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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Polyelectrolyte charge controls supra
molecular aggregation with oleate 
micelles.

• ε-poly-L-lysine induces coacervate-like 
structuring affecting rheological 
behavior.

• Poly(acrylic acid) enhances viscoelas
ticity via hydrogen-bonding 
interactions.

• Two-dimensional correlation spectros
copy elucidates distinct binding 
pathways.

• Time–concentration superposition pro
vides predictive rheological scaling.
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A B S T R A C T

This study investigates the rheological behavior and molecular interaction mechanism of poly
electrolyte–wormlike micellar complexes formed by potassium oleate (KOL) with either ε-poly-L-lysine (PL) or 
poly(acrylic acid) (PAA) in water. Steady shear and oscillatory rheology experiments, combined with confocal 
laser scanning microscopy (CLSM), were performed to evaluate the effect of polyelectrolyte charge and con
centration on the micellar organization. In KOL–PL systems, a critical PL concentration (≈1.5 %) triggered a 
sharp viscosity increase and complex flow behavior, associated with the formation of supramolecular or 
coacervate-like aggregates. CLSM confirmed the appearance of structured domains at high PL content. By 
contrast, KOL–PAA mixtures exhibited a progressive increase in viscosity and viscoelastic moduli upon PAA 
addition although no aggregate could be detected by visual inspection, suggesting the onset of rearrangements at 
the nanoscale. Two-dimensional correlation spectroscopy (2D-COS) of attenuated total reflection Fourier- 
transform infrared (ATR-FTIR) data revealed distinct interaction pathways: in KOL–PL the carboxylate head
groups are the most sensitive moieties to polyelectrolyte addition, followed by alkyl tails and hydration water, 
consistently with a direct electrostatic binding. In KOL–PAA, the first response occurred in the hydration layer 
and hydrogen-bonding environment before reaching the micellar headgroups and cores, suggesting an 
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interaction mechanism mediated by counterions and hydrogen bonds. Finally, a time–cosolute concentration 
superposition (TCCS) approach was successfully applied to the rheological data of both systems to obtain unified 
master curves and scaling laws, demonstrating its predictive value for polyelectrolyte–micelle complexes.

1. Introduction

Understanding the rheological properties of complex fluids, such as 
wormlike micelles and polyelectrolyte mixed systems is of paramount 
importance for industrial and biological applications [1–4]. These sys
tems are characterized by a multifaceted self-assembly behavior and 
exhibit unique rheological features that have intrigued scientists for 
decades [5].

Wormlike micelles (WLMs) originate from the self-assembly of 
amphiphilic molecules under specific conditions in solution (surfactant 
aggregate curvature, temperature, pH, surface charge, presence of salts 
or other cosolutes), and possess a unique structure resembling elongated 
threads or worms [6–9]. Their rheological properties are regulated by a 
delicate balance between entanglement, hydrodynamic interactions, 
and breaking and reforming of micellar structures [10]. This delicate 
interplay results in peculiar rheological properties, such as 
shear-thinning and viscoelasticity, that can be finely modulated in 
response to external stimuli or environmental changes [11–14]. WLMs 
constitute a paradigmatic class of complex fluids, as their linear visco
elastic response directly reflects the dynamics and connectivity of the 
entangled micellar network at mesoscopic length scales. 
Small-amplitude oscillatory shear measurements have been extensively 
employed to relate macroscopic rheological properties, such as viscosity 
and relaxation time, to micellar growth, breaking, and entanglement 
processes [15]. More advanced approaches including nonlinear 
rheology, large-amplitude oscillatory shear and recovery-based pro
tocols can provide complementary insight into micellar restructuring 
and stress relaxation beyond the linear regime [16].

Polyelectrolyte complexes (PEC) are multifunctional systems ob
tained via complexation between oppositely charged polyelectrolytes, 
leading to the formation of materials with distinctive physicochemical 
properties and phase behavior [17–19]. These complexes can 
self-assemble into different architectures at the nanoscale, resulting in 
highly stable structures due to strong electrostatic interactions, and 
making PECs resistant to environmental changes such as pH and ionic 
strength [20–22]. This stability, combined with their biocompatibility 
and tunable properties, makes PECs particularly attractive for a variety 
of applications, including drug delivery systems [23], water treatments 
[24], and as components in responsive materials [25,26].

A special case is represented by polyelectrolyte surfactant complexes 
(PESCs), a class of highly ordered supramolecular materials obtained 
through the combination of polyelectrolytes and ionic surfactants 
[27–29]. These materials take advantage of the individual properties of 
charged polymers (mechanical strength and stability) and surfactants 
(ability to self-assemble in lyotropic mesophases) to reach a synergistic 
effect on the rheological and phase behavior [30].

PESCs find several interesting applications as detergents, personal 
care products, pharmaceutical formulations and responsive materials, 
thanks to the possibility of modulating their physicochemical and me
chanical properties by modifying the charge ratio, the concentration, or 
chemical environment (temperature, ionic strength, pH) [31,32].

When wormlike micelles and polyelectrolytes interact in solution, 
interesting phenomena can occur due to the complex interplay between 
their structures and charges [33,34]. These interactions can greatly in
fluence the rheological properties of the solution, including its viscosity, 
elasticity, and flow behavior [35].

The interaction between wormlike micelles and neutral or oppositely 
charged polymers has been extensively investigated, showing that 
polymer adsorption, bridging, or complexation play a key role in 
modulating the overall systems’ response [36–39]. In contrast, the 

interaction between wormlike micelles and polymers bearing the same 
net charge has received far less attention and is generally expected to be 
weak or absent due to electrostatic repulsion. As a result, synergistic 
effects between polyelectrolytes and wormlike micellar systems with the 
same charge are generally overlooked. The present study provides, to 
the best of our knowledge, the first experimental evidence of a strong 
cooperative interaction between an anionic wormlike micellar system 
and a negatively charged polyelectrolyte, leading to a pronounced 
enhancement of viscosity and viscoelasticity despite the unfavorable 
electrostatic conditions.

Previous works demonstrated that sodium and potassium oleate can 
self-assemble into rodlike or wormlike micelles at moderately high 
concentration in aqueous dispersion. The self-assembly behavior of 
oleate salts is intriguingly interesting as it offers a wide set of different 
structures depending on the pH and thus on the charge of the monomers. 
The viscoelastic properties of these systems are determined by a number 
of different parameters like temperature, pH, nature and concentration 
of added salts [40–42]. In this work we explore the rheological behavior 
and the interaction mechanism of two polyelectrolyte surfactant com
plexes based on potassium oleate (KOL) in the presence of different 
charged polymers. In one case we added ε-poly-L-lysine (PL), a 
biopolymer consisting of approximately 25–35 L-lysine residues con
nected by a peptide bond between the carboxylic group and the ε-amino 
moiety [43]. In solution, under neutral or acidic pH conditions PL exists 
in a polycationic form due to the protonation of the amino groups in α 
position [44]. PL is widely used as food preservative, antimicrobial, 
antifungal and emulsifying agent, in hydrogels, drug-delivery systems 
and biodegradable materials [45]. In the second system, a 
low-molecular weight polyacrylic acid (PAA) was added to the KOL 
dispersion. PAA is a synthetic polymer derived from the polymerization 
of acrylic acid: in neutral conditions PAA is an anionic polymer, since 
the carboxylic groups located on the side chains are partially or fully 
deprotonated [46,47]. PAA shows a high solubility in water and an 
excellent ability to form hydrogel, along with remarkable dispersant, 
thickening, and stabilizing properties. For a comprehensive account on 
the state-of-the-art of the current applications of PAA the readers can 
refer to the vast literature, e.g. references [48–50].

The flow behavior and the viscoelastic properties of KOL-PL and 
KOL-PAA complexes were investigated by means of flow curves exper
iments and oscillatory measurements, in order to elucidate the effect of 
the cosolute (i.e., the polyelectrolyte) charge and concentration on the 
overall rheological and phase behavior. In addition to rheological 
analysis, structural insights were obtained through confocal laser scan
ning microscopy (CLSM), to visualize the micellar network and identify 
morphological transitions induced by polyelectrolyte addition. By 
correlating CLSM data with the macroscopic flow behavior, we eluci
dated the role of aggregation and phase separation phenomena in 
shaping the rheological response of the mixed systems. To get a deeper 
insight into the interaction mechanism between the surfactant and 
polyelectrolyte molecules, two-dimensional correlation spectroscopy 
(2D-COS) was employed. Initially developed for infrared spectroscopy, 
the application of 2D-COS has been extended to a wide range of 
analytical techniques—from Raman and NMR to non-spectroscopic 
methods like chromatography—and external perturbations, including 
temperature, pressure, and pH [51–53]. This versatility made 2D-COS a 
powerful tool for the analysis of different samples ranging from poly
mers, surfactants and polyelectrolytes to complex biological, pharma
ceutical, agrifood and environmental systems [54–59]. In this work, 
2D-COS was applied to the concentration-dependent attenuated total 
reflection Fourier-transform infrared (ATR-FTIR) spectra to investigate 
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the specific interaction pathways within the KOL-PL and KOL-PAA sys
tems and determine the sequence of molecular-level rearrangements 
occurring upon polyelectrolyte addition. The 2D-COS data were directly 
correlated with the results obtained from the rheological analysis since 
oscillatory and steady-state measurements describe the collective 
response of the system to deformation, reflecting changes in micellar 
entanglement and network dynamics that are not directly accessible 
through spectroscopy alone. By combining rheology with 2D-COS a 
direct link between molecular-level interactions and the macroscopic 
viscoelastic response can be established, enabling a mechanistic inter
pretation of the complexation processes modulating the behavior of the 
oleate-based wormlike micellar systems.

Moreover, an important methodological aspect of this study concerns 
the application of time–cosolute concentration superposition (TCCS) 
approach to predict the concentration scaling of shear viscosity and 
viscoelastic properties, like the plateau modulus and relaxation times. 
While superposition principles are well established in polymer rheology 
and have been sporadically extended to selected colloidal systems, their 
applicability to complex fluids formed by surfactant–polyelectrolyte 
mixtures remains largely unexplored [60]. In a recent work, a time
–concentration superposition method was successfully applied to 
experimental oscillatory data for studying the concentration scaling 
properties of viscoelastic polymer solutions [61]. Wang and coworkers 
demonstrated the validity of the time-concentration superposition 
concept to estimate the concentration scaling exponents of linear 
viscoelastic properties for different colloidal dispersions and liquid 
crystalline polymer solutions [62]. In wormlike micelles-polyelectrolyte 
complexes multiple dynamic processes like micellar breaking and 
recombination, entanglement, polymer-mediated interactions, electro
static effects coexist and may, in principle, hinder the validity of su
perposition approaches. Demonstrating that TCCS can successfully 
collapse steady shear and oscillatory rheological data in these systems 
represents a significant advancement, providing a predictive framework 
to describe the concentration-dependent rheological behavior. In this 
work, we extended the validity of TCCS approach to the case of poly
electrolyte surfactant complexes.

2. Materials and methods

2.1. Materials

Potassium oleate (>99 %, Sigma-Aldrich, Milan, Italy), ε-poly-L- 
lysine (PL) (Mw = 3500–4500 Da, Sigma-Aldrich, Milan, Italy) and poly 
(acrylic acid, sodium salt) solution (Mw = 1200 g/mol, 45 % w/w in 
water, Aldrich, Milan, Italy) were used as received without any further 
purification. All solutions and dispersions were freshly prepared with 
deionized Milli-Q water (resistivity > 18 MΩ⋅cm at 25 ◦C).

2.2. Sample preparation

The samples containing PL were prepared by adding a weighted 
amount of KOL to water solutions of PL at different concentrations (1, 
1.5, 2, 2.5, 3 % w/w) under constant magnetic stirring at approximately 
600 rpm for 1 h at room temperature. The final concentration of KOL 
was 10.7 % w/w in all the samples.

In the case of PAA, the 45 % w/w water solution was diluted to reach 
different final PAA concentrations (1.5, 2.4, 3.6 and 4.8 % w/w), then a 
weighted amount of KOL was added under constant magnetic stirring at 
approximately 600 rpm for 1 h at room temperature. The final surfactant 
concentration was 10.7 % w/w in all the samples. The pH of the for
mulations was measured by a 744 pH-meter equipped with a combined 
LLWOC microelectrode (Metrohm Italiana, Italy): for all the samples the 
pH was 8.0 ± 0.1, and this value did not change over the time required 
for the rheology experiments. In these pH conditions the fraction of 
protonated amino groups on each PL chain is about 30 %, while in the 
case of PAA the carboxylate side groups are essentially all deprotonated.

2.3. Rheology measurements

The rheology experiments were performed on a Paar Physica UDS 
200 rheometer, using a cone-plate geometry (40 mm, 2◦), in controlled- 
stress mode. The temperature was controlled by a Peltier plate system 
and fixed at 25◦C. For the frequency sweep measurements, the storage G′ 
and loss G″ moduli were measured over the frequency range comprised 
between 10− 3 and 102 Hz. The linear viscoelastic region was determined 
by preliminary amplitude sweep tests and the strain value was fixed at 
1 % for all experiments. The flow curves were acquired by applying a 
torque in the range between 10− 1 and 5⋅103 mN⋅m. All the experiments 
were repeated at least three times, and silicone oil was applied around 
the geometry to prevent water evaporation from the sample. For KOL–PL 
systems the storage and loss moduli exhibited large fluctuations between 
independent runs, exceeding the instrumental uncertainty. Moreover, 
no well-defined viscoelastic behavior and reproducible G′–G″ crossover 
could be identified within the investigated frequency range, despite 
systematic variation of strain amplitude, equilibration time, and mea
surement duration. For this reason the results are not presented in this 
work. For the time-cosolute concentration superposition procedure the 
rheological data were analyzed via in-house MATLAB© scripts, which 
are available upon request.

2.4. Confocal laser scanning microscopy (CLSM)

Confocal microscopy images were obtained using a Leica TCS SP8 
laser scanning microscope (Leica Microsystems GmbH, Wetzlar, Ger
many), with 20 × /0.75 dry and 63 × /1.20 water objectives (Zeiss). The 
samples were stained with Nile Red. An argon ion laser source was used 
for the excitation wavelength of 514 nm, and the fluorescence emission 
was detected by photomultiplier tube (PMT) detectors set to a range of 
600–640 nm. Image analysis was performed using Fiji software [63]. 
Selected CLSM images were converted to 8-bit grayscale and processed 
by applying an intensity threshold followed by noise-reduction steps to 
obtain binary black-and-white images. Particle analysis was then 
applied to identify pore-like features and aggregated structures within 
the sample and determine their projected areas.

2.5. Attenuated total reflection fourier-transform infrared spectroscopy 
(ATR-FTIR)

Infrared spectra were obtained in a wavenumber range of 
1000–4000 cm− 1 in attenuated total reflection (ATR) mode using a 
Thermo Nicolet Nexus 870 spectrometer equipped with an MCT detector 
(Monza, Italy). Each spectrum was averaged over 128 scans and has a 
spectral resolution of 2 cm− 1. After acquisition an offset normalization 
was applied and the spectra were smoothed using an eleven-point 
Savitzky-Golay function.

2.6. Two-dimensional correlation spectroscopy (2D-COS)

Two-dimensional correlation spectroscopy (2D-COS) was used to 
analyze the spectral variations in the ATR-FTIR data as a function of 
polymer concentration. The set of concentration-dependent spectra for 
each system was processed using the generalized 2D-COS algorithm 
developed by Noda [64,65], with the average spectrum of the series 
serving as the reference. The increasing polymer concentration was used 
as the external perturbation. This analysis generated synchronous (Φ) 
and asynchronous (Ψ) correlation maps, which display the in-phase and 
out-of-phase spectral changes, respectively. The order of responsiveness 
of the different molecular groups to the perturbation was then deter
mined by interpreting the signs of the cross-peaks in both maps ac
cording to Noda's rules [66,67]. The analysis was performed using the 
2DShige program (2DShige, version 1.3 © Shigeaki Morita, 
Kwansei-Gakuin University, 2004–2005).
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3. Results and discussion

3.1. KOL-PL system

Fig. 1 shows the flow curves obtained for the KOL-PL samples at 
different PL concentrations.

All the samples show a shear-thinning behavior, with a Newtonian 
plateau followed by a steep decrease in the viscosity as the shear rate 
increases. The viscosity drop is more pronounced when the PL concen
tration is greater than 2 %. The samples at 2.5 and 3 % exhibit an 
interesting behavior: while the Newtonian plateau is still distinguishable 
at low shear rates, in the shear-thinning region the flow curve shows two 
different power-law dependencies. In the shear rate range between 
~0.005 and ~10 s− 1 the slope (obtained by linear regression) of the 
curve is − 0.37 and − 0.41 for the sample containing PL at 2.5 and 3 %, 
respectively. In the high shear range the slope values are − 0.78 and 
− 0.77, respectively, which are close to the value of − 0.87 extrapolated 
for the sample containing PL 2 %.

In the PL concentration range comprised between 0 % and 2 % the 
flow curves were fitted according to the Cross model to obtain the zero- 
shear viscosity η0, an estimate of the shear relaxation exponent, m, and 
the consistency index C [41,68]: 

η = η∞ +
η0 − η∞

1 + (Cγ̇)
m (1) 

Where η∞ is infinite shear viscosity and γ̇ is the shear stress. The 
resulting parameters are listed in Table 1.

The zero-shear viscosity and the consistency index progressively 
increase with increasing PL concentration, suggesting the formation of 
aggregated catanionic structures, due to the strengthening of the elec
trostatic interactions between the positively charged aminoacidic resi
dues on PL and the carboxylic moieties of KOL molecules. The effect 
induced by PL is similar to that observed upon the addition of inorganic 
salts to sodium and potassium oleate-based rodlike and wormlike 
micellar systems [41,42]: a progressive exchange between K+ and PL 
molecules at the surfactant micellar interface promotes the elongation of 
KOL micelles and the consequent entanglement of the catanionic 
structures, resulting in an increased viscosity.

For comparison, a 3 % PL aqueous solution shows a nearly Newto
nian flow behavior, with viscosity values one order of magnitude lower 

than those of the corresponding KOL–PL mixtures (see Figure S1 in the 
Supplementary Material), confirming that the viscosity enhancement 
originates from the interaction between PL and the KOL micellar 
network.

We recall that the reciprocal of the consistency index, 1/C, provides 
an estimate of the critical shear rate at which the shear thinning 
behavior occurs, and an increase in C can be related to a strengthening in 
the dispersion texture and slower entanglement-disentanglement dy
namics, as in the case of polymer solutions [69].

The shear relaxation exponent m is close to 1 (the theoretically 
predicted value for plastic materials), indicating that the catanionic 
structures undergo a substantial shear-induced alignment [70].

For the samples containing PL at 2.5 and 3 % a polynomial fit was 
performed since the Cross model did not provide an accurate description 
of the experimental viscosity data, due to the presence of the two 
different power law dependencies. A fifth-order polynomial model was 
used: 

logη =
∑5

i=0
Ailog(γ̇)i (2) 

The fitting curves according to this model are shown in the Supple
mentary Material (Figure S2), and the extrapolated parameters are listed 
in Table 1.

The complex flow behavior of the PL 2.5 and 3 % samples can be 
ascribed to the simultaneous presence of two different populations of 
catanionic structures, that undergo different disaggregation or disen
tanglement and alignment processes upon shear rate increase, deter
mining a non-uniform power-law region in the flow curves. A visual 
inspection of the samples provides further insights about this peculiar 
behavior (Figure S3 in the Supplementary Material). The presence of PL 
up to 2 % leads to the formation of transparent, homogeneous and 
highly viscous dispersions, while upon further PL addition the samples 
become opaque, indicating the occurrence of an aggregation phenom
enon or the formation of a coacervate.

A detailed structural investigation was performed via Confocal Laser 
Scanning Microscopy (CLSM) on the samples containing 0, 1, 1.5 and 
3 % of PL to obtain an overview of the aggregation phenomena in the 
different PL concentration’ regimes. Nile Red was selected as hydro
phobic probe to monitor the structural modifications occurring within 
the lipophilic portion of the KOL micellar aggregates. The CLSM images 
are reported in Fig. 2.

The CLSM images provide clear visual evidences that support the 
discussion of the rheological behavior. In the absence of PL (Fig. 2a), the 
sample appears homogeneous with no macroscopic aggregates, consis
tent with the relatively low viscosity and Newtonian behavior observed 
in the flow curve. These results are in good agreement with those ob
tained via cryo-TEM experiments on sodium oleate water dispersions 
reported in the literature [42], showing a threadlike micellar structure 
with aggregate dimensions below 50 nm. In the samples containing 1 % 
and 1.5 % PL (Figure S4 in the Supplementary Material), no significant 
changes are observed compared to the pure KOL dispersion. At 3 % PL 
(Fig. 2b and c), bright, densely packed domains are evident, indicating 
the formation of larger, more complex aggregates and phase-separated 
structures. This morphological change correlates well with the marked 
increase in viscosity and the emergence of dual power-law behavior in 
the flow curves at higher PL concentrations. The appearance of such 
heterogeneous microdomains likely reflects the coexistence of multiple 
aggregation regimes, confirming the transition from a homogeneous 
entangled micellar network to a more complex, possibly coacervate-like 
system. The three-dimensional reconstruction of the z-stacked CLSM 
images reported in Fig. 2d highlights the presence of aggregate pop
ulations with different morphologies, including elongated features and 
more compact globular structures with characteristic dimensions on the 
order of tens of micrometers. A semiquantitative image analysis per
formed on selected CLSM sections indicates that the elongated structures 

Fig. 1. Flow curves for 10.7 % w/w KOL (black) dispersion and in the presence 
of PL at 1 % (red), 1.5 % (green), 2 % (blue), 2.5 % (grey) and 3 % (purple). 
The dots and the lines represent the experimental data. The experimental error 
is 2 % on each curve. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.).
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define a porous network characterized by pore areas in the range of 
approximately 100–500 µm², while the estimated areas for globular 
aggregates show values between 2 and 70 µm², with an average value of 
about 20 µm². Although the presence of overlapping micellar layers 
prevents a complete quantitative analysis, these estimates are consistent 
with the heterogeneous mesoscale organization that emerges at high PL 
concentration.

Assuming that in the PL concentration range comprised between 0 % 
and 2 % no phase transition occurs in our systems, a time-cosolute 

concentration superposition (TCCS) approach is applied in order to 
obtain the viscosity master curve and analyze the concentration 
dependence of the transient viscosity data.

A viscosity master curve is shown in Fig. 3, while the values for the 
horizontal (aT-PL) and vertical (bT-PL) shift factors are listed in Table 2. 
The T subscript indicates the transient character of the viscosity data. PL 
concentration of 2 % is arbitrarily selected as reference value for the 
study of the concentration scaling, analogously to the case of polymer 
solutions [71].

Table 1 
Zero-shear viscosity η0, shear relaxation exponent m, consistency index C obtained by fitting the experimental viscosity data with the Cross model, and the coefficients 
A0, A1, A2, A3, A4, and A5 obtained from the polynomial model.

PL Conc. (%) η0 (Pa⋅s) C (s) m

Cross Model 0 0.110 3.88⋅10− 4 1.05 ​ ​ ​
1 0.161 1.47⋅10− 3 0.93 ​ ​ ​
1.5 0.21 1.53⋅10− 3 0.89 ​ ​ ​
2 5.95 0.17 0.94 ​ ​ ​

Polynomial Model A0 A1 A2 A3 A4 A5

2.5 6.95⋅10− 1 -3.67⋅10− 1 -7.23⋅10− 2 -4.42⋅10− 2 4.37⋅10− 5 3.69⋅10− 3

3 5.00⋅10− 1 -3.65⋅10− 1 -3.08⋅10− 2 -4.06⋅10− 2 -1.62⋅10− 3 2.94⋅10− 3

Fig. 2. Confocal laser scanning microscopy images for KOL sample with no added PL (a) and in the presence of 3 % PL with two different magnifications (b and c). 
Panel d) shows the 3D reconstruction of the z-stacked images for the 3 % KOL-PL sample.
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The experimental curves are well superimposed to a single master 
curve that covers seven decades of shear rates values. By fitting the 
variations of the shift factors upon PL concentration a power law 
dependence for aT-PL and bT-PL emerges as follows: 

aT− PL∝cPL
14.8±0.4 

1
/
bT− PL∝cPL

11.3±0.8 

where cPL is the PL concentration.
If we consider the horizontal and vertical shift factors as a reduced 

shear rate (or equivalently a characteristic time λ, with aT− PL = 1/γ̇ ≈ λ) 
and a reduced viscosity (bT− PL = 1/η), respectively, their scaling ex
ponents with the PL concentration can be compared to the power law 
exponents that can be found for characteristic times and zero-shear 
viscosities obtained by fitting the experimental data.

In a recent work Berzin and Vergnes [72] observed that in a series of 
polypropylene homo- and co-polymers the horizontal and the vertical 
shift factors obtained from the superposition of the viscosity data obeyed 
power laws as a function of the polymer molecular weight. The same 
power law dependence was found also for the Newtonian viscosity and 
the characteristic time estimated from the fitting of the viscosity data 
with the Carreau–Yasuda model. The exponents for the horizontal and 
vertical shift factors were very close to the values obtained for the 
characteristic time and viscosity respectively.

Following a similar approach, the zero-shear viscosity η0, and the 
consistency index C obtained from the Cross model are fitted upon the 
PL concentration. Both parameters follow power law correlations with 
the PL concentration (cPL) given as: 

C∝cPL
14.5±0.7 

η0∝cPL
11.6±0.8 

The exponent values for C and η0 are in good agreement to those 
obtained for aT-PL and 1/bT-PL respectively, indicating that the 

superposition approach can be extended to the case of catanionic sys
tems based on potassium oleate and ε-polylsysine to effectively describe 
their viscous behavior as a function of shear rate and cosolute (PL) 
concentration. The success of the superposition provides also the 
confirmation that at constant temperature the concentration ratio be
tween the two oppositely charged polyelectrolytes controls the viscous 
flow, but its effect on the system structure is negligible.

Other interesting insights can be obtained by plotting η0 as a function 
of the PL concentration cPL in semi-log coordinates for the full set of 
samples (Fig. 4). The values of zero-shear viscosity for samples con
taining PL at 2.5 and 3 % were estimated from the experimental vis
cosity data in the low shear region, where a narrow plateau can be 
detected.

Three distinct regimes can be observed: when the PL concentration is 
lower than 1.5 % the viscosity is relatively low (Region 1), then upon PL 
addition the viscosity steeply increases by two orders of magnitude 
(Region 2). This transition is related to the growth and overlap of cy
lindrical micelles, that gives rise to an entangled wormlike micellar 
network [73]. A similar trend was reported by Koshy et al. [74] in the 
case of sodium oleate-cetyltrimethylammonium bromide catanionic 
mixtures. The concentration of 1.5 % can be considered the crossover 
concentration c* for the catanionic micelles, which is useful to mark out 
the transition from the dilute to the semidilute (entangled) regime.

In Region 2, the zero-shear viscosity shows a power-law dependency 
of cPL

9.9±1.2: a similar exponent was reported for the first time by Mol
chanov and coworkers for a wormlike micellar solution of a C22-tailed 
surfactant in the presence of KCl [75]. The value of the exponent is 
remarkably high if compared to the theoretical value of 5.25 predicted 
for worm micelles (and equilibrium polymers) [76], or to the experi
mental values obtained for other WLM systems [77–79]. This effect can 
be ascribed to a reduced screening of the negative surface of KOL mi
celles by the positively charged aminoacidic residues on PL [75].

In Region 3 the zero-shear viscosity shows a different trend, slightly 
increasing with the PL concentration from 2.5 % to 3 %. The change in 
the slope (and eventually a decrease in η0 values after a maximum) is 
usually associated to the formation of branched and/or interconnected 
structures, where the temporary junctions make the tridimensional 
network less rigid thanks to the sliding of branch joints along the 
micellar cylinder [41,80]. In mixed catanionic surfactants’ systems 
cryo-TEM experiments evidenced that the decrease in the zero-shear 
viscosity after reaching a maximum can be related also to a decrease 
in the mean contour length of the worms [81]. We recall that for PL 
concentrations of 2.5 and 3 % the samples become opaque, suggesting a 
structural modification within the micellar network which is corrobo
rated by the flow curve profiles and CLSM experiments.

To get a deeper insight into the role of the intermolecular in
teractions between KOL and PL upon the addition of the polyelectrolyte, 
ATR-FTIR analysis was performed on the oleate-based dispersions at the 
different PL concentrations. The spectra obtained for the KOL-PL 

Fig. 3. Viscosity master curve at PL 2 % as reference. The black dots represent 
the merged master curve.

Table 2 
Horizontal (aT-PL), vertical (bT-PL) shift factors for KOL-PL systems.

PL Concentration (%) aT-PL bT-PL 1/bT-PL

0 3.11⋅10− 3 50.00 2.00⋅10− 2

1.0 5.03⋅10− 3 33.01 3.03⋅10− 2

1.5 1.43⋅10− 2 2.61 3.85⋅10− 1

2.0 1.00 1.00 1.00

Fig. 4. Zero-shear viscosity as a function of the PL concentration. The dashed 
lines are guidelines for the eye.
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systems and for the pristine KOL and PL water dispersions are shown in 
Figure S5 and S6 in the Supplementary Material. The spectrum of pure 
water recorded in the same experimental conditions was subtracted to 
suppress the bands from free bulk water molecules and highlight the 
signals arising from the surfactant, the polyelectrolyte and the hydration 
water, which are organized in clusters and/or layers on the macromo
lecular surfaces.

For all the investigated samples, intense absorption bands are 
observed in the 2800–3000 cm⁻¹ region, which are assigned to the 
symmetric (~2850 cm⁻¹) and asymmetric (~2920 cm⁻¹) stretching vi
brations of the aliphatic –CH₂ groups of the oleate chains. In the 
3100–3600 cm⁻¹ region, the spectra exhibit a broad composite band 
primarily arising from the stretching vibrations of water molecules in 
the hydration shell of KOL aggregates and ε-polylysine chains, and 
participating in hydrogen bonds (HB). Three distinct contributions are 
clearly visible, centered at approximately 3220, 3310, and 3400 cm⁻¹ . 
The contributions near 3310 and 3400 cm⁻¹ can be attributed to water 
molecules coordinated through two or three hydrogen bonds in asym
metric structures, while the band at ~3220 cm⁻¹ is associated to hy
dration water molecules close to micellar and polyelectrolyte’s surfaces 
and involved in strong and symmetrical HB [82]. Additionally, a 
high-frequency shoulder at about 3600 cm⁻¹ can be observed. This 
signal is attributed to weakly hydrogen-bonded O–H groups [83].

The contribution centered at 3310 cm⁻¹ remains basically un
changed after PL addition at different concentrations, whereas the peaks 
at 3220 and 3400 cm⁻¹ exhibit a more peculiar behavior (Figure S7 in 
the Supplementary Material). The ratio between the absorption maxima 
at 3220 and 3400 cm⁻¹ (Abs₃₂₂₀/Abs₃₄₀₀) steeply increases upon addition 
of 1 % PL, followed by a progressive decrease with further increases in 
PL content. At 2.5 % PL, the ratio between the absorbance at 3220 and 
that at 3400 cm− 1 (Abs₃₂₂₀/Abs₃₄₀₀) returns approximately to the value 
observed for the pristine KOL dispersion, and at 3 % PL it drops below 
the initial value. This trend suggests that for PL concentrations up to 2 % 
the presence of the polyelectrolyte promotes the formation of stronger 
and more symmetrical HB, thereby reinforcing the PESC network. 
Conversely, higher PL concentrations negatively affects the HB 
arrangement, leading to an increased structural heterogeneity within 
the hydration shell. These results are in good agreement with the 
structural rearrangements in the high PL concentration regime observed 
in the CLSM and rheology experiments. It is worth noting that bands 
from N–H stretching vibrations of ε-polylysine amine groups are sup
posed to contribute in this region, but the detection of these peaks is not 
possible due to the overlap with the more intense absorptions of hy
dration water molecules.

The spectral region between 1400 and 1650 cm⁻¹ shows distinct 
bands associated to carboxylate (COO⁻) stretching vibrations of the 

oleate headgroups, along with an intense signal centered at 
1630 cm⁻¹ which is attributed to O-H bending in water molecules [84]. 
The asymmetric COO⁻ stretch appears near 1540–1550 cm⁻¹ , while the 
symmetric stretch is observed at 1405 cm⁻¹ [85]. The changes in bands’ 
intensities upon the addition of PL may suggest possible complex for
mation between the anionic oleate and the cationic ε-polylysine, how
ever no clear trends can be detected. Minor bands in the amide region 
(~1650 and ~1550 cm⁻¹) may also reflect contributions from amide I 
(C––O stretch) and amide II (N–H bending) modes of polylysine [86],but 
the overlap with the carboxylate region makes the detailed assignment 
challenging.

To resolve the complex, overlapping spectral changes and elucidate 
the sequence of structural rearrangements that occur as the PL con
centration increases, two-dimensional correlation spectroscopy (2D- 
COS) was applied on ATR-FTIR data. The synchronous (Φ) and asyn
chronous (Ψ) spectra obtained using the increase in PL concentration as 
external perturbation are shown in Fig. 5.

The analysis of the synchronous (Φ) spectrum first reveals strong 
positive autopeaks along the diagonal at approximately 3200, 2900, 
1570, and 1460 cm⁻¹ , confirming that the H-bonding environment and 
the distinct functional groups of the KOL molecules are all highly sen
sitive to PL addition. Furthermore, the cross-peaks in the synchronous 
spectrum show a positive correlation between the KOL headgroups and 
tail regions (Φ(2900, 1550) > 0; Φ(2900, 1400) > 0), indicating a 
coherent response within the oleate molecule. In contrast, significant 
negative cross-peaks appear between the H-bonding region and the KOL 
bands (Φ(3200, 2900) < 0; Φ(3200, 1550) < 0), highlighting an anti- 
correlated relationship between the micellar structure and the bulk 
aqueous/peptide environment upon PL addition.

To elucidate the sensitivity of these IR bands to concentration 
changes, the asynchronous (Ψ) spectrum was analyzed using the Noda's 
rule [64]. When the external perturbation is time, this rule determines 
the sequence of events by combining the signs of the synchronous (Φ) 
and asynchronous (Ψ) cross-peaks at a given coordinate (ν₁, ν₂). For 
instance, if Φ(ν₁, ν₂) is positive but Ψ(ν₁, ν₂) is negative, the change at ν₂ 
occurs before ν₁. If Φ(ν₁, ν₂) is negative and Ψ(ν₁, ν₂) is positive, the 
sequence is also ν₂ → ν₁. If the perturbation is a concentration variation 
as in our case, the asynchronous map provides information about the 
order of responsiveness or sensitivity to concentration changes.

The application of this rule to the KOL-PL correlation maps reveals a 
peculiar interaction mechanism between the surfactant and the poly
electrolyte. The KOL carboxylate headgroups (circa 1400 and 
1550 cm⁻¹) are the most sensitive moieties, responding first to the 
increasing PL concentration. This is followed by a response from the less 
sensitive hydrophobic alkyl tails at 2900 cm⁻¹ ). The analysis confirms 
that the rearrangement of the H-bonding network (~3200 cm⁻¹) is the 

Fig. 5. Synchronous (a) and asynchronous (b) spectra obtained from the ATR-FTIR data on KOL-PL dispersions using PL concentration increase as external 
perturbation. The orange-red colour scale corresponds to negative values, the green-blue scale indicates positive values.
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least sensitive part of the system, taking place only after the initial 
changes in the headgroup and tail, as evidenced by the negative syn
chronous (Φ) and positive asynchronous (Ψ) cross-peaks. This sequence 
provides a molecular-level description of the mechanism suggested by 
rheology experiments: the primary responsiveness of the headgroups 
corresponds to the initial exchange between K⁺ and PL molecules at the 
micellar interface, which then triggers the rearrangement of the alkyl 
tails as the micelles elongate, ultimately leading to the change in the 
bulk H-bonding network upon the entanglement of these larger 
structures.

3.2. KOL-PAA system

The flow profiles of the samples containing KOL at 10.7 % and PAA 
at different concentrations are reported in Fig. 6.

All the samples show a shear-thinning behavior, that becomes more 
pronounced as PAA concentration increases. The addition of PAA brings 
about a remarkable increase in the systems’ viscosity, suggesting a 
strong synergistic interaction between the polyacrylate charged chains 
and the rodlike micelles formed by KOL. The low-molecular weight (MW 
= 1200 g/mol) PAA investigated in this work gives rise to a low viscosity 
solution and exhibits a weak shear-rate dependence at 4.8 % in water 
(see Figure S1 in the Supplementary Material). Concentrated solutions of 
other commercially available low-molecular weight PAA show viscos
ities values ranging from 0.4 to 0.8 Pa⋅s [87]. Higher molecular weight 
PAA (166⋅103 g/mol) solutions show a viscosity of approximately 10–20 
mPa⋅s for a polymer concentration ranging from 0 % to 5 % w/w [88]. 
Starting from these observations, and considering the relatively low 
viscosity of the pure KOL dispersion (black curve in Fig. 6), the struc
turing effect of the PAA addition to KOL micellar solutions becomes 
evident. PAA has been extensively used as a stabilizer for colloidal 
systems, as it can adsorb onto the surface of colloidal particles, and due 
to the high number of carboxyl moieties, it becomes negatively charged 
when ionized. This results in increased electrostatic repulsion between 
particles, making them more easily dispersed [89]. Moreover, the 
polymer chains can extend from the surface providing an additional 
steric repulsion [90]. In previous works the effect of oppositely charged 
polyelectrolytes on anionic and cationic wormlike micellar systems was 
described, highlighting the strengthening of the electrostatic in
teractions within the mixed polymeric/micellar network, that results in 

a remarkable viscosity increase [91,92]. To the best of our knowledge 
only few studies investigated the interaction between PAA and anionic 
surfactants. Iliopoulos et al. [93] observed no viscosity enhancement 
upon the addition of sodium dodecyl sulfate (SDS) to aqueous solutions 
of sodium polyacrylate (NaPA), while Maltesh and Somasundaran evi
denced a weak polyelectrolyte-surfactant association between PAA and 
SDS under acidic conditions when the PAA concentration is low [94]. Li 
et al. found that SDS competes for surface sites with NaPA when NaPA is 
adsorbed on charged TiO2 particles, displacing some of the bound pol
yacrylate segments from the surface [95]. To the best of our knowledge, 
this is the first report of a strong synergic effect between PAA (and more 
in general, a negatively charged polyelectrolyte) and a WLM system with 
a negative micellar surface charge. This phenomenon may appear 
counterintuitive, but there are two main factors that must be carefully 
addressed. First of all, the effect of the counterion condensation on both 
micellar and polyelectrolyte surfaces plays a key role in modulating the 
intermolecular interactions: according to Manning’s theory [96] and its 
more recent interpretation [97], the extent of ion condensation is ruled 
by the dimensionless linear charge density parameter (ξ), expressed as 
the ratio between the electrostatic and thermal energies (kBT): 

ξ =
q2

4πε0εkBTb
(3) 

where q, ε0, ε, kB, T and b are the elementary charge, the vacuum 
permittivity, the dielectric constant of water, the Boltzmann constant, 
the absolute temperature and the average distance between interfacial 
charges, respectively. In the case of rodlike oleate-based micelles ξ > 1, 
indicating a large counterion condensation on the micellar surface [42]. 
For polyacrylate aqueous solutions, the calculated value of the linear 
charge density parameter is 2.83, larger than the critical value of ξ = 1 
for ion condensation. In the mixed KOL-PAA system a significant frac
tion of the Na+ and K+ counterions are localized near the polymer and 
micellar surface, leading to a reduction in the electrostatic repulsion 
between PAA chains and oleate WLMs and promoting their mutual 
interaction. A similar effect was reported in the case of cationic 
like-charged polyelectrolyte/surfactant systems [98]. Secondly, 
hydrogen bonding plays a crucial role in modulating the rheological and 
phase behavior of the KOL-PAA system. In sodium and potassium oleate 
water solutions, for pH values ranging from 2 to 10, non-ionized 
(RCOOH) and anionic (RCOO− ) species coexist, and hydrogen bonds 
stabilize the formation of [R-COO–…HOOC-R] complexes [41]. On the 
other hand PAA becomes fully ionized at pH 10, and the ionization 
degree is essentially independent of its molecular weight [99]. Thus, in 
mixed KOL-PAA systems (pH 8) intermolecular hydrogen bonds occur 
between non-ionized and anionic carboxylic moieties located both on 
oleate micellar surfaces and PAA chains, leading to a synergistic inter
action that brings about a remarkable viscosity increase.

The flow curves for KOL-PAA dispersions were fitted according to the 
Cross model (Eq. 1) and the results are listed in Table 3. All the samples 
show a shear relaxation exponent m around 1, indicating a significant 
shear-induced alignment, as in the case of entangled WLM in the absence 
of added polymer.

Following an approach similar to that already used for KOL-PL sys
tems, a time-cosolute concentration superposition is applied to obtain 
the viscosity master curve and determine the viscosity shift factors. A 
PAA concentration of 4.8 % is arbitrary selected as reference value for 
the study of the concentration scaling. Fig. 7 reports the viscosity master 
curve, while the values for the horizontal (aT-PAA) and vertical (bT-PAA) 
shift factors are listed in Table 3.

The flow curves can be superimposed to a single master curve that 
covers nearly eight decades of shear rates, with some discrepancies in 
the shear thinning region. The horizontal (aT-PAA) and vertical (bT-PAA) 
shift factors, as well as the zero-shear viscosity η0 and consistency index 
C, are fitted according to a power-law relationship as a function of the 
PAA concentration. The extracted power law exponents are: 

Fig. 6. Flow curves for 10.7 % w/w KOL (black) and in the presence of PAA at 
1.5 % (blue), 2.4 % (red), 3.6 % (green) and 4.8 % (orange). The dots and the 
lines represent the experimental data. The experimental error is 2 % on each 
curve. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.).
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aT− PAA∝c1.2±0.1 

1
/
bT− PL∝c1.8±0.2 

C∝cPAA
1.3±0.1 

η0∝cPAA
1.8±0.1 

The exponents for C and η0 are in good agreement to those obtained 
for aT-PAA and 1/bT-PAA respectively. Therefore, the TCCS approach can 
be successfully extended to the case of the mixed KOL-PAA system, 
providing an accurate model for the representation of the experimental 

viscosity data. As in the case of KOL-PL, this method allows also for a 
reduction of the variables that must be taken into account to describe the 
viscous behavior of the polymer-WLM system (if compared to Cross or 
Yasuda-Carreau model for example), since the viscosity can be defined 
as a function of shear rate, temperature and cosolute concentration.

CLSM analysis was carried out on KOL-PAA samples to explore po
tential morphological changes induced by the polymer addition. The 
image recorded at the highest PAA concentration (4.8 %) is reported in 
the Supplementary Material (Figure S8), as an illustrative example of the 
system at the upper concentration limit. For all the investigated con
centrations the CSLM images display a homogeneous fluorescence signal 
with no detectable micro- or mesoscale aggregates, suggesting that the 
micellar structures remain below the optical resolution limit of this 
technique. The absence of visible large-scale domains or phase- 
separated regions supports the hypothesis that PAA does not induce 
macroscopic aggregation or coacervation, but can alter the micellar 
architecture at the nanoscale—an effect that is not captured by CLSM 
imaging but is clearly reflected in the rheological behavior.

The viscoelastic properties of mixed KOL-PAA polyelectrolyte sys
tems were investigated by means of oscillatory shear measurements as a 
function of PAA concentration. Fig. 8 (left panel) shows the storage (G′) 
and loss (G″) moduli obtained by frequency sweep experiments for the 
aqueous solutions of potassium oleate in the presence of PAA at different 
concentrations. The data for the pure polymer solution and for KOL 
alone are not shown since these two systems do not exhibit viscoelastic 
response in the investigated frequency and concentration range.

All the samples exhibit a characteristic viscoelastic liquid behavior. 
At low frequencies the liquid-like behavior predominates (G’’ > G’), 
while at higher frequencies the solid-like elastic behavior prevails (G’ >
G’’). The frequency ωc at the crossover point when G’=G’’ is inversely 
related to the characteristic relaxation time of the material λR. The 
profiles of the storage and loss moduli reveal a strong concentration 
dependence. The crossover frequency shows a progressive decrease as 
PAA concentration increases, similar to those obtained for oleate-based 

Table 3 
Horizontal (aT-PAA), vertical (bT-PAA) shift factors, zero-shear viscosity η0, shear relaxation exponent m and consistency index C obtained by fitting the experimental 
viscosity data with the Cross model for KOL-PAA systems.

PAA Concentration (%) aT-PAA bT-PAA 1/bT-PAA η0 (Pa⋅s) C (s) m

0 9.01⋅10− 5 7.75⋅103 1.29⋅10− 4 0.110 3.88⋅10− 4 1.05
1.500 8.61⋅10− 3 1.17⋅102 8.52⋅10− 3 16.06 0.738 0.76
2.400 0.640 2.915 0.343 447.5 2.349 0.97
3.600 0.897 1.577 0.634 799.6 3.083 1.06
4.800 1.000 1.000 1.000 1293.6 4.92 1.05

Fig. 7. Viscosity master curve at PAA 4.8 % as reference. The black dots 
represent the merged master curve.

Fig. 8. Left panel (a): storage (circles) and loss (triangles) moduli for 10.7 % w/w KOL dispersions in the presence of PAA at 1.5 % (blue), 2.4 % (red), 3.6 % (green) 
and 4.8 % (orange). Right panel (b): master curve for the oscillatory data master at PAA 4.8 % as reference. The full circles represent the storage modulus, the empty 
triangles represent the loss modulus.
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WLM in the presence of different salt concentrations [41], suggesting a 
slower relaxation dynamics (i.e. longer relaxation times) due to a more 
interconnected structure. This effect is observable also in the trend of the 
dynamic moduli G’ and G’’, that increase as PAA concentration in
creases. Thus, the overall behavior is mainly determined by the visco
elastic features of KOL wormlike micelles, while PAA acts as a 
synergistic “modifier” that enhances the rheological properties of the 
mixed system. This effect can be ascribed to the formation of a common 
network where the polymer chains connect different wormlike struc
tures [100].

The viscoelastic behavior of entangled wormlike networks can be 
described by the Maxwell model for viscoelastic fluids with a charac
teristic relaxation time λR, according to the following equations [101]: 

Gʹ = G0
ω2λ2

R

ω2λ2
R + 1

(4) 

Gʹ́ = G0
ωλR

ω2λ2
R + 1

(5) 

where G0 is the elastic modulus extrapolated to infinite frequency (the 
plateau modulus). The values obtained for G0 and λR at different PAA 
concentrations are listed in Table 4. The detailed discussion of the 
theoretical background and the experimental procedures can be found in 
reference [41] and will not be reported here.

Similarly to the TCCS approach for viscosity data, the concentration 
dependence of the linear viscoelastic properties of KOL-PAA system was 
investigated by applying the same procedure to the data shown in Fig. 8. 
The time-cosolute concentration shifting of the oscillatory data implies 
the multiplication of the dynamic moduli G’ (ω, cPAA), G’’ (ω, cPAA) with 
the vertical shift factor bO-PAA and a multiplication of the angular fre
quency with the horizontal shift factor aO-PAA as follows: 

bO− PAAGʹ(aO− PAAω, cPAA) = Gʹ
ref (6) 

bO− PAAGʹ́ (aO− PAAω, cPAA) = Gʹ́
ref (7) 

Where Gʹ
ref and Gʹ́

ref are the storage and the loss modulus for the reference 
concentration, respectively. The O subscript indicates the oscillatory 
character of the frequency sweep data. The viscoelastic master curve is 
shown in Fig. 8, while the values for the horizontal (aO-PAA) and vertical 
(bO-PAA) shift factors are listed in Table 4.

At high frequencies, in the Rouse dynamic regime, the linear visco
elastic data are well superimposed, while some discrepancies occur in 
the low-frequency region, that corresponds to the terminal entangle
ment dynamic regime. This effect has been frequently observed in 
polymer solutions [71,102,103]. As reported by Li and coworkers [61]
the superposition discrepancies in other dynamics at different time and 
length scales do not affect the dynamics under consideration. The dy
namic scaling theory [104,105] predicts that the characteristic time
scales of Rouse dynamics are distinctly different from those of 
entanglement dynamics. Although the profile of the superimposed 
master curve is not perfect, the horizontal and vertical shift factors can 
be fitted according to a power law concentration scaling. The concen
tration scaling of aO-PAA can be related to the concentration scaling of 
Rouse characteristic relaxation time λR, since the superposition is per
formed in the Rouse dynamic regime. The concentration dependence of 

1/bO-PAA can be compared to the concentration scaling of the plateau 
modulus G0, similarly to the case of polymer solutions [106]. The results 
show that: 

aO− PAA∝cPAA
6.6±0.2 

1
/
bO− PL∝cPAA

0.7±0.3 

λR∝cPAA
6.4±0.3 

G0∝cPAA
0.8±0.3 

The scaling exponents are in good agreement with the coefficients 
obtained with the time-cosolute concentration superposition approach. 
For this reason TCCS can be considered a very powerful tool to estimate 
the concentration scaling of linear viscoelastic properties (and steady 
shear viscosity data) of these systems. This method allows for the con
struction of a rheological “map” that extends the range of accessible data 
(not limited to the experimental ones) and for the prediction of the 
rheological behavior at arbitrarily selected cosolute concentrations, 
within the range of validity of the superposition approach. Moreover, 
the existence of different dynamic mechanism can be determined by 
applying a TCCS shifting, as evidenced before in the case of Rouse and 
entangled dynamics. To the best of our knowledge this is the first work 
that demonstrates the efficacy of the time-concentration superposition 
on complex fluids like mixed polyelectrolyte systems based on wormlike 
micelles.

A brief note about the complex shear viscosity (η∗) derives from the 
calculation of measurements η*. The results for the KOL-PAA samples at 
different PAA concentration are reported in Figure S9 in the Supple
mentary Material, along with the experimental shear data. By 
comparing the η* profiles with the steady shear data it is evident that the 
Cox-Merz rule does not hold for the KOL-PAA mixed systems, since 
major inconsistencies occurs between the oscillatory and steady shear 
data. The validity of this principle was confirmed for polymer melts and 
solutions [107], but in the case of gels, pastes and colloidal dispersions 
significant deviations were observed due to the occurrence of intermo
lecular interactions that lead to the formation of complex structures and 
aggregates [108]. In WLM systems the formation of a multiconnected, 
entangled network results in a departure from the Cox-Merz rule both in 
the low and high frequency regime [109]. For this reason, complex 
viscosity was not considered in the study of the concentration scaling of 
horizontal and vertical shift factors (we recall that the scaling of η* is 
equivalent to the scaling of the bO-PAA/aO-PAA ratio).

To elucidate the effect of PAA addition on the intermolecular in
teractions between the surfactant micelles and the polymer chains ATR- 
FTIR measurements were carried out. The spectra obtained for the KOL- 
PAA systems and for the pristine PAA water dispersion after the sub
traction of pure water spectrum are reported in Figure S6 and S10 in the 
Supplementary Material.

For all the samples the broad O–H stretching band (3100–3600 cm⁻¹) 
shows three main contributions centered at approximately 3220, 3310, 
and 3400 cm⁻¹ along with a shoulder at about 3600 cm⁻¹ , reflecting the 
different populations of hydrogen-bonded water at the surfactant–pol
ymer interface. The addition of PAA affects the intensity of these con
tributions, however a specific trend related to the increasing polymer 
concentration is not clearly detectable. The 2800–3000 cm⁻¹ region 
displays the characteristic oleate signals at ~2850 and 
~2920 cm⁻¹ which are assigned to the symmetric and asymmetric 
stretching vibrations of the aliphatic –CH₂ groups respectively. The 
contribution of PAA to these bands is negligible, as shown in Figure S4 in 
the Supplementary Material. In the spectral region between 1400 and 
1650 cm⁻¹ the intense signal centered at 1630 cm⁻¹ is attributed to the 
O–H bending mode in water molecules, while the bands at 
~1550 cm⁻¹ and ~1400 cm⁻¹ are associated to the asymmetric and 
symmetric COO⁻ stretching vibrations of the oleate headgroups and PAA 

Table 4 
Horizontal (aO-PAA), vertical (bO-PAA) shift factors, plateau modulus G0 and 
relaxation time λR obtained for the KOL-PAA systems.

PAA Concentration (%) aO-PAA bO-PAA λR (s) G0 (Pa)

1.500 0.011 2.91 0.386 83
2.400 0.013 1.30 0.398 186
3.600 0.151 1.11 6.31 240
4.800 1.000 1.000 39.81 262
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moieties. The intensities of the COO⁻ bands increase upon PAA addition, 
reflecting the growing contribution of polymer carboxylic/carboxylate 
groups and their interactions with oleate headgroups and the hydration 
shell.

To establish the order of sensitivity of different molecular groups to 
the increasing PAA concentration, two-dimensional correlation spec
troscopy (2D-COS) was performed. The resulting synchronous and 
asynchronous contour plots are shown in Fig. 9.

In the synchronous spectrum, strong positive autopeaks are visible 
on the diagonal in the H-bonding region (~3300 cm⁻¹), the aliphatic C-H 
stretching region (~2900 cm⁻¹), and the carboxylate region 
(~1550–1400 cm⁻¹). This confirms that all these domains are highly 
sensitive to the addition of PAA. The off-diagonal cross-peaks reveal a 
positive correlation between the alkyl C-H bands and the COO⁻ bands, 
indicating a coherent response within the oleate micellar structure. 
Conversely, strong negative cross-peaks correlate both the C-H and 
COO⁻ bands to the H-bonding region, suggesting that the structural 
changes within the micelles and the modifications in the surrounding 
water network occur in opposite directions upon PAA concentration 
increase.

The analysis of the synchronous (Φ) and asynchronous (Ψ) cross- 
peaks according to Noda's rule reveals a distinct sequence of events as 
PAA concentration increases. Specifically, the negative signs of both Φ 
and Ψ cross-peaks between the H-bonding region and the KOL bands 
establish the water network as the most sensitive component, respond
ing before any part of the micelle. Furthermore, the positive Φ and 
negative Ψ cross-peaks between the KOL’s functional groups show that 
the carboxylate headgroup is more sensitive than the alkyl tail. This 
sequence suggests an "outside-in" mechanism: the addition of PAA first 
modifies the hydration water structure and the HB network, which then 
triggers a response at the micelle's polar surface, and this change finally 
propagates into the hydrophobic core.

The 2D-COS analysis reveals different interaction mechanisms be
tween the KOL micellar system and the two polymers, polyacrylic acid 
and polylysine. The order of responsiveness to the increasing poly
electrolyte concentration points to distinct initial interaction sites driven 
by the specific chemical nature of each cosolute. The opposite mecha
nisms can be attributed to the different electrostatic nature of PAA and 
PL. PAA is an anionic polymer approaching the anionic micellar surface: 
the interaction is likely mediated by counterions in solution and 
hydrogen bonding, which explains why the -OH groups respond first. PL 
is polycationic and a direct electrostatic attraction occurs between the 
positively charged aminoacidic residues and the negatively charged 
COO⁻ headgroups of the KOL micelles. This interaction leads to the 
identification by 2D-COS analysis of the carboxylate groups as the most 
sensitive moities. The binding of PL to the micelle surface is the primary 

event that triggers all following changes. These results demonstrate that 
2D-COS applied to ATR-FTIR data can provide a molecular-level 
confirmation of the outcomes obtained via rheological experiments, 
highligthing how the polymer chemistry drives the interaction pathway.

4. Conclusions

In this work, we investigated the rheological behavior of two poly
electrolyte–wormlike micellar complexes formed by potassium oleate in 
the presence of either ε-poly-L-lysine or poly(acrylic acid). Steady shear 
and oscillatory measurements revealed distinct concentration- 
dependent trends for each system, reflecting the interplay between the 
oleate micellar structure and the polyelectrolyte molecules of different 
charge. In KOL-PL systems, a marked increase in viscosity was observed 
above a critical PL concentration (≈ 1.5 %), with a complex flow 
behavior emerging at higher concentrations, likely due to the formation 
of supramolecular or coacervate-like micellar aggregates. CLSM imaging 
supported these findings, showing the development of microstructured 
domains at high PL content. The complexation between KOL and PL was 
confirmed at a molecular level by 2D-COS analysis of FTIR data, which 
revealed an interaction mechanism initiated by the direct electrostatic 
binding of the polycationic PL to the anionic KOL headgroups. In 
contrast, the KOL-PAA mixtures exhibited a strong and progressive 
enhancement in viscosity and viscoelastic moduli with increasing PAA 
concentration, despite the absence of visible mesoscale aggregation in 
CLSM images. This behavior is attributed to nanoscale modifications 
within the micellar network, consistent with previous cryo-TEM obser
vations [42]. This suggests a complex interaction mechanism, probably 
driven by counterion condensation and hydrogen bonding—that leads 
to a strong synergistic effect between the two negatively charged spe
cies. Our hypothesis is supported by 2D-COS results on FTIR data, that 
shows an "outside-in" mechanism where the initial response to 
increasing polymer concentration occurs in the surrounding H-bonding 
network before propagating into the micellar structure. To the best of 
our knowledge, this represents the first reported case of such behavior in 
wormlike micellar systems with a negative surface charge. Notably, PL 
and PA water dispersions individually exhibit a liquid-like rheological 
behavior, confirming that the marked increase in viscosity and elasticity 
arises exclusively from their cooperative interaction with the oleate 
micellar network. Furthermore, a time–cosolute concentration super
position (TCCS) approach was successfully applied to model the rheo
logical properties of both KOL-PL and KOL-PAA systems. Unified master 
curves were built by collapsing the viscosity and oscillatory data across 
the different concentration ranges, enabling the derivation of 
concentration-scaling relationships. The agreement between TCCS shift 
factors and the experimental rheological parameters confirms the 

Fig. 9. Synchronous (a) and asynchronous (b) spectra obtained from the ATR-FTIR data on KOL-PAA dispersions using PAA concentration increase as external 
perturbation. The orange-red colour scale corresponds to negative values, the green-blue scale indicates positive values.
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applicability of this method to surfactant–polymer mixtures. This is the 
first demonstration of TCCS applied to complex fluids comprising mixed 
polyelectrolytes and wormlike micelles. Our findings highlight the 
critical role of polymer charge in determining the interaction mecha
nism and overall flow behavior of polyelectrolyte–micelle complexes, 
establishing TCCS and 2D-COS as a powerful combination for the 
quantitative rheological and structural characterization of these com
plex fluids.
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Glossary

ATR-FTIR: Attenuated Total Reflection Fourier-Transform Infrared Spectroscopy
CLSM: Confocal Laser Scanning Microscopy
COS: Correlation Spectroscopy
2D-COS: Two-Dimensional Correlation Spectroscopy
FTIR: Fourier-Transform Infrared Spectroscopy
HB: Hydrogen Bonds
KOL: Potassium Oleate
NMR: Nuclear Magnetic Resonance
PAA: Poly(acrylic acid)
PEC: Polyelectrolyte Complex
PESC: Polyelectrolyte–Surfactant Complex
PL: ε-Poly-L-lysine
PMT: Photomultiplier Tube
TCCS: Time–Cosolute Concentration Superposition
TEM: Transmission Electron Microscopy
UV-Vis: Ultraviolet–Visible Spectroscopy
WLM: Wormlike Micelle
ϕ / ψ: Synchronous / Asynchronous correlation spectra in 2D-COS
η₀: Zero-Shear Viscosity
G′ / G″: Storage Modulus / Loss Modulus
G₀: Plateau Modulus
λR: Relaxation Time
ξ: Linear Charge Density Parameter
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