Table
I contains a list of predictions for the concentr-
ation dependence of R,, £ and v.

3. Experimental program

Small angle neutron scattering measurements
on H-polystyrene and D-polystyrene were per-
formed over concentrations varying from
0.02 g/mol to bulk polymer. The wave vector
ranged in magnitude from 0.007 to 0.07, the
deuterated mol fractions were 0.0, 0.5 and 0.8.
Deuterotoluene was used as solvent, and meas-
urements were made at room temperature. Reli-
able values of R, were obtained at all concentr-
ations, reliable values of £ for ¢ <0.16 g/ml. Eq.
(4) could not be checked for ¢ greater than
0.16 g/ml owing to increasing relative errors in
S1(g) with increasing concentration. Eq. (4) does
not apply exactly, but is approximately valid in
the range 0.04 < ¢ <0.16 g/ml. Best values of R,
£ and v obey the equation

R,=8.6x10°c"""°, (6a)
£=2.89¢"""", (6b)
v=152c"". (6¢)

A comparison of the results in egs. (6a)
through (6¢) with the predictions of table I shows
qualitative correspondence, but also substantial
and meaningful quantitative differences. Other
measurements of £ versus ¢ using materials of
higher molecular weight are in good agreement
with eq. (6b). This tends to discourage us from
ascribing the deviation of the prediction of scaling
theory from the results of our experiments to the
low molecular weight of the polymers used by us.
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