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Oppositely charged polyelectrolyte (PE) surfactant mixtures can self-assemble into a13

large variety of mesoscopic structures, so-called polyelectrolyte surfactant complexes14

(PESCs). These structures directly affect the macroscopic behavior of such solutions.15

In this study, we investigated mixtures of the cationically charged PE JR 400 and the16

anionic surfactant SDS with the help of different neutron scattering and fluorescence17

methods. While an excess of PE charges in semi dilute solutions causes an increase18

of viscosity, it has been observed that an excess of surfactant charges reduces the19

viscosity while precipitation is observed at charge equilibrium. The increase in vis-20

cosity had been investigated before and was attributed to the formation of cross links21

between PE chains. In this publication we focus our attention on the reduction of22

viscosity which is observed with an excess of surfactant charges. It is found that the23

PE chains form relatively large and densely packed clusters near the phase boundary24

on the surfactant rich side, thereby occupying less space and reducing the viscosity.25

For even higher surfactant concentrations, individual surfactant decorated PE chains26

are observed and their viscosity is found to be similar to that of the pure PE.27
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I. INTRODUCTION30

The peculiar self aggregation behaviour of oppositely charged polyelectrolyte (PE) sur-31

factant mixtures has lead to quite a number of publications over the past decades1–24. Many32

different structures can be observed6,17,25–27, which depend on various parameters of the33

PE, such as charge density, backbone rigidity, molecular weight or the exact location of the34

charge with respect to the backbone, as well as on the properties of the surfactant, such as35

its chain length, the type of headgroup or the number of chains in a surfactant molecule.36

One of the reasons why these mixtures are commercially interesting is their ability to form37

complexes at very low concentrations. Typically, the cac (critical aggregation concentration)38

is found to be below the cmc (critical micellar concentration) by orders of magnitude17,28,29.39

Such synergistic surfactant/polyelectrolyte mixtures are for instance employed in detergency,40

shampoos etc1,4,30–33.41

Generally the macroscopic phase behaviour of these mixtures can be described by two42

monophasic regions in which clear, stable solutions are formed and a region in between where43

precipitation is observed. The precipitates usually form around charge equilibrium, while44

both an excess of surfactant or PE charges leads to the formation of stable solutions1,16,17.45

Some PE surfactant mixtures show remarkable changes in macroscopic viscosity3,6,34–36,46

whereas others show hardly any changes or even a decrease37,38. The reason for this is47

not entirely clear, yet. One of the PEs which do increase the viscosity in mixtures with48

different surfactants quite significantly is the cationically modified hydroxyethyl cellulose49

JR 40039,40. Near the phase boundary with an excess of PE charges a very pronounced50

increase in viscosity is observed. If as little as 3 mM SDS (i.e., about a third of the cmc51

of SDS) are added to a 1 wt% solution, the viscosity increases by more than 2 orders52

of magnitude. This phenomenon has been attributed to the formation of mixed rodlike53

aggregates, which form connections between several PE chains41–43.54

Adding a little more surfactant will cause precipitation and when the precipitate is55

redissolved in an excess of surfactant, the viscosity drops even below the value of the pure56

PE solution (see fig. 1). Elucidating the mesoscopic origins for this reduction of viscosity5758

will be the focus of this manuscript.59
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FIG. 1. Viscosity of aqueous solutions of 1 wt% JR 400 with varying amounts of SDS as a function

of SDS concentration (bottom: in molar units, top: as charge ratio). The dashed line represents

the viscosity of a 1 wt% JR 400 solution without added surfactant. While the viscosity is strongly

increased near the phase boundary on the PE rich side of the phase diagram, the viscosity is

reduced on the surfactant rich side.

II. MATERIALS AND METHODS60

A. Materials61

Similar to neutron scattering, fluorescence methods allow to highlight different parts62

of a molecule, by labeling it with specific dyes. In the experiments presented here, three63

different dyes were used: The PE was covalently labeled with 5-[(4,6- dichlorotriazin-64

2-yl)amino]fluorescein (DTAF, Sigma-Aldrich) according to the procedure described by65

de Belder and Granath 44 and applied previously to JR 40030,45–47, while the hydrophobic66

dye Atto647 was used to specifically monitor the dynamics of the surfactant aggregates. As67

a reference, the diffusion of the surfactant aggregates was also investigated using another68

hydrophobic dye, nile red (Sigma-Aldrich).69

Fluorescence correlation spectroscopy (FCS) samples were prepared by transferring a70

small quantity of the concentrated dye solution (nile red or Atto647 in methanol) into a71

vial. After the solvent was evaporated, the previously prepared aqueous solution of JR 40072

and SDS was added. The dye concentration was about 5 · 10−9 M in all samples.73

JR 400 (Dow Chemical, USA) is a cationically modified hydroxyethylcellulose (cat-HEC)74

with a molecular weight of about 500000 g/mol (PDI = 1.8516, partial molar density in75
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water 1.66 g/ml measured with an Anton Paar DMA 450 densimeter) and a cationic group76

on 27 % of the glucose units, resulting in 1000 g of PE per mol of positive charges48.77

h-SDS (98.5%) and d-SDS (99.4% isotopic purity) were purchased from Sigma-Aldrich78

and MSD Isotopes, respectively. They were used without further purification.79

Surfactant concentrations are given as Z = [polymer charges]/[surfactant charges] or as80

molar concentrations. The PE concentration was always 1 wt% (corresponding to 10 mM81

charges). Solutions for neutron scattering experiments were prepared in D2O (Euriso-top,82

France) and the JR 400 concentrations were adapted to account for the higher density of83

D2O. Two different contrasts were used: Full contrast with h-SDS and D2O as solvent where84

both the surfactant and the PE are visible and PE contrast with d-SDS and D2O, where85

only the PE is visible. Solutions for rheology and FCS experiments were prepared in H2O86

from a Millipore System.87

B. Methods88

Small angle neutron scattering (SANS) experiments were performed on the instrument89

D11 at the Institut Laue Langevin (ILL) in Grenoble, France. Measurements were done at90

a wavelength λ of 6 Å and for sample-to-detector distances of 1.2, 8, and 34 m to cover a91

range of the magnitude of the scattering vector Q from 0.018 to 5 1/nm (Q = 4π/λ sin(θ/2),92

with scattering angle θ). Transmissions were measured with the attenuated direct beam at93

8 m. Data reduction was performed with the software Lamp49. The attenuated direct beam94

was used to obtain absolute intensities.95

The signal obtained in SANS measurements from monodisperse, interacting objects is96

generally given by97

I(Q) = 1NP (Q)S(Q) + Ibkg, (1)98

where 1N is the particle number density, P (Q) is the form factor of the particles, which99

accounts for intra particle scattering, S(Q) is the structure factor, which accounts for inter100

particle scattering and Ibkg is the incohrent background which is subtracted in all curves101

shown here. In sufficiently dilute samples S(Q) = 1. The form factor is related to the scat-102

tering amplitude F (Q) by P (Q) = F (Q)2 and is defined so that P (Q = 0) = V 2(∆SLD)2,103

where V is the volume of the particles and ∆SLD is the difference in scattering length104

density between the particle and the matrix. 1N is related to the volume fraction φ by105
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1N = φ/V .106

If the sample is polydisperse eq. (1) takes the form107

I(Q) = 1N

∫ ∞
0

f(R)P (Q,R)S(Q,R)dR + Ibkg, (2)108

where f(R) is a distribution function. The structure factor is taken into account in the109

framework of the local monodisperse approach50 which has been successfully used in similar110

experiments before51,52. The relation between 1N , the volume fraction, the size distribution111

function f(R) and the shape of the objects is given by112

1N =
φ∫∞

0
f(R)V (R)dR

. (3)113

In this paper, we used the normalized lognormal distribution function:114

f(R,Rm, σ) =
1√

2πσR
exp

(
− ln(R/Rm)2

2σ2

)
, (4)115

where the mean value of the distribution is given by M = Rm exp(1/2σ2) and standard116

deviation is given by
√

exp(σ2)− 1Rm exp(1/2σ2).117

The scattering amplitude of a sphere is given by118

Fs(Q,R,∆SLD) =
4π

3
R3∆SLD

(
3

sin(QR)−QR cos(QR)

(QR)3

)
. (5)119

The form factor for randomly oriented core-shell rods with n shells in radial direction is120

given by121

Prod(Q,R0,...,n,∆SLD0,...,n, L) =

(
n∑
i=0

Frod(Q,Ri,∆SLDi, L)

)2

, (6)122

with the radii of the shells Ri and the corresponding scattering length density differences123

∆SLDi, where ∆SLDi = SLD(R < Ri)−SLD(R > Ri). The thickness of a shell i is given124

by Ri −Ri+1, where R0 is the outer radius and Rn is the radius of the core. The scattering125

amplitude of a rod is given by126

Frod(Q,R,∆SLD,L) = πR2L∆SLD

∫ 1

0

4J1(Q,R
√

1− x2) sin(QLx/2)

Q2R
√

1− x2Lx
dx, (7)127

where J1 is the first order Bessel function.128

To describe the interactions between the charged micelles, we used the structure factor129

for charged colloids by Baba-Ahmed, Benmouna, and Grimson 53 . It splits the interactions130

6



PE Surfactant Mixtures with an Excess of Surfactants

into a contribution from an hard sphere reference fluid with an effective radius Reff and a131

corresponding volume fraction φeff to account for strong repulsions at short distances and132

a perturbation term Ueff :133

S(Q) =
1

1− 1NCeff (Q)− 1N
Ueff (Q)

kT

. (8)134

Ceff is the direct correlation function of the reference hard sphere fluid, for which the

Percus-Yevick approximation was used:

1NCeff (x) =
[
A(sin(x)− x cos(x)) +B

((
2

x2
− 1

)
x cos(x) + 2 sin(x)− 2

x

)
− φeffA

2

(
24

(x)3
+ 4

(
1− 6

x2

)
sin(x) −

(
1− 12

x2
+

24

x4

)
x cos(x)

)]
1

x3
, (9)

where x = 2QReff , A = −24φeff
(1+2φeff )

2

(1−φeff )4
, B = 36φ2

eff
(2+φeff )

2

(1−φeff )4
.135

The pertubation term is obtained by Fourier transformation of the DLVO potential and136

reads137

1NUeff (x) = 24φeffπε2Reffψ
2x cos(x) + s sin(x)

x3 + xs2
, (10)138

where s = 2Reffκ with the inverse Debye-Hückel screening length κ, dielectric constant ε139

and the effective surface potential140

ψ =
le

4πεReff (1 + κReff )
, (11)141

where e is the elementary charge and l is the number of charges per particle.142

Neutron spin-echo (NSE) experiments were performed on the instruments IN15 (ILL)143

and J-NSE (MLZ) at wavelengths of 8, 10 and 12 Å (J-NSE) and 10.5 and 16 Å (IN15),144

respectively. Details of the experiment, the method and applications to soft matter samples145

are explained elsewhere54–60. The method yields the intermediate scattering function S(Q, t),146

which yields an apparent diffusion coefficient Dapp via:147

S(Q, t)/S(Q, 0) = exp(−DappQ
2t). (12)148

Rheology measurements were performed on an Anton Paar Physica MCR 501 rheometer149

in cone-plate geometry.150

FCS measurements were performed with a Leica TCS SP5 II confocal microscope with a151

TCS SP5 SMD single molecule detection unit. An argon laser (λ = 488 nm) was used for152
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the excitation of DTAF and nile red, and a HeNe-laser (λ = 633 nm) for the excitation of153

Atto647. The light was delivered at the sample through an apochromatic 63x, 1.2 NA water154

immersion objective, the fluorescence light was collected through the same objective. The155

size of the confocal volume and its anisotropy have been determined before, using the dye156

Alexa488 with a known diffusion coefficient of 43.5 Å2/ns.61157

The correlation functions were obtained on a Picoharp 300 correlator and could be de-158

scribed with the following expression, which has proven useful for the description of anoma-159

lous diffusion or the diffusion of polydisperse samples62–64:160

G(τ) =
1 + T

1−T exp(−τ/τT )

N

(
1 +

(
4Dappτ

ω2
x,y

)α)−1(
1 +

(
4Dappτ

ω2
z

)α)−0.5
. (13)161

The first numerator accounts for the contribution from dye molecules in the triplet state,162

where T is the fraction of dye molecules in the triplet state and τT is the triplet time. This163

contribution can be safely neglected if either the diffusion is slow enough or the probability164

of the dye to be trapped in its triplet state is sufficiently low, which is the case for all165

dyes used here except DTAF. N is directly related to the number of dye molecules in166

the confocal volume, Dapp is the apparent diffusion coefficient and ωn is the radius of the167

confocal volume along the n-axis, the shape of which is assumed to be Gaussian, so that168

I(n) = I0 exp((n/2ωn)2), with the center of the confocal volume at n = 0. The stretch169

parameter α is related to the polydispersity of the sample in analogy to the exponent in170

the stretched exponential function. For a monodisperse sample α = 1. As opposed to171

the stretched exponential function, no analytical solution exists for the average relaxation172

time, therefore a numerical integration has to be performed to obtain an average diffusion173

coefficient:174

Dav =
1

D1

∫ ∞
0

(
1 +

(
4Dappτ

ω2
x,y

)α)−1(
1 +

(
4Dappτ

ω2
z

)α)−0.5
dτ , (14)175

where D1 is the result of the integral from eq. (14) with α = 1 and Dapp = 1.176

The hydrodynamic radius Rh can be calculated from the diffusion coefficient using the177

Stokes-Einstein equation:178

Rh =
kT

6πηD
, (15)179

where k is Boltzmann’s constant, T is the absolute temperature and η is the solvent viscosity.180

Measurements with only one single dye present (DTAF or nile red) were performed using181

pseudo cross-correlation with a 50/50 beam splitter. Using pseudo cross-correlation has182
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the benefit to avoid artifacts from the APD detectors at short times, like the effect of183

afterpulsing.184

Measurements with Atto647 alone were performed with a pulsed diode laser with a wave-185

length of 640 nm. The advantage of using a pulsed laser in this case is that it allows to186

record a fluorescence life time signal at the same time and to reject detector counts, which187

do not stem from fluorescence simply by limiting the number of time channels considered188

for the calculation of the auto-correlation function.189

Dual color cross-correlation measurements with DTAF and Atto647 have been performed190

with an argon laser for the excitation of DTAF and a helium-neon laser for the excitation191

of Atto647.192

The code for the simulations was written in Python, using the package numpy.193

All measurements were performed at 25 ◦C.194

III. RESULTS AND DISCUSSION195

A. SANS196

SANS measurements were performed to elucidate the structure of the aggregates at dif-197

ferent concentrations and under different contrast conditions.198

From measurements in full contrast (see fig. 2), it is readily apparent, that at the lowest199200

SDS concentration 38 mM (Z = 0.26), the scattering is still dominated by rod-like aggregates201

as can be seen from the Q−1 slope between 1 and 0.2 nm−1, while at higher concentrations,202

spherical charged micelles can be observed as can be seen from the emerging structure203

factor peak. The measurements in PE contrast (see fig. 3) reveal that the PE maintains an204205

elongated conformation. The pronounced minimum at 1.3 1/nm can be ascribed to a core-206

shell structure of the rod-like aggregates, where a surfactant core is encircled by a relatively207

dense PE shell with a thickness of 0.7 nm. Adding more surfactant decreases the intensity208

in PE contrast, which means that the core-shell aggregates are deteriorating. However, a209

few of them seem to remain, as can be seen from the little kink at about 0.8 1/nm which210

is still present at higher concentrations. Even though, the PE is no more found in rod-like211

core-shell aggregates, it is still elongated compared to the pure PE, as can be seen from the212

extended Q−1 slope.213
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FIG. 2. SANS curves of h-SDS/JR 400 (1 wt%, 10 mM) mixtures at h-SDS concentrations indicated

in the graph. At the lowest concentration, the scattering pattern is still dominated by mixed rodlike

aggregates. At higher concentrations, the scattering curves are dominated by charged spherical

micelles.
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FIG. 3. SANS curves of d-SDS/JR 400 (1 wt%, 10 mM) mixtures at d-SDS concentrations indicated

in the graph and pure JR 400. At the lowest concentration a significant amount of rodlike core-shell

aggregates is still present. At higher concentrations, the core-shell structures disappear but the

PE is still in an elongated form.

Figure S1 shows the peak position in full contrast as a function of SDS concentration. If214

the peak is due to correlations between neighbouring adsorbed micelles along a PE chain,215
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the distance between them should scale linearly with surfactant concentration as216

Qpeak =
1N

Ltot
2π =

πR2
peφ

φpe4π/3R3
2π, (16)217

where Ltot is the length of PE per volume, 1N is the particle number density of the micelles,218

φ is the volume fraction of the surfactant, R is the radius of the micelles, φpe is the volume219

fraction of the PE and Rpe is the cross sectional radius of the PE chains. In deriving the220

term after the second equality in eq. (16) it has been assumed that the micelles are spherical221

and the cross section of the PE is circular. If the peak stems from correlations between222

nearest neighbours of micelles in the volume phase, its position should be described by223

Qpeak = 3

√
φ

4π/3R3
2π. (17)224

As can be seen in fig. S1 the behaviour of the peak position is reminiscent of correlations225

in the volume phase (eq. (17)). Closer inspection reveals some slight deviations at lower226

concentrations, which can be attributed to the fact that a signifcant amount of the surfactant227

is still found in the rod-like aggregates at lower concentrations. This discrepancy becomes228

smaller as more surfactant is added, meaning that the fraction of surfactant in rodlike229

aggregates decreases at higher surfactant concentrations.230

In order to obtain a more detailed picture of the structure of the solution the SANS231

curves were interpreted as the combination of pure polyelectrolyte (IPE), aggregates (IAgg)232

and micelles (Imic):233

I(Q) = IPE + IAgg + Imic (18)234

The scattering from the PE was described as a combination long and short thin rods, while235

the aggregates are described as core shell rods with a PE shell and a surfactant core. The236

micellar aggregates are described as charged spheres. A sketch of the model is depicted in237

fig. S2. A more detailed description of the SANS model can be found in the supporting238

information.239

A summary of the parameters can be found in table S I. The results obtained for xsa,240

the fraction of surfactant in the aggregates (converted to molar surfactant concentrations)241

are shown in fig. 4. The results are in qualitative agreement with those found by comparing242243

the peak position to the results from eq. (17) and it can be seen that not only the relative244

amount of surfactant in the rodlike aggregates decreases, as more surfactant is added but245
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FIG. 4. Concentration of surfactant in rod-like aggregates as a function of total surfactant con-

centration obtained from fitting the SANS curves using eq. (18). The total amount of surfactant

in the rodlike aggregates decreases as more surfactant is added.
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FIG. 5. SANS curves of SDS/JR 400 (1 wt%) mixtures at a SDS concentration of 38 mM, black:

h-SDS, red: d-SDS, lines are fits using eq. (18). The minimum at about 1.3 1/nm can be described

using a core-shell structure of the aggregates.

the total amount decreases. This means that adding more surfactant actually dissolves the246

rodlike surfactant/PE aggregates.247

While near the phase boundary roughly a quarter of the surfactant molecules is still248

found in the aggregates this number decreases to less than 1% at the highest surfactant249

concentration.250

The measurement at 38 mM SDS reveals another interesting detail. The minimum at251

about 1.3 1/nm in PE contrast (see figs. 3 and 5) can only be explained with a core-shell252253
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structure of the rodlike aggregates. It is also interesting to note, that there is still some254

upturn in intensity towards lower Q at 38 mM SDS due to large clusters, which was also255

observed at PE excess. This upturn can mostly be seen using d-SDS as the clusters mostly256

consist of PE and the intensity from the surfactant is too high, otherwise.257

A question that can not be answered satisfactorily by SANS, is whether or not the micelles258

are attached to the PE. While at lower concentrations, the peak position is a reliable means259

to differentiate between free micelles and polymer surfactant mixtures with a pearl necklace260

structure19,65,66, this is not possible in more concentrated solutions such as those investigated261

here. At higher concentrations, the correlation peak might still occur due to correlations in262

the volume phase as the nearest neighbours, which are not bound to the same PE chain are263

still relatively close and will cause a correlation peak, even if the micelles are bound to the264

PE. Furthermore, it would be a somewhat surprising finding, if the oppositely charged PE265

would be stripped of the surfactant by adding more surfactant, which deserves independent266

proof from another experiment. Therefore FCS and NSE measurements were performed267

as the diffusion coefficients of free micelles and aggregates with bound micelles should be268

pronouncedly different, since they probe a dynamic property and not the static structure.269

B. FCS/NSE270

While it is not possible to see from static experiments whether the micelles are free271

or bound, FCS should provide a clear answer as the diffusion coefficients of free micelles272

and PE bound micelles should be significantly different. Additionally, by using different273

fluorescent dyes, different parts of the system can be highlighted. Here, the hydrophobic274

dyes nile red (for pure SDS micelles, see fig. S5 and SDS/JR 400 aggregates) and Atto647275

(for surfactant aggregates in mixtures with the PE, see fig. 6 and fig. S4 for a comparison276

between results obtained using Atto647 and nile red) were used to investigate the dynamics277278

of the hydrophobic domains and DTAF was used to covalently label the PE chains (see279

fig. S10).280

It is already clear from the diffusion coefficients obtained for pure SDS and the aggregates281

(see fig. 7 and figs. S6 to S9 ) that the micelles seen in SANS are actually bound to the PE282283

as their diffusion is significantly slower over the whole concentration range investigated. If284

the PE was saturated with micelles at some concentration and free micelles started to form,285
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FIG. 6. Normalized correlation functions obtained with mixtures of 1 wt% JR 400 and SDS

concentrations indicated in the graph. Atto647 was used as hydrophobic dye. Using a hydrophobic

dye allows to monitor the dynamics of the surfactant aggregates and it can be seen that the decay

becomes faster upon addition of more surfactant.
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FIG. 7. Dapp obtained from fitting eq. (13) to the FCS correlation functions. The diffusion

coefficients obtained from the JR 400/SDS mixtures are significantly smaller than those of free

SDS micelles, which means that there are no free micelles.

this should be reflected by an increase of Dapp of the aggregates. However, this behaviour286

can not be observed and it can be concluded that the micelles are bound to the PE in the287

whole concentration range investigated.288

The diffusion coefficient of the aggregates increases up to a surfactant concentration289

of about 80 mM to remain roughly constant when the surfactant concentration is further290
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increased (see fig. 7). It can be concluded that at this concentration, almost all of the mixed291

rod-like aggregates have been dissolved and what is observed is the diffusion coefficient of292

micelle decorated chain segments.293

The dynamics of the PE chains is reflected in the diffusion coefficient obtained from mea-294

surements with covalently bound DTAF. Dapp has a minimum at about 50 mM SDS and295

increases upon addition of additional SDS to reach roughly the value of pure PE at suffi-296

ciently high surfactant concentrations. The minimum can be explained when taking into297

account that the chain segments on which the dye label is located can either be found on298

a chain segment with surfactant or on a free chain segment. Adding more surfactant will299

decrease the fraction of free chain segments. Therefore Dapp decreases. At the same time the300

diffusion coefficient of the aggregates/micelles increases as can be seen from the measure-301

ments with the hydrophobic dye Atto647. Therefore Dapp increases and the superposition302

of these two effects results in a minimum.303

While it should in principle be possible to differentiate between the two contributions, the304

diffusion coefficients seem to be a bit too close together, especially when taking into account305

that the decay of an FCS correlation curve is rather slow compared to e.g. DLS (C ∝ 1/τ306

as opposed to C ∝ exp(−τ)). Therefore, attempts to extract the fraction of bound PE by307

fitting two decays instead of one turned out to be unsuccessful. Attempting to do so is308

further complicated by the fact that the PE retains some of its freedom of movement in the309

aggregates as has been shown before27,43 which is why taking Dapp from the measurements310

with Atto647 at the same SDS concentration is not feasible and we decided to fit data with311

eq. (13).312

Another proof of the hypothesis that the micelles observed in SANS are bound to the313

PE comes from the fact that the cross-correlation function obtained from cross correlating314

the signals from DTAF and Atto647 has a non-zero amplitude. While it should be small, as315

only very small fractions of the PE and the micelles are labelled (and hence, the probability316

for a labelled micelle to be attached to a labelled chains segment is small) it is still possible317

to get reasonable results (see fig. S11) and the obtained diffusion coefficients are of a similar318

order of magnitude as the ones obtained for the individual components.319

In principle, the ratio between the amplitude of the cross-correlation function and the320

auto-correlation function should serve as a measure for the degree of binding between the321

two dyes the signals of which are being cross correlated. What is observed experimentally,322
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FIG. 8. Amplitudes of the cross-correlation functions relative to the amplitudes of the auto-

correlation of the same experiment. The relative amplitudes remain roughly constant.

however is that the ratio remains roughly constant (see fig. 8). At first glance, this finding323324

contradicts the idea that when adding more SDS more and more micelles are covering an325

increasingly large fraction of the PE, which should increase the probability for both dyes326

to be sufficiently close. However, in the context of FCCS (fluorescence cross-correlation327

spectroscopy) “sufficiently close” means that both dyes are in the confocal volume at the328

same time, which means that they need to be within a few 100 nm. Given the PE con-329

centration of 1 wt% corresponds to 10 mM of charges and the average spacing between330

charges is about 2 nm (segments of about 0.5 nm, every 4th of them bearing a charged331

group) results in a total length of 2 ·0.01 nm ·mol/L PE in all solutions. Taking a surfactant332

concentration of 100 mM and an aggregation number of about 100 for the micelles (corre-333

sponding to 1 mM micelles), the average spacing between micelles along the PE backbone334

is about 0.02 nm ·mol/L/0.001 mol/L = 20 nm. This is sufficiently close that wherever a335

DTAF group is attached to the PE backbone a micelle is close enough to contribute to336

the cross-correlation function if it was labelled by an Atto647 molecule and adding more337

surfactant does not make more DTAF groups accessible for the hydrophobic dye. Therefore338

the cross-correlation amplitude should remain constant.339

Figure S12 compares the α parameter obtained from fitting eq. (13) to the data obtained340

with DTAF and Atto647. While the value of α for measurements with Atto647 is relatively341

low (about 0.8) for low surfactant concentrations it increases when the surfactant concentra-342

tion is increased and reaches a value of 1 at surfactant concentration of about 100 mM SDS.343
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FIG. 9. Dav obtained from applying eq. (14) to the parameters obtained from fitting eq. (13) to the

FCS correlation functions. The values of Dav for the PE and the aggregates are almost identical

at sufficiently high surfactant concentrations.

This means that the observed dynamics stem from a relatively monodisperse population of344

aggregates at higher surfactant concentrations, while at lower concentrations the coexistence345

between large aggregates and micelle decorated segments in addition to the large aggregates346

being potentially polydisperse leads to smaller values of α.347

The α obtained with DTAF remains relatively constant over the whole concentration348

range investigated. This may be either because there are different populations of chain349

segments over the whole concentration range or because the diffusion of chain segments is350

intrinsically anomalous as indicated by the finding that α has the same value even for pure351

PE.352

Given that α is significantly different for measurements with Atto647 and DTAF, it is353

worthwhile to compare the average diffusion coefficient, following eq. (14), which can be354

seen in fig. 9. While Dapp has been found to be consistently higher for DTAF (see fig. 7)355356

this is only the case for low and high surfactant concentrations for Dav. For small surfactant357

concentrations where large aggregates are still present, this can be attributed to the freedom358

of movement of the PE chains in the aggregates. At higher surfactant concentrations, Dav359

for Atto647 and DTAF have roughly the same value, which seems reasonable, as it is hard360

to imagine what extra freedom of movement the PE should have in a volume as small as a361

micelle.362

At the two highest surfactant concentrations Dav has a higher value for DTAF again, but363
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FIG. 10. Amplitude of the triplet contribution T and triplet time τT obtained from fitting eq. (13)

to the FCS correlation functions of the PE. The decrease of T and increase of τT upon addition of

surfactant show the increasingly hydrophobic environment of the dye.

this might be due to the slightly higher value of α (see fig. S12).364

While the non-negligible triplet contribution for fluoresceine based dyes mostly compli-365

cates fitting the FCS data, it also has some benefits, as T and τT can serve as sensors for366

the nature of the chemical environment of the dye67. As can be seen in fig. 10, T decreases367368

as more surfactant is added, which means that an increasing fraction of the dye molecules369

along the PE backbone are incorporated in micelles.370

While FCCS measurements only show that the micelles are located within about 100 nm371

of a PE chain, NSE measurements (see fig. 11) show that the dynamics of both PE (mea-372

surement with d-SDS) and micelles (measurement with h-SDS) are almost identical on a373

nanometer length scale, which shows again that the micelles are attached to the PE. The374

values of DApp obtained for the SDS/JR 400 mixtures are smaller than the pure SDS mi-375

celles and the PE in the Q-range investigated, which means the observed dynamics stem376

from some segments larger than the spherical aggregates in SANS at full contrast, which is377

in good agreement with the extended Q−1 region in the corresponding SANS curves. So the378

diffusing subunit consists of the spherical aggregate and an extended part of the PE chain,379

which is apparently stiffened through the adsorption of the surfactant.380381
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C. Simulations382

From the SANS measurements, it is evident that the surfactant aggregates take the383

shape of small spherical micelles in the surfactant excess regime, while longer, mixed rodlike384

aggregates were observed in the PE excess regime. This change of shape is clearly related385

to the reduction in viscosity.386

From these observations, two scenarios are thinkable. Either, by simply adding more387

surfactant to the system the relative fraction of the PE in the mixed rod-like aggregates388

is reduced and thereby the probability to form connections between PE chains is reduced389

and consequently so is the viscosity. In this scenario, the change of shape of the aggregates390

would merely be a side effect.391

Alternatively, it is thinkable that the change of aggregate shape happens first and conse-392

quently, the smaller spherical aggregates are unable to form efficient cross links.393

To shed some light on this question, we performed some simple simulations based on the394

same approach that was used to explain the discrepancies between DLS, NSE and rheology395

in mixtures of microemulsions and telechelic polymers68.396

The concept of the simulations is as follows: To a given number of elements of one397

species (“surfactant aggregates”) a certain number of elements of a second species (“PE398

chains”) is added. This second species has a given number of attachment points, which are399

randomly connected to elements of the first species. The number of attachment points of400
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the first species is not limited. Note that the choice of the “surfactant aggregates” is entirely401

random and does not consider any geometrical constraints. Adding more “PE chains”, large402

interconnected clusters can be formed.403

Indeed, a set of simulations with 10000 PE chains with 10 attachment points each and an404

increasing number of surfactant aggregates shows that beyond a certain number of surfactant405

aggregates the clusters are getting smaller i.e., both the number of surfactant aggregates and406

PE chains per cluster is reduced (fig. S13). The reduction of the number of PE chains per407

cluster can be considered the equivalent of a reduced viscosity. However, at the same time408

an increasing number of surfactant aggregates is not incorporated in the clusters, which409

contradicts the results from NSE and FCS, where no free micelles were observed.410

Therefore, we chose to slightly alter the setup of the simulation so that the number of411

attachment points of the surfactant aggregates are set to a specific value while the number412

of attachment points of the PE chains is not limited. The total number of attachment413

points (the number of surfactant aggregates multiplied by the number of attachment points414

per surfactant aggregate) is kept constant at 10000, while the number of attachment points415

per surfactant aggregate is reduced, the number of PE chains was constant at 10000. The416

reduction of the number of attachment points per surfactant aggregates can be considered as417

the equivalent of the transition from larger rod like surfactant aggregates to smaller spherical418

micelle like structures.419

The results show that the size of the clusters is reduced (lower viscosity) as the number420

of attachment points per surfactant aggregate is reduced (fig. 12) and by the design of421

the experiment, there are no free surfactant aggregates and we manage to reproduce the422

experimentally observed situation.423424

Even though, these simulations are too simplistic to draw any quantitative conclusions,425

on a qualitative level they suggest that the reason for the reduction of viscosity is indeed the426

change of shape of the surfactant aggregates which occurs when the amount of surfactant427

in the solution is increased and not simply the increase in the amount of surfactant, as the428

number of attachment points in the simulations should translate to the size of the surfactant429

aggregates.430
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FIG. 12. Number of surfactant aggregates per cluster and number of PE chains per cluster as a

function of the number of attachment points of the surfactant aggregates. The total number of

attachment points was fixed at 10000 and the number of PE chains was 10000. Errorbars are the

standard deviations calculated from 3 runs with the same parameters.

D. Discussion and Conclusion431

By combining different methods, we have been able to shed some light on the mechanism432

behind the changes of the macroscopic flow behaviour in oppositely charged mixtures of the433

polycation JR 400 and the anionic surfactant SDS in the surfactant excess regime.434

While it has been previously found that in the PE excess regime mixed rodlike aggregates435

are interconnecting several chains, which leads to a large increase of macroscopic viscosity436

through the formation of clusters41,43, the structural origin of the behaviour in the surfactant437

excess regime has not been as clear so far.438

The present SANS results show that rodlike aggregates are still present near the phase439

boundary. As opposed to the aggregates on the PE rich side of the phase diagram, these440

aggregates have a relatively well defined PE shell27,43 (see fig. S3). It can be assumed, that441

this well defined shell is less tightly bound to the surfactant aggregates than its counter part442

on the PE rich side, where it was found, that the PE penetrates deeply into the aggregates.443

Furthermore, very low diffusion coefficients are found for the aggregates by FCS near the444

phase boundary on the surfactant rich side, which do not correspond to the sizes found in445

SANS. This means that there are large collapsed clusters of the rodlike aggregates present446

in the solution. Within these clusters, the PE is not likely to be able to interconnect as447
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FIG. 13. Near the phase boundary, aggregates with a relatively dense PE shell are formed. As

more surfactant is added, micelles will dissolve PE chains from the aggregates to form micelle

decorated PE chains.

many different aggregates as if it was in the PE excess regime. Additionally, there may be448

a higher level of intra-aggregate binding of the PE chains, which results in more compact449

structures resulting in a viscosity even lower than that of the pure PE solution.450

As more surfactant is added, the occurrence of spherical micelles is observed in SANS. At451

the same time the PE maintains its elongated configuration. However, the rod-like core-shell452

aggregates seem to become less. From the static scattering alone, it is not clear, whether453

the micelles are free or bound to the PE. From FCS and NSE measurements it becomes454

evident that they are bound to the PE, as their diffusion coefficient is too low for spherical455

micelles of the dimensions observed in SANS. Therefore, we can assume, that the additional456

micelles are dissolving PE chains from the rod-like aggregates and we are left with micelle457

decorated PE chains, which do not interconnect at all, but still cause an increase in viscosity458

by effectively occupying more volume in the solution. The sketch in fig. 13 summarizes the459

process described above.460
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SUPPLEMENTARY MATERIAL461

See supplementary material for a more detailed explanation of the SANS model and462

additional SANS, FCS and simulation data.463
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