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Oppositely charged polyelectrolyte (PE) surfactant mixtures allow the control of rheological parame-
ters of a solution even at fairly low concentrations. For example, addition of 0.3 wt. % of anionic
surfactant to a 1 wt. % solution of the polycation JR 400 increases the viscosity by 4 orders
of magnitude. Recently, we could show that this increase is related to the formation of mixed,
rod-like PE/surfactant aggregates which interconnect several polyelectrolyte chains [Hoffmann et al.,
Europhys. Lett. 104, 28001 (2013)]. In this paper, we refine our structural model of the aggregates to
obtain a more consistent picture of their internal structure for different anionic surfactants. Combining
small angle neutron scattering (SANS) and neutron spin-echo (NSE) allows us to determine the size
of the aggregates. By comparing different contrasts, the internal structure of the aggregates can be
elucidated and it is seen that the PE in the aggregates retains a relatively high freedom of movement.
We proceeded to investigate the influence of the surfactant concentration and the surfactant type
on structure and dynamics of the mixed aggregates. It is seen that the structural parameters of the
aggregates depend very little on the surfactant concentration and headgroup. However, it is crucial
to incorporate a sufficient amount of PE in the aggregates to increase the viscosity of the aggregates.
By comparing viscous samples at 1 wt. % PE concentration with samples at a PE concentration of
0.3 wt. %, where no significant increase in viscosity is observed, we find that similar aggregates
are formed already at this lower PE concentrations. However, the amount of PE incorporated in
them is insufficient to interconnect several PE chains and therefore, they do not increase viscosity.
So, our detailed investigation combining contrast variation SANS and NSE does not only allow
to explain the viscosity behavior but also to deduced detailed information regarding the structures
and the dynamics especially of the polyelectrolyte within the complexes. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4928583]

I. INTRODUCTION

Oppositely charged polyelectrolyte (PE) surfactant sys-
tems have gained quite some interest over the past few decades.
They can self assemble in a number of different structures,
depending on several parameters such as the concentration
of the components and their chemical nature which in turn
determine parameters such as the backbone rigidity of the PE
which consists of an intrinsic and an electrostatic part,1–4 the
surfactant head group, the length and diameter of the hydro-
phobic part of the surfactant, and the contour length of the PE
and its charge density.

These mixtures form complexes already at very low con-
centrations and the aggregation is usually driven by the release
of counterions. Mixing equimolar amounts of charges, precip-
itation is observed. However, if an excess of either surfactant
or PE charges is present, stable, clear solutions are formed
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where the precise amount of excess charge required (the phase
boundary) may vary largely from system to system.5–32

Fundamental scientific interest aside, such mixtures have
a number of applications, e.g., in cosmetics, detergency, drug
delivery, and oil recovery.5,33–36

In particular, mixtures of the cationically modified, cellu-
lose based PE JR 400 and several anionic surfactants showed a
remarkable increase of viscosity by up to 4 orders of magnitude
if the concentration of the PE was high enough, typically on
the order of 0.5 wt. %; such mixtures and similar systems have
been investigated previously to quite some extent.37–47 While
the viscosity is maximal at an excess of PE charges just next
to the phase boundary, the enhancement in viscosity is lost
if an excess of surfactant is added, i.e., when the precipitate
becomes dissolved again by surfactant. It might be noted that
a similar viscosity increase has been observed for the cationic
cellulose ether JR 400 upon addition of anionic polymers.48

In a recent investigation,49 we could relate the increased
viscosity to the formation of mixed rod-like aggregates, the
structure of which could be elucidated with small angle neutron
scattering (SANS) and neutron spin-echo (NSE) experiments.
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In particular, NSE allowed to determine the length of the
aggregates, which proved to be difficult using only SANS, as
the onset of the Guinier regime of the rod-like aggregates is
obscured by a structure peak. Additionally, it could be shown
that the PE in the aggregates retains its freedom of movement
to a significant part and is not frozen in them.

However, so far, a detailed relation between the observed
changes of the rheological properties and the mesoscopic struc-
ture is still missing. Therefore, we investigate here the effect
of PE and surfactant concentration and of different surfactant
types on the structure, composition, and dynamics of the aggre-
gates using SANS and NSE, taking advantage of the unique
ability of neutron scattering to vary the contrast by simply
changing the isotopic composition of the sample and thereby
rendering different parts of the structure visible. By doing
so, we aim at gaining a better understanding of the relation
between mesoscopic structure and macroscopic viscosity and
to derive a self-consistent picture of structure and dynamics in
such systems.

II. MATERIALS AND METHODS

SANS experiments were performed on the instruments
D11 at the Institut Laue Langevin (ILL) in Grenoble, France
and the instrument V4 at the Helmholtz Zentrum Berlin (HZB).
Measurements on D11 were done at a wavelength λ of 6 Å
and for sample-to-detector distances of 1.2, 8, and 34 m to
cover a range of the magnitude of the scattering vector Q from
0.018 to 5 1/nm (Q = 4π/λ sin(θ/2), with scattering angle θ)
while measurements on V4 were performed at a wavelength
of 4.57 Å at sample to detector distances of 0.84, 3.83, and
14.83 m to cover a Q-range from 0.06 to 7.6 1/nm. Trans-
missions were measured with the attenuated direct beam at 8
(D11) and 3.83 m (V4). Data reduction was performed with the
software Lamp (D11) and BerSANS50 (V4). In both cases, the
attenuated direct beam was used to obtain absolute intensities.

NSE experiments were performed on the instrument IN15
(ILL) with wavelengths of (longest Fourier time in paren-
theses) 10 Å (58 ns), 16 Å (206 ns), and 22 Å (598 ns) to cover
a Q-range from 0.18 to 1.6 1/nm. Details of the experiments
and the methods are explained elsewhere.29,51–53

Rheology measurements were performed on an Anton
Paar Physica MCR 501 (sodium dodecyl sulfate (SDS)) and
with a Malvern Instruments Gemini 200 HR (sodium dodecyl-
benzenesulfonate(SDBS)), both in cone-plate geometry.

JR 400 (Dow Chemical, USA, see Fig. 1) is a cationically
modified hydroxyethylcellulose (cat-HEC) with a molecular
weight of about 500 000 g/mol (polydispersity index (PDI)

FIG. 2. Different contrasts used in the experiments; in bulk contrast (hy-
drogenated compounds and deuterated solvent), both PE and surfactant are
visible; in pe contrast (hydrogenated PE, deuterated surfactant, and deuterated
solvent), only the PE is visible; in surfactant contrast (hydrogenated PE,
deuterated surfactant, and H2O:D2O 8:2 wt:wt as solvent), only the surfactant
is visible.

= 1.85,19 partial molar density in water 1.66 g/ml) and a
cationic group on 27% of the glucose units, resulting in 1000 g
of PE per mol of positive charges.54 Its overlap concentration
is 0.8 wt. %.47 Linear alkylbenzenesulfonate (LAS) (Sasol,
Germany) is an anionic surfactant, consisting of a benzenesul-
fonate headgroup and an alkyl chain with an average length
of 12 carbon atoms. It has an average molecular weight of
318 g/mol, determined by titration with NaOH. Equimolar
amounts of NaOH (97%, Merck, Germany) were added to
obtain sodium dodecylbenzenesulfonate (SDBS).

h-SDS (98.5%) and d-SDS (99.4% isotopic purity) were
purchased from Sigma-Aldrich and MSD Isotopes, respec-
tively, and were used without further purification.

Surfactant concentrations are given as Z = [polymer
charges]/[surfactant charges] or as molar concentrations. The
PE concentration was either 0.33 (below overlap concentra-
tion) or 1 wt. % (above overlap concentration). Solutions for
neutron scattering experiments were prepared in either D2O
(99.9% isotopic purity, Euriso-top, France) or a mixture of
H2O and D2O (8:2 wt:wt). Solutions for rheology experiments
were prepared in H2O from a Millipore System. In the contrast
matching experiments, 3 different contrasts were used: Full
contrast with h-SDS and D2O as solvent where everything
is visible, PE contrast with d-SDS and D2O, where only the
PE is visible, and finally, surfactant contrast with d-SDS and
H2O:D2O (8:2 wt:wt, see Fig. S155 for the quality of the
matching), where only the surfactant is visible (see Fig. 2).
Experiments with SDBS have only been performed in full
contrast.

III. RESULTS AND DISCUSSION

Adding rather small amounts of anionic surfactant to
semidilute mixtures of the cationically charged PE JR 400

FIG. 1. Chemical structure of JR 400 (x = 0.27) and the surfactants SDS and SDBS.
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FIG. 3. Zero shear viscosity of mixtures of 1 wt. % JR 400 and surfactant
as a function of surfactant concentration; on the PE rich side, the viscosity
increases dramatically. On the surfactant rich side, the viscosity is reduced
even below the value of the pure PE.

has a quite dramatic influence on the viscosity of the system
(see Fig. 3 and Ref. 46). As long as an excess of PE is
present, a quite dramatic increase in viscosity can be observed
until the system starts to form a solid precipitate around the
charge equilibrium. Adding a large excess of surfactant, the
precipitate is redissolved and the viscosity drops even below
that of the pure PE solution at that concentration. In addition,
viscous solutions with an excess of PE near the phase boundary
show shear thinning behaviour,47 implying that the solution
has some structure, which becomes aligned or destroyed when
applying sufficient shear.

In this paper, we explore, how different surfactants and
surfactant concentrations affect the composition and the length
of the rod-like aggregates as much as the freedom of movement
of the PE in the aggregates. In addition, the influence of the
PE concentration will be investigated. By doing so, we aim at
deriving a self-consistent picture of structure and dynamics in
such systems and address the question of the structural origin
of the largely increased viscosity.

A. Structure and dynamics of pure polyelectrolyte
solution

Theory56–58 predicts an intermediate scattering function
with a fast and a slow mode for PEs at high Q. However, the
fast mode related to the motion of counterions is not in the
observable time window for NSE and the intensity stemming
from the counterions is negligible anyway. Therefore, only
the slow mode is observed at high Q. At Q smaller than the
polyelectrolyte peak, the 2 modes should not be decoupled
and the apparent diffusion coefficient should decrease with
increasing Q to reach a plateau. The corresponding diffusion
coefficient has been related to the segment length59 or the
distance between two self-knots.60 At even higher Q, a linear
increase of the apparent diffusion coefficient is expected due
to hydrodynamic interactions and internal chain dynamics.
Following, e.g., Akcasu, Benmouna, and Han,61 this increase
of the apparent diffusion coefficient persists up to a Q value of

about Qa ≈ 1, where a corresponds to the Kuhn length and a
transition to diffusive behaviour is observed.

What is observed for the intermediate scattering function
of JR 400 is essentially a monoexponential decay over the
investigated Q range (see Fig. S255). The apparent diffusion
coefficient Dapp obtained from fitting a single exponential of
the form S(Q, t) = exp(−DappQ2t) increases linearly with Q
(see Fig. S355). Such behaviour was previously also observed
in polymer solutions62 or microgel particles63 and is due to
hydrodynamic interactions and internal chain dynamics.

The lacking decrease of the diffusion coefficient at low Q
can be understood, when considering that the concentration
of the PE is quite low and only a very shallow peak can be
observed around 0.4 1/nm, which is in addition at the low end
of the NSE Q range.

Therefore, we can describe the intermediate scattering
function as a combination of translational diffusion and hydro-
dynamic interactions. To account for the latter, Dubois-Violette
and de Gennes64 derived an approximate form of S(Q, t) for a
Zimm chain,65 which reads

SZimm(Γ,Q, t) =
 ∞

0
du exp

�
−u − (Γt)2/3h(u/(Γt)2/3)�

h(u) = 2
π

 ∞

0
dx cos(xu)

× (1 − exp(−x3/2/
√

2))/x2

Γ =
kBT

6πηapp
Q3.

(1)

The only free parameter in this expression is the apparent sol-
vent viscosity ηapp. Additionally accounting for translational
motion, data have been fitted to

S(Q, t) = exp(−DtQ2t)((1 − A(Q)) + A(Q)SZimm(Γ,Q, t)),
(2)

where Dt is the translational diffusion coefficient and A(Q) is
the amplitude of the hydrodynamic contribution. This amounts
to 2 global parameters (Dt and Γ/Q3) and one additional
free parameter A(Q) for every Q value. Even though the
JR 400 chain has a relatively long persistence length, the
increase of the apparent diffusion coefficient continues beyond
the measured Q range. However, while usually an isotropic
segment with a length similar to its radius is assumed, here
we are dealing with strongly anisotropic segments, and appar-
ently their radius is of greater significance than their length
in determining the crossover between the Dapp ∝ Q and the
Dapp = const. region. Good fit results are obtained (see Fig.
S255) using Eq. (2) with A(Q) being almost constant within
error with a value of about 0.5 (see Fig. S455). The obtained
value of Γ/Q3 is 132 Å3/ns, which corresponds to an apparent
viscosity of 1.66 mPa s, which is slightly above the viscosity
of D2O. The diffusion coefficient Dt obtained from the fit is
5.1 Å2/ns corresponding to a length scale of 3.8 nm.

The static scattering of the PE can be described as thin rods
with a length of 6.5 nm and a radius of 0.8 nm and power law to
account for the decrease in intensity with increasing Q at low Q
(see Fig. 4). The relatively long persistence length is expected
for such an intrinsically stiffPE20 and similar observations have
been made for similar compounds.4
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FIG. 4. SANS curves of SDS/JR 400 1 wt. %, full contrast, at charge ratios
indicated in the graph and 1 wt. % JR 400. The arrow indicates the location
of the kink, which is characteristic for the radius of the mixed aggregates.

B. Influence of the surfactant concentration
on SDS/JR 400 and SDBS/JR 400 aggregates

Addition of SDS or SDBS to solutions of 1 wt. % JR 400
causes the formation of rod-like structures, which can be seen
in the SANS curves from the Q−1 slope at high Q (>0.5 1/nm,
see Figs. 4 and S555). At low Q, large clusters which were
already observed in the pure PE solution are still present. It
has been claimed that their formation is due to counterion
entropy.66–68 If the amount of surfactant is sufficiently close
to the phase boundary, a broad peak can be observed around
0.1 1/nm. This peak makes it difficult to observe the length of
the rod like aggregates.

We performed measurements with different contrasts to
resolve the internal structure of the aggregates as different
features are seen in different contrasts (see Fig. 2). The rod-
like aggregates are similarly observed in all contrasts (see Figs.
S6–S1155). This means that they have a relatively homoge-
neous structure along their long axis and that they consist of
both PE and surfactant. The kink at about 2 1/nm indicated by
the arrow in Fig. 4, which is the characteristic of the radius of
the rods, is situated at slightly higher Q in surfactant contrast
(see Figs. S8 and S955). This indicates that the radial structure is
not entirely homogeneous and the PE is preferentially located
at the outer part of the rods.

To describe the high Q part of the SANS curves in detail,
we chose to refine our model of homogeneous rods from
previous publications.46,47,49 In contrast to those, here we
describe the cross-sectional structure of the rods with a core-
shell model. The rods have an outer shell of outer radius R0
and inner radius R1, which consists purely of polyelectrolyte.
Below the outer shell, a mixed layer of outer radius R1 and inner
radius R2 consisting of both polyelectrolyte and surfactant is
present. The core has an outer radius R2 and consists purely
of surfactant (see Fig. 5). The polyelectrolyte is either free
or incorporated in the mixed aggregates, so that the scattering
intensity at high Q is given by

IhQ =
φsurf + xpaφpe

Vagg
Pagg +

(1 − xpa)φpe

Vpe
Ppe, (3)

FIG. 5. The cross section of the rod-like aggregates is described as a core
consisting of only surfactant, a mixed layer consisting of PE and surfactant,
and an outer shell consisting of only PE. The resulting scattering length
density profile is shown on top for different contrasts; black line: full contrast,
dashed red line: PE contrast, dashed-dotted blue line: surfactant contrast, and
the contrast of the mixed layer shown here assumes that it consists of equal
amounts of PE and surfactant.

where φsurf and φpe are the volume fraction of the surfactant
and the polyelectrolyte, respectively, and xpa is the fraction
of the polyelectrolyte volume fraction which is incorporated
in the aggregates. Vagg and Vpe are the volume of the mixed
aggregates and the small rods, which describe the scattering of
the pure polyelectrolyte and Pagg and Ppe are their form factors
(see Eq. (4)), where the latter describes the chain scattering.
For both Pagg and Ppe, the form factor for randomly oriented
core-shell rods with n shells in radial direction (Pagg: 2 shells,
Ppe: 0 shells) is used,

P(Q,R0, ...,n,∆SLD0, ...,n,L) = *
,

n
i=0

F(Q,Ri,∆SLDi,L)+
-

2

, (4)

with the radii of the shells Ri and the corresponding scatter-
ing length density differences ∆SLDi, where ∆SLDi = SLD(R
< Ri) − SLD(R > Ri). The thickness of a shell i is given by
Ri − Ri+1, where R0 is the outer radius and Rn is the radius of
the core. The scattering amplitude of a rod is given by

F(Q,R,∆SLD,L)
= πR2L ∆SLD

 1

0

4J1(Q,R
√

1 − x2) sin(QLx/2)
Q2R
√

1 − x2Lx
dx,

(5)
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where J1 is the first order Bessel function of the first kind and
the scattering intensity is given by I = 1N P · S + Iinc, where
Iinc is the incoherent scattering intensity, S is the interparticle
structure factor, and 1N is the particle number density. For
monodisperse particles, it is related to the volume fraction φ
by 1N = φ/Vp, where Vp is the volume of the particle (for the
polydisperse case, the number average of Vp). Equation (3)
assumes that all of the surfactant is in the aggregates, which
is a valid assumption, as the critical aggregation concentration
(the surfactant concentration at which the surfactant starts ad-
sorbing on the PE) is known to be several orders of magnitude
smaller than the critical micelle concentration (cmc).19 The
form factor of the PE in its native state is assumed to remain
unchanged, in order to keep the number of free parameters
small.

Assuming that the aggregates are homogeneous along
their long axis, the fraction of PE and surfactant in the mixed
middle shell of the aggregates is related to the radii of the inner
shells R1 and R2 via the circular cross sectional area. Given a
circle of radius R0 and a shell with outer radius R1 and inner
radius R2, where R0 > R1 > R2 (see Fig. 5), the fraction of the

area of the circle covered by the shell is given by x =
R2

1−R
2
2

R2
0

.
In the mixed aggregates, the fraction of the area (and, as we
assume a homogeneous structure, also the volume) is deter-
mined by the fraction of surfactant (xmix,s) and polyelectrolyte
(xmix,pe) in the mixed shell, and the rest of the polyelectrolyte
in the aggregates, 1 − xmix,pe, is in the outer shell. The radius
of the surfactant core R2 is given by

R2 =


1 − xmix,sR0, (6)

and the radius of the mixed shell is given by

R1 =


(xmix,s + xmix,pe)R2

0 + R2
2. (7)

Note that xmix,pe is the fraction of PE in the mixed shell of
the polyelectrolyte in the aggregates, so that φmix,pe = xpaxmix,pe

φpe. This model was chosen over a simple homogeneous rod
(xmix,s = 1 and xmix,pe = 1) or a core-shell structure without a
mixed middle layer (xmix,s = 0 and xmix,pe = 0) as it turned out
that the mixed shell was necessary to always obtain a good
description with the same set of parameters for all contrasts
at a given surfactant concentration. While R0 and xpa can be
deduced from measurements in full or PE contrast, xmix,s and
xmix,pe have almost no effect in these measurements. Their
effect only becomes visible in surfactant contrast (see Fig. 6).
This also explains why we were able to describe both the data
from full and PE contrast with the same set of parameters but
needed to assume a different radius for the description of the
data with matched PE in our previous publication.49

Fitting Eq. (3) to the data with xpa, xmix,s, and xmix,pe and
R0 as free parameters (where the same set of parameters is used
for all contrasts) yields relatively constant and robust values of
about 2 nm for the outer radius of the aggregates (see Fig. 7),
where aggregates with SDBS seem to yield slightly larger radii.
Measurements in surfactant contrast suffer from a relatively
low overall contrast and a high incoherent background, due
to the high fraction of H2O in the solvent in addition to the
generally low scattering intensity owing to the low surfactant
concentrations (less than 3.5 mM) in the samples. Therefore,

FIG. 6. Different contrasts with different values for xmix,s and xmix,pe: black:
full contrast, red: PE contrast, green: surfactant contrast. Full lines: xmix,s,
xmix,pe= 0; dashed-doted lines: xmix,s, xmix,pe= 0.5; dashed lines: xmix,s,
xmix,pe= 1. While the distribution of the material in the aggregates has only
little effect on the scattering curve in full and PE contrast, it can be easily seen
in surfactant contrast. Other parameters as for 1 wt. % JR 400, Z= 3 (SDS),
see Table S I,55 Slor= 1, Apl= 0.

only for the 2 highest SDS concentrations, SANS curves have
been recorded in that contrast. It can be seen that the mixed
layer accounts for the most part of the aggregates and only a
relatively thin outer layer of pure PE and surfactant core re-
mains. Another interesting observation, especially in the light
of recent findings concerning the importance of hydrophobic
interaction for the solubility of cellulose by Lindman, Karl-
ström, and Stigsson69 and Medronho et al.,70 is the vanishingly
small surfactant core R2 (Fig. 7). This means that the water
soluble PE can be found throughout the hydrophobic surfactant
core. Merta et al.71 investigated complexes from pDADMAC
and sodium palmitate. They also observed rod-like particles
and using deuterated sodium palmitate, they found a core-shell
structure with an outer PE shell and a surfactant core. However,

FIG. 7. Radii of aggregates as a function of surfactant concentration (bottom)
and charge ratio (top) for SDS and SDBS at a JR 400 concentration of 1
wt. %; the radius is relatively constant and SDBS aggregates are slightly
larger. The inner radii R1 and R2 are only shown for the highest surfactant
concentrations, where measurements in surfactant contrast were performed.
The PE penetrates relatively deeply into the aggregate and leaves only a
vanishingly small surfactant core and a small corona with only PE.
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FIG. 8. Fraction of PE in aggregates xpa as a function of surfactant concen-
tration (bottom) and charge ratio (top) for SDS and SDBS; at lower surfactant
concentrations, SDBS is generally more efficient in incorporating PE in the
aggregates.

the core radii were somewhat small for the surfactant used. It
is quite possible that they observed a similar structure as found
here, where the PE penetrates deeply into the surfactant core,
which results in values a bit too small for the surfactant core,
when described with a model with only a single shell.

The fraction of bound PE xpa increases as the surfactant
concentration increases for both SDS and SDBS (see Fig. 8).
However, at low concentrations, SDBS seems to be signifi-
cantly more efficient in binding PE in the aggregates. This can
be understood when keeping in mind that the head group of
SDBS is more hydrophobic than that of SDS, and SDBS forms
rod-like micelles more easily, upon adding salt. For example,
200 mM NaCl at 25 ◦C is sufficient to significantly increase
the size of SDBS micelles at 70 mM surfactant while even
300 mM of NaCl is insufficient to achieve the same effect with
SDS micelles at the same concentration and temperature (see,
e.g., Table I of Mazer, Benedek, and Carey72 and Table II of
Cheng and Gulari73). An interesting detail is revealed, when
converting xpa to the ratio of charges in the aggregates (cpa

= φpexpaρJR400/MJR400, with ρJR400 = 1.66 g/ml and MJR400
= 1000 g/mol) cpa/cs. At low surfactant concentrations, aggre-
gates with SDBS have an excess of positive PE charges, while
SDS aggregates have an excess of surfactant charges. As more
surfactant is added, the aggregates are almost neutral before
they precipitate at Z < 3 (see Fig. 9).

At low Q, an additional increase in intensity with decreas-
ing Q is observed, which is due to the formation of large,
loosely bound PE clusters.66–68,74 This increase in intensity can
be described with a power law with an exponential cutoff. If
the surfactant concentration is sufficient, a broad peak can be
observed, which makes it impossible to determine the length of
the aggregates. In our empirical approach, this correlation peak
is described by a Lorentzian structure factor Slor. The resulting
scattering intensity is given by

I = IhQSlor + AplQ− f exp(−Q/Qcut), (8)

where Apl is the amplitude of the power law, f is its exponent
and Qcut determines the cutoff of the power law, and IhQ is

FIG. 9. Ratio of PE charge concentration to surfactant concentration in
aggregates with 1 wt. % JR 400 as a function of surfactant concentration
(bottom) and charge ratio (top) for SDS and SDBS, and the dashed line
indicates charge equilibrium; while aggregates with SDBS have an excess of
PE charges, aggregates with SDS have an excess of surfactant charges. Close
to the phase boundary, the aggregates are almost uncharged in both cases.

given by Eq. (3). The Lorentzian peak is given by

Slor =
Alorσ

(Q − 2π/Rlor)2 + σ2 + 1, (9)

where Alor determines the peak height, σ determines its width,
and Rlor determines the peak position (and is given by the
concentration of rods: Rlor =

1N−1/3, where 1N is the particle
number density of the rods). However, the length of the aggre-
gates needs to be known to disentangle the contribution from
the large low Q clusters and the smaller rod-like aggregates.
For somewhat higher surfactant concentrations (Z < 6), it is
not clear from the SANS measurements if the rod-like aggre-
gates are very long and the slope at very low Q is due to their
form factor or if they actually reach a plateau near the position
of the peak (see, e.g., Fig. 4).

Therefore, NSE measurements were performed to investi-
gate the dynamics of the systems, which also depends strongly
on the length. In the Q region where the static scattering is
dominated by the rod-like aggregates, the apparent diffusion
coefficients, which are obtained by fitting an expression of the
form S(Q, t) = exp(−DappQ2t) to the intermediate scattering
function, are relatively constant, which means they show diffu-
sive behavior and it is reasonable to assume that the observed
effect is the diffusion of the rod-like aggregates. At smaller
Q or when using longer wavelengths, which allow to access
longer Fourier times, a smaller Dapp is observed, because the
relaxation of the large aggregates becomes visible. At higher
Q, when the static scattering is dominated by the PE chains,
Dapp increases. See Fig. S355 for an example.

The diffusion of a rod can be described with the Broersma
equation75 for the translational (Drod) and the rotational (Θrod)
diffusion coefficient,

Drod =

(
kbT

3πηL

)
(δ − 0.5(γ∥(δ) + γ⊥(δ))),

Θrod =

(
3kBT
πηL3

)
(δ − ζ(δ)),

(10)
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where δ = ln(L/R), γ∥ = 1.27 − 7.4(1/δ − 0.34)2, γ⊥ = 0.19
− 4.2(1/δ − 0.39)2 and ζ = 1.45 − 7.2(1/δ − 0.27)2. This re-
sults in an intermediate scattering function with 2 decays,

Srod(Q, t)= s0(Q) exp(−DrodQ2)
+ s1(Q) exp(−(DrodQ2 + 6Θrod)t), (11)

with the amplitudes

s0(Q) = *.
,

2
QL

 QL
2

0
J0(z) dz+/

-

2

,

s1(Q) = 5*.
,

1
QL

*.
,
−3J1

(
QL
2

)
+

 QL
2

0
J0(z) dz+/

-

+/
-

2

,

(12)

where Jn is the nth order spherical Bessel function. For the sake
of computational simplicity, the diffusion of the PE is described
with its linearly Q-dependent apparent diffusion coefficient
and the unnormalized intermediate scattering function reads

S(Q, t)= φsurf + xpaφpe

Vagg
Pagg · Srod(Q, t,R0,L)

+
(1 − xpa)φpe

Vpe
Ppe · exp(−Dapp,pol(Q)Q2t), (13)

where Pagg is the form factor of the rod-like aggregates and
Ppe is the form factor of the chains. With all parameters except
the length of the aggregates L known from SANS, it is now
possible to obtain the length from fitting the NSE data us-
ing Eq. (13). Fitting the different Q values separately yields
relatively constant values for L for Q values above 0.4 1/nm
for both SDS and SDBS (see Figs. 10 and S12–S1555) when
using a wavelength of 10 Å, which does not reach Fourier
times long enough for the relaxation of the large clusters to
have an effect on S(Q, t). Therefore, the 10 Å data were fitted
simultaneously using only a single L for all curves (see Figs.
11 and S16–S2055) and the 16 and 22 Å measurements have
been omitted as they are influenced by the relaxation of large
clusters. The results are summarized in Fig. 12. The lengths

FIG. 10. Lengths of aggregates obtained from fits as a function of Q, for
SDS/JR 400, 1 wt. % at the charge ratio indicated in the graph; open symbols:
10 Å, closed symbols: 16 or 22 Å wavelength; at low Q and using longer
wavelengths, which allows to reach longer Fourier times, the lengths obtained
from the fits are starting to increase due to the influence of larger clusters. The
lengths obtained from samples with deuterated surfactant are significantly
shorter, which is due to the mobility of the PE within the aggregates.

FIG. 11. Intermediate scattering function of SDBS/JR 400 1 wt. %, Z = 3;
lines are fits to Eq. (13) with L as the only free parameter.

obtained for different concentrations are relatively constant,
and only at the lowest surfactant concentration, they seem
to become a little shorter and SDS aggregates appear to be
somewhat longer than SDBS aggregates. As the structure peak
is less pronounced for SDBS/JR 400 aggregates, it is possible
to determine the length with SANS at sufficiently low SDBS
concentrations and the agreement with the results from NSE at
higher SDBS concentrations is remarkably good (see Fig. 12).
It is somewhat surprising that the rod-like SDS aggregates are
longer than the SDBS aggregates, despite the latter forming
rod-like micelles upon addition of less salt.72,73 However, while
the model of homogeneous rods fits the SDBS data almost
perfectly (see Fig. S555), some slight deviations can be seen in
the SDS data, which hint towards some slight heterogeneities
along the rod-like aggregates (see Fig. 4). So, while SDS forms
longer rods, SDBS forms more homogeneous rods.

It could be expected that NSE data of the same samples
in PE contrast could be described using the same parameters,
only adapting the contrasts. However, looking at Figs. 10 and
S12–S14,55 it is found that the lengths obtained with d-SDS

FIG. 12. Lengths of aggregates obtained from fits as a function of surfactant
concentration (bottom) and charge ratio (top) for SDS (all from NSE) and
SDBS at a JR 400 concentration of 1 wt. %; the length of the aggregates
is relatively constant with concentration, and SDBS aggregates are slightly
shorter than SDS aggregates.



074902-8 Hoffmann et al. J. Chem. Phys. 143, 074902 (2015)

are systematically shorter, than those obtained with h-SDS,
which means that the relaxation is faster than it should be.
This can be attributed to the PE in the aggregates not being
tightly bound and retaining part of its freedom of movement.
Therefore, NSE allows to obtain additional information on the
internal structure of the aggregates and to quantify the fraction
of the PE which can still move in the aggregates; Srod in Eq. (13)
has been replaced by

Srod,free(Q, t)=Srod(Q, t)((1 − afree)
+ afree exp(−Dapp,pol(Q)Q2t)), (14)

where afree is a measure for the fraction of freely moving PE in
the aggregates and we assume that the dynamics of the “free”
PE in the aggregates is the same as for the completely unbound
PE. Therefore, Dapp obtained from the linear fit to the data from
the pure PE (see Fig. S355) was used. The NSE data with d-
SDS have been fitted with the length obtained from the samples
in full contrast with afree as the only free parameter (see Figs.
S21–S2455) and the results are summarized in Fig. S25.55 The
parameter seems to increase slightly with decreasing surfactant
concentration, which means that the PE is more tightly bound
at higher surfactant concentrations. It is tempting to compare
afree to the fraction of PE in the mixed layer xmix,pe but the
fraction of PE in the outer shell is significantly larger, which
means that here one is not really seeing the same.

Knowing the lengths of the aggregates, we proceeded to
fit the remaining parameters of Eq. (8) to the SANS curves, to
obtain an expression which describes the whole Q-range. Rlor

was calculated from the known particle number density of the
aggregates 1N ,

1N =
φsurf + xpaφpi

Vagg
, (15)

Rlor =
1N−1/3. (16)

The fact that this approach describes the peak position rela-
tively well supports the hypothesis that the peak does stem
from correlations between different rodlike aggregates. The
fractal dimension f of the low-Q increase in intensity ap-
pears to decrease upon the addition of surfactant (see Tables
S I–S III55). This might indicate that the large clusters adapt a

FIG. 13. SANS curves of SDS/JR 400 0.33 wt. % at charge ratios and
contrasts indicated in the graph.

FIG. 14. Number of PE chains per cross sectional area of the aggregates
for the surfactants and PE concentrations indicated in the graph calculated
according to Eq. (17).

somewhat more stretched conformation. However, the values
differ from contrast to contrast and the exact value may depend
on experimental parameters such as the shear history of the
sample which have not been controlled.

C. Influence of PE concentration

To gain a better understanding of the structural reasons for
the highly enhanced viscosity, we performed additional SANS
measurements at a PE concentration of 0.33 wt. % which is
below the overlap concentration and charge ratios of 3 and 4,
where no pronounced effect on viscosity can be observed. The
SANS curves look qualitatively similar, with rod-like aggre-
gates forming (see Fig. 13). However, fitting the data shows
that xpa is related to the overall surfactant concentration rather
than the charge ratio (see Figs. S26 and S2755) and at lower
PE concentrations, the surfactant is significantly less efficient
in binding PE in aggregates even close to the phase boundary,
which is a bit below Z = 3 for these low PE concentrations as
well. Therefore, the amount of PE bound in the aggregates does
not only decrease linearly with PE concentration at a given
charge ratio but rather quadratically, if we assume that xpa

scales roughly linearly with the surfactant concentration. The
number of PE chains per cross sectional area of the aggregates
calculated as

Nc =
φpa/(φpa + φs)

R2
pe/R2

0

(17)

is shown in Fig. 14. So, for a strongly increased viscosity, it is
not only necessary that enough aggregates are formed but that
they also need to have the right composition.

D. Summary

We have investigated aqueous complex forming mixtures
of the cationic, cellulose based PE JR 400 with the anionic
surfactants SDS and SDBS at different concentrations with
SANS and NSE. Such solutions show a remarkable increase
in viscosity at sufficiently high PE concentration (>0.5 wt. %)
and upon approaching the phase boundary induced by surfac-
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tant addition. To gain deeper insight into the mesoscopic struc-
ture, we were comparing 3 different contrasts for the SDS/JR
400 system. In full contrast both PE and surfactant are visible.
In PE contrast only the polyelectrolyte is visible and in surfac-
tant contrast, the scattering length of the PE is matched, so
that only the surfactant is visible. This was done by using
deuterated SDS instead of hydrogenated SDS and by changing
the isotopic composition of the water.

SANS measurements show the formation of mixed rod-
like aggregates, which interconnect several PE chains, thereby
enhancing the viscosity. At a PE concentration of 1 wt. %,
both SDS and SDBS are able to significantly enhance the
viscosity, where viscosities with SDBS containing samples are
somewhat higher. This is reflected in the SANS data, as it is
seen that SDBS is slightly more efficient in binding the PE in
aggregates and the fraction of PE in the aggregates increases
with surfactant concentration. Contrast matching shows that
the PE is preferentially located on the outside of the aggregates
but penetrates deeply into the surfactant core of the aggregates.

An interaction peak and large scale clusters render it very
complicated to discern the length of the aggregates from the
SANS data in most cases. Therefore, NSE measurements were
performed, from which the length of the rods could be deter-
mined using the Broersma equation.75 The rods are on the order
of 40 nm in length, with little changes with surfactant concen-
tration. Additional measurements with deuterated surfactant
made it possible to show that the PE in the aggregates is still
free to move to some extent, where this is more pronounced at
lower surfactant concentrations.

Measurements at lower PE concentration but the same
ratio between PE and surfactant demonstrate that the fraction
of PE incorporated in the aggregates depends on the surfactant
concentration rather than the ratio between PE and surfactant,
which means that the amount of PE in aggregates drops quite
rapidly with concentration. Therefore, in addition to having
less aggregates in the solution, the aggregates are not able
to interconnect several PE chains and hence are not able to
increase the viscosity (see Fig. 15).

In summary, by combining SANS and NSE, we have
gained a significantly improved understanding of the meso-
scopic origins of viscosity enhancement in these oppositely
charged PE/surfactant complexes. This detailed structural pic-
ture is complemented by the finding that the PE chains in such
complexes still have a remarkably high degree of mobility,
despite the largely enhanced viscosity. The improved quantita-

FIG. 15. At low PE concentrations, the fraction of PE in the aggregates is too
low to form a significant amount of cross-links between different PE chains
(left), whereas at higher concentrations, the aggregates act as cross-links as
they connect several PE chains.

tive understanding of such PE/surfactant complexes then will
be instrumental for developing their applications in various
fields of formulations forward.
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