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ABSTRACT: Mixtures of oppositely charged polyelectrolyte
(PE) and surfactant show rich structural behavior. The
dynamics of such self-assembled structures can be quite
complex. For example, using dynamic light scattering (DLS),
we observed a slow collective relaxation mode for mixtures of
the cationically charged PE JR 400 and the anionic surfactant
SDS if the concentration of the system is sufficiently high and
a small excess of PE charges is present. A similar mode is
observed by using fluorescence correlation spectroscopy
(FCS). However, a large quantitative discrepancy is observed
between the values obtained from DLS and FCS. In this paper, we are investigating the connection between these slow
relaxation modes and the formation of large micrometer sized structures which have been investigated using ultrasmall-angle
neutron scattering (USANS), and the discrepancies between results from DLS and FCS are explained.

■ INTRODUCTION

Mixtures of oppositely charged polyelectrolytes (PEs) and
surfactants show rich self-aggregation behavior and can be
found in formulations for detergency,1 oil recovery,2 and
cosmetics3 and therefore have attracted much interest over the
past decades.4−23

Depending on the composition of the sample, the charge
density and backbone rigidity of the PE and the packing
parameter of the surfactant different shapes of aggregates are
observed.24−26 For example, pearl-necklace structures, rodlike
aggregates, or lamellar structures can be observed in
polyelectrolyte−surfactant complexes (PESCs).
Some of these PESCs show a remarkable increase in

viscosity, while others have only very little influence on the
rheological behavior of the system. In particular, mixtures of
several anionic surfactants and the cationically modified
hydroxyethyl cellulose JR 400 greatly increase the viscosity
of solutions,27 while other quite similar systems have only very
little effect. An example for such a situation is hyaluronate,
where the addition of oppositely charged surfactant has
basically no effect on the viscosity.28 In contrast, for the
addition of dodecyltrimethylammonium bromide (DTAB) to
poly(acrylic acid) (PAA) a substantial decrease of the viscosity
upon DTAB addition has been reported.29

Of course, of central importance for the understanding of
the properties of self-assembled systems is the mesoscopic

structure.30 In some of the systems, where no large impact on
viscosity is observed, PESC superstructures are formed in the
form of clusters of PE/surfactant aggregates28,31−35 with sizes
on the order of a few 100 nm, while in SDS/JR 400 and
SDBS/JR 400 scattering from large clusters beyond the range
accessible by small-angle neutron scattering (SANS) is
observed. In addition to a faster relaxation related to the size
of the primary aggregates, a slow mode is seen in DLS which is
related to the relaxation of the clusters.36−39 In general, one
may speculate that this slow mode seen in PESCs might be
related to that observed for pure polyelectrolyte solutions
where also the presence of large domains/inhomogeneities has
been claimed.40−42

In previous publications we performed SANS and NSE
measurements on highly viscous SDS/JR 400 mixtures and
observed the formation of rodlike aggregates with a length of
about 50 nm,43,44 by applying the Broersma equation for the
diffusion of rodlike particles.45 As opposed to the radius, the
length of the rodlike aggregates could not be simply obtained
from SANS, as the scattering from the rods is buried under the
scattering from larger clusters. It was found that the rods
interconnect multiple JR 400 chains, thereby causing the
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formation of large clusters, which explains the increase of the
viscosity of the solution.
In the present paper we investigate these large clusters

apparently formed in JR 400/SDS mixtures and their relaxation
in detail as their larger size in comparison to other systems
where clusters of only a few 100 nm were observed might be
related to the increased viscosity observed in mixtures of JR
400 and anionic surfactants. For that purpose we combined a
variety of dynamic methods like neutron spin-echo (NSE)
spectroscopy, dynamic light scattering (DLS), and fluorescence
correlation sprectroscopy (FCS) with the corresponding static
methods, such ultrasmall-angle neutron scattering (USANS)
and SANS.

■ MATERIALS AND METHODS
Methods. Small-angle neutron scattering (SANS) measurements

were performed using the NG7SANS instrument (NCNR, NIST,
Gaithersburg, MD). The Q-range (Q = 4π/λ sin(θ/2), where θ is the
scattering angle) of 1 × 10−2 to 5 1/nm was achieved using three
standard detector geometries (1 m with an 0.25 m detector offset, 4
m, and 13 m) with 6 Å neutrons and the neutron lens setting at 8.13
Å neutron wavelength. The samples were housed in 5 mm standard
cell holders with quartz windows and measured for 60 min. Scattering
data were normalized for the sample transmission and background
corrected using a quartz cell with D2O and also corrected for the
linearity and efficiency of the detector response using the NCNR Igor
macros.46

Ultrasmall-angle neutron scattering (USANS) measurements of the
samples were performed using the BT5 instrument (NIST Center for
Neutron Research (NCNR), National Institute for Standards and
Technology (NIST), Gaithersburg, MD). A Q-range of 3 × 10−4 to
0.001.1 × 10−2 1/nm was achieved using a Bonse−Hart type double
crystal diffractometer with a wavelength (λ) of 2.4 Å (Δλ/λ = 6%) in
the standard geometry.46 Samples were housed in 5 mm quartz
cuvettes and measured for 4 h each. Scattering data were normalized
for the sample transmission and background corrected using a quartz
cell with 20% v/v d4-methanol in D2O.

47

The scattering intensity of polydisperse noninteracting objects is
given by

I Q N f R F Q R R I( ) ( ) ( , ) d1

0

2
bkg∫= +

∞

(1)

where f(R) is a distribution function, F(Q,R) is the scattering
amplitude of the objects (where the F2 is usually termed the form
factor P), R is the size which is subject to the distribution, and Ibkg is
the incoherent background. The relation between the particle number
density 1N, the volume fraction of the objects ϕ, the size distribution
function f(R), and the shape of the objects is given by

N
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where V(R) is the volume of the objects with size R.
Here, we used the normalized log-normal distribution function:
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where the moments of the distribution ⟨R(n)⟩ are
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where ΔSLD denotes the difference in scattering length density SLD
between the object and the matrix.

For Q ≫ 1/R, irrespective of the shape of the object for a sharp
interface a decay with slope Q−4 is observed, and the proportionality
constant is called the Porod constant48 and related to the surface of
the objects ⟨S⟩:

B N S2 SLD1 2π= Δ ⟨ ⟩ (6)

For polydisperse spheres, this becomes Bs =
1N8π2ΔSLD2∫ 0

∞f(R)R2

dR. Inserting eq 2
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From eqs 6 and 7 it can be seen that the scattering intensity at a given
Q decreases as the objects become larger since the surface per volume

decreases and the intensity is proportional to R

R

(2)

(3)
⟨ ⟩
⟨ ⟩

which reduces to

1/R in the monodisperse case.49

Neutron spin-echo spectroscopy (NSE) experiments were
performed on the instrument IN15 (ILL) at wavelengths of 10 and
16 Å, allowing to reach maximum Fourier times of 50 and 200 ns,
respectively. Details of the experiment, the method, and applications
to soft matter samples are explained elsewhere.50−57 The method
yields the intermediate scattering function S(Q,t), which yields an
apparent diffusion coefficient Dapp via

S Q t S Q D Q t( , )/ ( , 0) exp( )app
2= − (8)

and t is the Fourier time, given by

t
Jm

h2
N N

2

2
3γ

π
λ=

(9)

The gyromagnetic ratio of the neutron γN, its mass mN, and the Planck
constant h are all constants, while the field integral J and the
wavelength of the neutrons λ are changed in an experiment.

Dynamic light scattering (DLS) measures the intensity autocorre-
lation function g(2), which is related to the field autocorrelation
function g(1) by the Siegert relation58

g A g 1(2) (1) 2= | | + (10)

and the collective diffusion coefficient Dc is obtained from g(1)

g D q texp( )(1)
c

2= − (11)

Dc can be approximated as59

D
D

S Q( )c
s=

(12)

where Ds is the self-diffusion coefficient and S(Q) is the static
structure factor so that for noninteracting particles Dc and Ds
coincide.

A distribution of relaxation rates results in a broader decay and can
be described with a stretched exponential

g texp( ( / ) )(1) τ= − α (13)

with the stretch exponent α < 1. The nth moment of the distribution
⟨τ(n)⟩ is given by
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with the Gamma function Γ(x) so that the mean relaxation time (first
moment) is given by
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and the resulting diffusion coefficient is D
qav

1

av
2=

τ
.

The diffusion coefficient D is related to the hydrodynamic radius
RH by the Stokes−Einstein equation:

D
k T

R6
B

Hπη
=

(16)

Measurements were performed on a setup with an ALV CGS 3
goniometer, an ALV 7004 correlato,r and a He−Ne laser with a
wavelength of 632.8 nm.
Fluorescence correlation spectroscopy (FCS) measurements were

performed on a Leica TCS SP5 II confocal microscope with a TCS
SP5 SMD single molecule detection unit. An argon laser (λ = 488
nm) was used for the excitation of Nile Red. Light was delivered to
the sample through an apochromatic 63×, 1.2 NA water immersion
objective; the fluorescence light was collected through the same
objective. Data were detected in pseudo-cross-correlation mode with a
50:50 beam splitter. The size of the confocal volume and its
anisotropy have been determined before, using the dye Alexa488 with
a known diffusion coefficient of 43.5 Å2/ns.60 The correlation
functions were obtained on a Picoharp 300 correlator and could be
described with the following expression, which has proven useful for
the description of anomalous diffusion or the diffusion of polydisperse
samples:61−63
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N is directly related to the number of dye molecules in the confocal
volume, τ is the relaxation time and related to the apparent diffusion

coefficient by Dapp 4
x y,

2

=
ω

τ
, and ωx, y is the radius of the confocal

volume along the x- and y-axis, while the z-axis is elongated by a factor
k, so that ωz = ωx,yk. The shape of the confocal volume is assumed to
be Gaussian, so that the intensity along the n-axis is I(n) = I0 exp((n/
2ωn)

2), with the center of the confocal volume at n = 0. The stretch
parameter α is related to the polydispersity of the sample in analogy to
the exponent in the stretched exponential function. For a
monodisperse sample α = 1. As opposed to the stretched exponential
function, no analytical solution exists for the average relaxation time;
therefore, a numerical integration has to be performed to obtain an
average value:
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where c is a constant such that τav = 1 with α = 1 and τ = 1 and the

average diffusion coefficient is Dav 4
x y,

2

av
=

ω

τ
.

Materials. JR 400 (Dow Chemical, USA) is a cationically modified
hydroxyethylcellulose (cat-HEC) with a molecular weight of about
500000 g/mol (PDI = 1.85,64 density in water 1.66 g/mL) and a
cationic group on 27% of the glucose units, resulting in 1000 g of PE
per mole of positive charges.65 h-SDS (98.5%) and d-SDS (99.4%
isotopic purity) were purchased from Sigma-Aldrich and MSD
Isotopes, respectively, and used as received. Samples were simply
prepared by dissolving the corresponding amounts of dry powder in
H2O from a Millipore system, except solutions for neutron scattering
experiments where D2O (Euriso-top, France) was used as solvent.
The JR 400 concentration was adapted to account for the higher
density of D2O. Samples were prepared with both h-SDS and d-SDS,
where d-SDS is matched by D2O and only the PE is visible, while with
h-SDS both surfactant and PE are visible.
The concentration of SDS is given as charge ratio Z = [polymer

charges]/[surfactant charges] or as molar concentration. The PE
concentration was always 1 wt % (which corresponds to 10 mM

charges). All samples are transparent with almost water-like turbidity
(see Figure S1).

■ RESULTS AND DISCUSSION

The viscosity of mixtures of 1 wt % JR 400 and SDS (and other
anionic surfactants) with an excess of PE charges compared to
the surfactant increases dramatically when adding more
surfactant and thereby coming closer to the phase boundary.
Around charge equilibrium the formation of a precipitate is
observed and with an excess of surfactant the precipitate can be
redissolved, but solutions with an excess of surfactant have a
low viscosity (see Figure S2). We previously found that this is
due to the formation of mixed rodlike aggregates which are
about 2 nm in radius and about 50 nm long.43,44 They
interconnect several PE chains and thereby act as cross-links
between different PE chains. These structures are not present
in an excess of surfactant, as they become simply dissolved.66

The length of the rodlike aggregates could not be determined
from SANS as the onset of the plateau of the scattering from
the rods, which would allow to determine their length, is
hidden below the scattering from larger clusters. The length of
the rods could only be determined using NSE, where a
diffusion coefficient was obtained that could be attributed to
the diffusion of the rodlike aggregates. With the radius known
from SANS and using the Broersma equation45 for the
diffusion of rods, the diffusion coefficient measured using NSE
could be converted to a length, and a value on the order of 50
nm was obtained. See the Supporting Information section 1 for
details about the calculation of the length of the rodlike
aggregates from NSE data.
Here, we want to focus our attention on the structure and

dynamics of the large clusters, which can be seen at low Q and
previously made it impossible to determine the length of the
smaller aggregates from SANS. When performing NSE
measurements using 16 Å neutrons, which allow to access
longer Fourier times, even in the NSE Q-range it could be
observed that another slow contribution was starting to
influence the dynamics and applying the Broersma equation
would lead to apparently longer rodlike particles (see Figure
1). Therefore, we tried to describe the 16 Å data with the fixed
contribution from the 48 nm rods (previously obtained from

Figure 1. Length obtained from fitting NSE data (1 wt % JR 400 with
3.3 mM SDS, Z = 3) with the diffusion of rods; at long Fourier times
(λ = 16 Å) another slow contribution becomes visible, which is
reflected in an apparent increase of the length.
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measurements with 10 Å neutrons) and an additional slow
diffusion coefficient according to

S Q t A S Q t A D Q t( , ) ( , ) (1 ) exp( )fast rod fast slow
2= + − −
(19)

However, it turns out that the time scale is too slow for NSE so
that Dslow was fixed at 0, and only the amplitude of the fast
contribution could be determined. Good fit results are
obtained nevertheless (see Figure S3), and Afast is obtained
as the only fit parameter (see Figure 2). It can be seen that the
contribution of the fast mode decreases quickly toward low Q,
and the slow mode from the large clusters becomes more
important.

Therefore, we decided to perform DLS and FCS measure-
ments which observe the dynamics at larger length scales and
longer Fourier time.
FCS/DLS. FCS measurements using Nile Red as a

hydrophobic label yielded correlation functions which can be
nicely fitted using eq 17 (see Figure S4). The values of the
stretch parameter α are close to 1 (see Figure S5), which
indicates that there is no wide distribution of relaxation rates,
but a single well-defined decay and the average diffusion
coefficients obtained are on the order of 0.05 Å2/ns (see Figure
3), corresponding to hydrodynamic radii on the order of 300
nm. Only at the lowest SDS concentration a somewhat higher
value for Dav is obtained, and for all higher SDS concentrations
DAv remains relatively constant.
The autocorrelation functions measured by DLS, on the

other hand, clearly show a bimodal decay (see Figure 4) with a
fast and a second much slower mode. The slow mode shows a
distinctly nonexponential decay; therefore, data were described
as a combination of an exponential and a stretched
exponential:

g t f A D Q t A t( ) ( exp( ) (1 ) exp( ( / ) ))2
fast 1

2
fast 2

2τ= − + − − α

(20)

where the slow diffusion coefficient D2 is related to τ2 by
D

Q2
1

2
2=

τ
and the average slow diffusion coefficient D2Av is

obtained from the average relaxation time of the slow mode
τ2Av as given by eq 15. This behavior is expected, has been

observed previously for such systems,36,37 and can be described
in the framework of the mode coupling theory,67 where the
relaxation time of the slow mode τ2 should scale as τ2 ∼ τ1

1/α.
Assuming diffusive behavior for the fast mode τ1 ( D Q1

1

1
2τ = )

and converting τ2 to an apparent diffusion coefficient, D2
should scale as D2 ∼ Q1/α.
The diffusion coefficients obtained for the fast mode D1 is

almost constant, increasing only slightly with Q, and their
order of magnitude is in reasonably good agreement with the
diffusion coefficient of the 48 nm long rodlike particles (see
Figure S6), which would be about 2 Å2/ns. The higher values
at lower concentrations (high Z) can be explained by the fact
that the scattering does not exclusively stem from the rodlike
particles, but the free PE contributes as well with a faster
relaxation.
The slow mode, which should stem from the large clusters

like the mode observed in FCS, shows a quantitatively different
behavior compared to the FCS measurements (see Figure 5).
The diffusion coefficient of the slow mode is on the order of 1
× 10−3 to 1 × 10−5 Å2/ns, which is 1 to 3 orders of magnitude
below the values found in FCS. In addition, the values

Figure 2. Relative contribution of the fast mode in NSE for 1 wt % JR
400 with 3.3 mM SDS (Z = 3) from fitting eq 19 as a function of Q.
The relative contribution of the fast mode decreases with decreasing
Q.

Figure 3. Dav obtained from fitting FCS correlation functions with eq
17. All samples contained 1 wt % JR 400 and varying amounts of SDS.
An initial decrease aside, no large changes in Dav are observed. The
values obtained are significantly smaller than the values obtained for
the fast mode in DLS and therefore do not correspond to the
relaxation of the rodlike aggregates but are related to the relaxation of
large clusters.

Figure 4. Intensity autocorrelation functions of 1 wt % JR 400, 1.5
mM SDS (Z = 7) at Q indicated in the graph; all curves show two
relaxation modes.
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continuously decrease as the surfactant concentration is
increased (Z is decreased). As opposed to the FCS correlation
function, the slow mode in DLS shows a wide distribution of
relaxation rates with a stretch parameter α between 0.3 and 0.6
(Figure S7), which slightly increases with decreasing Q so that
the decreasing trend in D2 with decreasing Q is somewhat
compensated in the averaged value D2Av (see Figure S8).
Following the mode coupling theory, these values of α should
result in a relatively strong scaling of D2 with Q with exponents
between 1.7 and 3.3 which seems to be the case (see Figure 5).
The amplitude of the fast mode is found to be relatively small
and constant with Q and has values on the order 0.05−0.1 (see
Figure S9). The values observed for D2Av from 1 × 10−4 to <1
× 10−5 Å2/ns would correspond to hydrodynamic radii of tens
to thousands of micrometers which would already correspond
to lengths on the order of the sample size. This clearly
contradicts the findings from FCS with structures on the order
of some 100 nm. Accordingly, both methods, DLS and FCS,
yield largely different size estimates for the relevant structures
here, which are not to be reconciled within a simple structural
picture.
USANS. To resolve this discrepancy, we performed USANS

measurements as 300 nm would be a length scale easily
observed with USANS, while tens of micrometers would even
exceed the size range of this method.
Combined USANS and SANS curves of SDS/JR 400 with Z

= 3 for both deuterated and hydrogenated SDS can be seen in
Figure 6. At Q > 0.1 1/nm the previously observed rodlike
structures are reproduced, and at Q < 0.01 1/nm a Q−4 slope is
observed for both deuterated and hydrogenated SDS, where
the intensity is significantly higher for the hydrogenated SDS,
which is in agreement with the findings from DLS, indicating
very large polydisperse structures which are composed of both
the PE and the surfactant. Therefore, the possibility that the
surfactant does not take part in the very large structures, and
the FCS mode is faster as the hydrophobic dye is exclusively
located in the surfactant aggregates can be ruled out.
Knowing the scattering length densities of the components

(surfactant, PE, and, judging from the transparent appearance
of the samples, a considerable amount of water) and assuming
that the structures formed with deuterated SDS and hydro-

genated SDS are identical, the ratio of the intensities depends
exclusively on the ratio r of the square of the scattering length
density differences between the clusters and the solvent:

( )
( )

r
SLD

SLD

SLD SLD SLD
solv

2

SLD SLD SLD
solv

2

h PE

d

SDS SDS PE solvCl solv

SDS PE solvCl

SDS SDS PE PE solvCl solv

SDS PE solvCl

=
−

−

ϕ ϕ ϕ
ϕ ϕ ϕ

ϕ ϕ ϕ
ϕ ϕ ϕ

+ +
+ +

+ +
+ +

‐

‐

(21)

where ϕ are the volume fractions, SLD are the scattering
length densities, and the indexes PE, solv, solvCl, and (h/d)-
SDS represent the polyelectrolyte, the solvent, the solvent in
the clusters, and (hydrogenated/deuterated) SDS, where we
assume that the volume fraction is identical for both. As the
smaller rodlike aggregates are the building blocks for the
clusters and the critical aggregation concentration for ionic
surfactants with oppositely charged polyelectrolyte are
extremely low,26,64,68 it is safe to assume that almost all of
the surfactant is involved in the formation of the clusters. The
dependence on ϕsolvCl cancels out, and the ratio is determined
by the amount of JR 400 in the clusters:

r

r

( SLD SLD )

SLD (1 )
d h

PE
SDS SDS SDS

PE
ϕ

ϕ
=

Δ − Δ
Δ −

‐ ‐

(22)

where ΔSLDx is the difference in scattering length density
between component x and solvent. Experimentally, we observe
an intensity ratio between the sample with h-SDS and d-SDS of
about r = 5, and using eq 22 with the appropriate values we

obtain 0.0016PE
0.001( 5 3.75 10 6 10 )

2.65 10 (1 5 )

5 4

4ϕ = =· × − ×
× −

− −

− , which is

significantly less than the macroscopic volume fraction ϕPE
of 0.0065 and is close to charge equilibrium and the
composition in the rodlike aggregates.44 With a density of JR
400 ρJR400 = 1.66 and a molecular weight per charge ofMJR400 =
1000 g/mol, the concentration of JR 400 charges in the
clusters is cPE = 0.0016·1.66 g/mL/1000 g/mol = 2.7 mmol/L,
which is only a little less than the 3.3 mmol/L of SDS in the
sample, and the resulting charge ratio in the clusters is 0.82;
i.e., they are largely neutralized.

Figure 5. Diffusion coefficients of the slow mode observed in DLS D2
for samples with 1 wt % JR 400 and different amounts of SDS noted
in the graph; the values are significantly slower than those observed in
FCS. The straight line indicates scaling with Q2, which was chosen as
an intermediate value between 1.7 and 3.3.

Figure 6. Combined SANS and USANS curves for 1 wt % JR 400
PESCs with 3.3 mM SDS (chareg ratio Z = 3) with both deuterated
(black) and hydrogenated (red) SDS; straight lines: 4000 nm spheres
with 30% relative polydispersity; dash-dotted lines: 600 nm spheres
with 350% relative standard deviation (see eq 1, low Q), Q−1 (high
Q). No plateau is reached at low Q.
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Having only the limiting Q−4 part of the clusters, it is
impossible to determine a precise length scale for the clusters.
However, we can take a look at some limiting cases, assuming
for simplicity and lacking any better indication a spherical
geometry of the clusters. It is possible to estimate a minimum
size of the clusters, assuming the onset of the form factor
plateau starts at Q right below the accessible range.
Additionally, this yields a minimum polydispersity required
to make the form factor oscillations vanish at this size. The full
lines at low Q in Figure 6 were generated using eqs 1 to 3 and
5 assuming an average size of 4000 nm and a relative standard
deviation of 30%. To get the correct intensity, it had to be
assumed that in addition to the volume fractions of SDS (ϕSDS
= 0.001) and JR 400 (ϕPE = 0.0016, following eq 22) an
additional volume fraction of water ϕsolvCl = 0.2 had to be
integrated in the clusters, meaning that they consist of almost
99% water. The corresponding Porod constants Bs are 0.5 ×
10−14 and 2.5 × 10−14 1/nm5 for the deuterated and the
hydrogenated sample. Assuming no water in the clusters
following eq 7, this corresponds to a size of ⟨R3⟩/⟨R2⟩ =
6πϕΔSLD2/Bs = 6π·0.0026·(3.94 × 10−4 1/nm2)2/2.5 × 10−14

1/nm5 = 304 μm as an upper limit and 3.9 μm as a lower limit
if we assume a water content of 99%, resulting in ΔSLD = 0.05
× 10−4 1/nm2. For monodisperse clusters, these values would
immediately correspond to the cluster size.
Another estimate for the polydispersity of the clusters comes

from the stretch parameter of the slow mode in DLS.
Following eq 14, the relative standard deviation for a given α

is ( )( ) ( ) ( )/2 1 2 1Γ − Γ Γ
α α α

. With a value of α = 0.4 as found

here, this corresponds to an extremely high relative standard
deviation of 3.5. This value is certainly overestimating the real
value as the DLS signal involves higher moments of the
distribution. The problem of converting polydispersity
between DLS and SANS has been dealt with in detail
before.69,70 However, the case is a little more complicated here,
as we are neither in the low-Q nor in the high-Q limit if we
assume that we are dealing with a rather broad distribution of
cluster sizes. Therefore, we simply use the value from DLS as
an upper limit. Starting from eqs 4 and 7, we get

( )R R R/ expm
3 2 5

2
2σ= ⟨ ⟩ ⟨ ⟩ − and log(sd 1)2σ = + , with

the relative standard deviation sd, resulting in a mean cluster
size ⟨R1⟩ = ⟨R3⟩/⟨R2⟩ exp(−2 log(sd2 + 1)). By use of the
previously obtained values for ⟨R3⟩/⟨R2⟩ of 304 and 3.9 μm
and relative standard deviations of 0.3 and 3.5, the resulting
mean cluster sizes are 256 and 1.7 μm in the dry case and 3.3
μm and 22 nm assuming 99% D2O in the clusters, while the
last value is clearly unrealistic and fails to reproduce the low-Q
behavior in Figure 6. The dash-dotted curves at low Q in
Figure 6 have been generated in the same fashion as the full
lines, except that a mean size of 600 nm has been used instead
of 4 μm with a relative polydispersity of 3.5. Taking 3.5 as the
maximum polydispersity 600 nm is the lower limit for the
mean size of the clusters, as otherwise a plateau would become
visible at low Q. Given the extremely large polydispersity, this
would still mean that a large fraction of the clusters would be
micrometer sized. Realistically, this overestimates the poly-
dispersity and underestimates the average size.

■ DISCUSSION
We measured the DLS and FCS correlation functions of highly
viscous polyelectrolyte−surfactant complexes consisting of the

cellulose-based polycation JR 400 and the anionic surfactant
SDS. It is known from NSE and SANS measurements that they
aggregate into mixed rodlike aggregates with a length of ∼50
nm and a radius of <2 nm, which interconnect multiple PE
chains, thereby causing the increase in viscosity.
DLS showed a fast relaxation mode corresponding to the

diffusion of those rodlike particles, but another much slower
mode was observed as well. FCS measurements yielded a mode
significantly slower than what would be expected for 50 nm
rodlike particles but significantly faster than the slow mode
observed in DLS.
Our dynamic measurements were complemented by USANS

measurements to shed light on the structure on long length
scales, and it was found that extremely large clusters are
formed which exceed even the size accessible to USANS. By
combining measurements with hydrogenated and deuterated
SDS, we could conclude that only a relatively small fraction of
polyelectrolyte is incorporated in the clusters, and their
composition is relatively close to charge equilibrium. While it
is not possible to determine a precise length scale of the
clusters from the measurements, we can estimate that their size
must be between a few micrometers and a few hundred
micrometers. The larger value would mean that there is no
additional water in the clusters, which seems unlikely judging
from the transparent appearance of the samples, and the true
size is most likely closer to the lower estimate.
This still leaves the question of the large discrepancy

between the diffusion coefficients from DLS and FCS open,
and a possible explanation might be the different weighting in
both methods. The different weighting of contributions in DLS
and FCS can have a significant influence on the observed
average diffusion coefficient. While FCS measures a number-
average, contributions in DLS are weighted with their
scattering power, which corresponds to a z-average diffusion
coefficient, if R < 1/Q. For polydisperse samples, this can lead
to significantly larger values than the number-average.
However, the condition R < 1/Q is not fulfilled here, and at
high Q, the contribution of a particle is proportional to its
surface to volume ratio ⟨R(2)⟩/⟨R(3)⟩, which is less for larger
particles. We performed some simple simulations (see the
Supporting Information, section III) which show that the
combination of different weighting and polydispersity can lead
to a significant difference between the average values observed
by DLS and FCS but not 3 orders of magnitude and more.
Therefore, the different weighting of contributions cannot
explain the discrepancies between the results from DLS and
FCS.
Another factor that can lead to large differences in the

observed diffusion coefficient is the time scale of the
experiment.71 If the diffusing objects can change between
different states with different diffusion coefficients as for
example being part of a cluster or not or moving in a
heterogeneous environment where their diffusion coefficient
changes as a function of their location, the time scale on which
these changes happen starts playing a role. In the limit of short
experimental times and long switching times between states,
the measured diffusion coefficient behaves as if no switching
took place:

C t f t( ) ( ) exp( / ) d
0

∫ τ τ τ= −
∞

(23)

where C is a correlation function and f is a distribution over the
relaxation times, which are proportional to the radius for
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translational diffusion (see eq 16). In the limit of long
experimental time scales compared to the switching time, the
diffusion coefficient is averaged as the observed particles spent
a certain amount of time in either state during the observation:

i
k
jjj

y
{
zzzC t f t( ) exp ( ) / d

0
∫ τ τ τ= −

∞

(24)

While the time scales of the measurement in DLS and FCS are
similar, DLS measures the coherent scattering signal, while
FCS observes the self-correlation of individual particles, which
would correspond to the incoherent signal in neutron
scattering. So not only is the scattering of larger particles
emphasized in DLS, but also the relevant time scale is different.
While in DLS the relevant time scale is the lifetime of a cluster,
it is the residence time of an individual aggregate in a cluster
(or even the lifetime of an aggregate itself or the residence time
of the dye in the aggregate) for FCS, and the former can be
significantly longer than the latter. This would also explain why
only a single mode was observed in FCS, while the decay in
DLS is bimodal as eq 24 remains monomodal even for multiple
different diffusion coefficients. On the basis of this assumption,
we can also conclude that the residence time of an individual
aggegate in a cluster is shorter than the roughly 10 ms
observed as relaxation time in FCS, and the lifetime of a cluster
must be at least on the order of some seconds, according to the
DLS data.
Assuming that the rodlike aggregates in which the

hydrophobic dye resides either are or are not part of a cluster
and that the switching time between the states is short, the
measured diffusion coefficient is an average between the
diffusion coefficient of the rodlike aggregates known from our
previous NSE experiments of about 2 Å2/ns and the much
slower value from the clusters DAv = xDcluster + (1 − x)Drod.
This allows us to calculate the fraction of time spent in clusters
and equivalently the fraction of aggregates which are found in
clusters from the average diffusion coefficient measured with

FCS: x D D
D D

Av rod

cluster rod
= −

− . In the limiting case of using Dcluster =

0 Å2/ns, this leads to x 0.980.04 2
0 2

= =−
−

as the lower estimate

for the fraction of rodlike aggregates in the clusters. This also
justifies our assumption in the analysis of the USANS data that
all the surfactant is found in the clusters, and we have
satisfactorily explained the differences in the relaxation
behavior between FCS and DLS. We have neglected any
contribution from free dye, which would add another fast
contribution to DAv, resulting in an even higher value of x.

■ SUMMARY
In summary, we found large, micrometer sized clusters in
viscous PESCs formed from SDS and JR 400 which consist of
the rodlike nanometers sized mixed aggregates we found
previously.43,44 The clusters have a very high water content on
the order of 99%, so they should be thought of as regions of
higher concentration rather than dense objects as depicted in
Figure 7. This is similar to findings reported for mixtures of
hyaluronic acid and TTAB,28 with the difference that the
clusters observed there had sizes on the order of a few 100 nm.
The fact that the JR 400/SDS clusters are at least an order of
magnitude larger might be related to their high viscosity.
Furthermore, it was found that almost all of the nanometer
sized aggregates are part of the clusters, and therefore almost
all of the surfactant is located in them. For a charge ratio of Z =

3, where USANS measurements were performed, it was found
that about a quarter of the JR 400 is part of the clusters, which
is relatively close to charge equilibrium between surfactant and
PE. It is reasonable to assume that this ratio is maintained for
lower surfactant concentrations.
The slow diffusion observed in FCS and DLS is attributed to

movements of these clusters. The large quantitative difference
between the results from FCS and DLS is explained in terms of
the difference between short and long time behavior of the
diffusion. While the correlation times are similar in FCS and
DLS, the relevant time scales are different. While in FCS the
relevant time scale is the residence time of a single aggregate in
a cluster, it is the lifetime of the whole cluster in DLS. Judging
by our results, the former is short compared to the diffusion
times in FCS while the latter is long compared to the time
scale in DLS.
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