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ABSTRACT: Self-aggregation of rigid-rod poly(sodium p-phenylenesulfonate) in aqueous solution and
inside water-swollen polyacrylamide gel was studied by small-angle neutron scattering. It was shown
that both inside the hydrogel and in solution polyelectrolyte rods self-assemble into cylindrical aggregates
having eight to nine single polymer chains in the cross-section, the chains being aligned parallel to the
axis of the aggregate. The length of these aggregates is much higher than the contour length of a single
chain. Gels with embedded rods were studied by contrast variation method in order to examine separately
the scattering by the gel and by the rods. Two important observations were made. First, it was shown
that the ordering of the rods in the gel resembles that in solution. Second, it was shown that the gel
itself is more homogeneous in the presence of rods. Most probably, this effect is due to mobile counterions
of rods, which counteract the formation of spatial inhomogeneities in the network during synthesis, because
in an inhomogeneous network mobile counterions should be also distributed nonuniformly that is

associated with significant translational entropy losses.

Introduction

Rigid-rod polyelectrolytes based on sulfonated poly-
(p-phenylene) are able to aggregate in aqueous media
due to the hydrophobic character of their backbone. This
aggregation does not lead to precipitation because the
charged sulfonate groups ensure the solubility of the
aggregates in water. The first data on self-aggregation
of sulfonated poly(p-phenylene)s in aqueous solutions
were obtained by SAXS.! SAXS data showed that
aggregated polymer chains take the form of columnar
micelles, in which the phenylene backbones are oriented
parallel to the axis of the micelle.! The magnitude of
the radial aggregation number of the micelles was
estimated for a series of sulfonated poly(p-phenylene)
samples differing in charge density and in hydrophobic-
ity. No information was obtained about the length of
these aggregates from the evaluation of the SAXS data.
It was emphasized?! that the observed behavior of these
polymers in solutions resembles the formation of su-
permolecular structures of some biogenic wormlike or
stiff polyelectrolytes such as DNA or collagen. Therefore,
a detailed study of the aggregates of rods in water could
lead to better understanding of the processes of self-
organization of biological macromolecules as well.

On the other hand, it was shown that the ability of
the macromolecules to aggregate can be used to im-
mobilize them inside a water-swollen gel without for-
mation of covalent bonds with the network.? The
incorporation of rodlike polyelectrolyte in superabsor-
bent hydrogels was proposed as a simple and efficient
way for the improvement of mechanical properties of
hydrogels in the swollen state which could be important
for practical applications.? To control the properties of
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Figure 1. Chemical structure of poly(sodium p-phenylene-
sulfonate).

the gels with embedded rigid rods, the self-assembly of
rod macromolecules inside the network should be stud-
ied. In our previous communication,? an indirect evi-
dence of the self-aggregation of rods inside the gel was
obtained from the results of the experiments on the
swelling behavior of the gels. The aim of this work is to
investigate the self-assembly of rigid-rod polyelectrolyte
inside the water-swollen gel and to establish effects of
the gel on the self-assembly of rods as well as of the
rods on the gel structure.

Experimental Section

Materials. The synthesis of poly(sodium p-phenylene-
sulfonate) PPP2 (Figure 1) is described elsewhere.®# Charac-
terization of the precursor polymer which had sulfonate groups
protected as 3,5-di-tert-butylphenolate is presented in refs 3
and 4. The degree of polymerization of the precursor polymer
is equal to P, = 23.5; the contour length equals 18 nm. The
persistence length of the precursor polymer was shown to be
equal to 13 nm. This value can be regarded as the lower bound
of the persistence length of the polyelectrolyte under study.
Therefore, the PPP2 chains can be considered as rodlike
chains.

Polymer solutions were prepared by weighing the polymer
and the solvent (D,0), mixing them and stirring at a temper-
ature not higher than 95 °C for 20 min.

For preparation of the polyacrylamide (PAAm) gels with
embedded PPP2 rods, the mixture of D,O and H,0O (80/20 v/v)
of given composition was used as a solvent. The D,O/H>O
mixture was added to 90 mg of acrylamide and to a calculated
amount of PPP2 to have a resulting mass of the sample of 850
mg. Then 50 mg of 0.126 mol/L N,N'-methylenebis(acrylamide)
solution prepared in the same solvent was added, and the
mixture was stirred at room temperature during at least
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Figure 2. Variation of SANS intensity with polymer concen-
tration C, in D2O; the values of C,, are indicated in the figure.
Starting from the lower curve (C, = 0.4 wt %), each curve is
displaced with respect to the preceding one by 0.05 units along
the y-axis in order to avoid overlap.

12 h. After the mixture was stirred, 50 mg of solution of
ammonium peroxodisulfate (4.4 x 10~* mol/L) and 50 mg of a
solution of N,N,N’,N'-tetramethylethylenediamine (4.4 x 10~
mol/L) prepared in the same D,O/H,O mixture were added.
The mixture was stirred again for 5 min and poured into
special dismountable cell for further polymerization, which was
performed over at least 24 h.

D,0 (99.9%) from Fluka was used as received. Water was
purified with a Milli-Q system (Millipore).

Small-Angle Neutron Scattering. SANS measurements
were done at the YuMO instrument of the high-flux pulsed
reactor IBR-2 at Frank Laboratory of Neutron Physics, Joint
Institute for Nuclear Research, Dubna, Russia.’

The measurements of solutions were performed in standard
quartz Helma cells, while gels were measured in specially
designed dismountable cells with quartz windows and a Teflon
spacer. The path length of neutron beam in both cases was
equal to 1 or 2 mm depending on the relative content of protons
in the sample.

All data were treated according to standard procedures of
small-angle isotropic scattering. The spectra were corrected
for transmission, sample thickness, and absolute scattering
intensity.> The mixture of solvents at the same composition
and temperature was used as background for the samples.

Results and Discussion

Before studying the self-aggregation of polyelectrolyte
rods in water-swollen gels, let us consider a simpler
system, which will be used further for comparison,
namely polyelectrolyte rods in aqueous solution.

A. Polyelectrolyte Rods in Solution. (a) Effect of
Polymer Concentration. The neutron scattering in-
tensity | depending on the scattering vector Q for
solutions of PPP2 of different concentrations in DO is
shown in Figure 2. It is seen that at polymer concentra-
tions lower than 1 wt % I(Q) is a monotonically decreas-
ing function with Q. However, above this concentration,
a correlation (diffraction) peak is clearly visible. The
position of the peak is shifted to higher Q values (i.e.,
to smaller spacing) with the increase of polymer con-
centration.
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Figure 3. SANS intensities I plotted as 1Q vs Q? for solutions

of PPP2 in D,O at low polymer concentrations (C, = 0.4, 0.6,
and 1.0 wt %).

In general, the scattering intensity 1(Q) of a system
of particles is described by

1(Q) = IF(Q)I*S(Q) (1)

where Q = 4x(sin 0)/1 is the scattering vector (0 is a
half of scattering angle, and 1 is the neutron wave-
length), F(Q) is the form factor of the particle and S(Q)
is the structure factor. When there is no correlation in
the positions of the particles or when the magnitude of
Q corresponds to a much lower length scale than the
interparticle distance, the scattering can be regarded
as the scattering of independent particles, i.e.

I(Q) = n,IF(Q)? ()

where np is the number of the particles.

Let us first analyze the scattering curves for polymer
solutions at C, = 0.4 and 0.6 wt %, which do not contain
a diffraction peak. Such analysis can be applied also to
the wide-angle part of scattering curve which is not
“disturbed” by the diffraction peak in the case of polymer
solutions of higher concentration (1.0 wt %). The scat-
tering spectra obtained for the samples with C, = 0.4,
0.6, and 1.0 wt % are presented in the form of log(1Q)
vs Q2 plots in Figure 3. It is seen that in these
coordinates the scattering curves are straight lines,
which is typical for the scattering of rodlike particles.
Therefore, we can conclude that the aggregates of PPP2
in aqueous solution have the form of long rods, which
seems reasonable taking into account the rigid character
of poly(p-phenylene) backbone itself.

In the case of the scattering of rodlike particles, when
one dimension L (length) is much higher than the
others, the form factor of the particle can be expressed
as®

IFQ* = 1.(Q1(Q) (3)

where the function I(Q) is proportional to the length
of the particle L: 1.(Q) = #LQ™%, while the function
1(Q) does not depend on the length of the rod, but is
determined by the cross-sectional structure of the rods.
In the range of scattering vectors 1/L < Q < 1/R;
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Table 1. Summary of the SANS Data for Solutions of

PPP2 in D,O
1Q x 103 cm~2
Cp; wt % Re, A Q=0 Q*, At dp, A Arad

0.4 158+1.4 1.6 + 0.05
0.6 158+ 04 26+0.1
1.0 14.0+ 0.8 3.67 £ 0.07 0.034 185 8.8
2.0 0.047 134 9.3
3.0 0.058 108 9.0
4.0 0.066 95 9.3

this function is approximately equal to

R22
M@ﬁ@w+-f] (4)

where R; is the radius of gyration of the cross section
and I¢(0) is the scattering intensity at zero scattering
vector

1.0) = 5,°S¢” (5)

where p; is the average neutron scattering density of
the cross-section, S; is the area of the cross-section.

Therefore, from the slope of linear dependence of log-
(1Q) vs Q2 the radius of gyration of the cross-section R
can be determined, according to the eqs 3 and 4. The
obtained values of R; are presented in Table 1. It is seen
that they are equal to ca. 15 A independently of the
concentration of the polymer. Note that this value is
much higher than the estimated radius of cross section
of a single macromolecule (ca. 5 A).

The analysis of the experimental data thus obtained
allows us also to estimate the length L of the scattering
rods. The length of the particles is given by the following
asymptotic relation:®

L = 71 O)/[I(Q) Qg0 )

The value of [1(Q)Q]o=0 Was obtained by extrapolation
of the straight line of the dependence log(1Q) vs Q? to
zero scattering vector Q = 0 (Table 1). As to the value
of 1(0), we used as approximation the scattering inten-
sity at the lowest measured scattering vector (Qmin ~
0.01). The use of this value instead of 1(0) in eq 5 will
give us the lower bound of the length L of the rods. The
result is that the length of the rods must be larger than
36 nm, which far exceeds the average contour length of
the individual polymer chains (18 nm). Therefore, PPP2
macromolecules in aqueous solution form rodlike ag-
gregates, the radius and length of which are much
larger than the corresponding parameters for the con-
stituting macromolecules.

A scattering maximum appears with increasing poly-
mer concentration as it is seen from Figure 2. It can be
due to a correlation hole effect around highly charged
polyelectrolyte chains promoted by electrostatic repul-
sion.” To determine accurately the positions of the
maxima of the diffraction peaks it is necessary to
separate the structure factor S(Q) from the form factor
F(Q). The form factor |F(Q)|? was determined by fitting
the experimental data for the samples with 0.4, 0.6, and
1.0 wt % of polymer by eq 2 combined with egs 3 and 4
(Figure 3). Then the structure factor S(Q) was obtained
by dividing the scattering intensity 1(Q) by the form
factor |F(Q)|? determined by eq 1. For the samples with
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Figure 4. Variation of the structure factor with polymer
concentration C, in D,O solution; the values of C, are indicated
in the figure. Positions of structure peaks are marked by
arrows.
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Figure 5. Variation of the average interaggregate distance
d, with polymer concentration C, in D,O solution. Solid line
corresponds to the slope —0.5.

higher polymer concentrations (3 and 4 wt %) another
approach was used to estimate the structure factor.
Since eq 4 is valid only at Q < 1/R, it cannot be applied
to the samples of 3.0 and 4.0 wt % of PPP2. For these
samples, more general equation for the form factor of
rodlike scattering particles (F(Q) ~ Q1) can be used in
order to estimate the magnitude of the structure factor.
The results are shown in Figure 4.

The values of Q* obtained at the diffraction maxima
are compiled in Table 1. It is seen that the peak position
moves toward higher Q values with increasing polymer
concentration. If we regard the position of the peak as
a measure of the most probable distance d, between the
rodlike aggregates, we can calculate the mean interag-
gregate distance dp = 27/Q*. The values of dy thus
obtained are presented in Table 1. It is seen that they
vary from 185 to 95 A as the polymer concentration
increases from 1.0 to 4.0 wt %. The mean interaggregate
distances scale with polymer concentration according to
the power law d, ~ C, %% (Figure 5). This can be
regarded as an indication of the two-dimensional struc-
ture formed by rodlike aggregates in the plane normal
to the axis of the aggergates.”:8
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Figure 6. Effect of salt on the SANS intensity of PPP2 solutions in D,O at polymer concentrations 0.6 (a) and 2.0 wt % (b).
Concentration of NaCl is 0.2 mol/L. For comparison spectra of polymer solutions without salt are also presented (0.6 (c) and 2.0

wt % (d)).

As was mentioned above, the radius of gyration of the
cross section of a rod is higher than the cross section of
a single polymer chain. Therefore, the rodlike particles
observed by SANS can be considered as aggregates
consisting of several polymer chains arranged parallel
to each other. The position of the maximum of the peaks
Q* allows one to calculate the radial aggregation
number ayagq, i.€., an average number of polymer chains
in the cross section of the rodlike aggregate. Assuming
hexagonal lattice of the packing of the rods! one can
calculate araq as follows

_2
rad @

where dy is the Bragg spacing (dp = 27/Q%*), ca is the
number of chains crossing a unit area perpendicular to
the direction of the chains. The value of ca is related to
the weight per volume concentration ¢ (in g/cm?3) of
polymer by

a dy’ca ©)

CN,LI
A= ®)

rep

where Na is Avogadro’'s number and lyep, and My, are
the length and molecular weight of the repeat unit of
polymer, respectively. The calculated values of radial
aggregation number are presented in Table 1. Itis seen
that the value of araq is constant in the studied range of
polymer concentrations (1—4 wt %) and it approximately
equals 9 (Table 1).

An interesting experimental result should be men-
tioned here. Assuming homogeneous distribution of the
polymer chains in the cross section of the rods, one can

calculate the area S, of the cross-section by the following
equation

S, = 2(v2R)* ©)

Taking the experimentally determined values of R, =
15 A and araqg = 9 and the calculated effective cross-
section area of a single molecule A, = 70 A2 one can
estimate the ratio of the area occupied by the polymer
to the total area of the cross section of the rod: aragAp/
Sc = 11%. Therefore, the polymer itself occupies only
11% of the cross-section area. This implies a very loose
packing of the macromolecules in the aggregates or an
irregular shape of the aggregates.

Therefore, the analysis of the SANS data for PPP2
solutions in D,O shows that polyelectrolyte chains are
self-assembled in rodlike aggregates, consisting of ca.
9 polymer chains arranged parallel to each other, the
length of the aggregate being much longer than the
length of a single polymer chain.

(b) Effect of Salt. The addition of low molecular
weight salt would supposedly screen the electrostatic
interactions and should favor the aggregation of simi-
larly charged polymer chains. To check this suggestion,
the SANS spectra of PPP2 in 0.2 mol/L NacCl solutions
were obtained. They are presented in Figure 6, parts a
and b. In the same figure the spectra of PPP2 solutions
in pure D,O are shown for comparison as well (Figure
6, parts c and d). It is seen that in the presence of NacCl,
when the electrostatic interactions shoud be effectively
screened, the diffraction peak in the spectrum of 2 wt
% solution of PPP2 disappears. These data contribute
to the suggestion that the spatial arrangement of the
aggregates is governed by electrostatic interactions.
When the electrostatic repulsion is screened by salt, the
spatial correlation between aggregates disappears.
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Figure 7. SANS intensity for PPP2 inside PAAm networks
(b) and in D0 solution (a). Concentration of polymer in both
cases is 2.0 wt %.

The analysis of the spectra of salt solutions of PPP2
shows that they can be presented as straight lines in
coordinates of log(1Q) vs Q? (Figure 6a and b). Therefore,
the aggregates in the presence of salt have a rodlike
form as in pure D,O. But the values of the radius of
gyration in salt solution are 2—2.5-fold higher than in
pure D,0. Also, it was found that NaCl induces an
increase of the scattering intensity extrapolated to zero
angle, that is an increase of the length of aggregates.

Therefore, the SANS data show a significant effect
of low molecular weight salt on the aggregation of rods
in aqueous solution: the salt induces the growth of both
the length and the radius of rodlike aggregates. The
effect of salt is due to the screening of electrostatic
repulsion between similarly charged polymer chains.

B. Polyelectrolyte Rods in the Gel. When studying
the polyelectrolyte rods in the gel, two separate effects
need consideration: the effect of the gel on the self-
assembly of rods and the effect of rods on the gel
structure. Let us first consider the effect of the network
on the self-aggregation of polymer rods. Figure 7 shows
the scattering curve for PPP2 inside a PAAmM gel swollen
by D,0O. The scattering curve for PPP2 in D,O solution
at the same concentration of polymer is presented in
the same figure. It is seen that the introduction of the
PPP2 macromolecules inside the gel gives rise to the
appearance of the diffraction peak, the position of which
being very close to that observed for aqueous solution
of PPP2. Data treatment of the SANS intensity of PPP2
in the gel performed in the same way as described above
allows us to estimate the mean aggregation number of
the rods inside the gel. It appears to be almost the same
as in the solution (arag = 8). Therefore, assuming the
rodlike structure of the PPP2 agregates inside the gel,
we can conclude that their aggregation numbers are not
affected by the gel.

Another important question pertains to the effect the
rods may have on the structure of the gel network, as
it is prepared in the aqueous solution of the rods. A
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Figure 8. Scattering curves of PAAm gel with incorporated
2.0 wt % PPP2 (®) and without embedded polyelectrolyte rods

(O) in D,O/H,O mixture 80/20 v/v, matching the scattering
from the rods.

contrast variation method was used to address this
problem. Using values of van der Waals radii and
corresponding neutron scattering lengths of the atoms
of the PPP2 repeat unit it was calculated that a D,O/
H,O mixture with a volume ratio of 80/20 has the same
scattering length density as the PPP2 molecules. The
SANS intensity of the PAAm network with embedded
PPP2 polymer swollen by D,O/H,O mixture (80/20 v/v)
matching the scattering of the polyelectrolyte rods is
presented in Figure 8. The comparison with the scat-
tering curve of PAAm gel swollen in the same D,0/H,0
mixture in the absence of the polyelectrolyte rods shows
that at low Q values the scattering from the gel with
rods is much smaller than the scattering of the gel
without rods. Therefore, the polyelectrolyte removes
long-range fluctuations within the PAAm gel structure.
This result seems to be rather unexpected. Indeed, when
the gel is prepared in the solution of rods one can expect
that the distribution of the polymer density in the
network should be more inhomogeneous than in the
absence of rods. Nevertheless, the experimental data
show the opposite effect. It may be due to the osmotic
pressure of mobile counterions of rods. Indeed, since the
PPP2 aggregates are bound to the polymer network,?
the fluctuations of the polymer density of the network
should cause an inhomogeneous distribution of the
charged rods and their free counterions, which is
unfavorable because of a significant loss of the entropy
of the counterions. This effect is consistent with the
results of theoretical consideration made in ref 9. On
the other hand, the stabilization of the spatial arrange-
ments of the similarly charged polyelectrolyte rods with
some characteristic correlation length (dy) by electro-
static repulsion can be responsible for the effective
screening of the long-range density fluctuations in
polymer network. This assumption correlates well with
data presented in Figure 8, where the scattering inten-
sities of PAAm gels with and without incorporated PPP2
aggregates overlap on the scales lower than d, (Q > Q%*).
While, at smaller scattering vectors (Q < Q¥%), the
scattering intensity in the presence of the polyelectrolyte
becomes smaller, which indicates a more homogeneous
structure of the polymer network than it is in the case
of the gel without rods. Therefore, not only the PAAmM
network affects the aggregation of rods, but also the rods
influence the structure of PAAM network making it
more homogeneous on a large scale.
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Conclusions

A comparative study of the aggregation of polyelec-
trolyte rods inside a water-swollen gel and in aqueous
solutions was performed by SANS. It was shown that
both in solution and in the gel the polyelectrolyte rods
form cylindrical aggregates consisting of ca. 9 single
molecules per a cross section. It was demonstrated that
the polyelectrolyte rods affect the structure of PAAmM
network making it more homogeneous.
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