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ABSTRACT: The aggregation of a short-chain nonionic amphiphilic poly(p-phenylene) in aqueous micellar
solutions of the nonionic surfactants C8E4, C12E6, or C10G2 was studied. Cryo-transmission electron
microscopy reveals the existence of fiberlike aggregates of mean length greater 200 nm and a diameter
of ca. 6 nm surrounded by an excess of small surfactant micelles in these solutions. Static and dynamic
light scattering were used to characterize the fiber aggregates in these complex liquid mixtures. The
scattering data were analyzed by model-based and model-independent procedures, which yield the mean
length L, the polydispersity k, and the radial aggregation number Nrad of the fiber aggregates. The dynamic
behavior of the aggregates can be described by a model for polydisperse rigid rods, taking into account
their translational and rotational diffusion.

I. Introduction
Poly(p-phenylene)s (abbreviated as PPP) are intrinsi-

cally stiff linear molecules. Applications of these and
similar backbone polymers in photo- and electrolumi-
nescent devices arise from their peculiar electronic
structure.1-6 In this work we study the aggregation of
an amphiphilically substituted nonionic PPP oligomer,
in which each benzene ring of the aromatic backbone is
substituted with an alkyl chain (-C12H25) and an
oxyethylene chain (-CH2(OC2H4)3OMe) in the para
position to the alkyl substituent (see Figure 1). This
amphiphilic substitution scheme generates a boundary
between the hydrophilic and hydrophobic substituents
in a plane parallel to the major axis of the PPP.
Amphiphilically substituted PPPs represent a relatively
new class of materials. Their structure suggests an
interesting self-assembly behavior, but to our knowledge
only a few systems have been studied at present (e.g.,
refs 7-10).

One remarkable example of such backbone polymers
is PPP-sulfonate polyelectrolyte studied by Bockstaller
et al.11,12 In aqueous solutions these molecules form
elongated cylindrical aggregates of constant diameter
but variable length, depending on the molar mass of the
PPP-sulfonates. This behavior indicates a lengthwise
aggregation of these macromolecules. The cylindrical
aggregates of mean length L ≈ 280 nm and diameter d
) 3.4 nm formed by a PPP-sulfonate with an average
number of n ≈ 100 benzene rings in the backbone were
found to form the building blocks for a higher level of
ordered supramolecular structures. At polymer concen-
trations of ca. c ) 0.1 g/kg clusters of cylindrical
aggregates with internal lyotropic ordering are formed;
above a concentration ccrit ) 1.1 g/kg a nematic phase
is observed. The critical concentration for the formation
of a nematic phase, ccrit ) 1.1 g/kg, is significantly below

cnemat ) 12 g/kg predicted by the Onsager theory13 for
uncharged cylindrical aggregates of the same length L
and diameter d. This is explained with a counterion
condensation theory for univalent counterions.11,12

The present PPP is uncharged and has a smaller
number of benzene rings along the backbone compared
to the PPP-sulfonates investigated by Bockstaller et al.
It was of interest to find out whether the present
polymer exhibits lengthwise aggregation in the same
way as the charged PPP-sulfonates. The dependence of
the mean length of such cylindrical PPP aggregates on
the polymer concentration has not been investigated yet.
Thermodynamic models14 and mean-field theories15 of
reversible chain aggregation (“living polymers” ) predict
a dependence as L ∝ cR, with R ) 0.5, as was indeed
found for wormlike micelles of e.g. C12E5 in H2O.16

Therefore, in the present study we are going to inves-
tigate the scaling behavior of L with respect to concen-
tration. Furthermore, one expects that the interactions
between the cylindrical aggregates of the present PPP
should be different from those studied by Bockstaller
et al. since they are not dominated by Coulomb interac-
tions. If supramolecular structures, such as clusters of
cylindrical aggregates or a nematic phase, can be
observed for the present molecules, the critical concen-
tration for the uncharged stiff cylinders should be
shifted to higher values compared to the charged PPP-
sulfonate aggregates according to the Onsager theory.13

* To whom correspondence should be addressed. E-mail
thomas.hellweg@tu-berlin.de.

Figure 1. Poly(p-phenylene) oligomer PPP(12): Cm ) -C12H25,
Ek ) -CH2(OC2H4)3OMe with n ≈ 12.
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The pure polymer PPP(12) is almost insoluble in
water, but it can be solubilized in aqueous surfactant
solutions. Nonionic surfactants of the alkyl poly(oxy-
ethylene) type, CiEj,17,18 and alkyl poly(glucoside) type,
CiGj,19,20 were used in this work. Cryogenic transmission
electron microscopy (cryo-TEM) reveals that PPP(12)
forms elongated fiberlike aggregates of a contour length
L > 200 nm and a diameter d ) 5.9 nm in the presence
of excess surfactant micelles (see Figure 2 and ref 21).
The observed aggregates seem to be remarkably stiff.

Colloidal systems often contain two or more types of
particles of different size and shape. For example,
several surfactant systems are known to contain vesicles
coexisting with compact spherical micelles in a certain
concentration range.22,23 Aqueous solutions of diblock
copolymers may contain spherical and wormlike chain
aggregates at the same time.24,25 Scattering techniques
with light, X-rays, and neutrons are most frequently
used for an in-situ characterization of colloidal disper-
sions. However, the determination of the properties of
one specific type of particle in such complex systems is
a challenge for the analysis of the scattering data.

In this study we have adopted a model-based analysis
of dynamic and static light scattering (DLS, SLS) data
of the PPP aggregates in water, based on results of the
cryo-TEM images. The DLS data analysis includes a
model for polydisperse rigid rods and yields the mean
length L and the polydispersity parameter k of the fiber
aggregates. The combined analysis of the DLS and SLS
data of this complex liquid based on a form factor model
yields the molar mass Mw and the radial aggregation
number Nrad of the fiber aggregates. The determination
of the surfactant distribution inside the aggregates and
the determination of the diameter of the aggregates by
means of small-angle neutron scattering will be de-
scribed in a second publication on this subject.26

II. Samples and Experimental Setup

A. Materials. The polymer PPP(12) studied in this work
was synthesized by the transition-metal-catalyzed Suzuki step-
growth polymerization technique described elsewhere.27-29 The
sample was characterized by gel permeation chromatography
(GPC) which yielded a number- and mass-average molar mass
of Mn ) 5200 g/mol (nn ) 12) and Mw ) 8700 g/mol (nw ) 21),
corresponding to a ratio Mw/Mn ) 1.7.

The surfactant tetra(oxyethylene)monooctyl ether (C8E4)
was purchased from Nikko Chemicals Co., Japan (>99%
purity). The surfactant hexa(oxyethylene)monododecyl ether
(C12E6) was purchased from Nikko Chemicals Co., Japan
(>99% purity). The surfactant decyl-â-glucosid (C10G2) was
purchased from Calbiochem, Bad Soden, Germany (>99%
purity).

High-purity water from a Milli-Q water purification system
(Millipore/Waters) was used for all light scattering experi-
ments.

B. Sample Preparation. Solutions of the polymer PPP-
(12) in aqueous media were prepared by adding 0.05-0.4 wt
% of the polymer to 0.5-4 wt % micellar solutions of the
surfactants C8E4, C12E6, or C10G2 in water. The pure surfactant
solutions were filtered (pore size 200 nm; Schleicher & Schuell)
directly into the sample cells (quartz, Hellma, Germany); after
addition of the polymer the mixtures are treated in an
ultrasonic bath (35 kHz) for at least 2 h at ca. 45 °C. At this
elevated temperature the aqueous systems are phase sepa-
rated into a surfactant-rich and a dilute aqueous phase. After
remixing and equilibration at room temperature the solutions
were investigated without further filtering to avoid concentra-
tion changes of the samples.

Determination of the length L of the fiber aggregates on the
concentration of PPP(12) was performed with C8E4 as the
surfactant in two independent series, denoted as H and K.
Four solutions with constant ratio of the PPP to surfactant
concentration and five solutions with constant surfactant and
increasing PPP concentration were prepared. The respective
concentrations are listed in Table 1. At lower ratios of cm,C8E4/
cPPP ≈ 5 it was not possible to dissolve all of the polymer.
Because of this it was not possible to prepare samples without
an excess of pure surfactant micelles. Samples with higher
concentrations of polymer as 0.6 wt % PPP(12) were not
prepared due to the limited amount of polymer available.

C. Static and Dynamic Light Scattering. LS measure-
ments were performed using commercial equipment for si-
multaneous static and dynamic experiments from ALV-
Laservertriebsgesellschaft (Langen, Germany). The light source
employed was the blue line (λ ) 488 nm) of a Coherent argon
ion laser (Innova 90), operating with a constant output power
of ≈150 mW. For the DLS experiments an ALV-5000 multiple
τ hard wire correlator (256 channels, first lag time 200 ns)
was used. Details about the experimental setup for the light
scattering are given elsewhere.25,30 The scattering experiments
were performed in an angular range 30° > θ > 150°, resulting
in a q range of 0.008 88 nm-1 < q < 0.033 18 nm-1. The static
light scattering (integrated) intensity was normalized to the
primary beam intensity and brought to absolute scale using a
toluene reference for calibration.31 All LS measurements were
performed in the VV geometry. The refractive index increment
dn/dc was measured with a commercial refractometer (DB1/
b, Baur Electronics, Germany) at λ ) 488 nm.

III. Theory, Data Analysis, and Results
A. Dynamic Light Scattering. A detailed descrip-

tion of the theoretical background for dynamic light
scattering data analysis can be found in ref 32. In the
present system we have to deal with at least two
different types of particles: fiberlike polymer aggregates
and surfactant micelles (see Figure 2). The analysis of
the field autocorrelation function g1(τ) by an inverse
Laplace transformation (CONTIN, 100 grid points)33,34

did not yield a consistent picture of the dynamic

Figure 2. Cryo-TEM image of PPP(12) in a micellar solution
of the surfactant C8E4. The elongated objects represent fiber
aggregates and the small objects represent surfactant micelles.
The width of this image is equivalent to 180 nm (from ref 21).

Table 1. Concentrations of PPP(12) and C8E4 in H2O for
the Light Scattering Investigations: Series H with
Constant Concentration Ratio and Series K with

Constant Surfactant Concentrationa

cPPP [wt %] cC8E4 [wt %] cm,C8E4 [wt %]

series H
1 0.052 0.49 0.27
2 0.10 0.98 0.76
3 0.21 1.95 1.73
4 0.41 3.91 3.69

series K
1 0.050 1.98 1.76
2 0.077 1.98 1.76
3 0.101 1.98 1.76
4 0.307 1.98 1.76
5 0.410 1.98 1.76

a A value of cmcC8E4 ) 0.2176 wt % for the critical micellar
concentration of C8E4 is used to calculate cm.
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behavior of the system. This analysis resulted in one,
two, or three separated contributions to the relaxation
rate distribution function G(Γ). The number of resolved
contributions, their mean relaxation rates Γi, and their
width varied more or less arbitrarily with the scattering
angle θ. Because of this, we applied a model-based
approach to analyze the measured correlation functions.

On the basis of the observation of two different species
on the cryo-TEM micrographs, small spherical micelles,
and stiff elongated fiber aggregates, we applied a sum
of an exponential decay function to account for the small
micelles and of a dynamic model to describe the behavior
of the PPP fibers. Also, this approach does not yield a
satisfactory data description. Even if extremely broad
length distribution functions for the fiber aggregates are
considered, this model still leads to high deviations from
the measured data. In addition, the resulting relaxation
times correspond to very high values for the fiber length,
Ln . 1500 nm. These lengths would result in the
formation of a nematic phase order in the system. But
even for the highest PPP(12) concentration no birefrin-
gence and hence no such ordering is observed. Addition-
ally, the cryo-TEM micrographs indicate a significantly
shorter average length Ln compared to the outcome of
this approach. To achieve a satisfactory representation
of the experimental data for the observed q range, a
third contribution with a small diffusion coefficient had
to be considered. The origin of this third contribution
to the dynamic behavior of this complex liquid is
denoted as “cluster contribution” in the following (see
the respective section for a more detailed discussion).
The crucial point in our model-based analysis is the
simultaneous fit of four correlation functions measured
at different scattering angles θ. The simultaneous fit
implies a specific q dependence for the relaxation rates
of the three contributions, and thus, the information on
the Γi gained at one angle is used to describe the
correlation function at another angle in the simulta-
neous fit procedure. This allows for a separation of the
three contributions even at a scattering angle at which
CONTIN is not able to compute distinct contributions
for the three types of dynamics. As the investigated q
range is quite broad (30° < θ < 150°) shortcomings of
the used model would appear as an unsatisfactory
description of the q dependence.

The measured intensity autocorrelation function g2(τ)
is related to the field autocorrelation functions g1(τ) of
the three species (small surfactant micelles, stiff fiber
aggregates, and large clusters) according to the Siegert
relation32 by

where f * is the instrumental coherence factor and ai(q)
are the amplitudes of the individual field autocorrelation
functions g1,i (F ≡ fiber, C ≡ cluster, M ≡ micelle). In
the data analysis the g1 functions of the micelles and
clusters were represented by a single-exponential decay
according to

where Γ ) Dtrq2, with Dtr the translational diffusion
coefficient32 and the magnitude of the scattering vector
q is given by q ) 4π sin(θ/2)/λ, with θ the scattering
angle and λ the wavelength in the medium. The

normalized fiber contribution g1(τ)fiber, with a polydis-
persity distribution for the length L according to Schulz-
Zimm, is given by35

where p(k,Ln,L) is the z-average size distribution
(Schulz-Zimm,35,36 with k ) 1/(Mw/Mn - 1) and Ln is
the number-average length of the fiber aggregates.
g1,fiber(τ,L) accounts for the dynamic behavior of stiff
cylinders with monodisperse length L. The cylindrical
particles investigated here are stiff in good approxima-
tion; i.e., the persistence length Lp is of similar magni-
tude as the contour length L. To deal with these fiberlike
particles, we use a model of stiff rods proposed by
Pecora35-39

with x(n) ) 4n2 + 2n. The translational motion is
described by one averaged diffusion coefficient Dtr which
is independent of the rotational diffusion (Drot). The
overall motion of the particle is determined by combina-
tions of translation and rotation. The amplitudes Sn of
the modes relate to different length scales with respect
to the length L, as they depend on the product of the
scattering vector q and the length L, and are propor-
tional to the square of the integral over a spherical
Bessel function of the 2n-th order.38 For values of qL e
4, only the pure translation (S0) contributes to the
intermediate scattering function. For values of qL e 50,
the first 11 modes have to be taken into account.38,40

Both the translational diffusion coefficient and the
rotational diffusion coefficient depend on the geometry
(length L, diameter d) and flexibility (Lp/L) of the rods.
For rigid particles, Kirkwood and Riseman derived a
relation between the diffusion coefficients and the
particle geometry, based on the Oseen approximation,41

viz.

where kB is the Boltzmann constant, T the temperature,
and η0 the viscosity of the solvent. The model of
Broersma,42,43 even in its corrected form, does not
provide a better representation than the simple Kirk-
wood-Riseman approach.38

Fitting the model described in the previous paragraph
to the experimental data leads to the average length
Ln and the shape and width of the length distribution,
represented by k. The parameters of the model are
independent of the scattering vector q, except the
amplitudes ai(q) and f *. Hence, a parameter set for a
given q must describe the dynamic behavior at other q
values as well (except the amplitudes ai(q) and f *). To
implement this into the data analysis, a simultaneous
fit of g2(τ) at four different q values was performed. Free
adjustable parameters in the fitting procedure were the
instrumental coherence factor f *, the mean fiber length
Ln, the polydispersity k (Schulz-Zimm), the amplitude
a(q)cluster, the translational diffusion coefficient Dtr,cluster,

g1,fiber(τ) )

∑
L

p(k,Ln,L)g1,fiber(τ,L)

∑
L

p(k,Ln,L)
(3)

g1,F(τ,L) ) ∑
n)0

10

Sn(2n,qL) exp(-(Dtrq
2 + x(n)Drot)τ) (4)

Dtr )
kBT

3πη0L
ln(Ld) and Drot )

9Dtr

L2
(5)

g2(τ) ) f *(aFg1,F(τ) + aCg1,C(τ) + aMg1,M(τ)
aF + aC + aM

)2

+ 1 (1)

g1(τ) ) exp(-Γτ) (2)
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the amplitude a(q)micelle, and the translational diffusion
coefficient Dtr,micelle. a(q)fiber is set to 1. The value for the
diameter d of the fiber aggregates was estimated on the
basis of the cryo-TEM micrographs, taking into account
two hydration shells around the perimeter with a
thickness of 0.3 nm for each water layer.44 This leads
to a value of d ) 7.1 nm.

As an example, Figure 3 displays the measured
intensity autocorrelation function g2(τ) of sample K1 (see
Table 1) and the respective simultaneous fit according
to eq 1. The residuals in Figure 3 show that the model
underlying eq 1 fits the data equally well in the whole
q range and domain of relaxation times. The errors in
the resulting amplitudes ai(q) and diffusion coefficients
D amount to 3-8%, estimated by a parameter variation
and ø2 analysis.45 The individual errors for Ln and k are
in the same range, but the values of Ln obtained in the
above multiparameter fit are not independent of the
polydispersity parameter k. A parameter analysis shows
that different combinations of Ln and k (resulting in
similar length distribution functions p(k,Ln,L)) yield
nearly equally good fits of the data. For Ln values from
400 to 850 nm and k values in a range from 1.5 to 4, ø2

values below the limit 1.1ø2
minimum are obtained. The

trend of an increase of Ln with increasing concentration
was found for all parameter sets. However, the error of
Ln is estimated to (20%, which means that the error
bars cover all observed Ln values for k ) 1.5-4, if Ln is
given for a mean k of 2.5.

The results of the data analysis of the intensity
autocorrelation functions g2(τ) of the sample series H
and K are listed in Table 2.

Dependence of the Fiber Length on the PPP
Concentration. The data analysis (Table 2) shows that
the mean length Ln of the fiber aggregates increases
with increasing polymer concentration cPPP. For the
present system the width of the length distribution,
represented by k, can be assumed to be independent of
the concentration c. Therefore, we use the Ln values
obtained for a fixed value of k (k set to 2.5, see Table 2)
to test their concentration dependence. The concentra-
tion dependence of these values of Ln is illustrated in
Figure 4 for the sample series H and K. A linear fit to
the Ln vs c0.5 data is also shown in Figure 4, and the Ln
values exhibit a fairly good linear relation, indicating
that the concentration dependence of Ln of the fiber
aggregates conforms reasonably well to the power law
predicted for living polymers.

Even if the used polymer concentrations for the
analysis of Ln vs c0.5 are not correct due to the cluster
formation, the linear relation of Ln ∝ c0.5 still holds since
the concentration only shifts the proportionallity con-
stant.

Cluster Contribution. We attribute the third con-
tribution to g2(τ) at high relaxation times to a formation
of clusters by the fiber aggregates. For PPP-sulfonate
polyelectrolytes Bockstaller et al.11,12 have found a
cluster formation of the fiber aggregates above mass
concentrations of 0.1 g/kg in water. In the case of these
charged aggregates the cluster formation is attributed
to a counterion condensation. In the concentration range
also investigated in the present work (cPPP ) 0.5-4
g/kg), Bockstaller et al. have found the formation of a

Figure 3. DLS of sample K1 (PPP(12) and C8E4 in H2O) at
25 °C: Intensity autocorrelation function g2(τ) measured at
four scattering angles θ (symbols) and simultaneous fit of the
four curves by eq 1 (lines). The quality of the fit is indicated
by ∆g2 ) g2(τ)fit - g2(τ)measur at θ ) 30°.

Table 2. Results for the Sample Series H and K of Simultaneous Fits of g2(τ) Measured at Four Scattering Angles (θi )
30°, 60°, 120°, and 150°) with Eq 1

fiber aggregates clusters micelles

Dtr [nm2 s-1] Drot Ln [nm] k Ln,k)2.5 [nm] Dtr [nm2 s-1] RH,0 [nm] Dtr [nm2 s-1] RH,0 [nm]

series H
1 4.25 × 106 161 560 3.88 487 7.89 × 105 311 8.22 × 107 2.98
2 4.83 × 106 256 464 3.27 412 6.45 × 105 380 6.73 × 107 3.64
3 4.10 × 106 141 423 1.64 511 6.03 × 105 407 5.95 × 107 4.12
4 2.92 × 106 42 761 2.10 791 4.34 × 105 567 5.30 × 107 4.62

series K
1 6.18 × 106 634 308 2.58 296 6.14 × 105 399 5.89 × 107 4.16
2 5.90 × 106 535 317 2.50 315 6.72 × 105 365 5.64 × 107 4.34
3 4.18 × 106 151 479 2.31 498 5.88 × 105 417 5.81 × 107 4.22
4 3.24 × 106 61 674 2.38 693 4.37 × 105 561 5.63 × 107 4.35
5 2.70 × 106 32 653 1.15 874 3.61 × 105 679 5.82 × 107 4.21

Figure 4. Dependence of the mean length Ln of the fiber
aggregates on the square root of polymer concentration cPPP
for sample series H (open symbols) and K (full symbols):
values of Ln for fixed polydispersity parameter k. The solid
line represents a fit by a linear function.
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nematic ordering in the aqueous solutions. Such a
nematic phase was not found for the PPP system
investigated here. On the basis of the Onsager theory,13

a critical concentration ccrit for an isotropic-nematic
transition can be estimated for uncharged stiff cylinders.
For cylinders with a length of 500 nm and a diameter
of 7.1 nm the concentration ccrit is ca. 7 g/kg. This
explains why no nematic phase is observed for the
present solutions. But in the investigated concentration
range a cluster formation can be assumed. The found
increase of the hydrodynamic radius RH,cluster (see Table
2) with increasing PPP concentration, i.e., with increas-
ing length L of the aggregates, is consistent with a
cluster formation. The tendency for a cluster formation
increases with increasing length and increasing particle
density.

Reliability of the Data Analysis. The reliability of
our data analysis was tested by comparing the results
for the hydrodynamic radius of the surfactant micelles,
RH,0, in a pure surfactant solution with the respective
value in the presence of the polymer. Such a comparison
is shown in Figure 5 for the sample series K, i.e., a
micellar C8E4 concentration cm,C8E4 ) 1.76 wt %. Values
of RH,0 were calculated from the diffusion coefficient
Dtr,micelle on the basis of the Stokes-Einstein relation,
using the viscosity of pure water. The values for the
mixed systems agree with those for the pure micellar
system within the errors. Thus, the result of this
comparison lends credibility to the data analysis of the
polymer solutions. For the sample series H the found
micellar hydrodynamic radius RH,0,micelles equals the
concentration dependence of RH,0,micelles of the respective
pure surfactant solutions.46 This is found for the PPP-
(12)/C12E6 and PPP(12)/C10G2 solutions, too.

DLS on PPP(12) in C12E6/H2O and in C10G2/H2O.
For solutions of PPP(12) in C12E6/H2O and in C10G2/H2O
the analysis of the measured intensity autocorrelation
functions described above is also applied. For 0.201 wt
% PPP(12) in 1.92 wt % C12E6/H2O the mean length is
Ln,k ) 2.5 ) 412 nm and the hydrodynamic radius is
RH,cluster ) 359 nm. The used diameter of the fiber
aggregates was d ) 7.6 nm (dTEM ) 6.4 nm and dH2O )
1.2 nm). The found hydrodynamic radius of the pure
C12E6 micelles in the polymer system is comparable with
the respective value of a pure C12E6/H2O solution (PPP-
(12)/C12E6/H2O: RH,C12E6 ) 6.65 ( 0.14 nm; pure aqueous

surfactant solution: RH,C12E6 ) 6.53 ( 0.1 nm). For 0.18
wt % PPP(12) in 2.01 wt % C10G2/H2O the mean length
is Ln,k ) 2.5 ) 390 nm and the hydrodynamic radius is
RH,cluster ) 338 nm. In this case the used diameter of
the fiber aggregates was d ) 7.1 nm. The found
hydrodynamic radius of the C10G2 micelles in the
polymer system is slightly higher compared to the
respective value of a pure C10G2/H2O solution (PPP(12)/
C10G2/H2O: RH,C10G2 ) 3.86 ( 0.19 nm; pure aqueous
surfactant solution: RH,C10G2 ) 3.14 ( 0.16 nm). For both
systems the found averaged length Ln,k ) 2.5 and RH,cluster
are of the same order of magnitude compared to the
system PPP(12) in C8E4/H2O.

B. Static Light Scattering. As derived from the
dynamic light scattering data analysis, the normalized
static scattering intensity R(q) is a sum of the three
contributions. The q dependence of the amplitudes ai-
(q) can be expressed by the respective form factors P(q)
weighted with the respective amplitudes ai(q)0) ≡
Ai

0 47

with F ≡ fiber, C ≡ cluster, and M ≡ micelle. The Ai
0

are proportional to the mass concentration ci, the
contrast factor Ki, and the apparent molar mass Mw,i,app
of the respective particles

The contrast factor Ki is given by Ki ) 4π2n0
2/λ0

4NA(dn/
dc)i

2, with the refractive index increment (dn/dc)i, the
wavelength λ0, and the refractive index of the solvent
n0.

The static model must be capable to describe the q
dependence measured in a static light scattering experi-
ment as well as the q dependence of the amplitudes ai-
(q) of the different types of particles found by analyzing
the DLS data with the dynamic model. The following
specific assumptions were made in the analysis of the
amplitudes ai(q): For the micelles a form factor of
monodisperse spheres was assumed (for the micelles the
effect of polydispersity is negligible, and P(q) ≈ 1 in the
entire q range). For the fiber aggregates a form factor
for cylinders with a Schulz-Zimm distribution for the
cylinder length is used. And finally the cluster scattering
contribution was described by a form factor of polydis-
perse spheres.

Analysis of the Amplitudes ai(q). As a second
consistency test of the present model we can take the q
dependence of the amplitudes a(q)micelle and a(q)cluster.
As we have set a(q)fiber to 1 during the fit of g2(τ), the
amplitudes a(q)micelle and a(q)cluster are given by the ratio
of the respective weighted static form factors

with the relative static amplitude Ai at q ) 0

Here, P(q)sphere,poly is the form factor of homogeneous
spheres with a Gaussian distribution of the sphere
radius.48 P(q)fiber,cylinder is the form factor of a homoge-

Figure 5. Hydrodynamic radius RH,0,micelles of C8E4 at 25 °C,
derived from the present measurements on sample series K
(open squares) and from the respective aqueous solution of
C8E4 (straight line). The thin straight lines indicate the
respective error boundaries.

R(q) ) AF
0P(q)F + AC

0P(q)C + AM
0 P(q)M (6)

Ai
0 ) KiciMw,i,app (7)

ai(q) )
AiP(q)sphere,poly

P(q)fiber,cylinder
(8)

Ai )
Ai

0

Afiber
0

(9)
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neous cylinder with a Schulz-Zimm distribution of
length Lw.48 The cross-sectional diameter d is of no
importance in the q interval probed in LS. The fit of eq
8 to the ai(q) reveals the relative static amplitudes Ai
of the micelles and clusters at q ) 0.

Figure 6 displays the relative amplitudes ai(q) from
the DLS data analysis and modeled by eq 8 for sample
H3. The model for the analysis of the static light
scattering data qualitatively predicts the relative am-
plitudes obtained from the DLS experiments. This is an
additional proof for the correctness of the used approach.

Analysis of the Rayleigh Ratio R(q). With the
information about the ratio of the three contributions
to the static scattering intensity, we can apply the sum
of the form factors to the measured R(q). Equation 6
with relative amplitudes (eq 9) reads

Note that the only parameters adjusted in eq 10 during
the fit are the static amplitude Afiber

0 , the polydispersity
for the cluster radius, and the polydispersity for the fiber
length Lc. All other parameters are taken from the
dynamic light scattering data analysis. In Figure 7 the
measured R(q) for sample H3 and in Figure 8 for sample
series K are shown in dependence on q. The measured
q dependence is very well described by the relative static

amplitudes Ai from the DLS data analysis. The found
static amplitudes Afiber

0 are listed in Table 3. For the
cluster radius values for the polydispersity of 18-25%
are found from the SLS data analysis. For the polydis-
persity of the fiber length Lc values for the polydisper-
sity parameter k of 1.2 < k < 1.8 are found, which is in
qualitative agreement with the values found for the DLS
data analysis. With the mass concentration c of the fiber
aggregates and the respective contrast factor K the
apparent molar mass of the fiber aggregates is calcu-
lated and listed in Table 3. From the apparent molar
mass Mw,fiber and the averaged length Lw from the DLS
analysis the linear mass density Mw/Lw of the fiber
aggregates can be calculated. The length of a monomer
unit of PPP(12) along the fiber axis is known (0.42
nm),21 and thus the apparent radial aggregation number
Nrad,app can be determined. The calculated averaged
length Lw and the calculated values of Nrad,app are listed
in Table 3, too. The values of Nrad,app show no significant
concentration dependence and are similar for both
sample series (H and K). The found value Nrad ) 21 is
in rather good agreement with Nrad ) 16 found by
Bockstaller and co-workers for the PPP-sulfonates in
aqueous solution.11,12 The lower value of 16 can be
explained by the repulsive interaction of the anionic
sulfonate headgroups and the lower alkyl chain density
in the core of their fiber aggregates. In the case of the
PPP-sulfonate, only every third benzene ring is substi-
tuted with a dodecyl alkyl chain. Both effects result in
a higher curvature and thus in a reduced cross-sectional
radius of the fiber aggregates, i.e., a lower value of Nrad.

Besides the static amplitudes Afiber
0 , the static ampli-

tudes Amicelle
0 are known from the SLS data analysis

(see eq 9). These values can be compared to the
respective value for a pure C8E4/H2O solution. This
comparison is shown in the lower part of Figure 7 for
sample H3 and of Figure 8 for sample series K. In all
cases, the static amplitudes from the data analysis fit
well to the directly measured static intensity R(q)micelle.
This is again a good verification for the consistency of
the applied data analysis procedure for the DLS and
SLS data. (Note that the accuracy of R(q)micelle is not
sufficient to determine the amount of C8E4 incorporated
into the fiber aggregates. This is done with SANS (see
ref 26).) For the systems PPP(12) in C12E6/H2O and in
C10G2/H2O the found values for Afiber

0 , Lw, and Nrad,app

Figure 6. Relative amplitudes ai(q) as a function of q for
micelles (open symbols) and cluster aggregates (dark symbols).
The lines represent the modeled q dependence according to
eq 8. The amplitudes are expressed relative to the amplitude
of the fiber aggregates.

Figure 7. Top: measured total static intensity R(q) (dark
squares) and model curve according to eq 10 (solid line) for
sample H3; bottom: measured static intensity R(q) for a pure
C8E4 solution (open squares) and the micellar contribution
Amicelle

0 from the model (dash-dotted line).

R(q) ) AF
0(P(q)cyli + ACP(q)sphere + AMP(q)sphere)

(10)

Figure 8. Top: measured total static intensity R(q) (dark
squares) and model curves according to eq 10 (solid lines) for
samples K1-K5 (from lowest to topmost curve); bottom:
measured static intensity R(q) for a pure C8E4 solution (open
squares) and the micellar contributions Amicelle

0 from the
model (dashed lines).
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are listed in Table 3, too. As already found in the DLS
data analysis, the values are of the same order of
magnitude compared to the PPP(12)/C8E4/H2O system.

V. Conclusion
We have studied the aggregation of an amphiphilic

2,5-disubstituted poly(p-phenylene) in micellar surfac-
tant solutions by a combination of static and dynamic
light scattering techniques. This mixed polymer-sur-
factant system contains distinctly different particles,
and the focus of the present article has been on methods
to derive structural information about one of these
particles in the presence of an excess of other particles
also exhibiting mesoscopic dimensions.

Cryo-TEM images of mixed aqueous solutions of the
polymer PPP(12) and a nonionic surfactant (C8E4 or
C12E6) indicate the existence of elongated and stiff
(fiberlike) aggregates of a contour length L > 200 nm
and a cross-sectional diameter of ca. 6 nm in the
presence of an excess of pure surfactant micelles. The
dynamic behavior of this system was studied by dy-
namic light scattering. The measured intensity auto-
correlation function comprises three contributions, which
can be attributed to the surfactant micelles, the fiber
aggregates, and an even larger entity, the nature of
which is not yet totally clear. From the observation that
the hydrodynamic radius RH of these entities increases
with increasing polymer concentration, it is proposed
that these particles may represent clusters of fiber
aggregates, as known from polyelectrolyte type poly(p-
phenylene) sulfonates11,12 below the isotropic-nematic
phase transition. The critical concentration ccrit of this
isotropic-nematic phase transition can be estimated on
the basis of the Onsager theory13 for stiff rods in
solution, which yields ccrit ≈ 7 g/kg for the present fiber
aggregates. Accordingly, the conjectured formation of
clusters and the absence of a nematic phase is consistent
with the prediction of the Onsager theory, as in our
study the highest polymer concentration was below 7
g/kg.

The contribution of the fiber aggregates to the DLS
intensity autocorrelation function was analyzed in terms
of a dynamic model of stiff rods, which shows that the
number-averaged length Ln, which is about 300-800
nm, scales with the polymer concentration according to
the power law L ∝ c0.5, as known for “living polymers”
(e.g., C12E5 in H2O).16 The polydispersity of the length

L can be represented by a Schulz-Zimm distribution.
On the basis of these results a static model is presented,
which describes the q dependence of the relative am-
plitudes from the dynamic light scattering data as well
as the Raleigh ratio R(q) from static light scattering.
This combined analysis of the DLS and SLS data leads
to the molar mass Mw of the fiber aggregates und thus
to the radial aggregation number Nrad ≈ 21.

The great length of the stiff fiber aggregates hints at
a lengthwise arrangement of the PPP backbones along
the fiber long axis. Thus, the present PPP(12)/surfac-
tant/water system represents a first example for an
uncharged poly(p-phenylene), exhibiting a lengthwise
aggregation of quasi-stiff molecules in selective solvents.

In conclusion, we have discussed strategies how light
scattering techniques can be used to determine proper-
ties of elongated fiber aggregates in the presence of
other scattering particles. Although the models used in
the analysis are specific for the present system, most
of the strategies can be adapted to account for other
types of complex mixed systems as well.

The internal structure of the aggregates will be
discussed in the second paper of this study.26
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(46) Fütterer, T.; Hellweg, T.; Findenegg, G. H. In Mesoscale

Phenomena in Fluid Systems; Case, F., Alexandridis, P., Eds.;
ACS Symposium Series 861; American Chemical Society:
Washington, DC, 2003; Chapter 8.

(47) Bender, T. M.; Lewis, R. J.; Pecora, R. Macromolecules 1986,
19, 244-245.

(48) Pedersen, J. S. Adv. Colloid Interface Sci. 1997, 70, 171-210.

MA050318H
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