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ABSTRACT: We report about structure formation in salt-free aqueous solutions of amphiphilic poly(p-
phenylene)sulfonates (PPPs) that are models of rodlike polyelectrolytes. In water, PPPs form cylindrical
micelles with constant diameter but variable length depending on the molar mass of PPPs. These micelles
are the building blocks for the formation of higher ordered structures. The observed structures suggest
attractive interactions between the cylindrical micelles in solution as predicted by counterion condensation
theory for univalent counterions and for divalent counterions by computer simulations. By comparing
the characteristics of structure formation for micelles of different length, the effect of the contour length
of the cylindrical macroions on these attractive interactions might be revealed.

Introduction

Polyelectrolytes are of great importance in life sci-
ences, and the ability of biogenic polymers to reproduc-
ibly form highly ordered structures by spontaneous self-
assembly is fundamental to their biological function.
Understanding and controlling the parameters that
determine the structure formation process is of major
interest. However, the process of structure formation
of polyelectrolytes in solution depends on complicated
coupling of short-range (excluded volume) and long-
range (electrostatic) interactions, which restricts the
theoretical treatment to plane, spherical, or cylindrical
geometries. There is now considerable experimental and
theoretical evidence from analytical theory!2 and nu-
merical calculations®# that attractive electrostatic in-
teractions in systems of rodlike polyelectrolytes do exist
and are of importance to structure formation.>® These
attractive interactions between rodlike polyelectrolytes
are not captured by mean-field approaches like Debye—
Huckel or Poisson—Boltzmann but can follow from
correlated fluctuations in the distribution of the con-
densed counterions34 and depend on the valency of the
counterions as well as on the line charge density of the
polyelectrolyte. For univalent counterions, the forces are
exclusively repulsive. On the contrary, at intermediate
distances identically charged rodlike polyions can ex-
perience attractive forces which are stronger for uni-
valent counterions.? The restriction of the theoretical
treatment to cylindrical geometry of the polyions,
however, imposes serious constraints to real systems
that might be used to compare theory and experiment.
Because of their chemical simplicity and the possibility
to selectively modify the chemical structure, synthetic
stiff chain polymers are most promising systems to
model the complex properties of biogenic polymers.

It was recently shown that dodecyl-substituted poly-
(p-phenylene)sulfonates (PPPs) spontaneously self-
assemble into highly anisotropic cylindrical association
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colloids.” Within these aggregates the rigid PPPs align
parallel to the axis of the cylinder with the ionic groups
located at the outer surface. The hydrophobic aliphatic
side chains fill the interior of the cylinder (Figure 1).
Using static and dynamic light scattering, small-angle
X-ray scattering, and electron microscopy, the associa-
tion properties of two polymer samples differing in
molar mass (12 and 27 kg/mol, abbreviated PPP12 and
PPP27) have been characterized quantitatively. It has
been found that these cylindrical aggregates are of
remarkable stability over a broad concentration range
with constant, molar mass independent, radial aggrega-
tion number. No individual chains could be observed at
any concentration, meaning that the critical micelle
concentration (cmc) is unobservably small.

With increasing concentration, these micelles undergo
further association, and a concentration-dependent
hierarchy of structures is observed as schematically
shown in Figure 1 for the higher molar mass sample
PPP27.

The single micelles found at very dilute solutions are
the basic building blocks and exist in isotropic solution
up to a concentration of ¢ = 0.02 g/L.” At this concentra-
tion, the cylinders start to associate into clusters of
ellipsoidal shape. Above ¢ = 1.1 g/L, a nematic phase
appears, which transforms into a hexagonal packing of
the cylinders (i.e., a columnar phase) above ¢ = 8 g/L.
This hexagonal packing at high concentrations was
already observed by Rulkens et al. up to concentrations
as high as 270 g/L.% The shorter cylinders formed by
the lower molar mass polymer PPP12 show significantly
different structures when the concentration is increased.
We will tentatively attribute this difference to a com-
petition between repulsive electrostatic and attractive
interactions mediated by the condensed counterions.
The characterization of these consecutive levels of
ordering, with the focus on PPP27, will be the subject
of the present contribution.

Experimental Section

Materials. PPPs as shown in Figure 1 with molar mass M
= 27 kg/mol (PPP27) have been studied. Details of the
synthesis® and sample preparation”® have been described
elsewhere.
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Figure 1. Chemical structure of the polyelectrolyte and schematic representation of the hierarchical structure formation of
PPP27 in aqueous solution. PPP27 first forms cylindrical micelles (A) in which the hydrophobic side chains are oriented toward
the interior. With increasing concentration, these micelles associate to form ellipsoidal clusters with internal lyotropic order (B),

a nematic phase (C), and end up in a triangular lattice (D).

Viscometry. Viscosity measurements have been performed
using an automatic Ubbelohde viscometer from SCHOTT-
GERATE. The capillary diameter was chosen in order to avoid
Hagenbach correction (diameter = 0.36 mm). All measure-
ments have been carried out at T = 20 £+ 0.01 °C using a
SCHOTT-GERATE thermostat (model 05392). The reduced
viscosity was calculated by #req = t[c(t — to)]72, where c is the
polymer concentration and t and to are the flow time of an
equal volume solution and solvent through a capillary, respec-
tively.1

Shear Rheology. The shear rate dependence of the solution
viscosity was determined using a Rheometric Scientific con-
stant strain rheometer (model ARES-HR) with a very sensitive
dual range force rebalance transducer 100FRNT; in the
Couette geometry. All measurements were carried out at T =
20 £+ 0.01 °C in a water-saturated atmosphere.

Photon Correlation Spectroscopy. Details of the photon
correlation spectroscopy measurements can be found in ref 7.
For analysis of the experimental correlation function C(q,t) =
ogi(g,t), where gi(q,t) is the electric field autocorrelation

function and a is the fraction of the total scattered intensity
arising from fluctuations with correlation times longer than
1077 s, we have employed inverse Laplace transformation using
the constraint regularized CONTIN method.*? This method
assumes that C(q,t) can be represented by a superposition of
exponentials

c@ = [ H(n ) exp[-t/] d(In 7) 1)

which determines a continuous spectrum of relaxation times
H.(In 7). The characteristic relaxation times correspond to the
maxima of H,(In 7).

Small-Angle X-ray Scattering. The SAXS measurements
were performed using a Cu—Ka X-ray source with 4 = 0.154
nm and a Kratky compact camera. For photon counting, an
array detector OED50M (Braun) was employed. For enhanced
accuracy, a flow capillary has been designed to avoid setup
changes during the measurement.

Polarization Microscopy. Microscopic experiments were
carried out using a ZEISS Axiophot photomicroscope with a
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LINKAM THM 600 heating table. For measurements of the
polarized light, a UD 40 objective (ZEISS) combined with slide
polarizers was used.

Results and Discussion

Viscometry. The reduced viscosity of polymer solu-
tions yields information about the dissipative charac-
teristics of a solute related to hydrodynamic shape and
interaction potentials of the particles in solution.'® The
reduced viscosity is expected to be proportional to the
polymer concentration for neutral polymers. For elec-
trostatically interacting particles, #, decreases with c,
and it has been shown!* that the reduced viscosity
follows the empirical Fuoss—Strauss law

Med = ——— = (2
1+ BVC

where A and B are size-dependent constants.'®> Cohen
et al. suggested that this behavior could be explained
on the basis of liquid-state “mode-coupling” theories
developed for the study of spherical charged colloids.1416
In the weak coupling regime, it was shown that the
viscosity of a suspension of spherical charged particles
is given by

n = nRc*Z% i3 ©)

where Z is the charge and R the hydrodynamic radius
of the polyion.  and s are the viscosity of the solution
and solvent, respectively. The Bjerrum length Iz = e?/
(4mepeksT), with e the elementary charge, kgT the
thermal energy, ¢o the permittivity of vacuum, and ¢
the dielectric constant of the solvent, characterizes the
strength of the electrostatic interactions in the solvent.
The inverse Debye screening length is given as « = 4xlgl
with | = 0.55;Z,%c; being the ionic strength (Z; is the
valence and c; the concentration of species i). Cohen et
al. pointed out that eq 3 is similar to the experimentally
observed eq 2, if the polymer chain is assumed to bear

the effective charge Z* = VIN, where f is the degree of
ionization and N is the degree of polymerization.

Figure 2 shows the reduced viscosity of PPP27 in
water and methanol as a function of concentration. As
shown by the solid lines, the reduced viscosity of the
polymer samples in methanol can be described by the
Fuoss—Strauss relation (eq 2), indicating domination of
the repulsive interactions as expected for like charged
polyions.1” This result can be related to light scattering
studies of Liu et al.,'® who investigated the structure
formation properties of PPPs like polymers in methanol
and who concluded that in methanol PPPs exist es-
sentially as single macromolecules.

In aqueous solution, however, the concentration de-
pendence of #eq 0Of sample PPP27 strongly deviates from
the one expected for dominating repulsive interactions.
The reduced viscosity monotonically increases with
concentration, showing a smeared out step at ¢ ~ 0.02
g/L, and it diverges for ¢ > 0.8 g/L. It is noted that the
deviation from the expected polyelectrolyte behavior at
dilute solutions is also revealed by the light scattering
from dilute PPPs solutions, displaying a positive second
virial coefficient A, for PPP127 and a negative one for
PPP27.

Figure 3 shows the absolute viscosity for aqueous
solutions of PPP27 with different concentrations as a
function of shear rate. Non-Newtonian behavior is
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Figure 2. (a) Reduced viscosity of PPP27 in methanol (O).
The solid line in (a) represents a least-squares fit according
to eq 2 with fit parameters A = 100 g/L and B = 150 (g/L)~ 2.
(b) Reduced viscosity of PPP27 (@) in water. 5.4 exhibits an
“anti-polyelectrolyte” effect.
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Figure 3. Shear rate dependence of aqueous solutions of
PPP27 at ¢ = 0.86 (0O), 1.17 (O), and 2.81 g/L (). The onset of
nonlinear viscoelasticity (7(0) = n(w)) at ¢ ~ 1.17 g/L marks
the isotropic — nematic phase transition.

observed for sample PPP27 for ¢ = 0.87 g/L. As will be
shown below, this corresponds to the formation of a
nematic phase that can be observed in the optical
microscope with crossed polarizers. The smeared out
step at ¢ = 0.02 g/L in Figure 2a indicates the formation
of lyotropic clusters of cylindrical micelles which are
precursors to the nematic phase. Since it has been
shown that PPP27 in aqueous solution forms micelles
of diameter d = 3.4 nm and length Ly = 280 nm,”
whereas no such micelle formation could be observed
in methanol,® we assume the formation of micelles to
be responsible for the different rheological properties.

Static Light Scattering. Figure 4 shows a plot of
the reduced total scattered intensity R(0)/Kc for PPP27
in the range 0.001 < ¢ =< 0.5 g/L, where R(0) is the
Rayleigh ratio in the limit g — 0. In agreement with
the smeared out step of the reduced viscosity (Figure
2), there is a characteristic bend in the concentration
dependence of R(g)/Kc at ¢ ~ 0.02 g/L. Within concen-
tration regime A, the intensity increases with concen-
tration, and from the slope of Kc/R(0) vs ¢ the second
viral coefficient A, = —1.84 x 10° L mol g2 is obtained,
indicating attractive interactions between the solute
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Figure 4. R(0)/(Kc) as a function of concentration of aqueous
solutions of PPP27. The bend in scattering intensity at ¢ =
0.02 g/L indicates the crossover from regime A to regime B.

particles. In regime A, the structure formation proper-
ties of PPP27 have been studied extensively. By com-
bining scattering and electron microscopy techniques,
it was shown that an isotropic solution of cylindrical
micelles of PPPs with diameter d = 3.4 nm, length Ly
~ 280 nm, and molar mass My, = 3.6 x 10°% g/mol does
exist.”

For rodlike polyelectrolytes, A; is positive. Neglecting
any end effects, Odjik derives

T
AZ = Zdeeff (4)

where L is the length and de¢ ~ «1(0.7704 + log-
(27&2gk1)) (with & being the effective charge density)
is the effective diameter of the charged rod.'® Therefore,
the results indicate that mean-field approaches may not
always be sufficient to describe the interactions between
polyelectrolytes in solution.

The sudden change of the rate of increase of the
scattered intensity with ¢ characterizes the transition
from regime A to regime B. After reaching a maximum
at ¢ = 0.02 g/L, the scattering intensity slowly decreases
with c. The concentration dependence as shown in
Figure 4 resembles the one expected for surfactants,
which spontaneously form micellar aggregates once the
cmc is reached.?%2! To emphasize this analogy, Cgit =
0.02 g/L will be called the critical concentration in the
following. As will be shown by dynamic experiments,
this concentration marks the onset of the formation of
ellipsoidal clusters consisting of cylindrical micelles (see
Figure 1). Above ¢ = 0.5 g/L, a quantitative analysis of
the scattering experiments was not possible due to
multiple scattering. Information about the structure
formation for ¢ > 0.5 g/L has been obtained by micros-
copy, X-ray scattering, and rheological experiments (see
below).

Photon Correlation Spectroscopy. Structure analy-
sis of different aggregates coexisting in solution—
corresponding to different levels of association—can be
performed by photon correlation spectroscopy, since the
contribution of the different particles to the scattering
can be separated in the time domain.”1%22 Size and
shape determination is possible by fitting the angular
dependence of the scattering contribution of a dynamic
mode to different theoretical models (form factors). The
comparison between calculated D™ and experimentally
measured translational diffusion coefficients D yields
independent information about the hydrodynamic size
and shape of the solute. Information about the internal
structure of the aggregates can be obtained by depolar-
ized light scattering, since it reflects the optical anisot-
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ropy which can be compared to the form anisotropy. To
simplify the analysis, we will treat D at g = 0 as self-
diffusion coefficient of the corresponding particles. This
will lead to results that correspond well with the ones
obtained from electron microscopy.” Corrections due to
finite concentration will be neglected.

Parts a and b of Figure 5 show the relaxation function
Cwv(q,t) along with the corresponding distribution of
relaxation times H(In 7) at q = 8.31 x 10 m~! for the
isotropic (VV) scattering component of a salt-free aque-
ous solution of PPP27 at ¢ = 0.008 g/L and ¢ = 0.47
g/L. Characteristic for concentration regime B (Figure
4) is the appearance of an additional slow mode above
Cerit = 0.02 g/L, which accounts for the main fraction to
the total scattering intensity (cf. the areas of the H(In
7) peaks).

As can be seen by comparison of parts b and c of
Figure 5, this slow mode is also active in the depolarized
scattering, implying that these moieties have to be
anisotropic. The single diffusive relaxation process at ¢
= 0.008 g/L corresponds to freely diffusing micellar
aggregates of cylindrical shape consisting of about 80
polymer chains.” The presence of two distinct self-
assembled aggregates at ¢ > c.rit that contribute to R(q)
is demonstrated in the bimodal relaxation function in
Figure 5b. From the relaxation time distribution H(In
7), the contribution of a dynamic mode i to the total R(q)
can by calculated by

In Tmax

Ri(a) = R(a) f;, . "“H(In 7) d(In 7) (5)

N Tmi

Tmin @Nd Tmax cOrrespond to the minimum and maximum
relaxation time of mode i in the relaxation time spec-
trum. Figure 6 shows the g dependence of the fraction
of R(g) due to the fast and slow diffusing species as
calculated by eq 5. As confirmed by the g? dependence
of the relaxation rates (inset of Figure 6), both modes
correspond to distinct diffusing entities. The angular
dependence of the intensity of the fast mode can be
represented by the thin-rigid-rod scattering function?3

_ 2 pasinz
Pr(ql—) - q_L'/é

sin qL/2)2 ©)

z dz—( gL/2

An analysis according to eq 6 yields a length of L = 500
nm for the fast diffusing species, which corresponds to
the first level of association, the cylindrical micelles.
They are also present at concentrations below ci: and
were characterized rigorously in a previous publication.”
There, the existence of cylindrical micelles with constant
strand aggregation number below and above ccit was
also confirmed by electron microscopy after cryofixation.

The larger fraction of R(q) above cit is due to the slow
diffusing species and exhibits a strong q dependence.
The angular dependence of this Rgew(q) can be repre-
sented assuming a prolate ellipsoidal geometry, for
which the form factor is written as

nlz(Ja/z[U]

9
Pay(u) = 2 Jo

) cos 3 dg

u3

u= qax/cos2 g+ (2)2 sin? B 7)

a and b refer to the long and the short axis, respec-
tively.?* Analyzing the data displayed in Figure 6 with
eq 7 yields a = 600 nm and b = 400 nm. For scatterers
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Figure 5. Relaxation function C(q,t) for concentration (a, b)
and orientation (c) fluctuations at g = 8.15 x 10® m~! in salt-
free aqueous solutions of PPP27 at different concentrations.
The filled and the open symbols of H(In 7) in (a, b) correspond
to the cylindrical micelles A and the lyotropic clusters B,
respectively.
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Figure 6. Scattering contribution (eq 5) of the fast (®) and
slow (O) mode shown in Figure 5b along with calculated
scattering functions for a rod (dashed line) of length L = 500
nm (eq 6) and ellipsoid (solid line) with a = 600, b = 400 nm
(eq 7). The diffusive nature of the fast and slow processes is
shown in the inset as I' vs g2

of this size (QR > 4), the field in the interior of the
particle may be effected by internal reflections. To
justify the ellipsoidal geometry of the slowly diffusing
species, a comparison of the expected and experimen-
tally measured dynamics is necessary. The translational
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Figure 7. g dependence of relaxation rate of fast (small <,
large <) and slow (small O, large O) mode in the orientation
relaxation function of aqueous solutions of PPP27 at ¢ = 0.09
g/L (small symbols) and ¢ = 0.47 g/L (large symbols). The
dynamics of the fast process is g-independent.

Table 1. Size of the Self-Assembled Structures in PPP27

static dynamic
c, g/L a, nm b, nm D&, m?/s Dth, m?/s
0.09 300 120 9.4 x 10713 1.2 x 10712
0.21 450 350 3.5 x 10713 2.3 x 10713
0.31 350 250 3.2 x 10713 5.9 x 10713
0.47 600 400 1.4 x 10718 2.6 x 10713

diffusion coefficient of prolate ellipsoids can be calcu-
lated from the Einstein relation®®

keT
D= ®

The friction coefficient f of hydrodynamically interacting
prolate ellipsoids has been derived by Perrin:26

6rn.a
f— s )

V1 —b¥a®In w

b/a

For ¢ = 0.47 g/L, the diffusion coefficient of the slowly
diffusing species is obtained to be D = 1.4 x 10713 m?/s,
which is close to the expected value D" = 2.6 x 10713
m?/s for prolate ellipsoids with a = 600 nm and b = 400
nm, which also describe the intensity of the slow process
(Figure 6). Table 1 summarizes the geometrical dimen-
sions of the slowly diffusing species as determined by
fitting the angular dependence of Rsjow(q) with the form
factor of ellipsoidal scatterers (eq 7), as well as the
expected (eq 9) and experimentally measured transla-
tional diffusion coefficients.

For aqueous solutions of PPP27, dynamic (in the PCS
time window) depolarized scattering was observed
already at low concentrations (¢ = 0.05 g/L). The
sensitivity of depolarized scattering to nonspherical
shapes is advantageous in the study of association
processes. It is, however, not often employed. Cyn(q,t)
as shown in Figure 5c exhibits two processes with
distinctly different q dependence. Whereas the slow
process has a diffusive rate T’ O g2, the relaxation rate
of the fast process is g-independent (see also Figure 7).

Slow Dynamics. By comparison of Figure 5¢ with
the isotropic relaxation function in Figure 5b, it can be
seen that I'vy and I'yy are almost identical for the slow
process. This finding implies that the scatterers are
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large enough, so that the slow rotational diffusion D,
in vy = 6D, + Dg? can be neglected. Information about
the internal structure of the slowly diffusing species can
be obtained by comparing the expected with the experi-
mentally measured depolarized scattering intensity. The
contribution of the slow diffusing scatterers to the total
depolarized scattering intensity is calculated according
to eq 5, revealing that 90% of the depolarized scattered
intensity is due to the slowly diffusing entities. The
strong VH scattering can hardly be rationalized by the
almost spherical geometry of the slowly diffusing species
as obtained by the analysis of the VV scattering. Since
the depolarized scattering is sensitive to the optical
anisotropy of the scatterers, rather than to their form
anisotropy, we conclude that the slowly diffusing species
correspond to ellipsoidal clusters of almost spherical
shape but with preferential ordering of the cylindrical
micelles constituting the interior. This interpretation
is confirmed by electron micrographs after cryofixation
which have already been published.” The picture of
these lyotropic clusters is schematically shown in Figure
1 (regime B). It is probably worth mentioning that in
the present case dynamic anisotropic (VH) light scat-
tering arises from the diffusion of these lyotropic objects
seen via the anisotropy of the constituent cylindrical
micelles. The much faster collective orientation dynam-
ics of the latter is responsible for the fast process of
Figure 5c.

Fast Dynamics. The fast relaxation dynamics in VH
scattering geometry is characterized by a g-independent
rate, as well as a rather broad shape as reflected in the
position and width of the H(In 7) peak in Figure 5c. It
is not active in the isotropic scattering. Moreover, the
relaxation rate is insensitive to concentration variation
in contrast to the slowing down of the slow process as
shown in Figure 7. The broad spectrum of relaxation
times of the fast process can hardly be rationalized
without involving extensive cooperativity of orienta-
tional fluctuations. Assuming ellipsoidal clusters with
a lyotropic ordering of the cylindrical micelles which fill
the interior, it is conceivable that the constituent
cylinders can undergo collective orientational motions
similar to the dynamics of a nematic phase.2” Following
this picture, the results indicate an almost unchanged
internal structure of the lyotropic clusters over a broad
concentration range. It should be mentioned that similar
broad orientation relaxation functions were observed for
the neutral precursors of PPPs in nondilute solutions.28

Polarization Microscopy. The alignment of opti-
cally anisotropic molecules can be detected by polariza-
tion microscopy. A preferential orientation of the me-
sogens along a director results in birefringence due to
a directional dependence of the refractive index, which
results in characteristic textures to be observed in an
optical microscope using crossed polarizers.?® Figure 8
shows a micrograph of an aqueous solution of PPP27
at ¢ = 4.3 g/L when observed through an optical
microscope using crossed polarizers. The observed
Schlieren textures indicate the formation of a nematic
phase. No birefringence could be observed below ¢ = 1.1
g/L. It is noted that the appearance of Schlieren textures
(c ~ 1.1 g/L) coincides with the onset of a shear rate
dependence of the viscosity as shown in Figure 3. The
divergence of viscosity at shear rate 7 = 0 originates in
the collective motions of the orientationally correlated
mesogens in solution and is expected for a nematic
structure of the solute.?”
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Figure 8. Micrograph of an aqueous solution of PPP27 at ¢
= 4.3 g/L using an optical microscope with crossed polarizers.

Assuming the mesogens to be the cylindrical micelles
of length L = 500 nm and diameter d = 3.4 nm, the
critical concentration for a transition from the isotropic
to the nematic phase can be estimated using Onsager
theory3° to be ¢nemat &~ 12 g/L. Here, the density of the
micelles has been set to p = 1 g/cm?3, which is justified
according to p = NragMdodecyl[TRmic?Lmon] * = 1.01 g/lcm3,
where Ny = 15 is the radial aggregation number as
determined from scattering,” Mgodecyt = 169 g/mol is the
molar mass of each dodecyl group, Rmic = 1.7 nm is the
radius of a micelle, and Lyon = 1.2 nm is the contour
length of a monomer unit. Taking into account repulsive
interactions between the negatively charged micelles,
the nematic phase transition should be shifted to higher
concentrations, since repulsive interactions are expected
to renormalize the effective diameter with des > d and,
according to Khokhlov,3! to cause a twisting effect.

The experimentally determined isotropic — nematic
transition point (c ~ 1.1 g/L) is significantly below the
theoretically predicted one, which is hard to rationalize
with the assumption of repulsive interactions. Instead,
we have to assume attractive interactions between the
negatively charged micelles, which confirms the results
from static light scattering and viscometry, where a
negative A, and a continuous increase of 7rq With
increasing ¢ had been found.

SAXS. The assumption of cylindrical micelles is
further confirmed by X-ray scattering of aqueous solu-
tions of PPP27 as shown in Figure 9. All three scattering
curves exhibit a maximum of 1(q) at gmax ~ 2.9 nm™1,
which has been shown to originate from reflections at
the outer cylinder boundary and from which a diameter
d = 27/gmax = 3.4 nm of the cylindrical micelles can be
obtained.” Above ¢ = 8 g/L, there appears a second peak
which becomes more pronounced with increasing con-
centration and which conforms to gmax [ ¢¥2.

The appearance of a structure forming process at
higher concentrations of PPP27 in aqueous solution has



Macromolecules, Vol. 34, No. 18, 2001

g T T

Figure 9. X-ray scattering patterns of aqueous solutions of
PPP27 at ¢ = 5.47 (O), 8.7 (O), and 15.7 g/L(<). The structure
peak at ¢ > 8.7 g/L marks the appearance of a columnar phase
of the cylindrical micelles (regime D).

already been reported by Rulkens et al., who studied
the structure formation of PPPs in aqueous solution for
c > 10 g/L.32 They concluded that at these high
concentrations PPPs form a columnar phase of cylindri-
cal micelles which were assumed to have infinite length.
This is schematically depicted in Figure 1, regime D.
Hence, the structure peak is interpreted as a Bragg
reflection. Assuming the distance between the lattice
planes to be dgragy = 27/Qmax, the radial aggregation
number

N = L NAdBraggszonc
rad \/§ Mmon

can be calculated to Ny3g = 14. This value is close to
the result obtained from light scattering (Nyag = 15) at
very low concentrations.” Summarizing our results for
PPP27 covering the concentration range 0.001 < ¢ =<
30 g/L and those of Rulkens et al. covering 10 < ¢ <
270 g/L, we find that the cylindrical micelles which are
formed by PPP27 in aqueous solution are stable with
respect to their radial aggregation number over a
concentration range of almost 6 decades.

PPP12. So far, we have mainly been concerned with
the high molar mass sample PPP27. Now, the different
patterns of structure formation of the low molar mass
sample PPP12 shall briefly be discussed.

In the preceding paper,” we presented a study of the
association pattern of two samples of PPP differing in
molecular weight. The lower molar mass homologue
polymer PPP12 exhibits the same chemical structure
as PPP27 but with My, ~ 12 kg/mol. It has been shown
that PPP12 in aqueous solution also forms cylindrical
micelles of diameter d = 3.4 nm and length Ly = 104
nm, which is about one-third of the length of the
micelles formed by the polymer PPP27.7 Since the
cylindrical micelles from both PPPs have the same
radial aggregation number, they both possess equal line
charge density. Surprisingly, the aqueous solutions of
PPP12 exhibit completely different characteristics and
reflect much more typical polyelectrolyte behavior as is
known from literature.2%-33:34 As shown in Figure 10, the
reduced viscosity of agueous solutions of PPP12 obeys
a Fuoss—Strauss law (eq 2), as expected for polyelec-
trolytes where long-range Coulomb interactions increase
with decreasing ionic strength.’

The differences between the two PPPs found in
viscometry are confirmed by light scattering, where a
positive second viral coefficient (A, = 7.7 x 10° L mol
g2 is found for dilute aqueous solutions of PPP12,
whereas A, = —1.84 x 10° L mol g2 is negative for

(10)
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Figure 10. Reduced viscosity of a salt-free aqueous solution
of PPP12.

PPP27.7 Note that positive A, have also been found in
methanol,® which displays a Fuoss—Strauss like re-
duced viscosity (Figure 2); this is expected for repulsive
electrostatic interactions.!® Since PPP12 forms cylindri-
cal micelles with the same radial aggregation number
as PPP27 but with length Lppp;2 = 104 nm, as compared
to Lppppy = 280 nm, these results indicate that the
overall interaction seems to be sensitive to the contour
length of the polyion. The reason is not yet clear, but it
might be argued that, since attractive interactions are
presumably short range and hence require contact
between the cylindrical macroions, the overall interac-
tion will depend on the relation between rotational
volume and electrostatic excluded volume of the rodlike
polyions. Since the first scales as V, 00 L and the second
scales as Ve O L* with o < 3,2085 attraction might be
favored with increasing length. In a forthcoming pub-
lication we will present a detailed comparison between
the structure formation properties of PPP12 and PPP27
and suggest a model that accounts for the influence of
the contour length of a polyion on the overall interac-
tions.

Summary and Conclusion

In this contribution we presented a detailed analysis
of the structure formation properties of dodecyl-substi-
tuted poly(p-phenylene)sulfonates in salt-free aqueous
solution. The polymers of the same structure form
cylindrical micelles in aqueous solution which act as
basic building blocks for higher ordered supramolecular
structures. The results obtained from viscometry, light
scattering, polarization microscopy, and X-ray scattering
indicate a hierarchical structure formation for PPP27
that starts out from freely diffusing micelles at very
dilute solutions, which further form ellipsoidal clusters
with internal lyotropic ordering, a nematic phase, and
finally a columnar phase of cylindrical micelles. The
angular dependence of the scattering intensity in regime
B (Figure 1) does not obey an Ornstein—Zernike law as
predicted for fluctuating ordering states between the
isotropic — nematic regime?’ but can be described by
scattering functions which assume the existence of solid
particles with a sharp boundary.

The formation and structure of the nematic clusters
bears similarity to the predictions of a recent counterion
condensation theory? for univalent counterions and the
results of fluctuation theory® and MD simulations3# in
the presence of divalent counterions.

The negative A, as well as the isotropic — nematic
phase transition at a concentration below the theoreti-
cally predicted one can be rationalized by assuming
attractive interactions between the cylindrical micelles
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of PPP27. This may be understood for rodlike polyions
with line charge density above the Manning condensa-
tion threshold & = Ig/b > 1, where b is the closest
distance between charges along the rod. Here, if two
chains come sufficiently close, thermal fluctuations of
the condensed counterions become coupled, resulting in
van der Waals like attraction.!® Oosawa suggested that
the total force per unit length f(R) between two parallel
rods should be given to lowest order by

N 745
Z%1,R 1+ (ZE)*R?

f(R) =kgT (11)

where Z is the valency of counterions, £ the charge
parameter, and R the distance between the polyions.3®
In eq 11 the effect of correlated charge-density fluctua-
tions is described by the second term, suggesting that
dominating attractive interactions can also result in the
case of monovalent counterions if & is sufficiently high.
Assuming a radial aggregation number Noq = 15, the
line charge density of a cylindrical micelle is calculated
to be £ = 18, which is about 4 times that of DNA. From
eqg 11 it can be concluded that an increase in valency of
counterions by a factor of x will have a similar effect on
f(R) as increasing & by a factor of x2. Hence, we can
rationalize fluctuation-induced attractive interactions
between the micelles of PPPs also in the case of
monovalent counterions. These attractive interactions
are relevant for structure formation only in the case of
cylindrical micelles, since in methanol, where no cylin-
drical micelles are found,'® PPP27 exhibits polyelectro-
lyte behavior.
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