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ABSTRACT: The intermolecular correlation due to electrostatic repulsion in flexible polyelectrolyte
solutions as a function of ionic strength has been studied using small-angle neutron and X-ray scattering
(SAXS and SANS) techniques. The ionic strength was changed by adding low molecular weight salts at
a fixed polyion concentration (C = 0.25 mol/L). To solve the controversy about the added salt effect on
the characteristic maximum in small-angle scattering of polyelectrolyte solutions, separation of the total
scattering function into the intra- and intermolecular parts has been performed. With increasing the
ionic strength of the solution the maximum position gn in the total scattering function of SAXS and
SANS slightly shifts toward the lower scattering vector and subsequently disappears, whereas the
maximum position q% in the intermolecular scattering function slightly shifts to the higher scattering
vector, but the peak itself does not disappear even for the highest ionic strength of the present study
though it becomes weaker. The intramolecular scattering function is enhanced in the lower scattering
vector (q < q?n) when the ionic strength increases. Thus, it turned out that the apparent shift of the
maximum in the total scattering function is caused by the combination of the intra- and intermolecular

scattering functions.

Introduction

In the past two decades, a lot of scattering studies on
the structure of polyelectrolyte solutions of charged
spheres, charged rodlike molecules, and charged flexible
chains have been made using static light scattering
(SLS),1710 small-angle X-ray scattering (SAXS),1-17 and
small-angle neutron scattering (SANS)>818-25 tech-
niques. Most of the scattering curves for salt-free
polyelectrolyte solutions show a characteristic maxi-
mum, and the maximum position g, depends on the
polyelectrolyte concentration C. Here q is the length of
scattering vector: q = (4x sin 6)/4, 260 and 1 being the
scattering angle and the radiation wavelength, respec-
tively. Especially, the relationships between gm and C
have extensively been studied.1=811,18-17.19-21,23-24 A[|
the above three types of polyelectrolyte solutions show
very similar concentration dependence of gm; in the
dilute region2>611.13 q.. is proportional to C3 while in
the semidilute region®357.813-17.19.20.23.24 g js propor-
tional to C'2 though there is naturally no semidilute
region in the case of the charged spheres.?! The gm ~
C1%3 relationship in the dilute region can be easily
understood as the correlation among centers of polyions,
while the g, ~ CY2 relationship in the semidilute region
is assigned to the nearest-neighbor intersegmental
correlation. The latter relationship is one of the evi-
dences supporting the isotropic model proposed by de
Gennes et al.,28 which we believe the most reliable
model.

On the other hand, the understanding in the added
salt effect on the scattering maximum of polyelectrolyte
solutions is still considerably insufficient. As was re-
viewed by Foster and Schmidt,?” contradicting results
have been reported, particularly for the gn dependence
on added salt concentration; some people reported that
Om Was not affected*101° by the addition of salt while
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other people reported that q., shifted toward smaller
g.111416 Anyhow, the behavior of g, in the total scat-
tering function 1(q) seems to be somewhat apparent
because gm, is easily affected by a small change of the
intramolecular scattering function (form factor). An-
other unsolved problem in the added salt effect of
polyelectrolytes is the observation of the so-called “iso-
sbestic point™ or “still point”,° at which all the 1(q)
curves converge at one point independent of added salt
concentration. This behavior is almost universally ob-
served for charged spheres,?! charged rodlike mol-
ecules,>10 charged flexible chains,'® and even for dendric
polyelectrolytes.2829

These problems have been discussed usually using
1(q); however, analysis of 1(q) alone is insufficient and
sometimes gives misunderstanding especially for the
structure of salt-added polyelectrolyte solutions. There-
fore, it is desirable to separate the total scattering
function 1(q) into the intra- and intermolecular scatter-
ing functions because the separated functions are much
easier to understand in physical meaning. A beautiful
separation method of the intra- and intermolecular
scattering functions has been developed by de Gennes
and co-workers.1® The essentials of the method as well
as their physical meaning were explained by de Cloizeau
and Jannink®° to help the understanding of experimen-
tal results. This isotopic labeling method in SANS was
successfull®2022 to some extent for the study of poly-
electrolyte solutions. However, there remains a physi-
cally unreasonable point for the behavior of intermo-
lecular scattering function; namely, it did not show
positive values in any g region. Utilizing and improving
this method, we will show how the intersegmental
correlation peak actually behaves depending on added
salt, and we will also present a qualitative explanation
for the “still point”.
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Correction for Incoherent Scattering

In the practical procedures to make the separation
between the intra- and intermolecular scattering func-
tions, the data analysis should be carried out as
precisely as possible; otherwise, the separated structure
functions would be physically unreasonable. Another
purpose of this study is therefore to show that the exact
estimation of incoherent background scattering is very
important and to indicate how to subtract it. Conven-
tionally, we assume that the fluctuation of the scattering
length density within a monomer size is negligible in
the SANS q region, and hydrogenated and deuterated
polyions are not different in physical properties but only
in scattering length density. When the average scatter-
ing length density of the solvent (mixture of hydrogen-
ated and deuterated water in the present study) is equal
to that of the hydrogenated polyion, the hydrogenated
polyions do not produce effective coherent scattering;
in other words, they are optically invisible. This, how-
ever, does not mean that incoherent scattering is
simultaneously extinguished. Thus, the experimental
scattering intensity from the solution, which includes
the incoherent scattering of the mixture of deuterated
and hydrogenated polyions, is given by

lexp(@:X) = XS;(0) + X*S(@) + Xljnep + (1 = Xy +

inc,
Isolvent (1)

where X is the fraction of the deuterated polyions in the
whole polyions, Si(q) and Sy(q) are the intra- and
intermolecular scattering functions, and lincp and lincn
are the incoherent scattering from the deuterated and
hydrogenated polyions, respectively. Isovent includes both
the coherent and incoherent scattering of the solvent
which was corrected for its volume fraction in the whole
solution. lincn can be experimentally estimated as the
difference between lexp(0,0) and lsoivent. linc,o is calculated
to be 1/35 times lincy from the incoherent scattering
cross sections of the elements in deuterated and hydro-
genated NaPSS. After removing the last three terms in
eq 1, the net coherent scattering intensity for the
mixture of the deuterated polyions and the hydrogen-
ated polyions is obtained. Thus, the incoherent-free total
scattering function 1(g,x) for the mixed solution of
hydrogenated and deuterated polymers is obtained.

1(9.X) = xS,(q) + X*S,(q) )

Then, 1(q,x)/x is plotted against x at a given q = q; the
intersection at x = 0 of this extrapolated line gives S;-
(q1), and the slope gives S»(qi1). Such plots for various
g's produce separated Si(q) and Sy(q) functions. Sub-
stituting x = 1, eq 2 yields the total scattering function
I1(q) for the unlabeled system.

Experimental Section

Materials. Both deuterated and hydrogenated sodium
polystyrenesulfonates (NaPSS) were prepared from deuterated
and hydrogenated polystyrenes (PS) by a previously reported
method.3! Weight-averaged molecular weight M,, and its
distribution M/M, of the parent PS were 72 000 and 1.03 for
deuterated PS and 66 000 and 1.03 for hydrogenated PS,
respectively. These PS’'s have nearly the same degree of
polymerization N ~ 640 and hence almost the same chain
contour length L =~ 1600 A as the monomer length a, is 2.5 A.
The degree of sulfonation a was more than 0.99. The solvent
mixture of deuterated and hydrogenated water was prepared
so that the isotopic ratio would be D/H = 0.485/0.515, i.e., the
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Figure 1. lonic strength variation of the total SAXS function
1(q) vs g at fixed NaPSS concentration (C = 0.25 mol/L).

scattering length density of the solvent would be equal to that
of hydrogenated PSS. In this preparation the natural abun-
dance of D atom in hydrogenated water and the isotopic purity
in deuterated water were taken into account.

Analytical grade of sodium chloride (NaCl) was used as the
added salt. The amount of added salt for a given ionic strength
was calculated assuming the condensation theory of Oosa-
wa®?33—Manning®* as follows:

I = (0.35/2)C + C, A3)

where I, C, and Cs are ionic strength of the solution, monomer
concentration of vinyl-type polyelectrolytes, and added salt
concentration, respectively. When C = 0.25 mol/L and Cs =0,
then | = (0.35/2) x 0.25 = 0.043 75 mol/L, and here this value
is designated as lo.

SANS and SAXS Measurements. The SANS intensity
measurements were carried out at 25 °C using the Small-Angle
Neutron Scattering Instrument, University of Tokyo (SANS-
U), installed at the exit of a cold neutron guide tube of JRR-
3M, a 20 MW reactor with liquid hydrogen cold source. In this
study, the sample-to-detector distance and the neutron wave-
length were chosen to be 2 m and 7 A, respectively. The
scattering intensity from the solution sample was circularly
averaged and corrected for the apparatus constants and then
subjected to further analysis. The intensity data were obtained
for a q range of ca. 0.015—0.17 A1,

Supplementary measurements covering a wider ionic strength
range were perform using a 6 m point-focusing SAXS camera®®
at the High-Intensity X-ray Laboratory of Kyoto University.

Results and Discussion

In advance of the detailed analysis of SANS results,
a general survey of the added salt effect on the total
SAXS function 1(q) vs q has been made. Figure 1 shows
the results; the added salt concentrations are adjusted
so as to yield 1, 2, 4, and 8 times as large as the ionic
strength of salt-free NaPSS solution at C = 0.25 mol/L.
In this figure qm is observed to shift toward smaller g
with increasing the ionic strength, agreeing with some
literature!l14.16 put contradicting other literature.*10.19
At around g = 0.075 A-1, all the 1(q) curves converge at
one point independent of the ionic strength. This
behavior is commonly observed for different polyelec-
trolyte systems; however, no theoretical explanation has
been presented so far.l® After the following analysis,
these problems will be understood fairly well.

Figure 2 shows the SANS intensity curves from
solutions of the mixture of the deuterated and hydro-
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Figure 2. SANS intensity curves for the mixture of deuter-
ated and hydrogenated NaPSS solution at fixed NaPSS
concentration (C = 0.25 mol/L) and fixed ionic strength (I = Io
= 0.043 75 mol/L) and also for the pure solvent. x is the
proportion of the deuterated polymer to the whole polymer.
The solvent intensity is reduced by the specific volume of the
pure solvent in the solution.
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Figure 3. Incoherent-corrected and uncorrected scattering
functions. Corrected and uncorrected are indicated by (O) and
(x), respectively.

genated polyions as well as that of pure solvent as a
function of the fraction x of the deuterated NaPSS. The
scattering profile at x = 0 is very similar to that of the
pure solvent, but it shows a certain amount of white
excess intensity which is attributable to ljcn. Such
excess intensity due to lincn as well as lsoent Was
subtracted according to eq 1. Then, S;(q) and Sx(q) were
obtained following the prescribed method.*® Figure 3
shows an example of the comparison of incoherent-
corrected S;(q) and S»(q) as well as uncorrected Si(q)
and Sy(q). As this correction hardly affects the profile
of S1(q), either S1(g) may be used when the intensity is
not discussed. Similarly, the maximum positions in both
corrected and uncorrected S»(q) do not differ, so that
the average of intersegmental distance is not affected
even if either Sy(q) is used. However, the intensity is
different between both cases; especially, the corrected
S,(q) damp-oscillates around the axis I(q) = 0 as q
increases, while the uncorrected Sy(q) is always in the
negative region. Considering that the zero intensity
corresponds to the average density of the system, the
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Figure 4. lonic strength variation of the total SANS function
1(q) vs g at fixed NaPSS concentration (C = 0.25 mol/L).
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Figure 5. lonic strength variation of Si(q). The insertion is
shown in the logarithmic scales.

former is physically more reasonable; S,(q) should
oscillate with damping about the I(g) = 0 axis. There-
fore, the incoherent-corrected scattering functions will
be used in the following results and discussion.
Figure 4 shows the added salt effect on the total
SANS function I(q) vs q obtained by the method
described above, which is very similar to the SAXS case
as seen in Figure 1. The added salt concentrations are
adjusted so as to yield 1, 2, and 4 times as high as the
ionic strength of salt-free NaPSS solution at C = 0.25
mol/L. A broad but distinct maximum is observed for |
= lo (salt free) and | = 2l,. The g value corresponding
to the intensity maximum qgn, slightly shifts toward a
lower g value for higher ionic strength. For the highest
ionic strength 41,, the maximum disappears and only a
shoulder is observed. One estimates that the interseg-
mental distances from these data, which we designate
as &, would become longer with increasing the ionic
strength and finally unobservable. However, such an
analysis would be incorrect since the apparent shift of
gm is caused by deformation of S;(q) rather than S,(q)
as will be shown later. As seen from Figure 5, Si(q)
increases in intensity with increasing ionic strength
especially in the lower g region. This is a reasonable
result because the total persistence length b, and the
radius of gyration Ry of the polyion decrease with
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Figure 6. lonic strength variation of S;(q). The insertion is
an enlargement of the vicinity of the maximum.

increasing ionic strength, resulting in the increase of
intensity in Debye’s q region.®! The increase of S;(q) at
lower g's consequently gives rise to shifting the gm, of
I1(q) toward smaller g and finally covers the character-
istic peak. At around g = 0.075 A-1, where the “still
point” is observed in 1(q), all the S;(q) behave identically
independent of the ionic strength. Therefore, the origin
of the “still point” is not due to the intramolecular
reason.

The added salt effect on the real intermolecular
structure must lie in the intermolecular scattering
function Sy(q). As is seen from Figure 6, the outline of
the intermolecular scattering function appears to be
little affected by the presence of added salt. However,
if we go into detail, there is a maximum in Sy(q) of every
ionic strength as is seen in the enlargement shown in
the insertion of Figure 6. This is of course due to the
local structure of polyelectrolyte solutions which we
want to know. The position of the maximum in Sx(q)
moves to higher q with increasing ionic strength con-
trary to that of 1(q). To obtain the local structure more
clearly, the great effect of Si(q) should be removed,
which may be roughly performed through dividing
S,(q) by S1(q).%8 We designate this reduced function as

Sy(a) = Sy(a)/S,(a) (4)

Figure 7 shows such results; the peak positions of S;(q)
are virtually identical to those of Sy(q) in Figure 6, but
the local correlation peaks become more conspicuous.
The apparent peak position g of the total scattering
function 1(q) shifts toward lower q with increasing ionic
strength of the solution as seen from Figure 4, whereas
the peak position qfn of the reduced intermolecular
scattering function S,(q) reversely moves to higher q
with increasing ionic strength. It should be also noted
that even for the highest ionic strength where the total
scattering function 1(g) does not show a clear peak, a
characteristic peak is still seen in Sy(q) though it is weak
and broad. With all the above reason, Sx(q) or Sx(q)
should be used when the local structure of the salt-
added polyelectrolyte solutions is discussed.

The “still point” is observed in both S,(q) and S»(q)
at around q = 0.075 A~L. Therefore, the origin must be
due to intermolecular reason. A possible explanation is
as follows: addition of salt screens electrostatic repul-
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Figure 7. lonic strength variation of Sx(q). Indicated solid
lines are used for the Fourier transform analysis.

sive force, consequently increasing the compressibility
and the fluctuations of intersegmental distance. The
increase of the compressibility raises the intensity in
low-q region, and the fluctuation reduces the intensity
at the intersegmental correlation peak. Thus, an inter-
section point must appear somewhere in between q =0
and the intersegmental correlation peak for two solution
systems with different values of ionic strength. Among
more than three solution systems with different ionic
strengths such an intersection may happen to appear
at the almost same q values as the “still point”. A recent
theoretical calculation3” of I(q) for charged rodlike
particles certainly shows such a point, mentioning
nothing particular in regard to the reason.

Fourier Transform Analysis of Sy(q) and S»(q).
Intermolecular distances will be discussed by means of
the Fourier transform of Sy(q) and S»(q). The Fourier
transforms of Sy(q) and Sz(q), denoted by §(r) and g(r),
are given by

§(r) = 1+ (27%rp)) " f.'q S,() sin(ar) dg  (5)

9(r) =1+ (27°rpy) " f7d S,(a) sin(ar) dg  (6)

respectively, where pg is the average density. When the
Fourier transform is made, a sufficiently wide q range
of scattering intensity data is required, but the experi-
mentally accessible g range is usually limited, resulting
in truncation effect. To avoid this truncation effect,
S2(q) and S,(q) were smoothly extrapolated toward zero
in the high-q limit before the transformation.

Parts a and b of Figure 8 show §(r) and g(r),
respectively. S(r) shows a maximum at around r = 65
A. This value is close to & (=75 A),13 which is the
expected value of intersegmental distance in the rod
limit, but is quite different from the average distance
between centers of mass ro (~165 A).13 As was described
above, S,(q) and its Fourier transform g(r) are sensitive
to only local structure. The addition of salt shifts the
maximum slightly toward smaller r. This behavior is
similarly observed for charged spherical particles?! and
semiflexible polyelectrolytes.® Thus, the local structure
of flexible polyelectrolytes in semidilute region has also
a “liquidlike” one,>” common to other kinds of polyelec-
trolytes.
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Figure 8. lonic strength variation of Fourier transform of
S2(g) and Sx(q).

On the other hand, g(r) shows two maxima at around
r = 70 and 160 A. The former maximum is virtually
identical to that observed in §(r), i.e., local structure.
The latter broad maximum probably indicates a distri-
bution of intermolecular distance, since the position of
the maximum is very close to the average distance
between centers of mass. Thus, g(r) and its original
function S,(q) imply not only the local structure but also
the global distribution of distinct molecules. The addi-
tion of salt makes the former maximum in g(r) obscure
more rapidly than §(r). This is probably because the
former maximum (local structure) is located on a steep
shoulder of the latter maximum (global structure), and
hence it is apparently buried.

Dividing S»(q) by Si(q), which is equivalent to 1(q)/
Si1(q) — 1, is a well-established procedure to obtain the
structure factor S(q) for the system of noninterpenetrat-
ing particles.>2! This treatment has been formally
applied also for flexible polyelectrolytes in the semidi-
lute region,? i.e., the interpenetrating system, without
sufficient explanation in its physical meaning. Our
explanation and justification for such a procedure are
as follows: Sy(qg) is an interference function between
distinct polymer chains, in other words, a distribution
function of other polymer chains from a certain polymer
chain. Let us assume a homogeneous polymer chain
system with each chain having a form factor S;(q), but
without local structure, then the total scattering func-
tion I(g) should be flat. In such an imaginary system,
S2(q) should have a form of —S;(qg), because Sy(q) is
caused from the hole,3® which is caused by removing a
single polymer chain. In this case, naturally S»(q)/S1(q)
gives unity independent of gm, meaning no local struc-
ture. When the system has local structures, S»(q)
deviates from the form of —S;(q), but the deviation is
rather small compared to the whole amplitude (see
Figure 9). Therefore, to extract the information about
the inhomogeneity, i.e., local structure, S;(q) should be
normalized by S;(q). We do not have further theoretical
explanation at present; however, it may safely be said
that the characteristic about difference between §(r) and
g(r) helps us further understanding for the physical
meaning of Sx(q) and S»(q).

Analysis of Si(q). In the case of semiflexible poly-
electrolytes, the most interesting parameter which is
obtained by the analysis of S;(q) is the total persistence
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Figure 10. lonic strength dependence of persistence length
of NaPSS at fixed concentration (C = 0.25 mol/L).

length bt. Since the detailed analytical method has been
presented in the previous paper,3! only the point is
reviewed here. The total persistence length by is ob-
tained from by = 1.91/g*, where g* is a crossover point
g* between Debye function Si(q)penye in the low q
range313% and the des Cloizeaux function Si(q)cioizeaux
in the high g range.314% The insertion in Figure 5 shows
an application of such analysis to the present data.
Although the number of data is small, these are ionic
strength dependence of b; at a fixed polyelectrolyte
concentration, while the concentration dependence of bt
has been frequently reported.2%:3141 By subtraction of
the intrinsic persistence length by (= 9 A7 ~ 12 A20)
from the total persistence lengths by, the electrostatic
persistence lengths be are obtained. These obtained be
together with b¢ are shown in Figure 10. As is seen from
this figure, the relationship be O 172 held best when bg
=9 A. This relation agree with the result obtained from
the concentration dependence?03141 b, [0 C~12, This is
an evidence supporting the conversion rule between C
and Cs as was given in eq 3.
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