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Abstract

Aqueous mixtures of polyelectrolytes and oppositely charged surfactants can
give rise to a large variety of self-assembled structures, depending on the con-
centration and chemical nature of both components. These mixtures form
clear and homogeneous solutions if either the polyelectrolyte or the surfac-
tant is present in excess. Around charge equilibrium, macroscopic precipi-
tates are formed. For some of these systems, near the phase boundary on the
polyelectrolyte-rich side a drastic increase in solution viscosity is observed,
due to the formation of nanometric mixed rod-like aggregates. These polyelec-
trolyte/surfactant complexes act as cross-links between several polyelectrolyte
chains, conferring high viscosity but also shear thinning behavior to the so-
lution. In this thesis, different aqueous mixtures of the cationically modified
cellulose-based polyelectrolyte JR 400 and anionic surfactants were studied
with various characterization techniques to shed light on unexplored aspects
of their unique rheological behavior. (I) Solutions of JR 400 and sodium do-
decyl sulfate (SDS) were investigated by small angle neutron scattering under
rheological deformation (rheo-SANS) to study the origin of the shear thinning
behavior while simultaneously inspecting the structural evolution of the rod-
like aggregates under steady shear. Results have shown that the shear thinning
is correlated to a slight orientation of the aggregates under shear. (II) To in-
vestigate the influence of the surfactant tail length on the rheological behavior,
complexes consisting of JR 400 and two different surfactants, namely sodium
octyl sulphate (SOS, with C8 tail) and sodium tetradecyl sulphate (STS, with
C14 tail) were analyzed. SANS and neutron spin-echo (NSE) spectroscopy
experiments reveled that the pronounced increase in viscosity for JR 400/STS
solutions is due to the presence of mixed aggregates which interconnect differ-
ent polyelectrolyte chains. Solutions with SOS are not viscous since distinct
polyelectrolyte chains are not cross-linked. To gain complementary insights
into the mesostructure of the mixed aggregates observed in the experiments,
atomistic molecular dynamics (MD) simulations were performed using two
charged polypeptides as generic representations of JR 400. MD and experi-
mental results show good qualitative agreement. (III) In order to elucidate the
influence of the surfactants headgroup charge, mixtures of JR 400 and the an-
ionic surfactant sodium monododecyl phosphate (SDP) were investigated. At
pH > 12, the surfactant headgroup bears two charges and solutions exhibits a
water-like behavior, while at lower pH the same mixtures become highly vis-
cous. The change of the mesoscopic structure of the system was again studied
using SANS and NSE, revealing that the double-charged form of the surfac-
tant is not hydrophobic enough for the formation of network-forming mixed
aggregates. (IV) Finally, further information on the role of the mixed rod-like
aggregates in gluing together two or more polyelectrolyte chains was obtained
by performing MD simulations involving defined forces.
Taking all these results together, the physicalmechanisms leading to the unique
viscosity behavior of PESCs are now better understood.



Wässrige Mischungen von Polyelektrolyten (geladenen Polymeren) und
gegensätzlich geladenen Tensiden können, je nach chemischer Zusammenset-
zung und Konzentration, verschiedenste selbstorganisierte Strukturen hervor-
bringen. Die Mischungen bilden klare, homogene Lösungen, wenn entweder
Polyelektrolyt oder Tensid im Überschuss vorhanden sind. In der Nähe der
Ladungsausgleichskonzentrationen bilden sich aber makroskopische Präzip-
itate. In manchen Fällen beobachtet man bei Annäherung an die Präzipi-
tationsgrenze von der polyelektrolytreichen Seite kommend einen dramatis-
chen Anstieg der Lösungsviskosität, hervorgerufen durch die Bildung gemis-
chter, stäbchenförmiger Nano-Aggregate. Diese sogenannten Polyelektrolyt-
Tensid-Komplexe (engl. Abk.: PESCs) erzeugen netzwerkartige Verknüpfun-
gen zwischen verschiedenen Polyelektrolytketten, was eine hoheViskosität bei
gleichzeitigem Scherverdünnungsverhalten zur Folge hat. In der vorliegenden
Arbeit wurden Mischungen des kationisch-modifizierten, zellulose-basierten
Polyelektrolyts JR400 mit verschiedenen Tensiden mit Hilfe mehrerer Charak-
terisierungsmethoden untersucht, um Einblicke in die noch unbekannten As-
pekte von deren einzigartigen rheologischen Eigenschaften zu gewinnen. (I)
Um die Ursache für das beobachtete Scherverdünnungsverhalten zu identi-
fizieren, wurdenMischungen aus JR400 undNatriumdodecylsulfat (engl. Abk.:
SDS) mit einer Methode namens rheo-SANS untersucht, bei welcher Klein-
winkelneutronenstreuung (engl. Abk.: SANS) mit gleichzeitig stattfinden-
der rheologischer Deformation kombiniert wird. Dabei zeigte sich, dass der
Scherverdünnung eine scher-induzierte Reorientierung der stäbchenförmigeen
Aggregate zugrunde liegt. (II) Um den Einfluss der Tensidkettenlänge auf die
rheologischen Eigenschaften zu verstehen, wurde JR400 mit Tensiden unter-
schiedlicher Kettenlänge gemischt, und zwar entweder mit Natriumoctylsul-
fat (engl. Abk.: SOS) mit C8-Ketten oder mit Natriumtetradecylsulfat (engl.
Abk.: STS) mit C14-Ketten. Dabei haben SANS und Neutronenspinecho-
Spektroskopie (NSE-Spektroskopie) gezeigt, dass die beobachtete Viskosität-
serhöhung durch STS-Zugabe der Bildung stäbchenförmiger Aggregate zuges-
chrieben werden kann. ImGegensatz dazu führt die Zugabe von SOS nicht zur
Bildung solcher Aggregate und dementsprechend auch nicht zu einer erhöhten
Viskosität. Um ergänzende Einblicke in die Struktur der gemischten Aggre-
gate zu bekommen wurden atomistische Molekulardynamik (MD) Simulatio-
nen an generischen Modellen von JR400 in Form von geladenen Polypeptiden
durchgeführt. Diese zeigen beim Vergleich zwischen SOS und STS gute qual-
itative Übereinstimmung mit den Experimenten. (III) Um den Einfluss der
Tensid-Kopfgruppenladung zu beleuchten, wurden im nächsten Schritt Mis-
chungen von JR 400 mit dem Tensid Natriummonododecylphosphat (engl.
Abk.: SDP) untersucht. Bei pH > 12 trägt dieses Tensid zwei negative Ladun-
gen und führt nicht zu einer Viskositätserhöhung. Bei niedrigerem pH kommt
es aber zu demmarkantenViskositätsanstieg. Wiederwurde die zugrundeliege-
nde Strukturbildung dieser Mischungen mittels SANS and NSE charakter-
isiert. Dabei zeigte sich, dass die zweifach geladene Form des Tensids nicht
hydrophob genug zur Bildung netzwerkbildender Aggregate ist. (IV) Am
Ende wurde die Rolle der gemischten Aggregate beim Verbinden mehrerer



Polyelektrolytkettenmithilfe vonMDSimulationen untersucht, bei denen definierte
Kräfte auf zwei Polyelektrolytketten ausgeübt wurden.
Zusammenfassend führen die in dieser Arbeit vorgestellten Ergebnisse zu einem
besseren Verständnis der physikalischen Mechanismen, die dem einzigartigen
Viskositätsverhalten von PESCs zugrunde liegen.
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Chapter 1

Introduction

Polyelectrolytes are an important class of polymers that bearing ionizable groups are able
to dissociate in polar solvents, resulting in charged polymer chains and small counteri-
ons. They are widely used in many industrial formulations [186], including pharmaceuti-
cal [38, 237], cosmetics, food, paper industries and water treatment [145, 237]. Numerous
synthetic polyelectrolytes are available like polyacrylic acid (PAA), polymethacrylic acid
(PMAA), and polystyrene sulfonate (PSS) [174]. The synthesis of new polyelectrolytes
allows to confer them specific properties [164] for use in industrial applications [191].
However, due to a modern tendency towards an increasing demand for ecofriendly ma-
terials, a great deal of attention has been paid to biopolyelectrolytes (PEs). In this the-
sis we will focus on the interaction between an oppositely charged cellulose-based poly-
electrolyte and alkyl surfactants. Solutions containing biopolyelectrolytes and oppositely
charged ionic surfactant have attracted special interest in the past decades [55, 100, 124–
126, 158, 168, 257] because their used in a variety of applications, like in the food in-
dustry, biotechnology and medicine [65, 67, 140, 162, 200]. The formation of oppositely
charged polyeletrolytes-surfactant complexes (PESCs) occurs frequently and the driving
forces of this process are intermolecular interactions, both electrostatic and hydropho-
bic [151]. PESCs can exhibit a plethora of different structures in solution, depending
on the chemical parameters of both surfactant and polyelectrolyte [55, 125, 151, 153].
The mesoscopic structures of PESCs depend on several parameters such as the concentra-
tion of the components, charge density, molecular weight, functional groups and contour
length of the PE as well as packing parameter, head group and tail length of the surfac-
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1. Introduction

tant [55, 73, 107, 151]. Depending on the different structure these complexes are able to
modify the rheological properties of solutions in which they are present, exhibiting their
potential use of rheological modifiers [55, 126, 128]. To shed light on the PESCs for-
mation and how they modify solution properties, in the following a concise overview is
given.

1.1 Interaction of Polyelectrolytes and Sur-
factants
To gain insight in the complexation of oppositely charged polyelectrolytes surfactants mix-
tures it is crucial to understand their self-assembly, by investigating their binding mecha-
nism. Self-assembly is an intermolecular spontaneous association via noncovalent bonds
(e.g., electrostatic interactions, hydrogen bonds, or hydrophobic interactions) [292, 297].
In PESCs’ formation the two governing interactions are hydrophobic and electrostatic [31,
151, 297, 298]. In the binding process hydrophobic interactions among the surfactant hy-
drophobic tails play an important role [117, 180]. However, it should be noted that also
the counterions release contributes to the complexation due to the entropy gain [42, 166],
which further strengthens the interaction between PE and surfactants.
After mixing in solution the two oppositely charged components, surfactant molecules
bind to the polymer chains [97, 171, 229]. The binding process is the first step in form-
ing PESCs and it has a strong impact on the morphology and properties of these materi-
als [117, 198, 200], consequently surfactant/polyelectrolyte binding has been extensively
studied [97, 114, 118, 198, 229]. The binding characteristics can be described by a binding
isotherm which can be measured through several techniques, among which isothermal tri-
tation calorimetry (ITC) has been extensively used over the last few years since it offers a
complete thermodynamic characterization of binding process [24, 25, 112, 212, 272–274].
The binding equilibria can be considered as [137]:

OO + S– K OS (1.1.1)

OS + S– Ku SS (1.1.2)

where O is a binding site on the polymer, S- is an anionic surfactant, S is an occupied site
on the polymer; OO indicates two neighboring sites both empty, OSwhen one is empty and
the other occupied, and SS when both are occupied. Considering the polyelectrolyte as a
linear polymer lattice consisting of a large number of equivalent binding sites, it is possible

2



1.1 Interaction of Polyelectrolytes and Surfactants

+

--

cooperative
 binding

non-cooperative
 binding

-- -
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Figure 1.1: Non-cooperative and cooperative binding of surfactant to polyelec-
trolyte.

to distinguish two different mechanisms of adsorption: cooperative and non-cooperative.
In the cooperative binding the adsorption of other molecules is promoted on sites adjacent
to one already filled, while in non-cooperative binding on sites adjacent to a vacant one,
see fig. 1.1, [151, 163]. The non-cooperative mechanism is described by the equilibrium
constant K , see eq. (1.1.1). The strength of the cooperative adsorption is described by the
equilibrium constant Ku where u is the cooperativity parameter, see eq. (1.1.2). Describ-
ing the binding isotherm with the Yang-Satake model [229], based on the Zimm-Bragg
theory [301], the average fractional coverage is expressed as: [229]

β =
1
2

[
1 +

KuCs − 1√
(1 − KuCs)2 + 4KCs

]
(1.1.3)

where Cs is the free surfactant concentration. Although the model is widely used to treat
binding isotherms for different systems [89, 93, 155, 168, 169, 279], some of them show
deviations from the model. The model, in fact, does not take in account the steric hin-
drance between adjacent adsorbed surfactant’s headgroups and interactions between the
adjacent bound ligands separated by an unoccupied site [198, 199].
More recently, Chiappisi et al. [56] introduced a new contribution in the model. They im-
plemented theYang-Satakemodel, that considers only the cooperative and non-cooperative
binding, with a new process: the transfer of bound surfactant from the non-cooperatively
bound to the cooperatively bound state. This contribution is particularly important near
the critical aggregation concentration (CAC), where the binding becomes mainly coop-
erative. For PE/surfactant mixtures, the CAC is usually a few orders of magnitude lower
than the critical micellization concentration (CMC) of the free surfactant [11, 17, 128,
162, 163, 265]. Non-cooperative binding occurs below the CAC at very low surfactant
concentration, as there should be very few occupied sites when the surfactant interacts
with the polymer. Therefore, above the CAC the binding mechanism becomes coopera-
tive [137, 163]. The CAC value is influenced by the strength of electrostatic or hydropho-
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Figure 1.2: Schematic representation of the phase diagram of oppositely charged
PE/surfactant solution as a function of Z . In excess of either PE or surfactant
the solution is clear and lives in the one-phase region. Differently, the charge
equilibrium leads to the precipitation.

bic interactions. Increasing the polyelectrolyte charge density, for example, increases the
strength of the electrostatic interactions. Consequently, the surfactant-PE association oc-
curs at lower surfactant concentrations, decreasing the CAC [151, 171]. A decrease of the
CAC, furthermore, is also effectuated by increasing the surfactant chain length due to the
enhanced propensity of hydrophobic interactions between PE-surfactant and surfactant-
surfactant [73, 151, 269]. However, there are many other parameters like added salt, pH,
temperature or added hydrophobic regions [151] that affect the CAC.

1.2 PESCs’ Structural Organization
The strong attractive interaction between oppositely charged PEs and surfactants leads to
an associative phase separation [171, 209, 258, 259] of the PE/surfactant complex. At a
given polyelectrolyte concentration with a gradual increase of surfactant amount in so-
lution, whose ratio is expressed by the parameter Z = [PE charges]/[surfactant charges],
the mixtures show a phase diagram with 3 distinct regions, see fig. 1.2. At low surfactant
concentrations, Z > 1, in presence of PE excess, the system exhibits one-phase behavior,
with transparent solutions. As the surfactant concentration increases, i.e., reducing Z , the
effective charges on the PE chains start to be reduced because of the association with op-
positely charged surfactant, until they reach the charge neutralization point, at Z = 1. Typ-
ically here the system reaches two distinct phases and neutral, water-insoluble complexes
occur [16, 151, 171]. After passing the charge neutralization point, in surfactant excess
regime at Z < 1, complexes become increasingly charged since extra negative charges are
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1.2 PESCs’ Structural Organization
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Figure 1.3: Possible PESCs structures: a) polyelectrolyte decorate with few
surfactant molecules; b) pearl-necklace structure where hydrophobic interactions
predominate; c) pearl-necklace structure where the PE wraps around micelles; d)
bilayer structure; e) PVP/SDS interaction where hydrophobic interaction predom-
inate [53]; f) PDADMAC/SDS interaction where electrostatic interaction predom-
inate [53].

provided from the surfactant. The further addition of surfactant is able to redissolve the
associated complexes and the system turns in a single phase, exhibiting clear solutions
again. For these systems depending on the concentration and chemical nature of polyelec-
trolytes and surfactants involved, different PE-surfactant interactions and phase behavior
can occur. By tuning the surfactant tail length [5, 24, 60, 73, 170, 256, 294, 297, 298]
and type of head group [107, 125] as well as charge density [107, 210, 295], hydropho-
bicity [115, 176], chain conformation [187, 284], molecular weight [55, 59], stiffness of
the polyelectrolyte [107, 296] and charges ratio Z , their self-assembly behavior and the
resulting supramolecular structures can be modulated.
In the following some examples of different PESCs structures are given.
At high Z values, in PE excess, for oppositely charged polyelectrolyte/surfactant one may
have bottle-brush structures, see fig. 1.3 a, where single amphiphilic molecules are at-
tached to the PE chain [55]. Sometimes is not easy to extract the representative struc-
ture of the complexes. For the neutral poly(vinylpyrrolidone) (PVP)/ sodium dodecyl sul-
fate (SDS) mixture, for example, different studies have proposed as a model of interac-
tion a pearl-necklace structure as in fig. 1.3 c [51, 68, 213, 238, 239]. Other groups, in
contrast, have suggested a different PE/surfactant interaction resulting in a structure like
in fig. 1.3 b [227, 241, 276]. Chatterjee et al. [53] resolved this discrepancy by com-
paring the PVP/SDS system with the cationic poly(diallyldimethyl ammonium chloride)
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1. Introduction

(PDADMAC)/SDS ones, analyzing both with photoluminescence (PL) microscopy and
atomic force microscopy (AFM). They demonstrated that in presence of PVP, SDS binds
to the polyelctrolyte mostly through hydrophobic interactions. With PDADMAC, on the
other hand, the complexation comes through electrostatic interactions between the nega-
tively charged SDS headgroups and positively charged nitrogen centers of the polymer. A
representative cartoon for PVP/SDS self-assembly is shown in fig. 1.3 e and for PDAD-
MAC/SDS in fig. 1.3 f.
Goswami et al. [106] illustrated with molecular dynamics (MD) simulations the effect of
the PE backbone charge density on the complexation of oppositely charged PE/surfactant
complexes. In a different work Liu et al. [176] used MD to demonstrate that for hy-
drophilic PE, with increasing amount of adsorbed surfactant, the structure evolves from
bottle-brush structure, through necklace, then to rod-like micelle, with a tendency for
flexible polyelectrolytes to wrap around the micelle surface. Another study of the effect
of the polymer flexibility has been done on complexes of poly(sodium styrenesulfonate)
(PSSNa)/Cn trimethylammonium bromide (TAB) (n = 14-18), for which a bilayer struc-
ture as in fig. 1.3 d has been proposed [296, 299], dictated by the low flexibility of the
polymer and cylindrical surfactant aggregates. The PESCs morphology is thus a direct
consequence of the system’s parameters since many variables can dictate the aggregation.
This thesis project focuses on mixtures of alkyl surfactants with a biopolyelectrolyte: an
ionically modified cellulose PE named JR 400.

1.3 TheCellulose-BasedPolyelectrolyte JR 400
As stated above, the field of biomaterials has grown significantly in the past decade [13,
131, 134, 149, 190] due to discoveries in tissue engineering [121], regenerative medicine
[181], biotechnology, etc., but also because they are eco-friendly being extracted from
biological resources or manufactured by using the green technology [240]. In this work
the biopolyelctrolyte used is a cationic, cellulose-based polymer named JR 400. Among
all the natural polymers, cellulose is of very high importance as it is an easily accessi-
ble, abundant [21] and biodegradable material [242, 291]. It is a linear polymer [120]
composed of D-anhydroglucopyranose units (AGUs) [69, 120] which are linked by β 1-4
glycosidic bonds [152] where each ring contains three hydroxyl groups, one primary and
two secondary, see fig. 1.4. Cellulose is insoluble in water [184] and in many organic
solvents [184]. In order to be used in various applications, cellulose materials often re-
quire functionalization. The chemical modification consists in apporting new functional
groups on the cellulose chain by reacting hydroxyl groups [1, 152], for example with alky-
lating agents, which can enrich its functionality and thus expand application range. Most
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1.3 The Cellulose-Based Polyelectrolyte JR 400

Figure 1.4: chemical structure of cellulose

HEC EPTMAC JR 400

Figure 1.5: Chemical reaction of the hydroxyethyl cellulose (HEC) with EPT-
MAC to produce JR 400.

of the cellulose derivatives are products of esterification and etherification of hydroxyl
groups [120]. The average number of hydroxyl groups substituted per monomeric unit de-
fines the degree of substitution (DS), ranging from 0 up to a maximum of 3. Between the
different cellulose based polymer, hydroxyethylcellulose (HEC) is well-known and widely
used. Its relatively good water solubility, biodegrability, hydrophilicity, antibacterial prop-
erties [31] and good viscosifying properties make it extremely useful as a viscosifier for
many different applications [78]. HEC is produced by ethoxylation of the cellulose, adding
ethylene oxide (EO) chains. The length of the EO chain impacts the hydrophilicity of the
polymer [298]. Moreover, the hydroxyl groups of HEC present in the side chains can be
modified to enhance the properties of HEC. Cationically modified HEC (cat-HEC), for
example, are widely applied in different fields, such as the production of fibers or paper,
adsorbents, in the cosmetics industry like conditioner in shampoos [220], and as antibacte-
rial agents [26, 50]. Furthermore, the interactions between cat-HEC polyelectrolytes and
different anionic surfactants have been extensively studied in recent years [167, 201, 283].
JR 400 is a cat-HEC obtained from an etherification reaction between the alkali activated
hydroxyl group of HEC and 2,3-epoxypropyl trimethylammonium chloride (EPTMAC)
through the reaction shown in fig. 1.5. It has amolecular weight of about 500000 g/mol [76]
with the cationic group on 27 % of the glucose unit [173], resulting in 1000 g of PE per
mol of positive charges [261]. It is a large, bulky and relatively stiff polyelectrolyte with
a persistence length of the free PE segments of LPE ≈ 6 nm [73, 125]. The mean contour
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1. Introduction

length between charges is 2 nm [205, 218] and they are located on the chains on every
fourth glucose unit in the PE backbone on average. However, also other cat-HEC PEs
are available, like JR 125, JR 30M, LR 400, LR 30M, HR 400 where H, J and L indi-
cates the degree of substitution (DS), with H > J > L and numbers are molecular weight
index [102, 257].

1.4 PESCs as Rheology Modifiers
The rheological behavior of a polyelectrolyte solution can be tuned by the addition of sur-
factant, finding use in many industrial products such as pharmaceuticals, cosmetics or in
some processes like extraction of petroleum and processing of minerals [59]. Of particular
interest are systems containing oppositely charged PE and surfactants [24, 113, 197, 262–
264, 278]. As stated in section 1.1 their binding process involves both electrostatic and
hydrophobic interactions [15, 52], exhibiting a synergistic effect much more complex than
that between non-oppositely charged systems. Goddard and co-workers studied through
surface tension measurements the interaction of JR 400 with a non-ionic and ionic surfac-
tant, namely respectively Tergitol 15-S-9 (a linear surfactant that is a secondary ethoxy-
lated alcohol) and SDS [98, 103, 172]. Experiments have shown that JR 400 had no sig-
nificant effect on the surface tension of Tergitol, suggesting a minimal interaction between
the two components. In contrast, for JR 400/SDS, the surface tension values were dra-
matically lower than that of the pure surfactant solution, even for SDS concentrations two
decades below the CMC.
Apart from their industrial relevance, mixtures of oppositely charged polyelectrolytes and
surfactants attract considerable scientific interest due to their use to control the rheolog-
ical behavior of aqueous solutions [124, 144, 197, 206, 265, 284]. Depending on the
conditions, the addition of oppositely charged surfactant to a PE solution can produce two
different effects: a decrease or an increase of the solution viscosity.
Plucktaveesak et al. [210] reported that in mixtures of poly-acrylic acid (PAA) partially
neutralized with NaOH and dodecyl trimethylammonium bromide (C12TAB), the solution
viscosity is lowered after the addition of the oppositely charged surfactant. In these solu-
tions the effect of the surfactant is to induce a partial collapse of the polymer, and the loss
of part of its effective chain length [110, 162, 210].
Differently, solutions of a hydrophobically modified polymers and surfactants [94, 132,
143, 254, 261], as well as systems containing oppositely charged polysaccaride-based
biopolyelectrolytes and surfactants [97, 123–126, 167, 265], exhibit a large increase in
solution viscosity. Among these latter systems, mixtures of cationic cellulose ether deriva-
tives (cat-HEC) and oppositely charged amphiphilic molecules have been extensively stud-
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1.4 PESCs as Rheology Modifiers

Figure 1.6: On the left, zero shear viscosity of JR 400, SDS/JR 400 mixture as
function of Z (top) and surfactant concentration (bottom). On the PE rich side a
strong increase of the viscosity is registered, while in surfactant excess is reduced
even below the value of the pure PE solution. Right, schematic representation of
mixed rod-like aggregates interconnecting PE chains.

ied [73, 74, 109, 124–126, 183, 245, 283] ever since Goddard reported the increase in vis-
cosity upon addition of an anionic surfactant to JR 400 [100].
In the following an overview on mixtures of JR 400 and oppositely charged surfactants is
given.

1.4.1 Mixtures of JR 400 and Oppositely Charged
Surfactants
As stated above, mixtures of JR 400 and oppositely charged surfactants have been widely
studied in literature, since the 1970’s [14, 97, 101, 104, 167, 167, 219, 282]. In partic-
ular, even if the enhancement of viscosity in mixtures of JR 400/anionic surfactant was
already attributed to the presence of cross-links in solution, recent investigation with neu-
tron experiments on thesemixtures shed light on the relation betweenmesoscopic structure
and macroscopic viscosity [123–126, 128]. In general, for semi-dilute solution at 1 wt%
JR 400 a progressive increase of solution viscosity occurs upon addition of an oppositely
charged surfactant. Overall, approaching the phase boundary, on PE rich side, a viscosity
enhancement by almost three orders of magnitude can be observed, see fig. 1.6. Typical
flow curves of these mixtures show that the viscosity follows a Newtonian behavior at low
shear rates, while at high shear rates a shear thinning (that is, deviating from Newtonian
behavior the viscosity decreases under shear strain) is observed. Additionally oscillatory
shear measurements reveal that these systems are viscoelastic. All the mixtures behave as
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1. Introduction

Figure 1.7: Cross section of the aggregates described with a core made of only
surfactant, a mixed layer with PE and surfactant and an outer shell made of only
PE [125].

viscous fluids at low frequencies, (G′′ > G′), while the elastic response dominates, (G′ >
G′′), after the crossover frequency is reached, (whereG′ =G′′). Reaching the two phase re-
gion, the relaxation time τcross, i.e., the inverse of the frequency at the crossover, increases
and the critical shear rate shifts towards smaller shear rates [55, 124, 126]. These findings
suggest that a probably stronger network is present asmore surfactant is added. An efficient
investigation on these viscoelastic structures has been achieved mostly with small angle
neutron (SANS) measurements. From experiments on JR 400/ SDS and JR 400/ sodium
dodecyl benzene sulfonate (SDBS) [123–125, 128] it can be deduced that the increase
in viscosity is due to the presence of mixed rod-like aggregates. Furthermore, using the
contrast matching technique (that is, by selectively labeling a component with deuterium,
see section 2.3.1) it has been possible to better understand the mesoscopic structure of the
aggregates, which was described with a core shell model. According to this model, rods
have a small core consisting of only surfactant, a middle layer where PE and surfactant
are mixed and an outer shell of only PE [125], see fig. 1.7. It has also been seen that
the amount of JR 400 incorporated in the aggregates increases with the increase of the
surfactant concentration, i.e., reducing Z and it conserved in the structure. An important
point that has been clarified is that the viscosity enhancement is not related to a growth
in length of the aggregates, but rather to the presence of cross-links [123, 125], that is
the aggregates interconnect different PE chains, see again fig. 1.6. Hoffmann et al. [125]
have demonstrated that for both JR 400/SDS and JR 400/SDBS mixtures the length of the
aggregates is rather constant and independent of Z . These findings explain the higher vis-
cosity of JR 400/SDBS mixtures since it has been found that for these solutions roughly 5
PE chains are bounded along the aggregates versus roughly 3 PE chains for JR 400/SDS.
However, a key parameter for the viscosity increase is the PE concentration in solution.
For mixtures at 0.33 wt% of JR 400, below the overlap concentration, the number of PE
chain per aggregate is much lower, about 1 single chain. This results in a less viscosity
enhancement when reaching the phase boundary.
Once in surfactant excess regime, i.e., at low Z values, a strong decrease in viscosity oc-
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curs, equaling the pure PE solution. For JR 400/SDS, SANS analysis showed that no longer
rod-like aggregates are present, but spherical structures. Being in surfactant excess, the
amount of PE incorporated in them was found to be much lower than that in the rod-like
aggregates. The difference in the amount of PE involved in the structures is the key to ex-
plain the transition in shape (from rod-like aggregates to spherical structures) moving from
PE excess to surfactant excess. The rodlike shape of the aggregate is strongly favoured by
both the amount and the arrangement of JR 400 involved since it enters in the middle
layer of the structure. This means that on the one hand it reduces the head group area
because it reduces the charges on the surface. On the other hand it increases the volume
of the surfactant chains since it penetrates in the aggregate. Considering a non-negligible
amount of mixed PE, this results in an increase of the packing parameter p, promoting a
rod-like shape [136] (with p = v/a0l where l and v are the effective maximum length and
volume of the hydrophobic tail, respectively, and a0 is the effective cross-sectional area of
the hydrophilic headgroup [185]). Differently, at low Z values the PE incorporated in the
spherical structures is so small that it does not sufficiently change the packing parameter
to induce a shape transition. Combining neutron spin-echo (NSE) and fluorescence corre-
lation spectroscopy (FCS), Hoffmann et al. [128] found that the spherical aggregates are
bound to the PE chains, since their diffusion is lower than that of micelles of the same size.

1.5 Aim of the Thesis
Although an earlier study already resolved the structural details of the PESCs formed by
one particular PE/surfactant combination (JR 400 and SDS), the influence of the surfac-
tant chemistry on the mechanisms responsible for the remarkable rheological behavior has
remained unexplored. However, such fundamental insights are required for the rational de-
sign of PESCs with desired properties.
This thesis was therefore aimed at a systematic investigation of the role of the surfactants’
chemical characteristics for the mesoscopic structure of PESCs and the resulting rheolog-
ical properties, with a focus on the underlying mechanisms. The conducted research can
be separated into four parts:

1. Before varying the surfactant characteristics, a first study has been made to investi-
gate the mechanism responsible of the shear thinning behavior of PESC solutions.
Specifically, JR 400/SDS mixtures have been investigated through rheo-SANSmea-
surements. The rheo-SANS method employs SANS while simultaneously imposing
a mechanical stress field, in order to measure flow-induced structures in fluids [84].
This technique offers the unique opportunity to develop a qualitative and quanti-
tative understanding of the relationships between the PESCs mesoscopic structure
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and macroscopic flow properties. The measurements revealed that the capability of
the aggregates to orientate under an imposed stress plays an important role for the
solution rheological behavior.
This study is described in detail in chapter 4.

2. The next step was aimed at elucidating the influence of the surfactant tail length
on the viscosity of oppositely charged PE/surfactant mixtures. Although in the lit-
erature there are some studies on the role of the surfactant tail on the PESCs flow
behavior [5, 24, 256, 294, 297], its influence on the aggregate mesostructure and
their dynamics is still unknown. To elucidate this point, two different mixtures were
analyzed: JR 400/sodium octyl sulphate (SOS) and JR 400/sodium tetradecyl sul-
phate (STS). SOS and STS differ for the length of their tails: the former has 8 carbon
atoms while the latter 14. Together with existing data on SDS with C12 tails [125],
this study offered a robust analysis on the effect of the surfactant tail in determining
PESCs’ structures.
Additional information on the PESCs dynamics was obtained with NSE measure-
ments. In the end, experimental results were compared with molecular dynamics
(MD) simulations involving stretched polypeptides as generic mimics of JR 400.
This study is described in detail in chapter 5.

3. In the following step, the effect of the charge of the surfactant head group has been
studied. For this purpose, mixtures of JR 400 with sodium dodecyl posphate (SDP)
have been investigated. SDP has the advantages that it can exist in the monoanionic
and dianonic species depending on the pH, enabling to explore the charge effect for
fixed components in solution. In presence of the double-charged form, SDP2- in al-
kaline solutions, mixtures are not shear thinning and the viscosity does not increase
substantially while the mono-charged form, SDP- in neutral solutions, samples show
viscoelastic properties with an enhancement of the viscosity when approaching the
to the two phases region, in PE excess. Macroscopically, the charge has the same
effect of the surfactant tail length. The flow behavior was again investigated with
both oscillatory and steady shear measurements. SANS and NSE measurements
were used to investigate the mesostructures in solution, to reveal the difference in-
duced by the surfactant head group charge. Results confirm that as for JR 400/STS,
the viscosity behavior of JR 400/SDP- can be inferred to the presence of the mixed
rod-like aggregates.
This study is described in detail in chapter 6.

4. In the end, in order to study the mechanical stability of mixed rod-like aggregates,
constant-force pulling (CFP) MD simulations were performed with two positively
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charged polyelectrolyte strands held together by adsorbed SOS or STS molecules.
As already motivated in point 2 above, generic mimics of JR 400 in the form of
polypeptides were again used for this purpose and two extreme relative configu-
rations were investiated: parallel and orthogonal polyelectrolytes. The results are
compared with the experimental observation and qualitative agreement is found.
This study is described in detail in chapter 7.

Parts 1-3 have been published or submitted for publication, while part 4 is to be published
when the study is completed.

The thesis is organized as follows:

• chapter 2: this chapter introduces the theoretical principles of the different tech-
niques used to characterize the solutions studied. Therefore, theoretical principles
of Rhelogy, Dynamic Light Scattering (DLS), SANS, NSE and MD simulations are
provided;

• chapter 3: this chapter consists of two sections. The first section provides both the
specifications of the materials employed and the procedure with which they were
used to prepare the analyzed solutions. The second section lists the technical pa-
rameters (setting) of the various experiments carried out in this thesis project;

• chapter 4, chapter 5, chapter 6: these chapters elaborate on what was introduced in
points 1, 2 and 3 (see above) respectively. Content and text in these chapters are in
the respective manuscripts;

• chapter 7: this chapter develops what was introduced in point 4, (see above);

• chapter 8: this is the last chapter of this thesis. In the first part, it summarizes
the key points of this project, providing a general overview of the work carried out
and underlining the new knowledge made on the mechanisms behind the unique
rheological behavior of PESC solutions. In the second part ideas are provided for
possible future work on this topic.
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Chapter 2

Theoretical Background

2.1 Dynamic Light Scattering (DLS)

2.1.1 Principle
In a typical light-scattering experiment, the sample is exposed to a monochromatic wave
of light. The sample is usually a solution containing particles and light scatters in all
directions as a function of their size and shape. Dynamic light scattering (DLS), is a
useful technique [34] that can be used to determine the size-distribution profile of small
particles in suspension, with the size range of analysis ranging from a few nanometers to
a few micrometers [281]. The technique measures the time dependence of the intensity
of scattered light caused due to the Brownian motion of particles in solution. Brownian
motion is the random particles movement due to thestochastic collisions with the solvent
molecules and it is strongly dependent on the particles size and on the temperature. The
knowledge of the temperature is very important since it influences the viscosity of the
liquid [10] and it affects the diffusion coefficient, D, as expressed in the Stokes Einstein
equation [214]:

D =
kBT

6πµRh
(2.1.1)

with µ the viscosity of the medium, Rh the hydrodynamic radius and kB the Boltzmann
constant.
Monitoring the Brownian motion over the time, it is possible to get information on the par-
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Figure 2.1: (A) Autocorrelation function g(2) from suspensions of different size
particles. (B) example of the field autocorrelation function of PE solution at θ =
110◦.

ticles size since larger particles diffuse slowly compared to smaller ones [116]. In a DLS
experiment, the time-dependent fluctuations in the intensity of scattered light are analyzed
using an autocorrelator which determines the autocorrelation function of the signal G(2).
This function can be expressed as an integral over the product of intensities at time t and
delayed time (t + τ) [34]:

G2(τ) = 〈I(t)I(t + τ)〉 (2.1.2)

which can be normalized on the incident intensity to obtain:

g2(τ) =
〈I(t)I(t + τ)〉
〈I(t)〉2

(2.1.3)

As indicated in eq. (2.1.3) when the delay time τ is zero, the signal is perfectly correlated,
while when τ is infinity, it is perfectly uncorrelated. The rate of decay of this function
follows a characteristic time scale depending on the size of the scatterers, see fig. 2.1 A.
However, the correlated particle movements is described by the electric field correlation
function g(1) which can be coupled to g(2) by the Siegert relation [34]:

g(2) = 1 + B|g(1)|2 (2.1.4)

where B is the coherence factor that depends on detector area and optical alignment. For
a monodisperse sample g(1) decays as an exponential with decay length Γ:

g(1) = exp(−Γτ) (2.1.5)

The decay constant Γ is related to the diffusion behavior of particles through:

Γ = −DQ2 (2.1.6)
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where the magnitude of the scattering vector Q is related to the scattering angle θ by
Q = (4πn/λ) sin(θ/2), with n being the refractive index of the medium, λ being the wave-
length in vacuo and θ being the scattering angle. In the end, from D and using the
Stokes–Einstein [214] equation, see eq. (2.1.1) it is possible to obtain the hydrodynamic
radius Rh, which can be defined as the radius of a hypothetical sphere that diffuses at the
same rate as the particle under investigation.

2.1.2 Semi-Dilute Polymer Solutions
In this project DLS measurements have been carried out on semi-dilute polymer solutions
for which the mode coupling theory (MCT) has been successfully applied to describe the
dynamics [28, 235]. According to the approach taken by Ngai and co-workers [195], the
correlation function of semi-dilute solutions of entangled polymers can be described with
a combination of an exponential function at short times and a stretched exponential at long
times, see fig. 2.1 B,

g(1)(t) = Afast exp(−t/τfast) + Aslow exp( −(t/τslow)β) (2.1.7)

The decay at short times described by τfast is related to the collective motion of single
chains with the diffusion coefficient D = (τfastQ2)−1 while the slow mode, described by
τslow, accounts for the dynamics of larger cluster. The value of the stretching exponent, β,
is related to the coupling parameter n through β = 1 − n.
The theory assumes that the system is composed of "basic units" whose interaction is
sanctioned by a critical time tcrit. For t ≤ tcrit the base units diffuse independently, that
is the dynamics is not perturbed by the formation of clusters. In this time window the
correlation function is described by a single exponential decay, so that

g(1)(t) = exp(−t/τfast) (2.1.8)

For longer times, t > tcrit the correlation function is characterized by a second slow
stretched exponential decay, see eq. (2.1.7). For t = tcrit an important relationship is given:

τslow(Q) = (t−n
critτfast(Q))1/(1−n) (2.1.9)

where the decay time of the slowmode is linked to τfast, tcrit and n. The coupling parameter,
n, depends on the intermolecular interaction whose value is in the range 0 ≤ n < 1 and it
increases (or β decreases) at the increasing of the strength of the interaction between the
basic units. While the fast time shows diffusive Q−2 behavior, the Q dependence of τslow is
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proportional to Q−2/(1−η), as follows from inserting the Q−2 dependence into the expression
for τslow.

2.2 Rheology

2.2.1 Principles
Rheology is the study of the deformation and flow of material under an applied force. In
this paragraph a brief overview on the basic aspects of flow deformation is given to give
a basis to interpretate rheological experiments. To start, is given a little reminder about
some definitions regarding polymer solutions, on which rheology measurements are done.
According to the scaling theory [71] polymer solutions can be divided into three different
regions: the dilute, semi-dilute, and concentrated solutions. A generic solution can be
thought as stacking of imaginary spheres where each sphere, containing a single polymer
chain, has a radius equal to the radius of gyration of each chain, Rg. At low concentration,
c, these spheres are separated from each other. With the increasing in c they start to be
closer until a critical concentration is reached, the so-called overlap concentration, c∗,
where the whole volume of the solution is packed with these spheres. For convenience,
it is considered that at c∗ the total volume of the system is occupied by the volume of the
polymer coils [105], so that:

c∗ ≈
M
N A

3
4πR3

g
(2.2.1)

where M is the polymer molecular weight and NA is Avogadro number. However, c∗ can be
also experimentally determined since its values is given by the slope change in viscosity
vs concentration plot [144]. Figure 2.2 illustrates three different solution scenarios. At
c < c∗ the solution is called dilute. Here polymer chains do not interact, behaving more
or less independently since their interaction is primarily with the solvent molecules. At
c = c∗ the mobility of the polymer chain starts to be reduced and at c > c∗ it is drastically
reduced since chains are overlapped; the solution is now in the semi-dilute regime [6, 105].
Moreover, the overlapped polymer chains can also form entanglements, once the critical
entanglement concentration, ce is reached. Hence, for c∗ < c < ce semi-dilute solutions
are in the unentangled regime, switching to the entangled regime for c > ce [62]. With
the further increasing of the concentration, the upper limit of the semi-dilute regime, c∗∗, is
reached. It represents the onset of the concentrated regimewhere there are few fluctuations
and the local concentration can be taken as the average over the system.
In this project the polymer solution are in the semi-dilute regime.
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c < c* c = c* c > c*

Figure 2.2: Illustration of different polymer solution regimes: at c < c∗ dilute
solution; at c = c∗ solution at overlap concentration; at c > c∗ semi-dilute
solution.
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Figure 2.3: (A) Viscosity of newtonian, shear thinning and shear thickening
fluids as function of shear rate. (B) Two-plates model to define rheological pa-
rameters.

At this point, let us consider the rheological parameters needed for a scientific description
of flow behavior, with the help of the two-plates model shown in fig. 2.3 B. The model
has a fixed lower plate, an upper plate that can be moved parallel to the lower plate and a
volume of sample in the middle, ideally illustrated as individual planar fluid layers. The
sample is going under deformation due to a force F applied to the upper plate which has
an area A. The resulting important parameters are the shear stress, τ, shear strain, γ, and
the shear rate, γ̇, given by:

τ =
F
A

(2.2.2)

γ =
s
h

(2.2.3)

γ̇ =
dγ
dt

(2.2.4)

The meaning of γ̇ is that it quantifies the rate at which fluid layers move past each other.
Shear stress and shear strain are related by the viscosity η which represents the resistance
of a material to flow:

τ = ηγ̇ (2.2.5)
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2.2 Rheology

Equation (2.2.5), known as Newton’s law, assumes that η is independent of γ̇ and the law
is linear. Liquids, whose viscosity remains constant with changing shear rate (at constant
Temperature and Pressure) are called Newtonian liquid. However, not always the New-
tonian postulate is respected and if the viscosity depends on the shear rate the fluids are
called non Newtonian. In fig. 2.3 A two different types of non Newtonian flow behavior
are shown: shear thinning and shear thickening. In shear thinning fluids, also known as
pseudo-plastic, viscosity decreases as the shear rate increases while for shear thicknening
η increases with increasing shear rate.
In this thesis viscosity measurements are expressed as zero shear viscosity, η0. It refers to
the viscosity plateau prior to the onset of shear thinning describing rheological response
at low shear rate. The zero shear viscosity is a limiting value that cannot be measured
directly but it needs to be estimated by extrapolation.
One important characteristics of polymeric materials is their viscoelastic behavior, that
is solutions exhibit both viscous and elastic character. Elasticity is the tendency of solid
materials to recover their original shape after removing forces applied on them, resulting
in τ directly proportional to the strain γ:

τ = Gγ (2.2.6)

with G as constant, known as shear modulus that indicates the material response to shear-
ing strains; the higher the G value, the stiffer the material.
Viscosity, as mentioned above, is a measure of a fluid’s resistance to flow. Polymer solu-
tions can exhibit all intermediate range of properties between an elastic solid and a viscous
liquid. Viscoelastic materials due to the viscosity factor have mechanical properties de-
pendent on time. Normally the analysis of these viscoelastic systems is performed with
oscillatory measurements. A sine wave strain is applied to the sample and normally the
amplitude of the sinusoidal signal is kept constant while the frequency is the variable.
Moreover, the strain amplitude is chosen in the limit of the linear viscoelastic region (LVE)
to avoid that the measurements could destroy the structure of the sample. An oscillatory
shear strain with angular frequency ω expressed as:

γ = γ0 sinωt (2.2.7)

is applied. The stress response, due to the viscoelastic nature of the material, is also a
sinusoidal but out of phase relative to the strain, expressed as:

τ = τ0 sin(ωt + δ) (2.2.8)

19



2. Theoretical Background

ωt

τ=τ0sin(ωt+δ)

γ=γ0sin(ωt)δ

Figure 2.4: Two-plates model to define rheological parameters

with δ the phase angles which lies between 0◦ and 90◦, see fig. 2.4. For a purely elastic
material, the stress response is always in phase with the strain, i.e., δ=0◦. For a purely
viscous material, there is a 90◦ phase difference. The eq. (2.2.8) can be formulated as
follows:

τ = (τ0 cos δ) sinωt + (τ0 sin δ) cosωt (2.2.9)

where the stress has two components; (τ0 cos δ) in phase with the strain and (τ0 sin δ) of
90◦ out of the phase. Introducing

G′

=
τ0
γ0

cos δ (2.2.10)

G′′

=
τ0
γ0

sin δ (2.2.11)

eq. (2.2.9) can be rewrite as:

τ = γ0[G
′ sinωt + G′′ cosωt] (2.2.12)

Oscillatory measurements allow the determination of both the storage modulus G′ and
loss modulus G′′ where the former is related to the elastic response of the solution, while
the latter to the viscous. A typical behavior shows that at lower frequencies G′′ > G′

so that viscous response predominate, while at high frequencies G′ > G′′ . The point of
crossover between G′ and G′′ defines a very important structural parameter, the relaxation
time, τcross, which is strictly related to the internal structure of the material. With the
increasing of frequencies G′ continues to rise and it usually reach a plateau. The value at
the plateau, known as the plateau modulus G0, is an important property in understanding
the dynamics of the solutions, since it is related to the number of effective cross-links
per unit volume [144] revealing important information about the internal structure. For
this reason, as already stated above, it is important to work in the LVE region since the
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Figure 2.5: Rheological representation of the Maxwell model.

measured G′ and G′′ do not vary with the strain and they are intrinsic properties of the
internal material organization. To describe a viscoelastic behavior, one can build a model
by combining at least two components, one to describe the elastic contribution represented
by a spring and the other to describe the viscous behavior, represented by a dash-pot. One
of the simpler idealization of the viscoelastic parameters of a material is the Maxwell
model [85], which consists of a spring connected in series with a dash-pot as shown in
fig. 2.5. In the Maxwell model, the stress is the same in both elements, resulting:

τ = τs = τd (2.2.13)

where τs and τd represent the stress in the spring and dash-pot respectively. Consequently,
the resulting total deformation of the viscoelastic material is given by the sum of the indi-
vidual deformations of spring and dash-pot:

γ = γs + γd (2.2.14)

with γs and γd the strain in the spring and in dash-pot. Considering that the stress–strain
relations in spring and dash-pot can be written as:

γ =
1
G
τ (2.2.15)

γ̇ =
1
η
τ (2.2.16)

it is possible to differentiate eq. (2.2.14) with respect to time and express the partial strain
rates γ̇s and γ̇d using eq. (2.2.15) and eq. (2.2.16), where the partial stresses τs and τd are
replaced by τ according to eq. (2.2.13). To this end, the Maxwell equation comes out:

γ̇(t) =
τ̇(t)
G

+
τ(t)
η

(2.2.17)

where γ and τ are functions of time, while G and η are considered as fixed model param-
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2. Theoretical Background

eters.

2.3 Small Angle Neutron Scattering (SANS)

2.3.1 Principle
Small Angle Neutron Scattering (SANS) is a powerful technique to extract global struc-
tural parameters and shape information frommaterials with a typical size of the order 1 nm
to over 100 nm. Thereby, it has been applied to a wide range of fields, from macro struc-
tures like polymers to biological molecules, molecular self-assemblies, magnetic systems,
etc. Being a scattering technique the information gained from the measurements are sta-
tistically averaged over the entire sample. SANS is a powerful technique since neutrons’
unique specificities, like:

• the charge neutrality and weak energy make them a powerful non destructive probe
for the samples;

• their interaction with the matter occurs with the nuclei of the atoms. The impor-
tant parameter for describing this interaction is the scattering length density, SLD,
which depends on the isotope of the element. Replacing some hydrogen atoms of a
molecule with deuterium atoms, in fact, the SLD results modified so that the tech-
niques allows one to investicate selected chemical components via isotopic labeling.
For this purpose, all the analyzed mixtures were prepared using D2O as solvent in-
stead of H2O to create a better SLD contrast between the solvent and the organic
materials;

• their magnetic moment allows to determine the range and degree of order in mag-
netic compounds;

• they are weakly absorbed by matter.

In a typical experiment, the sample is irradiated by a monochromatic neutron beam and the
scattered neutrons are detected by a detector, see fig. 2.6. Usually the scattered intensity
I(Q) is expressed as function of the magnitude of the scattering vector ~Q, given by:

Q =
4π
λ
sinθ (2.3.1)
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Figure 2.6: Schematic representation of a SANS experiment with the represen-
tation of the vector ~Q.

with λ the wavelength of the incident radiation and θ the scattering angle. Introducing
eq. (2.3.1) in the Bragg law, it gives:

Q =
2π
d

(2.3.2)

The measured scattering intensity for 1N monodisperse particles of volume Vp is given by:

I(Q) = φVp(∆SLD)2P(Q)S(Q) + Ibkg (2.3.3)

where φ is the volume fraction of the particles in solution, ∆SLD = SLDp − SLDm is
the scattering length density difference between the scattering particle and the solvent
medium, P(Q) the particle form factor, S(Q) the particle structure factor and Ibkg the in-
coherent background which is subtracted in SANS measurements. The particle number
density 1N is coupled to the volume fraction φ and the particle volume by 1N = φ/Vp. The
contrast term (∆SLD)2 is a prefactor of the scattered intensity where the values of SLD
are a summation of the coherent neutron scattering lengths of the constitutive atoms of the
scatterer divided by the occupied volume. The form factor P(Q) comes from intra-particle
scattering and it describes the shape of the objects in solution. For concentrated system the
intensity shows the structure factor S(Q) which accounts for inter-particle scattering, prob-
ing the spatial correlations between objects. Considering an ensemble of monodisperse,
non-interacting particles, the SANS signal is generally given as:

I(Q) = 1NP(Q) + Ibkg (2.3.4)
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Figure 2.7: Different scattering pattern from different particle shape: cylindrical
objects show I(Q) ∼ Q−1 dependence, while spheres I(Q) ∼ Q−4. Blue circle
indicates the Structure Factor peak.

If the sample is polydisperse with regard to the radius, eq. (2.3.4) takes the form

I(Q) = 1N
∫ ∞

0
f (R)P(Q,R)dR + Ibkg (2.3.5)

where f (R) is the radius distribution and 1N takes the form

1N =
φ∫ ∞

0 f (R)Vp(R)dR
. (2.3.6)

Here, we used the normalised lognormal distribution function

f (R,Rm, σ) =
1

√
2πσR

exp
(
−

ln(R/Rm)2

2σ2

)
(2.3.7)

M = Rm exp
(

1
2σ2

)
(2.3.8)

where M is the mean value of the distribution and the standard deviation is given by√
exp(σ2) − 1Rmexp(1/2σ2), fixed at 10%.

Mono-disperse particles of different shape show a different scattering pattern, as shown
in fig. 2.7. In general, for any SANS curve there is a low Q-regime in which I(Q) is in-
dependent of Q, called Guinier regime, valid in the limit of QRg < 1, with Rg the radius
of gyration of the particles. From Guinier regime it is possible to get a first size informa-
tion. A very important Q-range is the intermediate Q-regime where the scattered intensity
presents an I(Q) ∼ Q−α decay where α is related to the shape of the objects in solution.
Cylindrical objects (like the mixed rod-like aggregates in PE excess regime) exhibit an
intermediate region in which I(Q) scales with Q−1, fig. 2.7. A particular case is that of
spheres (like micelles in surfactant excess region of mixtures) where the scattering pat-
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2.3 Small Angle Neutron Scattering (SANS)

tern goes from the Guinier region, defined by QRg < 1, directly to Porod range with a
slope of the plot equal to -4, see again fig. 2.7. The Porod region corresponds to a probed
range smaller than the scattering objects and it gives information about the local struc-
ture. Porod [211] found that for large values of Q the scattering intensity should decay as
I(Q) ∼ Q−4 since the effect of the sharp, smooth interface that separates the particle from
its environment. A generalization of the Porod’s approach can be expressed to rough or
broad interfaces, in which case I(Q) ∼ Q(6−Ds), where Ds is the fractal dimension of the
surface [280]. In case of a smooth surface or sharp interface, Ds = 2 and a Porod slope of
−4 is registered. For rough surfaces or broad interfaces 2 < Ds < 3 and I(Q) will decay
with an exponent between −3 and −4 in the surface fractal regime. In particular, the power
law is related to the fractal dimension, like: I(Q) ∼ Q−1 for 1D object, I(Q) ∼ Q−2 for 2D
object, I(Q) ∼ Q−4 for 3D object. If the object in solution has a defined geometry, its form
factor can be expressed with an exact analytical form so that it is possible to easily fit the
data with theoretical models representing the shape of the scatterers in the sample.
At this point, let’s consider both extreme regions of PE-surfactant phase diagram, where
different shapes of the objects are registered.

2.3.2 PE Excess Region: Cylindrical Objects
The form factor of randomly oriented cylinders with radius R and length L is given by

Pcyl(Q) =

∫ 1

0
Fcyl(Q, x)2dx, (2.3.9)

where the integral over x takes into account the orientational average and Fcyl(Q, x) is the
scattering amplitude

Fcyl(Q, x) = πR2L ∆SLD
4J1(Q,R

√
1 − x2) sin(QLx/2)

Q2R
√

1 − x2Lx
(2.3.10)

comprising the first order Bessel function J1.

2.3.3 Surfactant Excess Regime: Spherical Objects
The scattering amplitude of a sphere with radius R is given by

Fsph(Q,R,∆SLD) =
4π
3

R3∆SLD(3
sin(QR) − QR cos(QR)

(QR)3 ) (2.3.11)

and the corresponding form factor reads Psph(Q,R,∆SLD) = Fsph(Q,R,∆SLD)2.

25
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To describe the interactions between the charged micelles in the surfactant excess for
all the systems analyzed, it has been used the structure factor for charged colloids by Baba-
Ahmed, Benmouna and Grimson [23].

2.4 Neutron Spin-Echo (NSE) Spectroscopy

2.4.1 Principle
The neutron-spin-echo (NSE) techniquewas first proposed byMezei in 1972 [188]. Among
neutron scattering spectroscopic techniques, it is the one with the highest energy resolu-
tion, decoupling the latter from the monochromaticity of the beam. NSE has a broad range
of applications, ranging from the investigation of the the dynamics of glasses, polymer
melts, complex fluids and microemulsions to the elementary excitations in superfluid 4He
and to ferromagnets and spin glasses [189]. In particular, it is a powerful technique for
studying internal dynamics of macromolecules in solutions because it can simultaneously
probe length and time scales comparable to internal motions of macromolecules. In the
most common cases, the incoming neutron beam is polarized along the neutrons’ velocity
direction (z in fig. 2.8). At the beginning of the instrument, a π/2 flipper rotates the spins
direction to be perpendicular to the magnetic field in the coil. The neutron beam travels
within the first magnetic field aligned along z and it precesses, with the spin performing a
Larmor precession in the xy plane. Before being scattered by the sample, the neutron spin
is rotated by 180 degrees around the x-axis by the π flipper. The neutrons are then scat-
tered by the sample and travel through the second magnetic field, equal to that of the first
coil. Inside the second coil, the Larmor precession effectively unwinds the neutron spin.
Before the analyzer-detector system a second π/2 flipper rotates the neutron spin onto the
yz plane.
If the scattering would be elastic, the neutron in the second field would travel with the same
velocity as in the first field. The neutron spin direction at the end of the second coil is the

sample

magnetic coil I magnetic coil II

polarised
beam

π/2
flipper

π
flipper

π/2
flipper

analyzer

z

y &
detector

x

Figure 2.8: Schematic of Neutron spin echo experimental setup.
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same as the one at the beginning of the first coil (which is along the x direction), since
the fields and the lengths of two coils are equal. The polarization of the beam revealed
by the detector, in this condition, would be the same as before the first field and an Echo
signal is measured. If after the scattering a small change of neutron’s energy occurs, the
neutron will have a different velocity in the second field and neutrons’ spins do not return
to their initial state. Neutrons will arrive with slightly different polarization compared to
that before the first field. This change of beam polarization contains the information about
the energy change. Since the second coil can usually be moved, it’s possible to investigate
different Q values and study the microscopic dynamics in the sample at different length
scales.
NSE measurements directly yield the intermediate scattering function S(Q, t). Its initial
slope can be described by

S(Q, t) ∝ exp(−Dapp(Q)Q2t) (2.4.1)

where Dapp is the apparent diffusion coefficient, which is related to the apparent hydrody-
namic radius

Rapp
H (Q) =

kBT
6πηDapp(Q)

. (2.4.2)

For the diffusion of non-interacting, spherical particles, Rapp
H coincides with the geometri-

cal radius.

The diffusion of a rod can be described using the Broersma equation[40] for the trans-
lational (Drod) and the rotational (Θrod) diffusion coefficient:

Drod =

(
kBT

3πηsolvL

)
(δ − 0.5

[
γ‖(δ) + γ⊥(δ)

]
) (2.4.3)

Θrod =

(
3kBT
πηsolvL3

)
(δ − ζ(δ)), (2.4.4)

where δ = ln(L/R), γ‖ = 1.27 − 7.4(1/δ − 0.34)2, γ⊥ = 0.19 − 4.2(1/δ − 0.39)2 and
ζ = 1.45 − 7.2(1/δ − 0.27)2. This results in an intermediate scattering function with a
double exponential decay:

Srod(Q, t) = s0(Q) exp(−DrodQ2t) + s1(Q) exp(−(DrodQ2 + 6Θrod)t) (2.4.5)
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with the amplitudes

s0(Q) =

 2
QL

∫ QL
2

0
j0(z) dz

2

s1(Q) = 5
 1
QL

−3 j1
(
QL
2

)
+

∫ QL
2

0
j0(z) dz

2

(2.4.6)

where jn is the nth order spherical Bessel function. A structurally similar expression with
different coefficients was obtained by Ortega et all. [204]. Within the t and Q range of
NSE, the decay due to rotational diffusion is a small correction.

2.5 Molecular Dynamics (MD) Simulations

2.5.1 Principle
Molecular Dynamics Simulation is a computational method used to simulate the behavior
of interacting molecules based on a predetermined set of interaction parameters, called
force field (FF). The first MD simulations were performed by Alder and Wainwright [8]
in the late 1950’s to study the interactions of hard spheres. Since then, MD simula-
tions have been used more and more widely due to improvements in computer perfor-
mances, force field optimization, and development of versatile and user-friendly simu-
lations packages [129]. MD simulations have been widely used in modeling short pep-
tides [37, 96, 182, 247, 286], protein-protein interactions [19, 22, 216], lipid-protein com-
plexes [111, 135, 150, 182, 243, 247, 286], as well as in computational drug discovery
and design [39, 72, 83] and neuroscience [70, 75, 80, 138], where they are used both to
interpret experimental results and to guide experimental work.
The essence of MD simulations is to produce a dynamical trajectory of the molecular sys-
tem by integrating Newton’s equations of motion. The trajectory is an ensemble of frames,
where each frame contains the positions of all atoms at a specific point in time or in simple
words it represents the evolution of the system over the time. Considering a system com-
posed of N particles (typically atoms), to perform an MD simulation it is necessary to de-
fine the initial positions (and velocities) of each particle, the interaction between particles
(i.e., the force field) and the boundary conditions to use. The interactions are represented
by a potential energy U(~r1, ~r2, ..., ~rN) that depends on the particle coordinates ~r. Once the
initial conditions are defined, the classical equation of motion, eq. (2.5.1), can be solved:

mi
d2ri
dt2 = ~fi = −~∇iU(~r1, ~r2, ..., ~rN) (2.5.1)
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Figure 2.9: Geometry of a chain molecule, illustrating the interatomic distances
rij, rjk, rkl, the bend angle θjkl and the torsion angle φijkl.

2.5.2 Bonded Interactions

Molecules are defined as a group of atoms that are held in their geometrical shapes through
so-called bonded interactions. Chemical bonds are described by simple harmonic po-
tentials that approximate the quantum-chemical bond potential. Considering a simple
molecular geometry, see fig. 2.9, the bond length coincides with the interatomic distance
rij = |ri − rj| and the associate harmonic potentials is given in eq. (2.5.3), where req in-
dicates the equilibrium separation and kr

ij the spring constant. A good estimation for req
values can be obtained from X-ray diffraction experiments [9, 77, 139], while the spring
constant kr

ij may be calculated from Raman spectra [208, 225]. The bending angle term
potential is defined by eq. (2.5.4) and it is also represented by a harmonic potential, with
the bond angle θijk that is between successive bond vectors like ~rjk and ~rkl. If the molecule
contains more than three atoms in a row, a torsional term can be included, see eq. (2.5.5),
with φijkl the torsion angle. This term accounts for the (effective) rotational potential.

2.5.3 Non-Bonded Interactions

Non-bonded interactions describe interactions between atoms that are not intimately linked
via covalent bonds. All intermolecular interactions are described in this way, but also inter-
actions between atoms of the samemoleculewhen they are sufficiently distant connectivity-
wise. The pair-wise additive approximation is commonly used in treating the non-bonded
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Figure 2.10: Variation of the attractive, repulsive and net potential energies as
function of the interatomic separation, r, between two isolated atoms.

interactions. The total potential energy of a system of N interacting atoms is given by:

U(~r1, ~r2, ..., ~rN) =

N∑
i < j

U2(ri, rj)+
N∑

i < j <k

U3(ri, rj, rk)+...+
N∑

i < j <k,...,n

Un(ri, rj, rk, ..., rn) (2.5.2)

with Un the n-body interaction term. This series is usually truncated after the first term,
that is the pair-wise additive approximation. It is widely used and provides satisfactory
results [66]. Usually three types of non-bonded interactions are considered: hardcore re-
pulsion, van der Waals (vdW) attraction and Coulomb interaction. The former two are
generally modeled with the 12-6 Lennard-Jones (LJ) potential, eq. (2.5.6), proposed by
Lennard-Jones in 1931 [165], after London had derived that vdW dispersion interaction
between atoms decays as r−6. Figure 2.10 shows the Lennard-Jones potential function
curve. Considering two atoms, if they are at very close distance r (measured from the cen-
ter of one particle to the center of the other particle), they will repel each other according
to Pauli’s principle, whose form is empirically expressed by r−12 dependence. If located
at a considerable distance, the attractive vdW forces dominate.
For each different pair of atoms it is possible to define two important parameters: ε and σ.
The former is the well depth and it is a measure of how strongly the two particles attract
each other, while the latter is the distance at which the intermolecular potential between
the two particles is zero. It represents the van der Waals radius and offers an estimation on
how close two nonbonding particles can be. The Lennard-Jones potential has its minimum
at a distance of r = rm = 21/6σ. In case of two different atoms A and B, with respective
LJ parameters, the effective pair-wise LJ potential of the system is calculated according
to FF-specific combination rules [230]. In most of the popular Force fields available, a
geometric mean rule (the Berthelot rule) is used for ε and a geometric or arithmetic mean
rule (the Lorentz rule) for σ [288], so that: εAB =

√
εAεB and σAB = (σA + σb)/2.
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2.5 Molecular Dynamics (MD) Simulations

To take into account electrostatic charges the Coulomb potential is included in the FF,
eq. (2.5.7), where qi and qj are the charges and ε0 is the permittivity of free space. In a
generic system, charges contribution comes not only from ions, with their total positive or
negative charge, but also from partial charges of atoms in any polar molecule, due to the
differences in electronegativities of different elements.
Merging together the discussion of this section and section 2.5.2, an example of Force field
is given:

U =
1
2

∑
bonds

kr
ij(rij − req)2 (2.5.3)

+
1
2

∑
bend
angles

kθijk(θijk − θeq)
2 (2.5.4)

+
1
2

∑
torsion
angles

∑
m

kφ,mijkl (1 + cos(mφijkl − γm)) (2.5.5)

+
∑
LJ

4εij

σ12
ij

r12
ij
−
σ6

ij

r6
ij

 (2.5.6)

+
1

4πε0

∑
elec

qiqj

rij
, (2.5.7)

The parameters of the force field (kr
ij, req, k

θ
ijk, θeq, k

φ,m
ijkl , γm, εij, σij, q) can be derived with dif-

ferent procedures. Some of them are derived from quantum chemistry calculations, while
others from experimental data. Since these parameters are usually obtained by studying
systems that are not necessarily the same used in the simulation, FFs have inherent approx-
imations which can introduce errors into simulations. However, over the last decades the
ability of a large community of researchers have optimized FFs, improving the reliability
of MD-derived findings. An important factor that impact a FF is the accuracy, that is the
capability of estimate experimental observables [178], like dielectric constant, isothermal
compressibility, thermal expansion coefficient, heat capacity, density, diffusion coefficient,
viscosity, in the simple case of the water [244].

2.5.4 Boundary Conditions
Macroscopic systems are extremely large and consequently are expensive to compute by
MD simulations. Normally, only small systems on the order of 10 x 10 x 10 nm can be
simulated conveniently. It could be possible to use a box with rigid walls, but then the
surface effects would affect the real bulk properties of the system. For this reason, the
application of periodic boundary condition (PBC) is needed. PBC means that each unit
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Figure 2.11: Schematic representation of periodic boundary condition. The unit
cell is centered, in yellow.

cell is surrounded by an infinite number of replicas of itself, see fig. 2.11. As a particle
moves out of the unit cell, another will enter from an adjacent box with the same speed to
replace it, keeping the particle number constant. However, even using periodic boundary
conditions there are finite-size effects that can lead to artifacts in certain aspects. As con-
sequence of PBC, for example, both Lennard-Jones and Coulomb potential are truncated
at a finite distance, rcut, such that only the interactions between particles separated by a
distance smaller than rcut are taken into account. However, while the LJ potential is simply
truncated at a certain distance (around 1 nm), the Coulomb potential is more problematic
since it does not decay with distance rapidly enough to allow a safe simple truncation.
Long-range forces, in fact, should never be truncated so that special algorithms are needed
to be implemented in the FF, like reaction field or particle mesh ewald methods.

2.5.5 Thermodynamic Ensembles
The integration of eq. (2.5.1) leads to a trajectory in the microcanonical or NVE ensem-
ble [133], where the number of particles N , the volume of the simulation cell V , and the
energy of the system E are kept constant. The NVE ensemble that comes out of a standard
MD simulation does not directly map to common experimental conditions. To compare
MD with experiments, it is more useful to work at constant temperature (the canonical
NVT ensemble) or pressure (the isothermal-isobaric N pT ensemble), that can be done
using one of the available thermostats and barostats. In principle thermostats serve as a
simulated heat bath around the system (with the heat bath much larger than the system),
keeping their average temperature at a set value. A thermostat algorithm (which gener-
ates a thermodynamical ensemble at constant temperature) will compare the instantaneous
temperature of the system, encoded in the distribution of particle kinetic energies, to that
of the heat bath to which the system is coupled. Since any change in T can be achieved
by varying the velocities of the atoms, thermostats re-scale the velocities of particles to
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control the temperature. Just like using a thermostat to control the temperature, a barostat
algorithm keeps the pressure constant by scaling the volume of the system. The changes in
volume of the box can be isotropic or non-isotropic (for example only in one spatial direc-
tion), as it was done in the present work. Particularly important is the isothermal-isobaric
(N pT ) ensemble obtained by combining a barostat and a thermostat because these are the
most common experimental boundary conditions.
Different algorithms are available with different accuracy in describing the dynamics of the
system. However, the larger is the system, the less important are the differences between
them [133], making the choice not very critical.
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Chapter 3

Materials, Sample Preparation and Ex-
perimental Methods

This chapter is based on the text of the manuscripts1, 2, 3.

3.1 Chemicals
JR 400 (DowChemical, USA, see fig. 3.1) is a cationically modified hydroxyethylcellulose
with a molecular weight of about 500000 g/mol (PDI = 1.85 [168], with a partial molar
density in water 1.66 g/ml) and a cationic group on 27 % of the glucose units, resulting in
1000 g of PE per mol of positive charges[261]. Its overlap concentration was found to be
0.8 wt% [124].
SOS, SDS, SDP and STS (all at 98.5%), see fig. 3.2 were purchased from Sigma-Aldrich
and used without further purification. Water was taken from a Millipore System; SANS
and NSE samples were prepared in D2O (99.9 % isotopic purity, Sigma-Aldrich Co.,St.
Louis, MO).

1On the mechanism of shear-thinning in viscous oppositely charged polyelectrolyte surfactant complexes
(PESCs). J.Phys.Chem.B,124:909-913, 2020. Del Sorbo et al. [74]

2Influence of the surfactant tail length on the viscosity of oppositely charged polyelectrolyte/surfactant
complexes. Macromolecules, 2021. Del Sorbo et al. [73]

3Stimuli-Responsive Polyelectrolyte Surfactant Complexes for the Reversible Control of Solution Vis-
cosity.
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3.2 Sample Preparation

Figure 3.1: Chemical structure of JR 400.

SOS SDS

STS SDP

Figure 3.2: Chemical structure of SOS, SDS, STS and SDP.

3.2 Sample Preparation
JR 400 stock solution at 1 wt% was prepared by mixing the appropriate amount of PE
powder and solvent (H2O or D2O). The stock solution was stirred overnight to ensure the
complete dissolution of the PE. All mixed samples were prepared by adding the surfactant
powder to a quantity of JR 400 solution. The amount of surfactant and JR 400 solution
were calculated according to the relative charge ratioZ = [PE charges]/[surfactant charges]
of the sample. Each sample was gently stirred for 12 h in order to get homogeneous so-
lutions if in the one phase region of the phase diagram. The stirring speed has to be low
especially for viscous solutions, in order to avoid the formation of micro-bubbles which
have to be avoid for the measurements.
Particular attention is reserved to JR 400/SDP samples, since the pH-dependence of the
surfactant: at neutral pH, SDP is present in its hydrogen phosphate form with a single
negative charge on its headgroup. Around pH = 9, a transition from hydrogen phosphate
to phosphate with 2 negative charges is observed [193, 269], see fig. C.1. Samples either
had a pH of 7 where the surfactant has a single charge or a pH of 12, where the surfactant
headgroup bears two negative charges. The pH of the solutions was adapted by adding
appropriate amounts of NaOH (> 98%, Sigma-Aldrich) and controlled by Mettler Toledo
pH-meter. It should also be noted that at neutral pH, a small fraction of the surfactant
forms an insoluble salt complex [18], which gives the solutions a turbid appearance.
For neutron experiments the solvent used is D2O and concentrations were adapted to its
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higher density so as to keep the molar concentrations identical to the corresponding sam-
ples in H2O.
Samples were prepared and characterized at room temperature unless specified otherwise.

3.3 Experimental Methods
The following sections describe the setting for each technique used to characterize the
samples in this study.

3.3.1 DLS
In this project DLS measurements were performed at 25◦C with a setup consisting of an
ALV 7004 Correlator, an ALV CGS-3 Goniometer and a He-Ne Laser with a wavelength
of 632.8 nm. Cylindrical sample cells were placed in an index matching vat filled with
toluene. Autocorrelation functions were recorded under different angles between 50◦ and
150◦. Samples were equilibrated for 15 min before to start the measurements.

3.3.2 Rheology
In this thesis viscosity measurements were performed using an Anton-Paar MCR 501
Rheometer in cone/plate geometry with a 50 mm cone diameter and 1◦ cone angle. During
the measurements, a solvent trap was used to prevent water evaporation and subsequent
changes in the solutions structure. To determine the shear rate dependence, the shear rate
was increased from 0.01 s−1 to 1000 s−1 and the duration per point was 10 s. Oscillatory
shear measurements were performed in the frequency range of 0.01-100 rad/s. The strain
amplitude was chosen so as to remain in the linear viscoelastic regime. All measurements
were carried out at 25 ◦C.

3.3.3 SANS
Different SANS experiments were carried out in this work:

• In chapter 4 SANSmeasurements were performed on the instrument D11 at the Insti-
tut Laue-Langevin (ILL, Grenoble, France) using a neutron wavelength of 5.0 Å and
sample to detector distances of 1.4, 8 and 39 m, covering a Q-range from 0.022 to
4 nm−1. The rheoSANS setup consists of an Anton-Paar Physica MCR 501 rheome-
ter with a titanium Couette geometry of 30 mm diameter and 0.5 mm gap. SANS
data were reduced using the software package BerSANS [147], using the direct beam
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flux to obtain data in absolute scale. The anisotropy analysis of the data was per-
formed using the software SASET [192].
Principal Component Analysis (PCA) was used to quantify anisotropy and deter-
mine the maximum scattering direction, by finding the vector onto which the pro-
jected data, weighed by their intensity, have amaximumvariability. For the anisotropy
analysis using PCA, only Q-values covering 2π azimuthally of the 8 m measure-
ments were used. The resulting Q-range is 0.125–0.725 nm−1. Additionally, 45◦

sector averages parallel (0◦) and perpendicular (90◦) to the direction of shear were
taken.

• In chapter 5 and chapter 6 SANS measurements on JR 400/surfactant solutions
were performed on the time-of-flight instrument V16 [267] at Helmholtz-Zentrum
Berlin (HZB, Berlin, Germany). To cover a range of the magnitude of the scat-
tering vector Q from 0.02 to 5 nm−1, we used a neutron wavelength in the range
1.78 Å < λ < 3.75 Å for a sample-to-detector distance of 1.7 m and in a second
range from 1.56 Å < λ < 9.22 Å for sample-to-detector distance of 11 m. Data
reduction was performed with the software package MantidPlot [20].

• Neutron diffraction (ND) experiments on PE/surfactant precipitates in chapter 5
were performed on D16 [63] at Institut Laue-Langevin (ILL) in Grenoble, France.
Measurements were done at a wavelength of λ =4.5 Å for a sample-to-detector dis-
tance of 955 mm, in order to cover a Q range from 0.2 to 12 nm−1. The neutron data
were corrected for the empty cell, the ambient room background, the nonuniform
detector response, the transmission and the thickness of the sample. The scattering
intensities were normalized in absolute units with a standard water calibration. Data
analysis was performed using the ILL in-house LAMP software [222].

3.3.4 NSE
In this thesis different NSE experiments were performed on the instrument IN15 [88] at
the Institut Laue-Langevin (ILL, Grenoble, France):

• In chapter 5, to cover a Q-range from 0.3 to 1.6 nm−1, four different configurations
were used, namely detector angles of 3.5◦, 6.5◦ and 9.5◦ at a wavelength of 10 Å
reaching a maximum Fourier time of 194 ns and a detector angle of 8◦ at a wave-
length of 6 Å reaching a maximum Fourier time of 42 ns.

• In chapter 6 were used 4 different configurations with detector angles θ of 7, 4.5, 7.5
and 3.5◦ using neutrons with wavelengths (longest Fourier time t in parentheses) of
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6 Å (42 ns), 10 Å (190 ns), 10 and 13.5 Å (477 ns) covering a Q-range from 0.21 to
1.46 nm−1.

3.3.5 MD Simulations

3.3.5.1 MD Simulations of SOS, SDS, and STS interacting with
PE

Atomistic molecular dynamics (MD) simulations of SOS, SDS, and STS interacting with
polyelectrolytes were performed using the GROMACS 5.2 package [2] and the GRO-
MOS 53a6 force field framework [203]. Positively charged polyelectrolytes in the form
of the polypeptides PLL and PLG, see fig. 5.8 A, were used as generic mimics of JR 400.
Stretched, quasi-infinitely long polyelectrolyte chains were represented by cyclically con-
nected, periodically repeated units of NAA = 30 amino acids in combination with periodic
boundary conditions. The simulation box contained one or two parallel polyelectrolyte
chains, 60 surfactant molecules, a number of Na+ and/or Cl− as counterions (Gromos
53a6/ions.itp), in addition to the water molecules, which were atomistically represented
by the SPC-E water model [33]. The box size was initially 6 nm × 6 nm in xy-direction. In
the z-direction (along the polyelectrolyte) the box size was set as Lz = NAAlAA = 10.8 nm,
according to the average length per amino acid in stretched configuration, lAA = 0.36 nm
[232]. The simulation time step was ∆t = 2 fs, Lennard-Jones interactions were cut off at
0.9 nm, and electrostatics were treated using the particle-mesh-Ewald method [86] with a
0.9 nm real-space cut-off. Temperature was kept constant at 300 K with a V-rescale ther-
mostat [43] with coupling time constant 0.1 ps. The pressure of 1 bar was controlled using
the Berendsen barostat [33] with pressure coupling in xy-direction with a time constant of
0.5 ps and compressibility of 4.5 × 10−10 Pa−1, while keeping Lz constant. Each system
was first equilibrated in constant volume and temperature conditions (NVT ensemble) for
10 ps and subsequently in constant pressure and temperature conditions (NPT ensemble)
for 100 ps. Production runs had a duration of 100 ns, of which only the last 50 ns were
used for the analysis to ensure sufficient equilibration. Starting configurations for SDS
micelles were generated with the online tool Micelle Maker [156]. SOS micelle configu-
rations were generated by using SDS micelle coordinates for all those atoms that exist in
SOS (i.e., up to the 8th C atom in the tail). For STS, initial configurations were generated
via a stepwise alchemic transformation as described in section B.5.1. Simulations were
carried out for 2 PE types (PLL and PLG), 2 numbers of PE chains (1 and 2), 3 surfactant
types (SOS, SDS, and STS), 2 counterion conditions, see chapter 5, and 2 initial surfactant
distributions, amounting to approximately 5 µs of simulation time in total. Radial distri-
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bution functions and sizes of surfactant aggregates were computed with the Gromacs tools
gmx-rdf and gmx-clustsize [233], respectively.

3.3.5.2 Constant-Force Pulling (CFP) MD Simulations
As starting point of CFP simulations, simulated structures formed by two PLL chains and
60 surfactants are used, much like to those shown in fig. 5.9. These aggregates are not
unique representations of the mixed aggregates that occur in the experiments, because
they may involve more than 2 PE chains on average (from SANS analysis it was found that
NPE chains per aggregate is between 3 and 4, see section 5.2.3). Moreover, the average num-
ber of surfactants per mixed aggregate may differ from the experimental situation as well.
Nevertheless, this model system is used with the aim to identify robust qualitative trends.
In a network, a parallel configuration is one extreme scenario for the contact between two
bound chains. In general, two chains can intersect at locally any angle, orthogonal being
the other extreme. Both configurations are therefore investigated as schematically illus-
trated in fig. 7.1.
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Chapter 4

Investigation of the Mechanism Respon-
sible of the Shear Thinning behavior of
PESCs Solution

This chapter is based on the text of one of the published manuscripts1.

4.1 Introduction
As stated in chapter 1, PESCs show an extremely rich self aggregation behavior [55, 57,
99, 130] and these systems have attracted the interest of researchers for a few decades
now [100]. However, despite recent reviews [90, 107, 151] are available, some aspects of
their behavior are still not fully understood. One of these concerns the mechanism behind
their shear thinning behavior. To shed light on this mechanism, rheo-SANSmeasurements
were performed on aqueous mixtures of JR 400 and SDS, see figs. 3.1 and 3.2 for chemical
structure .
Rheo-SANS allows to monitor structural changes using small angle neutron scattering
while samples are under shear. This method has been used to great success for wormlike
micelles and other colloidal systems [45, 79, 84, 91, 157, 221, 226, 248]. Aqueous mix-
tures of 1 wt% JR 400/SDS show a remarkable increase in viscosity by several orders of

1On the mechanism of shear-thinning in viscous oppositely charged polyelectrolyte surfactant complexes
(PESCs). J.Phys.Chem.B,124:909-913, 2020. Del Sorbo et al. [74]
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magnitude relative to the pure PE solution at the same PE concentration [100]. A graph of
the zero shear viscosity, η0, as a function of the charge ratioZ , can be found in theAppendix
A, fig. A.1. A noticeable increase of the viscosity is observed for charge ratios of about
Z = 10 (corresponding to 1 mM surfactant for a 1 wt% JR 400 solution) and less up to the
onset of the two phase region around Z = 2.5. Combining SANS and NSE spectroscopy,
it was shown that this increase in viscosity is due to the formation of rodlike aggregates
with a diameter similar to a surfactant micelle and a length of about 50 nm [123]. This is
different from wormlike micellar systems or stiff, strongly anisotropic colloids [160, 161]
in that no overlap between the aggregates themselves is needed to obtain viscous samples
as they only act as cross-links between PE chains and therefore relatively small surfactant
concentrations of 3 mM and less are sufficient to obtain viscous samples, while surfactant
concentrations in viscous wormlike micellar solutions are typically on the order of some
10 mM [252, 260].
JR 400/SDS solutions display shear thinning behavior beyond a critical shear rate γ̇crit,
see fig. A.2, and here rheo-SANS has been used to investigate the underlying mechanism
leading to this behavior. This is not only an interesting question from fundamental sci-
ence but also highly relevant for applications, as such mixtures are frequently employed
in formulations from detergency, cosmetics, shampoos etc., where they are applied under
shearing conditions. In principle, two different scenarios are thinkable:

1. Under shear, PE chains are torn out of the aggregates, reducing their number per ag-
gregate and consequently reducing the aggregate‘s efficiency as cross-linker, which
ultimately leads to a situation comparable to what is observed at low PE concen-
trations. In this scenario, the radially averaged scattering intensity would decrease
noticeably in the Q-range where the aggregates are observed (see the Appendix A,
figs. A.3 and A.4)

2. Knowing from NSE, that the PE chains are not frozen in the aggregates and assum-
ing that they can move mostly along the long axis of the aggregates, it would be
sufficient if the aggregates align along the direction of shear. In this scenario, the
radially averaged intensity of the radial rheoSANS data would remain identical but
the scattering pattern would become anisotropic.

4.2 Results and Discussion
SANS and rheo-SANS experiments are detailed in section 3.3.3, complementary offline
rheology measurements in section 3.3.2.
SANS data treatment is explained in Appendix A, section A.2.1.
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Figure 4.1: SANS curves for sample with Z = 3 at different shear rates indicated
in the graph. The SANS intensity remains unchanged, while a reduction of the
number of chains per aggregate should result in a small but noticeable difference
as shown in figs. A.3 and A.4.

Sample preparation is illustrated in section 3.2.

4.2.1 Rheo-SANS
Performing rheo-SANS measurements on viscous, shear thinning PESCs allows to dif-
ferentiate between the two proposed scenarios. While a reduction of the cross-linking
efficiency of the rodlike aggregates by the reduction of the number of PE chains in the
aggregates would reduce the scattering intensity, an alignment of the aggregates would
only result in an anisotropic scattering pattern, leaving the radially averaged intensity un-
changed. As can be seen in figs. A.5 and 4.1 the radially averaged intensity is independent
of the applied shear rate at shear rates significantly above the critical shear rate (0.9 1/s for
Z = 3), even though a small, yet noticeable difference should be observed, if the number
of chains per aggregate would be reduced. Specifically, the intensity should be reduced in
the intermediate Q-range and somewhat increased in the high Q-range because of the de-
crease of the volume fraction of mixed aggregates and an increase of the volume fraction
of free PE chains (see figs. A.3 and A.4 for the theoretical curves in which the fraction of
JR 400 in the mixed aggregates xPE has been varied, and fig. A.5 for a magnification of the
mid Q-range of fig. 4.1). From this it is possible to exclude the first scenario, where shear
thinning is caused by the disruption of the cross-linking mixed aggregates. At first glance,
no anisotropy is visible in the 2D detector images, see fig. 4.2. Taking 45◦ sector averages
on the other hand with different angles relative to the direction of shear shows no difference
at rest, see fig. A.6, and a small but significant difference under shear, see fig. A.7, which
shows that the anisotropy is induced by shearing the sample. These anisotropic scattering
patterns were now analysed in a quantitative fashion using principal component analysis
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A) B)

Figure 4.2: 2D detector images for sample with Z = 3 A) at rest and B) at
γ̇ = 500 1/s. No pronounced anisotropy can be seen.

Figure 4.3: Anisotropy parameter A from PCA for samples indicated in the
graph using the mid-Q configuration (8 m sample to detector distance). The more
viscous samples with Z = 3 and Z = 5 show an increase of anisotropy with
the shear rate. The critical shear rates γ̇crit of the samples as determined from
viscometry, see fig. A.2, are indicated in the graph as vertical lines. The onset of
the increase of A roughly coresponds to γ̇crit .

(PCA) [36, 192]. PCA is an established method from pattern recognition that consists in
finding a succession of orthogonal vectors accounting for the highest variability in a data
set. Applied to 2D intensity data, the main component indicates the direction and breadth
of maximum dispersion in the intensities, i.e., the main axis of anisotropy and its ampli-
tude. It yields an anisotropy parameter A with A = 0 for a completely isotropic scattering
pattern and A = 1 for scattering only along one direction. Performing PCA on the data
at mid-Q where the rodlike aggregates are seen, shows that a weak anisotropy forms as
the shear rate is increased. The effects are negligible for pure JR 400 and the sample with
Z = 10 which have a rather low viscosity. It becomes far more pronounced for the more
viscous samples with Z = 5 and Z = 3, see fig. 4.3. It can also be seen that the onset of
the increase in anisotropy is at significantly lower shear rates for Z = 3 than for Z = 5
which is in agreement with the significantly lower γ̇crit at Z = 3 (0.9 vs 4 1/s). The onset
of anisotropy and the critical shear rate are in good agreement, which indicates that this
structural change is at the origin of the macroscopic change of the flow behavior.
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At Rest Applied Shear

Figure 4.4: Rheo-SANS measurements support scenario (II): Applying shear,
the fraction of free PE chains does not increase. The reason for the shear thinning
behavior of the solutions is an alignment of the rodlike aggregates in the direction
of flow which allows the PE chains to move along the flow direction more easily.

4.3 Conclusion
In summary, using rheo-SANS it is possible to rule out that shear thinning in JR 400/SDS
system is related to the rupture of the mixed rodlike aggregates which were found to be
responsible for the increase in viscosity previously. In fact, it is observed that a slight
orientation of the rodlike aggregates is sufficient. This matches with previous NSE results
of Hoffmann et al. [125], where it was found that the PE retains some of its freedom of
movement even in the aggregates. This motion might be mostly along the long axis of
the aggregates and orienting them in the direction of shear allows for an easier relaxation
of shear stress and this orientation of aggregates makes the system shear thinning. An
interesting detail can be seen when inspecting fig. 4.3 more carefully. For Z = 3 at the
two highest shear rates a slight decrease in the anisotropy can be seen. This might indicate
that beyond a certain shear rate, the decrease of viscosity is governed by an increase of
mobility of the PE chains in the aggregates. In principle, rheo-NSE measurements [146]
might be able to clarify this point in the future.
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Chapter 5

The Influence of the Surfactant Tail Length
on PESCs Viscosity

This chapter is based on the text of one of the published manuscripts1.

5.1 Introduction
As stated in section 1.4.1, previous studies on mixtures of JR 400, see fig. 3.1, and SDS,
see fig. 3.2, reveled that in surfactant excess, the PE is decorated with spherical micell-like
surfactant aggregates, while in PE excess mixed rod-like aggregates are found [55, 125,
128, 168]. These rod-like surfactant/PE aggregates are responsible for a high degree of
interconnection between PE chains, resulting in a pronounced increase in solution viscos-
ity near the phase boundary on the PE-rich side of the phase diagram [125, 126, 128].
Surprisingly, a qualitatively similar but weaker increase of solution viscosity with the ad-
dition of anionic surfactant followed by a decrease upon addition of more surfactant has
also been observed for mixtures of surfactant and weakly charged gelatin [92] or non-
ionic polyethylenoxide (PEO) [253], where it was observed that the maximum viscos-
ity increases with increasing length of the surfactant tail. It was concluded early on by
Schwuger [236] from the lack of adsorption of cationic alkyl trimethylammonium sur-
factants and the pH dependence of the adsorption of SDS that the adsorption of ionic

1Influence of the surfactant tail length on the viscosity of oppositely charged polyelectrolyte/surfactant
complexes. Macromolecules, 2021. Del Sorbo et al. [73]
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surfactants on PEO was not purely due to hydrophobic interactions and based on the de-
pendence of the binding of anionic surfactant on the cation of added salt. Dubin et al.
[81] concluded that binding of SDS is mediated by the cation, which is bound by PEO,
making the situation comparable to the oppositely charged PESCs studied here. However
so far, the vast majority of studies on PESCs with anionic surfactants have used SDS as
surfactant [100, 109, 122, 168], while still little is known about the influence of the sur-
factant tail length on the viscosity of oppositely charged PESC solutions. Although there
are studies that investigated the influence of the surfactant tail length on the macroscopic
behavior of PESC solutions [5, 24, 256, 294, 297], the dynamics and the mesostructure of
the aggregates has remained unexplored, so far.
Here, the PESC’s mesoscopic structure and dynamics have been investigated in order to
provide an explanation for the influence of surfactant alkyl tail length on the macroscopic
flow behavior. For this purpose, mixtures of JR 400 and alkyl sulphates with two different
tail lengths have been studied: sodium octyl sulphate (SOS, 8 carbon atoms) and sodium
tetradecyl sulphate (STS, 14 carbon atoms), see fig. 3.2, for various mixing ratios, Z , of
charges of polyelectrolyte to surfactant. In this study different experimental techniques
have been used: Rheology, SANS, NSE and complementary solvent-explicit atomistic
molecular dynamics (MD) simulations.
While rheology measurements provide information on the macroscopic flow behavior,
SANS and NSE shed light on the mesoscopic structure and dynamics of the system. Fi-
nally, the MD simulations were aimed at elucidating additional atomistic details of the
interaction of PE chains with monoalkylsulfate surfactants. To this end, the simulations
involved generic stretched PEs with adjustable charge density exposed to SOS, SDS, and
STS.

5.2 Results and Discussion
SANS and diffraction experiments are detailed in section 3.3.3. Rheology measurements
in section 3.3.2 while NSE tests in section 3.3.4.
DLS measurements are shown in Appendix B and detailed in section 3.3.1.
Sample preparation is illustrated in section 3.2.

5.2.1 Phase behavior
At first, the phase behavior of SOS/JR 400 and STS/JR 400 mixed solutions as a function
of Z is established by visual inspection. For STS/JR 400 precipitation is observed near
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Figure 5.1: Zero shear viscosity of JR 400, SOS and STS as function of Z (bot-
tom) and surfactant concentration (top). In the picture are also shown: 1) 2 phase
region of SOS (in green), 2) 2 phase region of STS where the precipitate is a mix
of JR 400/STS (blue) and 3) 2 phase region of STS where the precipitate is only
surfactant (oblique rectangles in light blue).

charge equilibrium (Z = 1), while SOS/JR 400 exhibits a shift of the two phase region
to lower Z values (i.e., higher surfactant concentrations), see fig. 5.1. These observations
are in agreement with the solubility diagrams of these solutions reported by Goddard and
Hannan [97] and consistent with earlier reports on SDS/JR 400 [107, 125], SDBS/JR 400,
and SDES/JR 400 [55, 124]. According to Goddard and Hannan [97] such a shift of
the phase boundary is expected for surfactants with high CAC. For both SOS and STS,
solutions are clear when JR 400 is in excess (i.e., high values of Z). For STS it is necessary
to increase the temperature to 35 ◦C in order to obtain a clear solution in the surfactant
excess regime (Z . 0.1). In contrast, the precipitates observed close to charge equilibrium
cannot be dissolved by heating the samples. Neutron diffraction data obtained with the
instrument D16 of ILL show that aggregates at high surfactant concentrations exhibit the
same peaks as pure STS powder, see fig. B.7, whereas the precipitates at charge equilibrium
do not exhibit any peaks. These findings suggest that the formation of clear monophasic
solutions in the surfactant excess regime in STS/JR 400 is hampered by the poor solubility
of STS at room temperature rather than by its inability to redissolve the precipitates.

5.2.2 Rheological behavior
STS/JR 400 samples in the PE excess regime exhibit a remarkable increase in viscosity,
while SOS/JR 400 samples behavewater-like over the whole range of compositions studied
here. To quantify this effect, steady and oscillatory shear measurements were performed
in the PE excess regime of the phase diagram with both SOS/JR 400 and STS/JR 400. Fig-
ure 5.1 shows the zero-shear viscosity, η0, of the two systems as a function of Z . While for
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Table 5.1: Parameters obtained fromOscillatory Shear Rheology of STS/JR 400
mixtures.

Z ωcross τcross G0 ε ξ
/ [rad/s] [s] [Pa] [m−3] [nm]
10 2.68 2 24 5.9 x 1021 55
7 1.93 3 39 9.5 x 1021 47
5 1 6 57 1.3 x 1022 42
3 0.52 12 58 1.4 x 1022 41

SOS/JR 400 the viscosity is the same order of magnitude of the pure JR 400 solution, for
JR 400/STS an increase of the viscosity is observed by three orders of magnitude when ap-
proaching the phase boundary. Typical flow curves for JR 400/STS at various Z are shown
in fig. B.1. In all cases, the observed shear-thinning is reversible for increasing or decreas-
ing the shear rate γ̇, with a Newtonian region at low γ̇ values. Upon increasing the STS
concentration (i.e., reducing Z), the solutions become more viscous and the critical shear
rate γ̇crit, which marks the onset of shear thinning, shifts to lower values, see fig. B.3. The
shear-thinning behavior can be attributed to modifications in macromolecular organisa-
tion as the shear rate changes, presumably similar to SDS/JR 400 where it was found that
cylindrical aggregates slightly align under shear [74]. To obtain additional information
on the PE-surfactant micro-structural network, oscillatory shear measurements were per-
formed. The profiles of the storage modulus G′ and loss modulus G′′ obtained from those
experiments are shown in fig. B.2. These measurements reveal that all the samples exhibit
viscoelastic behavior, as found previously for other PESCs [124, 126, 144, 179, 265]. At
low frequencies, the viscous response G′′ prevails over the elastic response G′ , while at
high frequencies G′ is larger than G′′ . As the frequency increases, a cross-over point is
reached (G′ = G′′) and the solution behavior switches from viscous to elastic, depending
on Z; with decreasing Z it shifts toward lower frequencies. The inverse of the frequency
at the crossover defines the structural relaxation time τcross which increases as more sur-
factant is added [126], see fig. B.4.
Based on the theory by Green and Tobolsky [108, 246], the plateau value of G′ , termed
G0, see section 2.2.1 for more details, is related to the network junction density via:

G0 = gεkBT (5.2.1)

with the network junction density ε , the absolute temperature T , Boltzmann’s constant kB
and a factor g to account for the strength of the junctions in units of kBT , which is initially
set to 1 for the calculation of the values in table 5.1. The same holds semi-quantitatively for
the value at the maximum oscillation frequency if the plateau is not reached. This allows
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Figure 5.2: Comparison of the SANS curves of 1 wt% JR 400 with SOS and
STS, both at charge ratio Z = 5 and pure JR 400. While the curve of STS/JR 400
shows the formation of rodlike aggregates, hardly any structural changes com-
pared to the pure PE can be seen for SOS/JR 400.

to calculate the mesh size ξ = ε−1/3 which turns out to be roughly on the order 50 nm,
with only a weak dependence on the choice of g (ξ ∝ g1/3). All rheological parameters are
summarised in table 5.1. In conclusion, a decrease in Z coincides with a decrease in the
mesh size and at the same time with an increase in the relaxation time. Taken together this
indicates that lower Z values result in more pronounced PE/surfactant networks to which
the higher viscosities seen in fig. 5.1 may be attributed.

5.2.3 SANS
In order to understand the micro-structural organisation of these solutions, SANS mea-
surements were performed on samples with 1% of JR 400 and variable concentrations of
SOS and STS on both sides of the phase diagram. The pure JR 400 solution shows the
typical scattering pattern of a semi-dilute PE solution with a Q−1 slope at high Q down
to about 0.8 nm−1, see fig. 5.2. The curve shows a weak PE peak, which is neglected
when modelling the data as thin cylinders, see eq. (B.2.1). The fit results for the radius
(RPE = 0.8 nm) and the persistence length of the free PE segments (LPE = 6 nm) are in
good agreement with previous results [125] and are used as fixed parameters for the fits of
data from samples with added surfactant.
Adding an excess of either SOS or STS to JR 400 beyond the limit of the respective two
phase region, see fig. 5.1, and heating the sample above 35 ◦C for STS results in a scatter-
ing pattern corresponding to charged spherical micelles, see fig. B.6. Comparing samples
of 1 wt% JR 400 and STS or SOS at the same charge ratio, Z = 5, in the PE excess
regime, see fig. 5.2, it can be seen that the sample with STS forms elongated aggregates,
as evidenced by the Q−1 slope at 0.2 < Q < 1 nm−1, while no such aggregates can be ob-
served in the sample with SOS, whose scattering pattern is almost identical to that of pure
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Figure 5.3: ysos as a function of charge ratio (bottom) and surfactant concentra-
tion (top). Inset: SANS curves of JR 400, and of SOS/JR 400 1 wt % at Z = 5,
Z = 1 and Z = 0.5.

PE. This observation suggests that the increase in viscosity observed for 1 wt% JR 400
and STS in the PE excess regime is related to the formation of aggregates while no in-
creased viscosity is observed for SOS/JR 400 since no aggregates are formed. Samples
with SOS in the PE-excess regime do not exhibit any significant structural changes relative
to the pure PE except a slight increase in intensity and the disappearance of the (weak) PE
peak [48, 49, 194, 196]. In fact, the same would also result from the addition of a simple
salt [196]. This behavior indicates that SOS molecules adsorb onto the PE chain pre-
dominantly as individuals, without forming aggregates. An upper limit for the amount of
adsorbed SOS can be given by describing the SANS curves with the same structure as
the pure JR 400, only adapting the volume fraction and scattering length density of the
cylinders with adsorbed SOS so that

φSOS/PE = φPE + ySOSφSOS (5.2.2)

and
SLDSOS/PE =

φPE
φSOS/PE

SLDPE +
ySOSφSOS
φSOS/PE

SLDSOS (5.2.3)

where ySOS is the fraction of the surfactant bound to the PE chains. The values obtained
for ySOS are close to zero for up to 10 mmol/L SOS and only at 20 mmol/L (Z = 0.5)
a significant fraction of the surfactant is adsorbed on the PE chain, which shows that at
1% JR 400 the concentration at which the surfactant adsorption starts is between 15 and
20 mmol/L, see fig. 5.3. Accordingly, the shift in the two phase region can be attributed
to the high CAC of the SOS/JR 400 system [151]. At Z = 0.5 the SOS/JR 400 complex
has still an excess of PE charges meaning that the amount of the surfactant is still not able
to saturate all the charged sites of the polymer chain to reach the charge neutralisation
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Figure 5.4: SANS curves of STS/JR 400 1 wt % at different charge ratios

concentration, responsible of the precipitation. Highly viscous samples with STS in the
PE-excess region of the phase diagram exhibit the formation of aggregates in SANS, see
fig. 5.4. The aggregates have a cylindrical shape as can be seen by the Q−1 slope between
Q ≈ 0.2 nm−1 and Q ≈ 1 nm−1. With Ragg ≈ 2 nm their radius is significantly larger
than that of the pure PE, as can be seen by the kink in the scattering curves between
1 and 2 nm−1, and similar to the one reported earlier for JR 400 samples loaded with
SDS [123–125]. The fact that the position of the kink at high Q as well as the onset of
the plateau at low Q are relatively constant with the composition of the sample indicates
that the structure of the aggregates remains largely independent of Z . Only the sample at
the lowest charge ratio in this regime (Z = 3) displays a shallow peak at low Q, probably
due to interactions between the aggregates, that is not observed for the other samples.
Comparing the intensities of the samples with Z = 10 and Z = 5 at low Q it becomes clear
that the aggregates do not only consist of STS but are mixed aggregates. The intensity
in the low Q limit for Z = 10 is I0 ≈ 0.4 nm−1 while for Z = 5 I0 ≈ 2 nm−1. In other
words, the intensity increases by a factor five while the surfactant concentration is only
doubled. Since the shape of the curve remains virtually unchanged, this requires that an
increasing amount of JR 400 is incorporated in the aggregates with increasing surfactant
concentration.
In order to model the SANS data, as shown in Appendix A, it is therefore necessary to
assume that a fraction xPE of the JR 400 is integrated in the aggregates so that their volume
fraction, φagg, is given by eq. (A.2.1) and ∆SLDagg by eq. (A.2.4). The aggregates can
be described as cylinders, see eq. (2.3.9). However, neglecting the scattering of the PE
chains in the aggregates leads to an underestimation of the scattering intensity at high Q.
Therefore, instead of simply using the form factor of a cylinder, the scattering of the mixed
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aggregates according to Beaucage [29] is described as

Iagg(Q) = 1Nagg

∫
f (R,Ragg, σ)Pcyl(Q,R,∆SLDagg, Lagg)dR

+ erf
((

QRagg/
√

12
)2) φPExPE∫

f (R,RPE, σ)Vp(R, LPE)dR

×

∫
f (R,RPE, σ)Pcyl(Q,R, SLDPE − SLDsurf, LPE)dR (5.2.4)

where the second term describes the scattering of the individual PE chains in the aggre-
gates and the error function erf provides a cut-off towards low Q to avoid that the PE chains
in the aggregates are counted twice when calculating the low Q scattering. The precise
value of the cut-off has little influence on the outcome of the fit as long as it ensures that
the intensity of the second term quickly vanishes when reducing Q below the first form
factor minimum of the aggregates. The only free fit parameters are the radius and length of
the aggregates Ragg and Lagg and xPE. The scattering of the PE chains in the aggregates is
slightly overestimated by assuming that the PE is entirely embedded in a surfactant matrix
compared to a situation where the PE is at least partially exposed to the solvent surrounding
the aggregate since ∆SLD between PE (3.68×10−4 nm−2) and STS (0.272×10−4 nm−2) is
slightly larger than that between PE and D2O (6.33×10−4 nm−2) and for SDS/JR 400 it was
found [125] that the PE chains are preferentially located on the outside of the aggregates
where they are partially exposed to the solvent. Scattering from free PE is taken into ac-
count using eq. (B.2.1), expressing the volume fraction of the free PE through eq. (A.2.2)
and the overall intensity is given by eq. (A.2.3).
The sample with Z = 3 exhibits a structure peak at low Q, see fig. 5.4, which makes it
impossible to determine the length of the aggregates from the SANS data. The peak is
described phenomenologically by multiplying eq. (A.2.3) with a Lorentzian:

IS(Q) = I(Q)Slor(Q) (5.2.5)

with
Slor(Q) =

Alorσlor

(Q − 2π/Rlor)2 + σ2
lor

+ 1 (5.2.6)

where Alor represents the peak height, σlor is the width, and Rlor the peak position and for
fitting Lagg is fixed at a value large compared to the minimal Q accessible. The fit results
reveal that, as more surfactant is added to the sample, the aggregates grow slightly in length
and the fraction of PE in the aggregates grows (see table B.1 and fig. 5.5). Assuming that
the aggregates are homogeneous along their length, it is possible to estimate the number
of PE chains per aggregate, see fig. 5.5, through eq. (A.2.5) here reported:
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Figure 5.5: Fraction of PE in the aggregates xPE , left axis. Average number of
PE chains per aggregate, right axis. Both as a function of charges ratio (bottom)
and STS concentration (top).

NPE chains =
xPEφPE
φagg

R2
agg

R2
PE
. (5.2.7)

It is found that NPE chains is relatively constant with Z , see fig. 5.5. The numerical value, be-
tween 3 and 4, is comparable towhat was reported earlier for SDS/JR 400 [125]. This result
leads to the conclusion that the increase in viscosity for STS/JR 400 is due to the forma-
tion of aggregates interconnecting several PE chains, whereas the viscosity of SOS/JR 400
remains low because such aggregates are absent. Converting xPE into the charge ratio of
JR 400 and STS in the aggregates, CPE/CSTS, reveals that the value is close to unity near
the phase boundary and the neutral aggregates precipitate when further increasing the sur-
factant concentration, see fig. B.8. F or Z = 3 a value of Rlor = 80 nm is obtained, which
is on a similar order of magnitude as ξ estimated from rheology for the same sample, see
table 5.1. From the discrepancy between those 2 values it is possible to make an admit-
tedly crude estimate for the strength of the junctions: g = (Rlor/ξ)3 ≈ 101, which means
that significantly more energy than 1 kBT is needed to break a cross-link.

5.2.4 NSE
NSE measurements were performed to investigate the mesoscopic dynamics of mixed
JR 400/surfactant systems. A preliminary analysis of the NSE data using eq. (2.4.1) re-
veals a linear increase of the apparent diffusion coefficient Dapp with Q for pure JR 400,
see fig. 5.6. While adding SOS has almost no effect on Dapp, samples with STS show
diffusive behavior (Dapp ∝ Q0) for Q < 1.1 nm−1. For larger Q, Dapp exhibits the same
Q-dependence as for the pure PE. One may therefore assume that the diffusive behavior of
JR 400/STS systems belongs to the PE/surfactant aggregates, while at higher Q the scat-
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Figure 5.6: Apparent diffusion coefficient of 1 wt% JR 400 and mixtures of
1 wt% JR 400 and SOS or STS at charge ratios Z indicated in the graph.

tering signal is dominated by the free PE chains. SOS, on the other hand, does not form
such aggregates and individual SOS molecules adsorbed onto the PE chains have only lit-
tle influence on the behavior of the PE. These findings are fully consistent with the SANS
results discussed before. Fitting the data for pure JR 400 using the model by Dubois-
Violette and De Gennes [82] (see Appendix B, eq. (B.4.1) and fig. B.13 for details) yields
good agreement. The parameters obtained in this fit are used in the following as fixed
input parameters for the fits of mixed STS/JR 400 systems. Dapp ≈ 2 Å2/ns, as obtained
for the samples containing STS, corresponds to a hydrodynamic radius of about 10 nm
(see eq. (2.4.2)) or a length of about 50 nm using eq. (2.4.3) with a radius of 2 nm. This
value is comparable to the size of the aggregates found in SANS and the mode is diffusive
(Dapp ∝ Q0) except at high Q where the scattering of the free PE becomes significant. The
intermediate scattering function S(Q, t) of mixed systems consisting of rod-like aggregates
and free PE can be modelled as a linear combination of the intermediate scattering func-
tions of diffusing rods (Srod(Q, t), see eq. (2.4.5)) and free polymer chains (SZimm,D(Q, t),
see eq. (B.4.4)):

S(Q, t) =
1

S(Q, 0)

(
φsurf + xPEφPE

Vagg
Pagg · Srod(Q, t)

+
(1 − xPE)φPE

VPE
PPE · SZimm,D(Q, t)

)
+ Sel(Q), (5.2.8)

where Pagg and PPE are the form factors of the rod-like aggregates and the free chains,
respectively, which are both known from SANS. SZimm,D is known from fitting the NSE data
of pure JR 400 solution and set constant for the fits of the samples with STS and JR 400.
With that, the only unknown parameters are the length of the rod-like aggregates L and
a weak Q-dependent elastic background Sel due to the formation of large clusters [127].
Upon parameter optimisation eq. (5.2.8) reproduces the experimental data reasonably well,
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Figure 5.7: Values obtained for the length of the rodlike aggregates of
STS/JR 400 (1 wt%) as a function of Z by NSE, see eq. (5.2.8), and SANS, see
eq. (5.2.4); good agreement between both methods is obtained, the lengths are rel-
atively constant with Z and the values are similar to those found for SDS/JR 400
and SDBS/JR 400 [125].

see fig. B.14 for an example. The lengths L obtained for small amounts of surfactant (high
Z) are in good agreement with the values found by SANS, see fig. 5.7. While for Z = 5,
SANS detects a significant increase of the length compared to smaller STS concentrations,
the value obtained from NSE stays rather constant and even at Z = 3, where the length
could not be measured by SANS due to the appearance of a correlation peak, NSE gives
a value of only 24 nm. These findings suggest that the SANS measurement at Z = 5
might already be influenced by a correlation peak at low Q and the length of the rodlike
aggregates remains constant with surfactant concentration. The lengths obtained here are
about 10 nm shorter than those obtained for mixtures of JR 400, SDS and SDBS [123,
125] which seems surprising at first glance since STS should be able to form elongated
aggregates more easily than SDS due to its smaller packing parameter [136]. However, no
elastic contribution was included in the fits of the NSE data for SDS, which should lead to
a longer apparent length of the aggregates. This also explains the longer length obtained
from simply fitting eq. (2.4.1) and calculating the length with eq. (2.4.3).

5.2.5 MD Simulations
Building on earlier coarse-grained simulation studies [106, 268, 270, 271] and in order to
gain complementary insights into the interaction of PE with monoalkylsulfate surfactants
and the structures observed in the scattering experiments, atomistic molecular dynamics
(MD) simulations were carried out as described in section 3.3.5.1. Apart from the surfac-
tants (SOS, SDS, or STS), these simulations involve water molecules, ions, and either one
stretched PE chain, which is quasi-infinitely long because of the periodic boundary condi-
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Figure 5.8: (A) Chemical structures of PLG and PLL. (B) Representative simu-
lation snapshots of SOS (left) and STS (right) aggregates interacting with a single
PLG chain. The simulation box is indicated with blue cuboids. (C) RDFs of SOS
and STS methyl groups around PLG together with fits of a superposition of sev-
eral Gaussian distributions (solid lines). Dotted lines indicate the contributions
of individual Gaussian distributions. (D) Fraction of surfactants in direct contact
with PLG and PLL backbone, xDC. (E) Average size 〈Scluster〉 of surfactant clusters
attached to the PE chain for all PE types, surfactant types, and starting conditions.

tions, see fig. 5.8 B, or two such PE chains in a parallel configuration, see fig. 5.9 A. Note
that the PE and surfactant concentrations in the simulation box by construction are not
meant to correspond to their average concentrations in the experimental samples. For the
PE chains, the positively charged polypeptides poly[lysin] (PLL) and poly[lysin-glycin]
(PLG) were used, see fig. 5.8 A, which can be considered generic representations of
JR 400, for which no validated force field has been available. PLL is highly charged (one
positive charge per 0.36 nm) while PLG has a charge density comparable to that of JR 400
(one positive charge per 0.72 nm). The stretched configuration was chosen to represent
the comparatively long persistence length of the PE used in the experiments, see above.
Of primary interest were the structures of surfactant aggregates formed upon their inter-
action with a single PE chain, but also the structure of network-forming PESCs involving
more than one PE chain. It must be emphasized that, for this purpose, good conformational
sampling is essential. Results of simulations starting from pre-aggregated surfactant mi-
celles are therefore compared with results of simulations in which the same number of
surfactant molecules were initially randomly placed in the simulation box. Regarding the
micelles, an aggregation number of 60 was used for all surfactant types. This choice was
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Figure 5.9: (A) Representative simulation snapshots of 60 STS molecules inter-
acting with two parallel PE chains; left: PLG; right: PLL. (B and C) Cylindrical
RDFs of STS sulfur, STS methyl, and PE backbone atoms around the aggregate’s
center of mass, for two PLG chains (B) and for two PLL chains (C).
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made because 60 is a consensus number for SDS [41] and also roughly consistent with
the size of STS micelles determined by SANS in the present study, see fig. B.5. For SOS
the initially assumed aggregation number is less relevant because the aggregates rapidly
reorganise due to the comparatively high solubility of SOS. Since it is difficult to predict
the local ion concentration in the surroundings of a PESC, it is useful to compare the stan-
dard low-salt simulation scheme (minimum counter-ions, where ions are merely added to
achieve overall neutrality of the simulated system) with an alternative high-salt scenario
(detailed counter-ions, where a counter-ion is added for each charged group). Depending
on the PE to surfactant charge ratio in the simulation box, this high salt scenario corre-
sponds to NaCl bulk concentrations of ≈ 125 - 500 mM. As shown in Appendix B, see
fig. B.17, the influence of the salt concentration is minor or at most moderate. In the fol-
lowing, it is therefore limited the presentation of the results obtained under conditions of
minimum counterions, which are considered somewhat more applicable with respect to
the experimental situation.

5.2.5.1 Surfactants Interacting with a Single PE Chain

Figure 5.8 B shows representative snapshots of SOS (left) and STS (right) aggregates in-
teracting with stretched PLG, for PLL see fig. B.18. Top views of the snapshots along the
PE axis are shown in fig. B.21. It is seen that the surfactant aggregates are firmly attached
to the oppositely charged PE chain. Although in both cases the initial configuration has
been a single pre-arranged micelle separated from the PE chain, a qualitatively different
configuration is established for the different surfactant types after equilibration. While
SOS splits up in numerous small aggregates along the PE, STS (and SDS, see fig. B.16)
remain rather spherical upon adsorption to the PE. To analyze the organization of the three
surfactant types around the PE chains in a quantitative manner, radial distribution func-
tions (RDFs) of the surfactants’ methyl and sulfur groups around the PE backbone in a
cylindrical geometry were computed. In fig. 5.8 C the result is shown exemplarily for
SOS and STS methyl groups around PLG. It can be seen that the distribution of methyl
groups is much more narrowly distributed for SOS than for STS (and SDS, not shown).
Closer inspection reveals that the distributions exhibit three distinct maxima. The first two
of them (at r ≈ 0.5 nm and at r ≈ 0.9 nm) are associated with surfactants that are in direct
contact with the PE, either through hydrophobic or electrostatic interaction. Fitting the
distributions with a superposition of several Gaussian distributions allows quantification
of the fraction xDC of surfactants in direct contact with the backbone. Here, xDC is defined
as the area under the first two Gaussian distributions divided by the area under the entire
distribution. In fig. 5.8 D, xDC is shown for all surfactant types, PE types, and starting
conditions (pre-aggregated or randomly placed surfactants). Clearly, xDC is much higher
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for SOS than for the two longer-tail surfactants, reflecting that SOS adsorbs in the form of
individual molecules rather than as large aggregates, in good agreement with the SANS
analysis. The fact that SOS aggregates of considerable size nonetheless exist in the simu-
lations, see again fig. 5.8 B, must be attributed to the much higher local SOS concentration
in the simulations compared to the experimental situation.
Another way of looking at the surfactant distribution around a single PE chain is quantify-
ing the average size 〈Scluster〉 of surfactant clusters, i.e., the average number of surfactants
in contiguous groups with direct contact. Here, two surfactant molecules were consid-
ered in contact if the shortest distance between any of their constituent atoms is below
0.44 nm (see Appendix B, fig. B.15 for a justification of this choice). In fig. 5.8 E, 〈Scluster〉

is shown for all surfactant types, PE types, and starting conditions. Again a clear trend is
observed: while the longer-tail surfactants SDS and STS interact with the PE mainly in
the form of only one or two well-defined large clusters, SOS forms many small clusters
distributed along the PE. The known high CAC of SOS is also manifest in the simulations,
as seen from a considerable number of clusters of size 1 in the size distributions shown
in fig. B.20. Note that the fixed finite number of surfactants in the simulation box for
approximately equal-sized clusters only allows for a discrete cluster size associated with
each integer number of clusters. Due to this finite-size effect, the obtained cluster numbers
and sizes should be interpreted on a qualitative level only. At this point it should also be
noted that the details of this analysis are limited by the configurational sampling, espe-
cially for the longer-chain surfactants, because aggregate breakup and fusion is associated
with considerable free energy barriers. This conclusion follows from the observation that
〈Scluster〉 exhibits some dependence on the starting configuration (pre-aggregated or ran-
domly placed surfactants) when the average is taken over simulation times of the order of
100 ns, see fig. 5.8 E. Even though some transitions in the cluster number and size take
place also on the probed time scales, much longer simulation times would be required to
fully exclude the influence of the starting configuration. Nevertheless, because large aver-
age cluster sizes in are obtained for SDS and STS irrespective of the extremely different
starting configurations, the trend regarding the influence of the tail length can be consid-
ered robust. It is seen to be independent of the PE charge density and consistent with the
SANS analysis.

5.2.5.2 Surfactants Interacting with two Parallel PE Chains

To explore the formation and structure of PESCs involving more than one PE, as seen by
SANS for STS in the present work, simulations with two parallel stretched PLG or PLL
chains were carried out. The two chains are free to diffuse along the xy-plane and exhibit
overall repulsive interaction in the absence of the surfactants due to electrostatic repulsion,
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see fig. B.19. In the presence of STS and irrespective of the initial configuration (pre-
aggregated or randomly placed surfactants) large elongated aggregates involving both PE
chains and all surfactant molecules, see fig. 5.9 A, are rapidly formed. In other words, the
PE chains are essentially "glued" together by aggregated oppositely charged surfactants,
resulting in PESCs, in agreement with the experimental observations. Interestingly, only
one single STS cluster is always formed independent of the PE type and of the initial con-
figuration (pre-aggregated or randomly placed surfactants), suggesting that the presence
of an additional PE chain catalyses aggregate fusion and thereby speeds up the formation
of an equilibrated conformation. The structural details of the formed PE/STS aggregates
are nearly independent of the PEs’ charge density, as exemplified by the cylindrical RDFs
of STS sulfur, STS methyl, and PE backbone atoms around the xy-projection of the aggre-
gate’s center of mass, presented in fig. 5.9 for two PLG chains (panel B) and for two PLL
chains (panel C). The fact that there are hardly any differences in the RDFs of PLL and
PLG justifies the at least qualitative comparison between the experimental results from
SANS and NSE on one side and the MD simulations on the other side. While the radii
of the aggregates obtained from MD and SANS are quantitatively different (≈ 1.5 nm in
MD as opposed to ≈ 2 nm from SANS) there is qualitative agreement in the sense that in
both cases the small radii suggest a strongly interdigitating structure of the surfactant tails
because radii significantly above 2 nm were found even for simple SDS micelles [44, 119]
with 2 carbon atoms less than STS and simple STS micelles show a radius of 2.1 nm, see
fig. B.6, even without the bulky JR 400 chain. Comparing the RDFs of the PE chains to
those of the sulfur atoms, see fig. 5.9, panels B and C reveals that the PE chains are pene-
trating deeply into the surfactant core of the aggregates in agreement with the SANS data
and as observed previously for SDS/JR 400 [125]. The MD simulations might provide an
explanation for both these findings on a molecular level. The fact that both electrostatic
contacts (surfactant head on PE) and hydrophobic contacts (methyl group on PE) coexist
might impose both a strongly interdigitating structure of the surfactant chains and results
in strong intermixing of the PE chains with the surfactant tails in the aggregate. The quan-
titative difference in the radii from SANS and MD may be either due to the JR 400 chain
being bulkier than PLG and PLL or due to the MD simulations overestimating the number
of direct contacts between the PE and the surfactant methyl group, which would mean that
JR 400 is less hydrophobic than the model PEs used in the MD simulations.

5.3 Conclusions
By combining rheology, SANS,NSE, andMD simulations aqueous solutions of the cationic
cellulose-based polyelectrolyte JR 400 and the anionic surfactants SOS and STS at vari-
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ous charge ratios Z have been investigated. While STS/JR 400 upon increasing the sur-
factant concentration starts precipitating around charge equilibrium (Z = 1), phase sep-
aration only occurs at higher surfactant concentrations (lower Z) for SOS/JR 400, see
fig. 5.1. SANS measurements show that this is due to the high CAC of SOS, see fig. 5.3.
STS/JR 400 solutions exhibit a pronounced increase of viscosity near the phase bound-
ary in PE excess by almost four orders of magnitude relative to the pure JR 400 solution,
see fig. 5.1. SANS measurements show that the increase in STS/JR 400 is due to the for-
mation of mixed rod-like aggregates, similar to those formed in SDS/JR 400 [125]. The
viscosity of SOS/JR 400 remains almost constant and no such aggregates can be observed
in SANS, see fig. 5.2. The STS/JR 400 aggregates have a radius of about 2 nm, see ta-
ble B.1, they incorporate 3 to 4 PE chains on average, see fig. 5.5, which is similar to
SDS/JR 400 but slightly less than in SDBS/JR 400 (4 to 5) [125]. The observation that
STS/JR 400 is significantly more viscous than SDS/JR 400 at the same Z (e.g., 60 Pas vs.
3 Pas at Z = 3) despite the same number of PE chains bound, implies that hydrophobic
interactions between surfactant molecules determine the viscosity of the system. To gain
further insights into the PESC’s mesoscopic structure, MD simulations were performed
with SOS, SDS and STS as surfactants and PLG and PLL as generic PEs with different
charge densities. The fraction of surfactants in direct contact with a single stretched PE
backbone is found to be significantly higher for SOS than for STS and SDS, see fig. 5.8 D,
suggesting that the shorter-tail surfactants adsorb on the PE as individual molecules rather
than in the form of large aggregates, which is in agreement with the SANS results. While
PESCs can on average comprise a different number of surfactants than imposed in the
simulations, robust qualitative conclusions can nevertheless be drawn: The consumption
of all available surfactants into one continuous PESC for STS indicates the formation of
extended PESCs, in line with the experiments for this surfactant. In contrast, the split up
of the aggregates in many small clusters for SOS indicates that this surfactant gets more
dispersed along the PE, in line with the experiments. Simulations involving two parallel
stretched PE were performed to qualitatively mimic PESCs comprising more than one PE.
For both PLL and PLG, i.e., independently of the PE’s charge density, large elongated
STS aggregates are formed which firmly interconnect the PE chains, in agreement with
the SANS analysis. The cylindrical RDFs of the PE chains around the aggregate’s centre
of mass exhibit relatively broad peaks which means that the PE chain penetrates deeply
into the hydrophobic surfactant core. This is even more true for PLG, see fig. 5.9 B and C,
which has a comparably low charge density, as JR 400. This result is in good agreement
with the SANS data of STS/JR 400 in this article and SDS/JR 400 [125] which show that
no pronounced core-shell structure exists in the aggregates. In summary it has shown that
the increase in viscosity in PESCs is related to the formation of bridging aggregates which
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are present in PESCs with surfactants with sufficiently long tails (C12,C14) while no such
aggregates form with short tail surfactants (C8). The good qualitative agreement with MD
simulations demonstrates the potential of experiment/simulation combined investigations
for the rational design of PESC formulations.

62



Chapter 6

Stimuli-Responsive PESCs for theReversible
Control of the Solution Viscosity

This chapter is based on the text of the submitted manuscript1.

6.1 Introduction
From what has been stated in previous chapters, it is evident that PESCs can be used to
tune the rheological properties of aqueous solutions in which they are present. In par-
ticular in chapter 5 it has been shown that for JR 400/alkyl surfactants mixtures high
viscosity coincides with the presence of rod-like mixed aggregates that are only formed
when the surfactants have long-enough alkyl tails (C12 or C14) and are thus sufficiently
hydrophobic, in line with earlier reports on C12 surfactants [55, 125, 126, 128]. Specifi-
cally, from these mixed rod-like aggregates depend the viscoelastic properties of the solu-
tions. Like PESC solutions, also worm-like micelle (WLMs) can exhibit viscoelastic be-
havior [35, 47, 79, 228, 250, 287]. Under certain conditions, WLMs can form an entangled
network leading to increased zero-shear viscosity and shear thinning behavior [3, 61, 293].
These supramolecular structures have earned the name smart WLMs since they are able
to change their properties in response to external stimuli, such as UV/visibile light, tem-
perature changes, or pH variations [148, 175]. Similarly, smart polymeric materials have

1Stimuli-Responsive Polyelectrolyte Surfactant Complexes for the Reversible Control of Solution Vis-
cosity
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gained enormous interest due to their potential in micro-electromechanical or optical ap-
plications, as coatings, or for drug delivery and biosensing [177, 251]. A wide range
of different stimuli responsive polymers can be synthesised [255, 275], among them the
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) [4, 142, 154, 285] which has a
lower critical solution temperature (LCST) close to body temperature [207, 231, 251] mak-
ing it particularly interesting for drug delivery. However, smart materials based on either
WLMs or polymers alone suffer from distinct disadvantages. Polymeric materials require
custom synthesis, while for WLMs relatively high surfactant concentrations, typically in
excess of 10 mM [159], 30 mM [46, 64], 40 mM [234, 260] or even 60 mM [215] are used
to significantly increase the solution viscosity. While this does not pose a problem as long
as standard surfactants, such as hexadecyltrimethylammonium bromide (CTAB), but can
become problematic if large quantities of a rather exotic stimuli responsive surfactant are
needed. In contrast, PESCswith stimuli-responsive surfactants should offer a possibility to
avoid these shortcomings. Viscous PESCs can use polymers that are commercially avail-
able in large quantities such as JR 400, see fig. 3.1. And PESCs based on this polymer have
previously been shown to increase the solution viscosity by two-three orders of magnitude
by adding as little as 2 mM of surfactant [73, 100, 125]. Finally, surfactants sensitive to
external stimuli such as temperature [95, 202, 249], light [54, 266], or pH [30, 58, 277]
are nowadays available. In principle, they allow to impart their stimuli responsiveness
on polymeric systems as demonstrated for PNIPAM microgels and polyelectrolytes with
photo sensitive azobenzene-containing surfactants [289, 290]. Here, mixtures of JR 400
with the pH-sensitive surfactant sodium mono dodecyl posphate (SDP), see fig. 3.2, are
analyzed. The surfactant ionic groups can be protonated or deprotonated by changing the
solution pH, which offers the unique possibility to tune the self-assembly of PESCs. For
details on its pH-dependence see Appendix C, section C.1.
To investigate the changes of the mesoscopic structure and dynamics associated to pH
variations at different PE/surfactant charge ratios, Z , rheology, SANS and NSE measure-
ments were performed. It has been found that PESCs with SDP– form mixed rodlike
PE/surfactant aggregates, which interconnect on average 3 PE chains, thereby increasing
the system’s viscosity. These aggregates are dissolved when increasing the pH enough to
obtain SDP2– and consequently the viscosity is reduced.

6.2 Results and Discussion
SANS experiments are detailed in section 3.3.3. Rheology and NSE measurements in
section 3.3.2 and section 3.3.4 respectively.
Sample preparation is illustrated in section 3.2.
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Figure 6.1: Zero shear viscosity η0 of SDP as function of the solution pH.
Adding either HCl or NaOH the solution pH was changed between 7 and 12 for a
certain number of cycles, N .

6.2.1 Rheological behavior

As already demonstrated for the effect of surfactant tail length [73], also the charge of the
head group plays a crucial role for the macroscopic flow behavior of PESCs. In alkaline
solution where the surfactant is double-charged, samples exhibit simple Newtonian be-
havior with a viscosity comparable to that of the pure JR 400 solution, while PESCs with
SDP− show a remarkable increase in viscosity. As seen in the flow curves of PE/SDP-,
see fig. C.3, solutions are shear-thinning. Shear-thinning starts at a critical shear rate
γ̇crit which decreases with decreasing Z (increasing the SDP− concentration), similar to
what was observed in PESCs with JR 400 and SDS or sodium dodecyl benzenesulphonate
(SDBS) [125, 128] which both have a single negative charge. For JR 400/SDS, it was found
that the shear-thinning is related to a slight alignment of mixed PE/surfactant aggregates
[74]. The zero-shear viscosity, η0, of the system, see fig. C.2, increases by three orders of
magnitude relative to the pure JR 400 solution when adding 5 mM SDP– (Z = 2) and the
structural relaxation time τcross seen by oscillatory measurements, see fig. C.4, increases
by two orders of magnitude when increasing the surfactant concentration from 1.4 mM
to 5 mM (decreasing Z from 7 to 2), as found in previous works [124, 126, 144, 265].
Figure 6.1 shows the zero shear viscosity of a sample at Z = 3 where the solution pH was
changed back and forth multiple time between 7 and 12 by adding concentrated NaOH
or HCl. It is possible to switch between high and low viscosity almost instantaneously.
The switching process can be repeated about five times before the viscosity at low pH
decreases by a factor 10 relative to the initial solution. This decay is presumably due to
gradual chemical decomposition of the compounds under harsh basic conditions.
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Figure 6.2: Comparison of the SANS curves of 1 wt% JR 400 with SDP–

and SDP2– , both at charge ratio Z = 2 and pure JR 400. While the curve of
SDP– /JR 400 shows the formation of rodlike aggregates, hardly any structural
changes compared to the pure PE can be seen for SDP2– /JR 400.

6.2.2 Mesoscopic Structure and Dynamics
Having shown that PESCs with SDP can be used as stimuli responsive materials changing
the solution viscosity with pH, in the following it is elucidate the mesoscopic structure and
dynamics of these systems at both high and low pH using SANS and NSE.
SANS and NSE measurements on samples with 1% of JR 400 and various surfactant con-
centrations were performed in order to elucidate the changes in the mesoscopic structure
that occur upon pH variation. Based on previous studies [73, 123, 125] the scattering curve
of JR 400 is described with the form factor of small rods with a radius, RPE, of 0.8 nm and
a length, LPE, of 6 nm, as shown in section 5.2.3. Figure 6.2 shows a comparison between
the SANS curves of solutions of JR 400/SDP at the same surfactant concentration, namely
5 mM (Z = 2) at different pH and the scattering curve of the pure JR 400 solution. It can
be seen that at high Q (Q > 0.5 nm−1) the scattering curves for pure JR 400 and the PESC
at pH 12 where SDP bares 2 negative charges are almost identical while the PESC at pH 7
shows a significant increase in scattering intensity. At Q < 0.5 nm−1 both PESCs show
an increase in scattering intensity relative to the pure JR 400 solution, partly because of
some insoluble surfactant dimers and partly because of larger clusters [128]. Figure 6.3
shows a gradual increase of the high Q scattering intensity with surfactant concentration,
which implies that the extra scattering intensity is due to surfactant aggregates that form at
pH 7. At pH 12, the high Q scattering intensity remains almost unchanged and only at low
Q an increase of the scattering intensity due to the presence of some insoluble surfactant
dimers is observed, see fig. C.6. The fact that there is no change in scattering intensity at
high Q for samples with SDP2– means that the double-charged surfactant does not form
aggregates and if it absorbs on the PE it only does so in the form of single molecules. The
apparent diffusion coefficient Dapp, see fig. 6.4, of the pure JR 400 solution determined
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Figure 6.3: Comparison of the SANS curves of 1 wt% JR 400 with SDP– at
different Z values and pure JR 400. Rising the surfactant concentration (i.e., re-
ducing Z), an increasing of the scattering intensity is observed at high-Q, because
of the mixed aggregates.

ap
p

Figure 6.4: Apparent diffusion coefficient obtained from fitting eq. (2.4.1) to
the NSE intermediate scattering functions of pure JR 400 and PESCs with SDP2−

(closed symbols) and SDP− (open symbols) at different surfactant concentrations;
while SDP2− has only rather little influence on Dapp, addition of SDP− results in
the formation of a slower diffusive mode due to the formation of aggregates.

from NSE shows a linear increase with Q as expected for a polymer in solution. Addition
of SDP2– has hardly any effect on Dapp while addition of SDP– results in the emergence
of a slow diffusive component at Q < 1 nm−1, due to the surfactant aggregates already
observed in SANS. The observations made by SANS and NSE are qualitatively similar to
what has been found for PESCs with JR 400 and either the relatively hydrophobic surfac-
tant STS or the less hydrophobic SOS [73], see chapter 5. Therefore, PESCs with SDP–

which form aggregates are fitted with the same procedure that was used there. The kink
in the scattering curves at about 2 nm−1 indicates a radius of the cylindrical aggregates
of Ragg ≈ 1.6 nm, which is similar to that of JR 400/SDS complexes [123–125]. All the
curves show a strong increase in intensity at Q < 0.1 nm−1 due to the presence of both a
small quantity of non-dissolved material and large scale clusters [128]. The data can be
modelled as a superposition of free PE (IPE), aggregates (Iagg) and a power law (Ipower) to
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take into account the intensity increase at low Q, so that:

I(Q) = Iagg(Q) + IPE(Q) + Ipower(Q) (6.2.1)

The free PE is modelled as thin cylinder, see eq. (B.2.1), with the same size as found for
the pure PE. The macroscopic volume fraction of surfactant in solution, φsurf, is not suf-
ficient to account for the volume fraction of the aggregates φagg, whose value is given by
eq. (A.2.1) (the aggregates consist of both surfactant and PE) and the volume fraction of
free PE reduces to eq. (A.2.2).
From the fits it can be deduced that the aggregates have a radius of Ragg ≈ 1.6 nm indepen-
dent of the surfactant concentration. With increasing surfactant concentration more PE is
incorporated in the PE/SDP- complexes, see fig. C.7. Assuming a homogeneous composi-
tion along the long axis of the rodlike aggregates, eq. (A.2.5) can be used to calculate the
number of PE chains in an aggregate (see fig. C.7, right axis) and it can be seen that the
aggregates contain roughly 3 PE chains, so that the aggregates interconnect PE chains and
are responsible for the macroscopically observed increase in viscosity, similar to what was
found for SDS/JR 400 [125] and STS/JR 400 [73]. The length of the aggregates cannot
be determined from SANS as the power law scattering at low Q covers the low Q part of
the aggregates from which the length could be deduced. However, this information can be
obtained from NSE by identifying the diffusive mode that was observed in samples with
SDP– as the diffusion of the rodlike aggregates. Modelling of the intermediate scattering
function is done as a superposition of rodlike aggregates, free PE and an elastic contribu-
tion (see eq. (5.2.8) and figs. C.8 to C.10). The length of the aggregates and the elastic
contribution Sel are the only free parameters and the lengths obtained for the aggregates
are on the order of 15 nm, see fig. C.11.
For more details on SANS and NSE data treatment, see Appendix C, section C.3.1 and
section C.4.1.

6.3 Conclusions
Here, it has been shown that by combining the pH-sensitive surfactant SDP and the poly-
electrolyte JR 400 it is possible to control the solution viscosity by adjusting its pH. While
hardly any increase in viscosity upon surfactant addition is observed at pH 12, where SDP
bares 2 charges, an increase by up to three orders of magnitude relative to the pure JR 400
solution is observed at pH 7 where SDP has only a single charge. Using SANS and NSE
it is found that the increase in viscosity at pH 7 is due to the formation of mixed, rodlike
PE/surfactant aggregates which interconnect approximately 3 PE chains on average. These
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pH = 12 pH = 7A B

Figure 6.5: Schematic description of the pH effect on the SDP/JR 400 solution
viscosity. At pH 12 (A) the surfactant bears 2 charges, adsorbing on the PE chains
as single molecules. At pH 7 (B) SDP has only a single charge, leading to the
formation of mixed, rodlike PE/SDP− aggregates.

aggregates are dissolved at pH 12, where the surfactant is less prone to aggregate due to
the second headgroup charge, see fig. 6.5.
While the system SDP/JR 400 is of limited practical use due to the relatively small num-
ber of times it can be switched back and forth, it nicely demonstrates the feasibility of a
modular approach to stimuli responsiveness. The bulk of the system consists of the com-
mercially available PE JR 400, which is not pH-responsive but has a tendency to increase
the viscosity of solutions when mixed with small amounts of negatively charged surfac-
tant. The responsiveness comes from a small amount of surfactant which can in principle
be exchanged for another surfactant which reacts to another stimulus such as light or tem-
perature, so that it becomes easy to create tailor-made stimuli-responsive solutions.
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Chapter 7

Mechanical Stability ofMixedAggregates

In the previous chapters, the presence of rod-like mixed PE/surfactant aggregates was
found to be correlated with a high viscosity of PE/surfactant mixtures. This correlation
was attributed to the formation of PE networks in which individual PE chains are cross-
linked or “glued together” by the mixed aggregates.
In the following, constant-force pulling (CFP) MD simulations are used to take a closer
look at the capability of such aggregates of keeping two PE chains bound together. CFP is
one of the basic techniques of steered molecular dynamics simulation, a method for study-
ing force-induced response in a given system . For this purpose, CFP MD simulations are
employed in order to mechanically challenge the stability of the bond.
The pulling simulations carried out in this thesis are performed by applying a constant force
between the center of mass (COM) of two stretched PE chains which are pulled away from
each other. In the parallel geometry, see section 3.3.5.2, the two PEs are free to diffuse
along the z-direction of the simulation box, see fig. 7.1 A, with the applied constant force
pulling in the xy plane. In the orthogonal geometry the PE chains are extended along x and
y direction of simulation box, see fig. 7.1 B, with the applied constant force pulling only
along the z-component. In both cases the starting configuration of the CFP is obtained as
the output of a classical MD simulation (whose protocol is described in section 3.3.5.1),
starting from pre-aggregated micelle and detailed counterions where the used model for
JR 400 is the positively charged PLL, see fig. 5.8 A. It should be considered that the par-
allel geometry is probably the closest scenario to what is seen in SANS. However, under
sufficient tension most of the parallel PE chains turn into non parallel configurations.
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Figure 7.1: Different pulling geometry of two PLL chains. PLL chains in par-
allel (A) and orthogonal (B) configuration. Red arrows indicate the direction of
the pulling force.

To quantify the PE chains distance at each pulling force, the Gromax tool gmx − distance
has been applied to the CFP trajectories, calculating as function of time the gap between
PEs center of mass in the xy plane and in z for parallel and orthogonal pulling, respectively.
To better evaluate the response of the system to the pulling forces, a wide range of forces
has been applied, ranging from 10 kJ/(mol nm) to 150 kJ/(mol nm) which corresponds to
cover forces from 16.61 pN to 249.15 pN.
Figure 7.2 shows exemplary the time evolution of the distance between two orthogonal PE
chains for selected pulling forces and both surfactants. In the absence of force (F = 0) the
distance between PE chains is larger in presence of STS than in presence of SOS. This
result reflects a different tendency of the surfactants in distribution in the system. While
the shorter tail surfactant is more distributed along the two PEs, STS aims to be preferen-
tially located in the contact point. From fig. 7.2 is also possible to detect the effect of the
different applied forces on the system:

• with a moderate force in the first couple of nanoseconds the distance saturates and
fluctuates around a plateau value until the end of the simulation. This plateau value
increases systematically with the force. An example is given by F = 50 kJ/(mol nm)
and F = 80 kJ/(mol nm) in fig. 7.2 C and D;

• in parallel geometry at the highest applied force a plateau is reached before 20 ns but
after the breaking occurs (which can be assumed to be stochastically distributed) as
seen for F = 150 kJ/(mol nm) in fig. 7.2 A and B ;

• in orthogonal geometry when the highest force is applied the distance increases
rapidly and diverges (immediate rupture), as for F = 60 kJ/(mol nm) and F = 100
kJ/(mol nm) in fig. 7.2 C and D.

In all CFP simulations the stability of the system is arbitrarily defined as "bond survival
over 100 ns". In general, this choice is not unique, but nevertheless useful for an investi-
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Figure 7.2: Top panel: PE-PE distance in parallel geometry over the simulation
time at specific pulling forces applied, for PE/SOS (A) and for PE/STS (B). Bot-
tom panel: PE-PE distance in orthogonal geometry over the simulation time at
specific pulling forces applied, for PE/SOS (C) and for PE/STS (D)
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Figure 7.3: Distance between the PLL chains as function of the applied pulling
force for parallel (A) and orthogonal geometry (B). Red symbols indicate the dis-
tance when the breaking of surfactant bridge between PLL chains occurs. Green
rectangle in (B) underlines the shape transition that SOS undergoes above a criti-
cal pulling force: above F >∼ 10 kJ/(mol nm) SOS is mostly located at the contact
point between PEs rather than distributed along them, resulting in a similar con-
figuration generally preferred by STS and determining a jump of the distance.

gation of qualitative trends. Here it was dictated by practical reasons, like MD accessible
time and length scales. Ideally one should perform several independent repetitions for all
CFP simulations, because rupture events are stochastic processes. But this is currently
computationally still almost unaffordable. However, already one run per force is suitable
to roughly estimate the maximum force that can be sustained over 100 ns, because rupture
rates are well known to have a highly non-linear force dependence [141]. Either way, a pos-
sible manner to improve the stability characterization could be to perform force-ramping
simulation and applying Bell-Evans theory to obtain barrier height and critical breaking
length [32, 87, 224].
In fig. 7.3 is shown the trend of the time-averaged distance (calculated within the plateau
of distance vs time) between the PE chains, for both PE/SOS and PE/STS in parallel (A)
and orthogonal (B) geometry, as a function of all the constant forces applied. For both
surfactants and geometries is registered an increase of the plateau distance with increas-
ing applied force. Red symbols correspond to simulations at maximal pulling force, Fmax,
where rupture occurred after an initial plateau but within 100 ns. With parallel PE chains
Fmax is similar for both surfactants since even SOS can glue the two PEs together withmany
small aggregates along the linear contact zone between them. Differently, in the orthogo-
nal scenario Fmax is significantly higher for STS than for SOS, see table 7.1. This difference
occurs because in the latter the contact zone is quasi-point-like, also one large and strongly
cohesive aggregate is more stable and it can involve larger parts of the oppositely-charged
PE chains. Another important aspect of the stability is the maximal extension between PE
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Table 7.1: CFP parameters for PE/SOS and PE/STS in both geometries.

PARALLEL ORTHOGONAL
Fmax SOS [kJ/(mol nm)] 150 60
Fmax STS [kJ/(mol nm)] 150 100

∆dmax SOS [nm] 0.7 1.24
∆dmax STS [nm] 1.15 1.62

Eb SOS [kT] 25.4 10.6
Eb STS [kT] 40 35.2

chains, ∆dmax = d(Fmax) − d(F = 0), see again table 7.1. For both configurations ∆dmax

is higher for STS than for SOS because the former forms larger aggregates which are also
more deformable before rupture.
Another way of estimating the surfactant gluing capability is to consider the binding en-
ergy, Eb, of both systems. Eb is estimated considering the work, W , required to break the
PE-PE connection, that is:

W =

∫ ∆dmax

0
F(∆d)d∆d (7.0.1)

with ∆d = d(F) − d(F = 0). In this analysis the W values were obtained from numerical
integration of the linearly interpolated F(∆d) curves, represented in fig. 7.4, where W
is graphically represented by the areas under curve. Comparing the two geometries, it
can be noticed that for parallel PEs the areas under curve are rather similar for SOS and
STS, while for orthogonal chains PE/STS shows a significantly higher area compared to
PE/SOS. This results in higher difference of Eb values between the two surfactants in
orthogonal geometry, being Eb of STS increased by a factor three from that of SOS, see
table 7.1, following directly from higher Fmax and ∆dmax.
For what has been stated above the orthogonal case turns out to be more relevant, because:

• for a random encounter of two vectors the probability density goes as sin θ, which
means that higher angles have higher contribution;

• the contact zone is essentially point-like already for small angles.

At this point, it can safely said that CFP simulations clearly indicate that STS should lead
to much more stable and stronger networks, in line with the experimental observation.
Further information on the rupture process can be extracted looking at the representative
simulation snapshots of aggregates rupture, see fig. 7.5 for parallel and fig. 7.6 for orthog-
onal geometry. The breaking of the surfactant bridge as force-induced response occurs
rather symmetrically for both SOS and STS, resulting in the surfactant hydrophobic in-
teractions disruption along the pulling pathway. In simple words, the aggregate breaks
in the middle and not by ripping off the head groups, which means that the hydrophobic
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Figure 7.4: Applied pulling forces vs ∆d for PE/SOS (A) and PE/STS (B) in
parallel geometry, for PE/SOS (C) and PE/STS (D) in orthogonal geometry . The
selected areas give the work required to break the surfactant bridge.
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PLL
SOS

PLL
STS

F = 0 F = 100 F = 150

Figure 7.5: CFP representative simulation snapshots in parallel geometry for
PE/SOS and PE/STS at F = (0, 100, 150) kJ/(mol nm). For both system at F = 150
kJ/(mol nm) the surfactant bridge is broken.

moiety is the weakest part. This result implies that the biggest contribution to the strength
of the surfactant bridge is given by the internal hydrophobic cohesion of the aggregates
while the headgroup/PE binding in less important. These findings are in good agreement
with chapter 6 where it has been proven that double charging the surfactant headgroup,
that is increasing the electrostatic surfactant/PE interaction, a drop in viscosity is regis-
tered. Therefore, this result demonstrate that the key for viscous PE/surfactant mixtures is
a greater hydrophobicity in the system.
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A PLL/SOSF=60

B PLL/STSF=100

Figure 7.6: CFP representative simulation snapshots in orthogonal geometry
for PE/SOS at F = 60 kJ/(mol nm) (A) and for PE/STS at F = 100 kJ/(mol nm)
(B). The snapshots are taken at the breaking force, sowing that the rupture process
occurs in the middle of the aggregate.
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Chapter 8

Conclusions

8.1 Project Overview
This PhD thesis focuses on the mechanism behind the changes of the macroscopic flow
behavior in oppositely charged mixtures of JR 400 and various anionic surfactants: SOS,
SDS, STS and SDP. The first three surfactants differ in the chain length (C8 for SOS,
C12 for SDS, C14 for STS) while SDP (C12), depending on the solution pH, can bear one
or two negative charges on its headgroup. For these mixtures, polyelectrolyte-surfactant
complexes (PESCs) are formed at concentration below the critical micelle concentrations
(CMC) of the pure surfactant solution. For example, for JR 400/SOS the concentration at
which the surfactant adsorption begins is between 15 and 20 mmol/L , see chapter 5, while
the CMC of SOS alone is 134 mmol/L [217]. The macroscopic phase behavior of these
solutions can be represented with a phase diagram in which in excess of both components
a monophasic region is formed where clear solutions appear and a two phases region in
between where precipitation occurs.
As the first of this project, light has been shed on the mechanism at the basis of the shear
thinning behavior of 1 wt% JR 400/SDS solutions. Previous works have revealed that
for this mixture the increase in viscosity (an enhancement of three orders of magnitude
relative to the pure PE solution) observed in the PE excess near the phase boundary to
the two phase region is related to the presence of mixed rod-like aggregates [123]. These
aggregates interconnect roughly 3 PE chains each [125], acting as cross-links in solution.
Moreover, rheologymeasurements revealed that thesemixtures have aNewtonian behavior
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at low shear rates, while at high shear rates a shear thinning is registered. Here JR 400/SDS
solutions at different charge ratios Z , where Z = [PE charges]/[surfactant charges], have
been studied with Rheo-SANS (i.e., small angle neutron scattering experiments performed
simultaneously with the application of deformational forces on the sample) to resolve the
structural origin of the shear thinning behavior. Experiments clarified that the shear thin-
ning is related to a slight orientation of PESCs along the direction of the applied shear.
The result is consistent with previous works where it was found that the PE retains some
of its freedom of movement even in the aggregate [125].
In the secon part, the effect of the surfactant tail length on the PESCs, mesoscopic struc-
ture and solution flow behavior have been investigated. Mixtures of JR 400/SOS and
JR 400/STS have been analyzed, where the two surfactants only differ in the tail length: 8
carbon atoms for SOS and 14 for STS. Rheology measurements revealed that JR 400/SOS
exhibits a water-like behavior over all the Z values. JR 400/STS, instead, displays vis-
coelastic properties with an increase in viscosity near the phase boundary in PE excess
by almost four orders of magnitude relative to the pure JR 400 solution. These findings
reflects a different PE/surfactant interaction. Using SANS and NSE the differences in
the mesoscopic structures and the dynamics of the systems were inspected. Results rev-
eled that, while the shorter-tail surfactant adsorbs onto the PE chain through the non-
cooperative binding (SOS adsorbs as individual molecules on the chains), STS follows
the cooperative ones, leading to the formation of rod-like aggregates. STS/JR 400 aggre-
gates have a radius of about 2 nm and incorporate 3 to 4 PE chains on average. These
findings suggest that hydrophobic interactions between surfactant molecules dictate the
viscosity of the system. For a detailed investigation on the PESCs’ mesoscopic structure,
experimental results were compared with molecular dynamics (MD) simulations involv-
ing two positively charged polypeptides as generic representation of JR 400 (namely PLL
and PLG) and SOS, SDS, STS as surfactants. The simulation boxes contained one or two
parallel stretched PE with different starting configurations: pre-aggregated or randomly
placed amphiphilic molecules. Results are in agreement with SANS analysis since they
consistently show that the binding of the short-tail surfactants is less cooperative, while
for longer-chain surfactants is cooperative.
To complete the investigation on the role of the surfactant chemistry in the PESCsmesostruc-
ture, the effect of the charge on its head group has been explored in the third part. Mixtures
of JR 400 and SDP have been studied at different pH. The hydrophobicity of the surfactant
can be controlled by the solution’s pH since at pH > 12 its headgroup bears two charges,
so that SDP2– species are present, while at pH 7 bearing only one charge SDP– species are
present. In alkaline solutions no increase in viscosity is observed when approaching the
two phase region in PE excess, while in presence of SDP– the viscosity increases by up to
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three orders of magnitude relative to the pure JR 400 solution. This result is quantitatively
comparable with the increase in viscosity for JR 400/SDSmixtures [125]. SANS and NSE
experiments showed that, as for JR 400/STS, the enhancement in viscosity is due to the
presence of mixed rod-like aggregates which act as cross links in solution, interconnect-
ing on average 3 PE chains. Moreover, rheology measurements have demonstrated that
the change in viscosity can be reversible and the switching process can be repeated seceral
times before the chemical decomposition of the surfactant seems to occur eventually.
Finally, in the fourth part the mechanical stability of the mixed rod-like aggregates was
explored with constant-force pulling (CFP) simulations on PE/SOS and PE/STS systems.
Simulations were performed with two PE chains in two different extreme configurations:
parallel and orthogonal geometries. Applying a wide range of pulling forces, the analysis
showed that the surfactant bridge (which binds the two PEs) is resistant up to a certain
strength of the force. From the study of the maximal pulling force, Fmax, tolerated by
the system and the relative deformation, one can estimate the binding energy, Eb. In the
parallel geometry, force and energy values are comparable between the two surfactant. In
contrast, when in the orthogonal configuration STS provides to the system higher Fmax and
Eb. This difference can be explained considering that in the latter configuration the contact
zone between PEs is quasi-point-like and the binding through a large and more cohesive
aggregate (which occurs with STS) is stronger compared to that through few less cohesive
surfactants at the contact point. Moreover, larger aggregates go through a bigger defor-
mation before rupture, resulting in a higher mechanical work to reach that point. These
findings are in agreement with the experiments, which show a viscosity increase only with
surfactants with sufficiently long tails (C12,C14).
MD simulations also show that rupture of the surfactant bridge occurs in the hydropho-
bic region of the aggregates, for both systems. This results underlines that the internal
cohesion of the aggregates is predominantly based on the hydrophobic interactions in the
system. This result is consistent with the experimental results described in chapter 6, where
in presence of 2 charges on the surfactant headgroup, i.e., an enhancement of electrostatic
interactions in the system, hardly any increase in viscosity upon surfactant addition is ob-
served.

The results achieved during this PhD project offer a better understanding on the physico-
chemical mechanisms underlying the unique rheological properties of PESCs. The ac-
quired knowledge offers the possibility to design PESCs with specific properties, like
tailor-made stimuli-responsive solutions or solution with preselected viscosity.
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8.2 Outlook
Although the thesis provides insight into the viscosity changes in polyelectrolyte/anionic
surfactant mixtures, future research could resolve some additional unexplored points. Pos-
sible future step could be to understandwith rheo-NSEmeasurements [146] if the viscosity
is also influenced by an increase of mobility of the PE chains in the aggregates. After in-
vestigating the effect of the surfactant characteristics in determining the PESCsmesostruc-
ture, one could think to study the effect of the PE structure. New results could be achieved
varying the PE charge density, its intrinsic backbone rigidity or the spacer length between
charges to discover how these parameters affect the rheological behavior in solution. Fur-
thermore, a future work could consist in two new MD simulations studies. (I) To Perform
CFP simulations where two polyelectrolyte chains are sheared next to each other rather
than pulling them apart. In this way a more relevant investigation on the viscosity could
be achieved. (II) To Develop and validate specific force fields for JR 400. In this way
more quantitative comparison between MD and experiments could be possible to get a
more realistic overview in gain insights into the interaction of PE and surfactants.
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Appendix A

content related to chapter 4

A.1 Rheology

A.1.1 RheologyMeasurements on JR 400/SDSSam-
ples
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A.1 Rheology

Figure A.1: Zero shear viscosity η0 as a function of charge ratio Z (bottom) and
surfactant concentration (top) for samples with 1 wt% JR 400/SDS (10 mM of
charges); the red value after the axis split is the value for a pure JR 400 solution;
the shaded area at low values of Z indicates the onset of the 2-phase region.

Figure A.2: Viscosity as a function of shear rate for samples with 1 wt% JR 400
and charge ratio Z indicated in the graph. The samples are shear thinning with
a critical shear rate γ̇ which decreases with increasing surfactant concentration.
Black line is η ∼ γ̇−1, fitting the high shear rate part with a power law yields
exponents of -1.01 (Z = 3),-0.96 (Z = 5) and -0.75 (Z = 10).
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A.2 SANS

A.2.1 Modelling the SANS Data

The radially averaged intensity of rodlike particles can bemodelled as a linear combination
of the intensity from the aggregates and the intensity from free PE chains. The aggregates
consist of all of the surfactant in the sample and a fraction of the PE xPE, so that their
volume fraction φagg is given by:

φagg = φsurf + φPExPE, (A.2.1)

where φsurf and φPE are the volume fraction of surfactant and PE, respectively. The volume
fraction of the free PE is expressed through the macroscopic volume fraction φPE and the
aggregate-incorporated fraction xPE as

φfreePE = φPE(1 − xPE) (A.2.2)

and the intensity reads

I(Q) =
φagg

Vagg
Pagg(Q) +

φPE(1 − xPE)
VPE

PPE(Q), (A.2.3)

with Vagg and VPE are the volume of an aggregate and a PE segment and Pagg and PPE are
the form factors of aggregate and PE. It is possible to model both the PE and the aggregates
as cylinders, the form factor of which is given by eq. (2.3.9), with eq. (2.3.10) where R
and L are radius and length of the cylinder and ∆SLD is the difference in scattering length
density between the cylinder and the solvent. For the aggregates, ∆SLDagg depends on the
amount of PE which they contain:

∆SLDagg =
φsurf
φagg

SLDsurf +
φPExPE
φagg

SLDPE − SLDsolv, (A.2.4)

where SLD denotes the scattering length density of a component and the subscripts sur f ,
PE and solv represent surfactant, PE and solvent. As in the samples are used all hydro-
genated components in a deuterated solvent, resulting in a high contrast between aggre-
gates and solvent and a low internal contrast it is sufficient to model the aggregates as
homogeneous cylinders. Assuming a homogeneous structure of the aggregates along their
long axis, we can calculate the average number of PE chains per aggregate NPE chains by re-
lating the volume fractions of surfactant and PE in the aggregates to the radii of the whole
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aggregate and individual PE chains:

NPE chains =
xPEφPE

xPEφPE + φsurf

R2
agg

R2
PE

(A.2.5)

where Ragg is the radius of the mixed aggregates and RPE is the radius of an individual
PE chain. Previously, it has been seen that at values of NPE chains < 2 no pronounced
increase in viscosity can be observed as the aggregates do not act as efficient cross links
anymore [125].

A.2.2 SANSMeasurements on JR 400/SDS Samples

10 1 100

10 2

10 1
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xPE = 0.27

xPE = 0.09

xPE = 0.04
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1/
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]

Figure A.3: Theoretical curves calculated from eq. (A.2.3) using parameters
obtained for SDS/JR 400 Z = 3 from Hoffmann et al. [125] and macroscopic
volume fractions (Ragg = 1.8 nm, RPE = 0.8 1/nm, φsurf = 0.001, φPE = 0.007 and
xPE = 0.27) together with two lower values of xPE corresponding to roughly 3, 2
and 1 PE chains per aggregate. A reduction of xPE would result in a noticeable
change in intensity.
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Figure A.4: Same data as fig. A.3 but in the mid Q range from 0.12 to 0.7 1/nm.
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Figure A.5: Magnification of the data in fig. 4.1 in the Q range from 0.12 to
0.7 1/nm. No change in intensity with shear rate is observed.
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Figure A.6: 45◦ sector averages parallel (0◦) and perpendicular (90◦) to the
direction of shear in the Q range from 0.12 to 0.7 1/nm of the sample with 1 wt%
JR 400 and Z = 3 at rest. No difference can be seen and the scattering is isotropic.
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Figure A.7: 45◦ sector averages parallel (0◦) and perpendicular (90◦) to the
direction of shear in the Q range from 0.12 to 0.7 1/nm of the sample with 1 wt%
JR 400 and Z = 3 at γ̇ = 100 1/s. The sector perpendicular to the direction of
shear shows a somewhat higher intensity, meaning that the rodlike aggregates are
aligned in the direction of shear.
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content related to chapter 5

B.1 Rheology

B.1.1 RheologyMeasurements on JR 400/STS Sam-
ples

H
Figure B.1: Viscosity as a function of γ̇ crit of STS/JR 400 1 wt. % mixtures for
different Z. Open symbols: decreasing, closed symbols: increasing shear rate,
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H
Figure B.2: Elastic modulus G’ and viscousmodulus G” as a function of angular
frequency for STS/JR 400 mixtures

H
Figure B.3: Critical shear rate of JR 400/STS as a function of the charges ratio
(bottom) and STS concentration (top).

Figure B.4: Structural relaxation time τcross of STS/JR 400 as a function of Z
(bottom) and surfactant concentration (top).
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B.2 SANS

B.2.1 Modeling the SANS Data

The PE curve is modelled as thin cylinder,so that:

IPE(Q) = 1NPE

∫
f (R,RPE)Pcyl(Q,R,∆SLDPE, LPE)dR, (B.2.1)

with the scattering length density difference ∆SLDPE between PE and D2O and the particle
number density of free PE segments

1NPE =
φPE∫

f (R,RPE, σ)V (R, L)dR
. (B.2.2)

and the Pcyl given by eq. (2.3.9).
To describe the interactions between the charged micelles in the surfactant excess for both
SOS/JR 400 and STS/JR 400 ,see fig. B.6, it has been used the structure factor for charged
colloids by Baba-Ahmed, Benmouna and Grimson [23], see section 2.3.3.

B.2.2 SANSMeasurements on JR 400/SOS and JR 400/STS
Samples

Figure B.5: SANS curves of the pure STS at 35 ◦C. From the radius 2.12 nm of
the micelle, it was found an aggregation number, N = 76.
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Figure B.6: SANS curves of SOS/JR 400 and STS/JR 400 in surfactant excess
(Z = 0.02 for SOS at room temperature and Z = 0.2 for STS at 35 ◦C)

Table B.1: SANS Fit Parameters of JR 400/STS (1 wt %) mixtures.

Sample Z R [nm] L [nm] φagg φsur f

JR 400 / 0.8 6 0.006 /
JR 400/STS 10 1.96 20 0.0014 0.00035
JR 400/STS 7 2.10 25 0.0027 0.00053
JR 400/STS 5 2.04 44 0.0033 0.00077
JR 400/STS 3 1.93 / 0.0038 0.00116

Figure B.7: WANS curves of the pure STS precipitate and STS/JR 400 at Z 1
(CSTS = 10), Z 0.25 (CSTS = 40) and Z 0.25 (CSTS = 50).
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Figure B.8: Ratio of PE-STS charges in the aggregates as a function of charges
ratio (bottom) and STS concentration (top); dashed line represents the charge neu-
trality.

B.3 DLS

B.3.1 DLS Measurements on JR 400/STS Samples

The decay time of the slow mode is related to τfast, τcrit and η as τslow(q) = (t−ηcrit(q))1/(1−η),
see section 2.1.1 for more details.
While the fast time shows diffusive q−2 behavior, the q dependence o τslow is proportional
to q−2/(1−η), as follows from inserting the q−2 dependence into the expression for τslow.

Figure B.9: 1/τfast of STS/JR 400 (1 wt %) mixtures as a function of q2; the fast
mode behaves diffusive.
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Figure B.10: Fast mode τfast and Slow mode τslow of STS/JR 400 (1 wt %)
mixtures as a function of q. The strong q dependence of slow modes shows his
non-diffusive character and it originates from the presence of large objects in the
network solution.

Figure B.11: Hydrodynamic radius RH calculated from the fast mode τfast of
STS/JR 400 (1wt%)mixtures as a function of charges ratio (bottom) and surfactant
concentration (top). RH remains almost unchanged.
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B.3.2 DLS Measurement on the pure JR 400 Solu-
tion

Figure B.12: g(1) of 1 wt% JR 400 at scattering angle of 110◦ fitted with an
exponential and a stretched exponential (solid line).

B.4 NSE

B.4.1 NSE Measurement on the Pure JR 400 Solu-
tion

At intermediate length scales between the size of the overall polymer and the size of in-
dividual segments the behaviour of a polymer in solution is governed by hydrodynamic
interactions and Dapp depends linearly on Q and the slope a is related to the solvent viscos-
ity [7, 82, 223] so that Dapp(Q) = D0 + aQ. In a more elaborate approach, Dubois-Violette
and De Gennes [82] developed an expression for the intermediate scattering function of
an infinitely long polymer in solution based on a Rouse-Zimm chain [300]:

SZimm(Q, t) = (ΓZimmt)2/3
∫ ∞

0
exp

(
−(ΓZimmt)2/3u [1 + h(u)]

)
du (B.4.1)

SZimm(Q, 0) = 1

h(u) =
4
π

∫ ∞

0

cos(y2)
y3

[
1 − exp(−y3u−3/2)

]
dy (B.4.2)

and

ΓZimm =

√
3Q3kBT
63/2ηsolv

, (B.4.3)
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and the solvent viscosity ηsolv is the only property of the sample entering in eq. (B.4.1). To
account for translational diffusion, eq. (B.4.1) is modified as follows:

Sdiff
Zimm(Q, t) = exp(−D0Q2t) [(1 − A(Q)) + A(Q)SZimm(Q, t)] , (B.4.4)

where A(Q) is the amplitude of the internal motions of the polymer and D0 accounts for
the translational diffusion of the polymer. Using these equations to fit the NSE data of a
pure JR 400 solution yields good results, see fig. B.13,

Figure B.13: Intermediate scattering function of 1 wt% JR 400 with fits using
eq. (B.4.1); the fit yields a viscosity above the solvent viscosity due to internal
friction effects.

and a solvent viscosity of 3 mPas is obtained, which is significantly above the viscosity
of pure D2O. This can be attributed to internal friction effects as observed in intrinsically
disordered proteins [12, 27] and underlines the fact that JR 400’s cellulose backbone is
relatively stiff.
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B.4.2 NSE Measurement on the JR 400/STS Solu-
tions

FigureB.14: Fit of theNSE data for STS/JR 400 (1wt%), Z = 3 using eq. (5.2.8)
with only the length of the aggregates and elastic background as free parameters.
All other parameters are known from SANS.

B.5 MD Simulations

B.5.1 Detailed Description of STS Micelle Simula-
tion Protocol
To obtain STS micelle we used a stepwise alchemic transformation.
We first removed all STS atomic partial charges to obtain a totally unpolar versions of
STS that hydrophobically assemble into oil-like droplets. Subsequently, we stepwise in-
creased the partial charges until the original and chemically realistic partial charges were
recovered. For each step, we allowed the system to equilibrate into a configuration with
the increasingly polar headgroups pointing outwards. The number of counterions was ad-
justed in each step to compensate the total charge of the aggregate of STS molecules with
fractional partial charges.

B.5.2 How to Define the Largest Distance to be Con-
sidered in a Cluster
To define the cutoff value cut in the GMX-clustsize tool we analyzed the trajectory of a
single micelle of SOS, SDS, STS. For SDS and STS micelles it has been found that the
minimum cut values to have over the last 50 ns of simulation 1 single cluster are 0.41 and
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0.42 nm respectively. For SOS due to the short lifetime of the micelle we analyzed the first
ns of the simulation resulting in cut = 0.44 nm (see fig. B.15). To compare SOS, SDS and
STS with the same cut, it has been fixed at 0.44 nm.

A B C

SOS SDS STS

Figure B.15: Number of cluster over simulation time (bottom line) and snap-
shots of micelles (top line) for A) SOS, B) SDS and C) STS. In the snapshots
are also shown the surfactant polar head groups (in orange) oriented outside the
aggregate.

B.5.3 PLG/SDS Aggregate

Figure B.16: Representative snapshots of SDS aggregates interacting with a
single PLG chain starting from pre-aggregated micelle. The simulation box is
indicated with blue coboids.
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B.5.4 Minimum vs Deatailed Counterions

Figure B.17: Minimum vs Deatailed counterions. RDFs of methyl and sulfur
atoms for SOS/PLG starting from randomly placed surfactants molecules (left)
and pre-aggregated micelle (right). The influence of the salt configuration is neg-
ligible.

B.5.5 PLL/SOS and PLL/STS from Pre-aggregated
Micelle

Figure B.18: Representative snapshots of SOS (left) and STS (right) aggregates
interacting with a single PLL chain starting from pre-aggregated micelle. The
simulation box is indicated with blue coboids
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B.5.6 Cluster Analysis
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Figure B.19: Cylindrical rdf of two parallel PE chains in water with counterions
without surfactants.
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Figure B.20: Cluster distribution in the trajectory for SOS/PLG (left) and
STS/PLG (right) starting from pre-aggregated micelles, minimum counterions.
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A
PLG
SOS

PLG
STS

B
PLG
STS

PLL
STS

PLG
STS

PLL
STS

Figure B.21: (A) Top views of snapshots of SOS and STS aggregates interacting
with a single PLG chain. (B) Top views of snapshots of STS aggregates interacting
with two parallel PLG and PLL chains. The simulation box is indicated with blue
rectangle.

102



Appendix C

content related to chapter 6

C.1 Materials

C.1.1 SDP Titration Curve
To understand how the monoanionic and dianonic species of SDP are distributed as a
function of pH, the titration curve was determined, fig. C.1.

Figure C.1: Titration curve for SDP, 20 mM, at room temperature, in water as
function of added volume of NaOH 0.1 M.

The curve shows two different regions: the first one in a pH range of 6-8 and a second in
a range of 11-12. According with Nakayama et al. [193] at higher pH values the surfactant
head groups are completely ionized (SDP2-), while in solutions closed to neutrality mono

103



C. content related to chapter 6

charged species are present (SDP-). The charge of the head gropup, which depends on
the pH, dictates the aggregation behaviour of the pure surfactant solution. Large size
aggregates are formed by protonated SDP molecules, while smaller size is constructed
in alkaline solution due to the electrostatic head group repulsion which are bearing two
negative charges [193, 269].

C.2 Rheology

C.2.1 RheologyMeasurements on JR 400/SDPSam-
ples

Figure C.2: Zero shear viscosity of JR 400/SDP- mixtures as function of Z
(bottom) and surfactant concentration (top).

Figure C.3: Viscosity as a function of γ̇ crit of JR 400 with SDP2− (closed
symbols) and with SDP− (open symbols) at different Z values.
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FigureC.4: Elastic modulus G’ and viscousmodulus G” as a function of angular
frequency for JR 400/SDP- mixtures.

Figure C.5: Structural relaxation time τcross of JR 400/SDP- as a function of Z
(bottom) and surfactant concentration (top).

According to Green and Tobolsky [108, 246], the plateau value ofG′ , termedG0, is related
to the network junction density via eq. (5.2.1):

G0 = gεkBT (C.2.1)

with the network junction density ε , the absolute temperature T , Boltzmann’s constant kB
and a factor g to account for the strength of the junctions in units of kBT , which is initially
set to 1 for the calculation of the values in table 5.1.
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Table C.1: Parameters obtained from Oscillatory Shear Rheology of
JR 400/SDP- mixtures.

Z ωcross τcross G0 ε ξ
/ [rad/s] [s] [Pa] [m−3] [nm]
7 45 0.14 22 5.49 x 1021 57
5 36 0.17 56 1.35 x 1022 42
3 7.2 0.87 60 1.47 x 1022 40
2 1.39 4.52 77 1.87 x 1022 38

C.3 SANS

C.3.1 Modelling the SANS Data

The SANS signal of an ensemble of monodisperse, non interacting particles is generally
given as eq. (2.3.4). The form factor of randomly oriented cylinders with radius R and
length L is given by eq. (2.3.9), where the integral over x takes into account the orienta-
tional average and Fcyl(q, x) is the scattering amplitude given by eq. (2.3.10), comprising
the first order Bessel function J1.
If the sample is polydispersewith regard to the radius, eq. (2.3.4) takes the form of eq. (2.3.5),
see section 2.3.1 for more details.
The curve of pure PE can be described by the equation eq. (B.2.1):

IPE(Q) = 1NPE

∫
f (R,RPE)Pcyl(Q,R,∆SLDPE, LPE)dR, (C.3.1)

with the scattering length density difference ∆SLDPE between PE and D2O and the particle
number density of free PE segments:

1NPE =
φPE∫

f (R,RPE, σ)V (R, L)dR
. (C.3.2)

The SANS curves of PE/SDP2-, see fig. C.6,
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Figure C.6: SANS curves of JR 400/SDP2- 1 wt % at different charge ratios.

can be described with the same model used for the pure PE, only adapting the volume
fraction and the scattering length density, so that

φPE/SDP2- = φPE + ySDP2-φSDP2- (C.3.3)

and
SLDPE/SDP2- =

φPE
φPE/SDP2-

SLDPE +
ySDP2-φSDP2-
φPE/SDP2-

SLDSDP2- (C.3.4)

To describe the PE/SDP- mixed aggregates, see fig. 6.3, it has been used the same
equation for PE/STS [29, 73], that is eq. (5.2.4):

Iagg(Q) = 1Nagg

∫
f (R,Ragg, σ)Pcyl(Q,R,∆SLDagg, Lagg)dR

+ erf
((

QRagg/
√

12
)2) φPExPE∫

f (R,RPE, σ)Vp(R, LPE)dR

×

∫
f (R,RPE, σ)Pcyl(Q,R, SLDPE − SLDsurf, LPE)dR (C.3.5)

with ∆SLDagg given by eq. (A.2.4), here reported:

∆SLDagg =
φsurf
φagg

SLDsurf +
φPExPE
φagg

SLDPE − SLDsolv (C.3.6)

Assuming the aggregates homogeneous along their length it is possible to calculate the
number of PE chains per aggregate with eq. (A.2.5), that is:

NPE chains =
xPEφPE
φagg

R2
agg

R2
PE
. (C.3.7)

where R2
agg is the radius of the mixed aggregates and R2

PE is the radius of an individual PE
chain.
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Figure C.7: Fraction of PE in the aggregates xPE , left axis. Average number of
PE chains per aggregate, right axis. Both as a function of charges ratio (bottom)
and SDP- concentration (top).

C.4 NSE

C.4.1 Modelling the NSE Data
At intermediate length scales, the behaviour of a polymer in solution is governed by hydro-
dynamic interactions. Dapp depends linearly on Q and the slope a is related to the solvent
viscosity [7, 82, 223] so that Dapp(Q) = D0 + aQ. Dubois-Violette and De Gennes [82]
derived an expression for the intermediate scattering function of an infinitely long polymer
in solution based on a Rouse-Zimm chain [300], eq. (B.4.1) here reported:

SZimm(Q, t) = (ΓZimmt)2/3
∫ ∞

0
exp

(
−(ΓZimmt)2/3u [1 + h(u)]

)
du (C.4.1)

SZimm(Q, 0) = 1

h(u) =
4
π

∫ ∞

0

cos(y2)
y3

[
1 − exp(−y3u−3/2)

]
dy (C.4.2)

where

ΓZimm =

√
3Q3kBT
63/2ηsolv

, (C.4.3)

and the solvent viscosity ηsolv is the only property of the sample entering in eq. (B.4.1). To
account for translational diffusion, eq. (B.4.1) is modified as follows:

Sdiff
Zimm(Q, t) = exp(−D0Q2t) [(1 − A(Q)) + A(Q)SZimm(Q, t)] , (C.4.4)

where A(Q) is the amplitude of the internal motions of the polymer and D0 accounts for the
translational diffusion of the polymer. The intermediate scattering functions of samples
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with single-charged surfactant can be described as superposition of Srod (eq. (2.4.5)) and
Sdiff
Zimm (eq. (B.4.4)) where the ratio between the two contributions is fixed through xPE which
is known from the SANS fits. In addition, as already shown in eq. (5.2.8) of chapter 5,
at long Fourier times an elastic component becomes visible, which is accounted for by a
constant term Sel:

S(Q, t) =
1

S(Q, 0)

(
φsurf + xPEφPE

Vagg
Pagg · Srod(Q, t)

+
(1 − xPE)φPE

VPE
PPE · Sdiff

Zimm(Q, t)
)

+ Sel(Q). (C.4.5)

In these fits, the only free parameters are the (Q-independent) length of the rods in Srod(Q, t)
and Sel(Q). All other parameters are either known from SANS or fits to the NSE data of
the pure JR 400 solution.

C.4.2 Measurements on SDP− Samples

Figure C.8: NSE intermediate scattering functions of PESCswith 1 wt% JR 400
and 5 mM SDP– (Z = 2), fits according to eq. (5.2.8).
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C. content related to chapter 6

Figure C.9: NSE intermediate scattering functions of PESCswith 1 wt% JR 400
and 2 mM SDP– (Z = 5), fits according to eq. (5.2.8).

Figure C.10: NSE intermediate scattering functions of PESCs with 1 wt%
JR 400 and 1.4 mM SDP– (Z = 7), fits according to eq. (5.2.8).

Figure C.11: Length of the mixed rodlike PE/surfactant aggregates for samples
with 1 wt% JR 400 and SDP– . The aggregates become slightly shorter as more
surfactant is added.
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