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Spatial networks in solutions of wormlike aggregates: universal

behaviour and molecular portraits T
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The structures, phase behaviours and viscoelastic properties of solutions in which the growth of wormlike aggregates results
in the reversible formation of a spatial network are considered. The general (independent of the molecular nature) regularities
of equilibrium and dynamic characteristics of these solutions are considered and the mechanisms of manifestation of
individual chemical portraits of particles are discussed. For solutions of wormlike micelles, the achievements of molecular
thermodynamic theory are summarized. The potential applications of systems with controllable viscoelasticity are discussed.
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1. Introduction

Spatial networks are formed in systems of various molec-
ular nature. Fumed silica particles,! wormlike micelles of
surfactants,> microemulsion droplets,>* dipole solid
spheres,>~# associating polymer chains °~!2 and Janus col-
loidal particles '3 14 can be arranged into a spatial network,
thus converting the solution into a reversible physical
gel.3- 15 Solutions containing gel-like particles demonstrate
a diversity of viscoelastic properties and sensitivity to
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changes in the concentration, temperature, acidity and
salinity and to external impacts.'® The reversibility of net-
work formation and the possibility of controlling the
viscosity make these systems quite useful for a variety of
applications, in particular, for decreasing the resistance to
flow in heating installations,!” for enhanced oil recovery
from natural deposits,'® for the development of paints and
self-sealing protective coatings,'® for targeted drug delivery
and so on.?

Considerable progress has been made in the last 15 years
in the studies of solutions of wormlike micelles: new
experimental approaches have been developed, novel com-
positions were found and the scope of their application has
been extended, in particular, a number of devices based on
controllable aggregate growth and branching have been
designed. Significant achievements were also made in the
field of molecular-statistical theory and studies of kinetics,
structure and thermodynamic behaviour of such systems.
These objects called also giant micelles, thread-like micelles
or ‘living polymers’ were covered in comprehensive
reviews;> 17-18,20-25 however, these publications do not
sufficiently demonstrate the universal nature of some regu-
larities inherent in the formation of a spatial network of
linear aggregates. The role of molecular thermodynamic
theory of aggregation2®27 and its potential for description
of the local molecular portrait responsible for the specific

T The review continues the series of publications devoted to the develop-
ment of chemistry at the Saint Petersburg State University [see Russ.
Chem. Rev. 84 (6) 2015].
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features of the behaviour of a particular system are not fully
reflected either. This review is meant to fill these gaps.

The behaviour of solutions that differ at the microlevel
but are capable of network formation shows remarkable
similarity. It is manifested in systems in which particles stick
together to form aggregates, which exhibit strong tendency
for linear growth but can also branch. The thermodynamic
behaviour of these systems are controlled by the statistical
balance between ends and branching points (junctions) of
the monomer chain.® In these systems, the effective attrac-
tion of particles resulting in phase separation is of entropic
nature.

The specific microscopic portrait of the considered
systems is described by molecular thermodynamic models
of the aggregate free energy, which allow estimating of the
free energies of branching points, ends and linear segments
of the aggregate from molecular characteristics.?® Models of
this type were derived for a solution of patchy spheres,!3-2°
for cross-linking polymer chains 3 and wormlike surfactant
micelles.3! =33 The present paper describes the universal
mechanism that controls the behaviour of reversible spatial
networks of linear aggregates, gives interpretation of rheo-
logical experimental data and briefly analyzes the molecular
thermodynamic models. The results obtained for polymeric
and micellar reversible networks are discussed. Particular
attention is given to the description of the effect of ion
nature on the growth and branching of wormlike micelles of
ionic surfactants.?* In particular, for viscoelastic solutions
of wormlike ionic micelles, the substantial effect of the co-
ion nature on the position of the viscosity peak, which is
observed upon increase in the concentration of the salt
added to the solution, was elucidated.3

The wormlike (i.e., fairly flexible) aggregates are able to
diffuse in the solution with wriggling and entangling. The
interchain orientational correlations can be neglected in the
description of the system. Direct inter-aggregate interac-
tions are reduced to the excluded volume effects and to
possible sticking together of monomer units of different
chains giving rise to branching points. In the system with
branching points, collective attractive forces between the
chain monomers additionally arise.® The structure and
properties of a single wormlike aggregate (first of all,
flexibility, effective excluded volume of the monomers and
characteristic lifetime) determine the molecular portrait of
the system. Below we demonstrate the applicability of this
approach to a broad range of systems. An exception is
provided by systems in which the crucial role is played by
large-scale orientational ordering effects, for example,
liquid-crystalline ones. This paper does not concern glass-
like gels '43% or systems in which unstable ordered struc-
tures arise upon shear deformations. The modern reviews
and monographs perfectly cover this vigorously developing
area of non-linear rheology.?3:24.37-40

The concept of entropic networks and the equilibrium
properties of solutions of wormlike aggregates as well as
their structural transformations and phase behaviours are
considered in Section II. Section III is devoted to kinetic
characteristics of the spatial network. The correlation of
structural network parameters with the data of rheological
experiments is discussed. The mechanisms of action of the
factors that are used to control the system viscoelasticity
(content of the surfactant, concentration and nature of the
salt, addition of the second surfactant, efc.) are considered
in relation to solutions of wormlike micelles. Section IV
gives examples of practical application of wormlike micelle

systems; good prospects of using such systems for engineer-
ing are noted.

I1. Branching of wormlike aggregates and phase
behaviour of a spatial network

11.1. Entropic networks

In the systems containing branched aggregates and spatial
networks, phase separation often takes place. Typical
examples are micellar solutions and microemulsions.*!-42
Phase separation can be induced by addition of a salt or
change in the temperature, surfactant concentration or
solvent composition. The equilibrium phases can contain
relatively dense or dilute aggregate networks. The network
of branched wormlike micelles can be detected by cryogenic
transmission electron microscopy (cryo-TEM) in water-
enriched mixtures pentaethylene glycol monodecyl
ether + water + n-octane near the two-phase boundary.*?
Similar phase behaviour and morphology are observed in
various systems comprising not only wormlike surfactant
micelles or microemulsions but also, for example, dilute
dispersions of dipole particles.?® The similarity of the
behaviours of self-organized linear chains in different sys-
tems is explained in terms of the concept of entropic
networks.%-28

A linear chain can be composed of various structural
elements (solid sphere bearing a dipole, colloidal particle
with surface sites capable of specific interactions or amphi-
philic molecules forming a wormlike micelle); however, in
all cases, aggregation of structural elements to form a linear
chain is energetically favourable.$-28 Linear aggregates have
a finite size, because the presence of chain ends (a sort of
defects) increases the entropy of the system. Another
possible type of defect is the branching point of the linear
chain. Both types of topological defects have higher energy
than an element of an infinite linear chain. Nevertheless,
both defects increase entropy; therefore, they exist at any
finite temperature of the system.3 28 If the energy of chain
ends is higher than the energy of branching points, the latter
start to predominate at rather low temperature, and the
system is organized into a large-scale branched spatial
network.

The simplest theory of entropic networks was proposed
by Tlusty and Safran.® In the mean force field approxima-
tion, the volume fraction of chains ¢ (roughly equal to the
total volume fraction of surfactant molecules if the chain is
a wormlike micelle) is proportional to y2, where y(7") is the
probability that the chain fragment ends in point 7 .43 Then
for the concentration (partial density) of chain ends, one
has

g ; g
/>e~l,//eXp(— —;) ~ w"zeXp<—7i> 6]

where the Boltzmann factor takes into account the energy of
defect formation &.. Similarly, for branching points (values
with the subscript j meaning junction) in which ends of three
linear chains meet, one gets

&; ) &
pi ~ Yexp <f —}) ~ @ exp (f —}) )

Considering the system as a gas of non-interacting
defects, by minimizing the free energy of the system

S=kn(T pallnpg — 1] + &apa)
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where pq and &4 are the density and the energy of defects,
respectively, one finds that defect of any type (end or
junction) makes the same contribution to the system free
energy
Jmin = — kBT pa
Thus, the equation of the free energy of an equilibrium
system of branching linear chains can be written in the form
f ¢’

nT “Pe =Pt 3)

in which the last term accounts for excluded volume of the
chain.
The equation for osmotic pressure derived using Eqns
(1) and (2) for the density of defects,?
offe) _Pe—p @
P=g? e T 7 4
) SR @

has a negative term, indicating the presence of attractive
forces in the system. Equation (4) has contributions related
to the defect topology: the contribution of repulsion caused
by the chain ends and the contribution of attraction caused
by the presence of junctions. These contributions describe
the average effective forces of interaction between all chain
fragments arising in the macroscopic system in the presence
of defects rather than microscopic forces of interaction
between the defects (this simple model assumes that defects
do not interact). When attraction becomes sufficiently
strong, phase separation takes place. According to the
model in question, this occurs below the critical temperature

Te~ec — 3¢ ©)

Phase separation is similar to separation of a fluid
containing a mixture of junctions and ends. In a lower
density phase, there are more ends than junctions, whereas a
higher density phase is dominated by junctions. The trans-
lational entropy of the chains decreases in the more dense
phase; nevertheless, the total entropy of the system increases
due to increase in the junction density.

The chain junctions and ends are thermal defects. On
cooling the system, the densities of these defects exponen-
tially decrease [see Eqns (1) and (2)], resulting in longer
branches. The junctions disappear more slowly because of
lower energy compared to the chain energy. As the system is
cooled below the critical temperature, the two-phase area
increases. However, a further decrease in the temperature
shifts the equilibrium line towards very low densities.?® The
described retrograde behaviour is due to the collective
properties of a solution of chains with thermal defects and
is not directly related to the chemical nature, i.e., the
molecular ‘portrait’, of the system.

The entropy-controlled phase separation in a dilute
solution of cross-linking chains was first theoretically pre-
dicted by Drye and Cates** and subsequently described by
other authors for diverse systems, in particular, by com-
puter simulation of a system of linear chains forming sticky
spheres with patches responsible for specific interactions.?®
This system can serve as a simple model of a solution of
specifically interacting colloidal particles or Janus micelles.
The fluids composed of aggregated spheres are described by
Wertheim’s thermodynamic perturbation theory. The cal-

kBT/S/\A
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Figure 1. Phase equilibrium lines for a fluid of associating spheres
with contact sites of two types A and B.?°

Two A sites are located on the poles of each sphere, nine B sites are
uniformly distributed along the equator. The A — A bonds result in
sphere association to linear chains; A—B bonds give rise to
junctions; B—B bonds are not considered. The energy of breaking
the linear chain is designated by eaa; & = eaa/2 is the formation
energy of each of the two resulting chain ends. For junction
formation, & = eaa/2—¢eaB, eaB = 0.37¢aa. The points were
obtained by the Monte Carlo method; (CT is the critical point).
The curve (binodal) corresponds to SAFT theory calculations. The
system configurations obtained in the computer experiment are
shown for selected points in the phase coexistence line (arrows).
The colour designates ends (blue) and junctions (red).

culations according to the best known version of this theory
[statistical associating fluid theory (SAFT)]#> are consistent
with the computer simulation results.?® A typical retrograde
two-phase region extending to the very low-density area is
shown in Fig. 1. At low temperatures, the patchy particles
with low functionality capable of associating with only few
neighbours can form a spatial network of very low density,
so-called empty liquid (Fig. 2).

A similar phase behaviour of equilibrium physical gels,
which are formed in solutions of associating chains of

Figure 2. Low-density network in a binary mixture of particles
bearing two or three identical contact sites A. Binding of two
contacts decreases the energy by eaa.!?
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polymer molecules, was predicted by a simple (mean-field)
theory of associating chains.30-4%.47 For these systems,
relative positions of the percolation lines (formation of a
macroscopic-scale spatial network) and phase boundaries
were studied 346 and the relationship between the associat-
ing chain theory and SAFT was elucidated.?® The classical
Flory — Stockmayer criterion,*® which determines the perco-
lation threshold, was extended to networks with multiple
types of specific bonds.!3

Apart from the simplified views considered above, strict
statistical mechanics descriptions of an ensemble of branch-
ing chains have also been developed*®~32 based on the
analogy between a polymer and a magnet known from the
polymer physics.*? This description makes it possible to
establish the formal relationship between the statistical sum
of a solution of branching chains and the statistical sum of a
Heisenberg magnet. According to the most complete ver-
sion of this theory reported by Zilman and Safran,>! chain
branching can have an arbitrary functionality. The mathe-
matics of this theory is quite complicated; however, the
results in the mean-field approximation are simple. For
systems with threefold functionality junctions (three linear
chains meet in the branching point), the theory gives
Eqns (3) and (4); the numerical coefficients in Eqns (1), (2)
and (5) change but the form is retained. The volume fraction
of surfactant chains in the critical point !

{Ij — &
T

(6)

Pc = €Xp

is a small quantity at a low critical temperature. The theory
predicts the retrograde behaviour: above the critical temper-
ature no phase separation takes place, while at low temper-
atures junctions are no longer sufficient (the defect is
generated by thermal motion) to induce phase separation.

It was noted above that branching gives rise to attrac-
tion between the chain monomers and diminishes their
effective excluded volume.30-46-51 According to the Zil-
man—Safran theory, phase separation is possible only for
systems with threefold junctions. The attraction caused by
junctions of fourfold and higher functionality is not strong
enough to induce phase separation. Highly branched chains
can be self-assembled to a gel but if phase separation does
occur in the system, it is caused by interchain interactions
rather than by the entropy of junctions.

The theory predicts the average distance between the
nearest chain defects. In particular, for junctions of three-
fold functionality, one gets 3!

. 20l
=—2% 7
T (g +39y) @)

where [, is the persistence length of the chain, ¢. and ¢; are
the volume fractions of the ends and junctions, respectively.
In a system of non-branching chains, ends predominate.
From Eqns (1) and (7), the average distance between the
ends
Ty~ P2

i.e., the chain length increases with increase in the monomer
concentration according to this power law. For highly
branching chains (dominated by junctions)

la~ @12
i.e., the average distance between junctions decreases with
increase in the concentration. Thus, as the concentration
increases, /q first increases and then decreases. The max-
imum is located at the percolation threshold, where
¢@c = 3¢;. The effective radius of the largest aggregate
formed by sticking (branching) chains 3!

~ 2 1/2
e j

becomes infinite upon percolation. For a low system density
(), aggregates become larger but more and more dilute as
the density increases. As the percolation threshold is
reached, a further density increase leads to a denser net-
work.

The Zilman—Safran theory>! takes into account the
spatial correlations of the density. It can serve to calculate
the static structure factor and estimate the correlation
length. Note that the characteristic correlation length can
be determined by light (LS), neutron (SANS) and X-ray
(SAXS) scattering techniques.

I1.2. Shape and free energy of defect formation

The energies of ends and junctions depend on the micro-
scopic characteristics and local chemical composition of the
chain. If a chain is described in terms of mean-field rather
than strict statistical mechanics approaches, these energies
are represented by averaged characteristics — mean-force
potentials and free energies.

The free energies of micellar systems can be estimated by
means of either molecular thermodynamic models of aggre-
gation 27-31,32,53,54 or phenomenological approach.>>-5¢ The
free energies are controlled by the spontaneous curvature of
the surfactant monolayer and depend on its temperature
and composition. The dependence of the free energy (feury )
on the curvature is expressed by the Helfrich phenomeno-
logical relation >3

) k(1 1
fcurv_i(i“i’i*

.
k
REo6) * ®

Ry, R,

where k and k are the bending and saddle-like deformation
elastic moduli, respectively, Co is the spontaneous curva-
ture, i.e., the curvature that is spontaneously acquired by a
surfactant film in the absence of restricting external factors,
and R; and R; are the local values of the principal radii of
curvature.

Since Eqn (9) is the result of free energy expansion in the
curvature, its applicability is restricted to small-curvature
aggregates such as microemulsion droplets or coronas of
large-core micelles. The free energy of an end (junction) is
defined as the free energy difference between a surfactant
molecule at the end (junction) and a molecule in the
cylindrical part of the micelle. The energies of spherical
ends (positive curvature, R; = R») and junctions [saddle-
like curvature, (1/R;)(1/R2) < 0] are affected by fine
changes in the system microscopic parameters, resulting in
a change in the spontaneous curvature and elastic moduli.”
Indeed, the replacement of the hydrocarbon solvent consid-
erably influences the behaviour of reverse wormlike micelles
formed by lecithin in the presence of water.?® The addition
of water to a solution of lecithin in isooctane causes intense
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growth of wormlike aggregates, which are connected to
form a gel; phase separation takes place: the gel coexists
with the phase of a pure hydrocarbon. In a lecithin solution
in cyclohexane, wormlike aggregates do not grow so rap-
idly; the formation of a gel requires that several times more
water be added. Further increase in the content of water in
the system results in gel destruction, disintegration of the
aggregates and phase separation to give excess water coex-
isting with a solution of reverse spherical micelles in the
hydrocarbon.

There are also other examples>® of how the chemical
individuality of the system can be manifested against the
universal behaviour of an ensemble of wormlike aggregates
dictated by the balance of defects (junctions and ends). An
anionic surfactant, aerosol-OT, forms branched micelles in
aqueous solution in the presence of an ionic liquid
additive @ — 1-butyl-3-methylimidazolium bromide
(bmimBr). When the bromide ion is replaced by BFy, only
spherical aggregates are formed in the system.>® It is
believed that owing to the lack of uniformity of the local
content of bmim™ ions in the micelle corona, packing of
molecules into saddle-like aggregates is preferred, and this
facilitates the formation of junctions. It is known that the
nature of cations can substantially influence the aggregation
of anionic surfactants. However, the mechanism of the
observed pronounced effect of the surfactant co-ion present
in solution remains obscure.

The fine effects being discussed cannot be quantitatively
described as yet. Nevertheless, the key features of the
‘molecular portrait’ of aggregates can be reflected using
molecular thermodynamic models. Indeed, for an aqueous
solution of hexaethylene glycol monodecyl ether — a non-
ionic surfactant with molecules having large polar ‘heads’
— percolation and phase diagram were predicted and
received molecular interpretation.’® Presumably, the
dependence of free energy on temperature is determined by
the change in the spontaneous curvature; the elastic moduli
in expression (9) remain invariable. The temperature
dependences of the free energies of junctions and ends are
shown in Fig. 3. As the temperature rises, the energy of ends
increases, while the energy of junctions decreases, which is
caused by dehydration of the heads in the surfactant micelle
corona. As this takes place, the spontaneous curvature
decreases and junctions become preferred over spherical
ends having higher curvature.’® This can account for the
existence of the lower critical phase separation temperature
in the experimental phase diagram (Fig. 4). The Zilman—
Safran theory with temperature-dependent energies of
defects predicts the lower critical temperature, which is in
agreement with experimental data; spatial networks are
located in the high-temperature region of the diagram.

The phenomenological model of free energy [see Eqn
(9)] was used to determine the equilibrium shapes of
junction and end surfaces.!>57 The found optimized
shapes are presented in Fig. 5. Junctions of a similar
shape can be detected by the cryo-TEM technique. The
Y-shape resembles the first image of the junction pro-
posed by Porte et al.:%° a bilayered flat fragment in the
central part of the junction is surrounded by toroidal
elements. The junctions of such geometry can be
described within the framework of molecular thermody-
namic models of the free energy of aggregation of
micelles formed by classical surfactants and diblock
copolymers (in particular, ionic ones).3!-32-61

¢/T
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Figure 3. Temperature dependences of free energies of ends (/)
and junctions (2) for non-ionic surfactant aggregates (hexaethylene
glycol monododecyl ether, C12E¢) in water.>¢

The spontaneous curvature was determined experimentally.
T= 341K is the temperature selected as the standard value.
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Figure 4. Temperature—surfactant volume fraction diagram for a
Ci2E¢ + water mixture.>®

The dots are experimental values and the curves are calculations.
Lower line: boundary of spherical to cylindrical (wormlike) aggre-
gate transition in the single-phase region /; Upper line: predicted
spinodal for phase separation (region /7) into a dense network and
a dilute phase (the dots show the experimental binodal); the dashed
line is the predicted percolation threshold above which the network
of branched micelles fills the whole solution volume.

For micellar junctions, the first molecular thermody-
namic model of the free energy of aggregation was devel-
oped by May et al.%? As usual for classical models, the free
energy of aggregation comprises contributions described
phenomenologically (contribution of the transfer of hydro-
phobic tails from the solution to the aggregate, work of
formation of the core surface — its boundary with the
environment) and contributions that depend explicitly on
the molecular characteristics. The model of May et al. takes
into account the steric repulsion between the polar heads of
surfactant molecules and the contribution of the deforma-
tion of hydrocarbon tails upon packing into the micellar
core. The latter value is estimated using the self-consistent
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Figure 5. Junction formation upon the coalescence of the central
part of a cylindrical micelle with its ends.>¢

The equilibrium form was found by numerical minimization of the
free energy of curvature using triangulation technique (Evolver
software). In the central part of junction, its surface is nearly flat.
The cylinder ends by an expanding cap.

field theory;®3 this takes into account the core size and
shape and details of the molecular architecture of the tails,
in particular, rotational isomerism. However, this model
has a limited applicability: within the framework of this
model, junctions are always energetically less favourable
than non-branched cylinders. This model also neglects the
obvious dependence of the electrostatic contribution on the
salinity and molecular characteristics; therefore, it is unsuit-
able for the description of ionic surfactant systems.

A simple expression for the electrostatic contribution to
the free energy of micellar junction was obtained from the
approximate analytical solution of the Linear Poisson—
Boltzmann (LPB) equation for a torus.3! The introduction
of the electrostatic contribution into the classical molecular
thermodynamic aggregation model ?7-33-54 provides the pos-
sibility to describe systems of branching ionic micelles. The
model shows that at high salinity, the free energy of aggrega-
tion may prove to be lower for junctions than for spherical
ends. Moreover, there is a narrow concentration range in
which the junctions have a lower free energy than aggregates
of other shapes, which implies the system tendency to form
bicontinuous structures. Further addition of the salt to the
system results in stabilization of the lamellar phase.?!

The free energies of junctions and ends calculated in
terms of the molecular thermodynamic model are used as
the input parameters in the Zilman—Safran theory, which
can serve to predict the phase equilibria, the percolation line
and other characteristics of the structure depending on the
surfactant and salt concentrations.?!-°! An example of such
prediction made for an aqueous solution of erucyl bis(hy-
droxyethyl) methylammonium chloride (EHAC)+ NaCl
demonstrated that phase separation can be induced by
addition of either the salt or the surfactant to the solution.®!
However, an increase in the surfactant concentration at low
salt content induces only gel formation but no phase
separation takes place. The addition of the salt to the
resulting gel causes phase separation: the spatial network
with a high concentration of junctions coexists with a sparse
network with a low junction concentration (however, the
percolation threshold has already been crossed). Further
increase in the salt concentration destroys the denser struc-
ture, the coexisting phases becoming a sol (solution of
separate aggregates) and a gel.®!

The Zilmana—Safran theory predicts the intense
branching and percolation in the situations where the
energies of junctions and ends differ little !5-57

Ee = §j

This fact was used to evaluate the branching conditions
for micelles of a diblock copolymer with a weak polyelec-
trolyte chain present in the molecule. The geometry of
branching of such a micelle is shown in Fig. 6. The swollen
polyelectrolyte corona is sensitive to the solution acidity
and salinity. The molecular thermodynamic description of
this system is based on the analytical version of the self-
consistent field theory,®*% which has been extended to
systems of aggregates having the geometry of junctions.3?
The free energy of aggregation takes into account the
mixing effects in the swollen corona and the electrostatic
interactions of the mobile ions that have penetrated into the
corona and the dissociating groups present in the polymer
chains.

The local equilibrium degree of dissociation of the
polyelectrolyte is determined by free energy minimization.
The expression describing the ionic contribution to the free
energy of aggregation reflects the osmotic pressure of the
mobile ions in the swollen corona and the entropy of
distribution of the charges located on the chains at equili-
brium.3? According to this model, the size and shape of the
optimal aggregate are controlled by a number of competing
factors. The tendency toward decreasing the contact surface
area between the hydrophobic core and the surrounding
solution results in a decrease in the aggregate curvature (the
surface area of the contact per surfactant molecule is
reduced). The elastic response of the hydrocarbon chains
prevents them from stretching, thus increasing the area per
chain. The electrostatic repulsion and the excluded volume
effects in the micelle corona force the chains to stretch but
simultaneously they stretch the surface. The optimal aggre-
gate shape is determined by the balance of these opposite
trends, which is fairly sensitive to the molecular character-
istics of the system and to external impacts.

Despite the relative simplicity of the described mean-
field model, to estimate the free energy of aggregation, its
numerical solution is required. It is necessary to solve the
Euler—Lagrange equations to determine the equilibrium

Figure 6. Geometry of the junction connecting three cylindrical
micelles of an amphiphilic diblock copolymer.3?

Chains of a weak polyacid (dark) form a corona swollen in the
surrounding solution and hydrophobic non-ionic chains (light)
form the aggregate core. b and ¢ are the smaller and larger radii
of the torus element, respectively; ¢ and 0 are the angles that
specify the position of a point on the torus surface.




A 1 Victorov, M A Voznesenskiy, E A Safonova Russ. Chem. Rev. 84 (7) 693—711 (2015) 699

concentration profiles of the components and the equili-
brium profile of the degree of ionization of the polyelec-
trolyte chains in the swollen corona; the calculation also
includes free energy minimization with respect to the
curvature radii of the aggregates.3?

A simpler approach to determining the optimal aggre-
gate shape is provided by expansions of the free energy of
the swollen corona in the curvature. These expansions make
it possible to determine the properties of curved structures
when properties of the planar structures are known and to
estimate how the deformation would affect the aggregate
characteristics, for example, the local degree of dissocia-
tion.33 These expansions prove to be useful for aggregates in
which the corona thickness is much less than the core
radius, so-called crew-cut micelles. In this case, it is possible
to derive analytical expressions for estimating the sponta-
neous curvature and elastic moduli??* from molecular
parameters. These expansions in combination with the
classical model of the unswollen hydrocarbon core of an
aggregate were used to predict the polymorph transforma-
tions. Figure 7 shows the results for a crew-cut aggregate
obtained by two methods

— numerical solution using full (not expanded in the
curvature) model;

— calculation based on expansions in the curvature for
the free energy of the micelle corona.

The results of the two methods differ little. As expected,
in the case of aggregates containing a weak polyelectro-
lyte,® a change in the salinity results in an unusual sequence
of shapes for pH values of the surrounding solution close to
pKa. Pronounced tendency for branching and formation of
bicontinuous structures is observed: in the light grey part of
the diagram, the Y-shaped junction is the most stable
structure. The polymorph transformation

Si=12 — S$=2
within the region of stable cylinders corresponds to the

transition from branched wormlike micelles to non-
branched ones.

pH
o 1 Cylinders
12 e 2
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Figure 7. Predicted stability regions of aggregates of different
shapes depending on pH and salinity (c¢s) of the solution for a
diblock copolymer formed by a hydrophobic subchain (380 mono-
mers) and a weak polyelectrolyte subchain (20 monomers).

The coloured areas and the curves show the stability regions and
lines of polymorph transformations obtained by the self-consistent
field model.?? Designations: polymorph transformations found by
expansion of the free energy of the aggregate corona in the
curvature.?® S| — S, implies the transformation of aggregates of
morphology S; into aggregates of morphology S>, where Si,
S>=0, 1/2, 1, 2 for the plane, junction, cylinder and sphere,
respectively: 0> 1/2 (1), 051 (2), 1/2-51(3), 11252 (4, 1 -2
(5); pKa = 5 for the dissociation constant of polyelectrolyte ionic
groups.

This model calculation demonstrates that branched
micelles serve as intermediate structures between linear
aggregates and a perforated bilayer. Indeed, as shown in
Fig. 8 for an aqueous mixture of ionic and non-ionic
surfactants, sodium dodecyl sulfate (SDS)+ N-dodecyl-B-
D-glucopyranoside (DDGP), this transition is actually
observed in the experiment. The addition of DDGP to
spherical SDS micelles induces the formation of long

Figure 8. Branched aggregates and saturated networks for a SDS+ DDGP mixture upon increase in the relative concentration of non-
ionic surfactant (from a to ¢) at a invariable total surfactant concentration.%®

(a) The system demonstrates numerous ways to avoid the formation of ends (dark long arrows) including the formation of junctions (light
long arrows), short segments closed to form rings (dark short arrows) and rings connected to the aggregate body (light short arrows);

(b) saturated network (SDS: DDGP = 20:80) in which most of the junctions has threefold functionality;

(¢) high density of junctions for the SDS content of 8 mass %; the network resembles a perforated bilayer.
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branched micelles (see Fig. 8 @). At a higher relative content
of DDGP (the total concentration of the two surfactants is
constant), the density of junctions increases and a saturated
network is formed (see Fig. 8 b,c).

I1I. Viscoelasticity and structure of solutions
containing wormlike aggregates

II1.1. Rheological behaviour of solutions containing
entangled flexible chains

A general feature of reversible spatial networks is visco-
elasticity: the ability to exhibit both fluidity and certain
elasticity under the action of deformation force. The know-
ledge of viscoelastic characteristics, which is valuable by
itself, makes it possible to draw important (although indi-
rect) conclusions about the structure of the solution. In
particular, the hypothesis that micellar aggregates can
branch was first put forward based on results of rheological
studies °0-97 well before the presence of junctions was con-
firmed by numerous cryo-TEM data.%¢ Currently, rheo-
metry is one of the most popular methods of experimental
investigations of self-assembling systems.*°

For non-cross-linked polymers in which the spatial net-
works arise upon chain entanglement, the molecular mech-
anisms of diffusion and stress relaxation have been studied
rather comprehensively.#3-¢% The diffusion of polymer
chains in semidilute and concentrated solutions occurs via
snake-like motions of chains (reptations) in an effective
tube formed by entanglements of surrounding chains.
According to the reptation theory, the viscosity and elastic
modulus variations upon changes in the average chain
length and polymer concentration follow power laws.%8

The systems of chains experiencing linear growth, in
particular, solutions of wormlike micelles are similar to
polydisperse polymers but with the difference that these
chains continuously break and recombine. The presence of
thermodynamically equilibrium distribution of chains along
the length distinguishes these systems from polymers, which
have invariable (frozen) polydispersity. Taking account of
the concentration dependence of the equilibrium chain
length in terms of the reptation theory results in the change
in the power law exponents with respect to those in the same
dependences for polymers. However, in the description of
rheological properties of the system, the key role is played
by the breaking and recombination kinetics.

Cates and co-workers ®°~7! proposed that chain scission
and recombination provide an additional mechanism of
stress relaxation apart from reptation. If chains break
frequently, numerous breakage and recombination events
take place before the applied stress would relax, and the
‘memory’ of both the initial length and initial position of
chains disappears. Therefore, relaxation of any segment of
the effective tube in which chain reptation takes place
occurs at the same rate and the stress relaxation of the
spatial network is described by the monoexponential
dependence with the characteristic time 7,22

1/2
T = (Tbreak Trep) /

where Tpreak and rep are the characteristic times of breaking
(recombination) and reptation of chains of the average
length Le.

The assumption of frequent chain scission can account
for the unique rheological behaviour of solutions of worm-

like micelles: despite the pronounced polydispersity, the
system relaxation is usually described by an exponential
law with only one relaxation time 7, (unlike polydisperse
polymers). Therefore, the rheological data for wormlike
micelles in solutions can be analyzed using the Maxwell
model — the simplest theoretical model of a viscoelastic
system combining ideally viscous and ideally elastic ele-
ments.

For semidilute solutions of wormlike micelles in experi-
ments at low shear rates, Newtonian flow is usually
observed (Fig. 9). As a rule, the viscosity starts to decrease
after some critical shear rate has been exceeded. The value
reciprocal to this rate can serve as the estimate for the
characteristic time of system relaxation 7,. The clear-cut
plateau allows one to estimate the viscosity at a zero shear
rate (170); according to the Maxwell model, this value can be
represented as

My = Gor (10)
where Gy is the shear modulus.

In the dynamic rheological experiments, the sample is
subjected to oscillating shear deformations and the fre-
quency dependences are measured for the real and imagi-
nary parts of the relaxation modulus: the storage modulus
[G'(w)] characterizing the elastic deformation energy and
the loss modulus [G”(w )] characterizing the energy dissipa-
tion during viscous flow. The Maxwell model gives the
following expressions for these quantities:

2.2
w7
G -
(w) 1+(L)2‘C% 0
T
G’ _ ' G
(w) 1+w21_§ 0

It can be seen that G'(w) tends to the shear modulus Gy
in the high-frequency limit; the relaxation time is found as
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Figure 9. Dynamic viscosity vs. shear rate for solutions of mixed
micelles of cetyltrimethylammonium bromide (CTAB) and sodium
oleate (NaOL) with an invariable total amount of the surfactant
(0.1 mol litre—!) and mole fractions of NaOL equal to 0 (), 0.2 (2),
0.3 (3), 0.23 (4) and 0.25 (5).72
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T = W
from the condition

G'(w) = G"(w) (11
i.e., from the frequency at which the measured moduli are
equal. Hence, the viscosity at the zero shear rate can be
estimated by relation (10).

If the elastic modulus does not reach a plateau at high
frequency, the experimental determination of Gy is difficult.
This is related to fast relaxation mechanisms, which cannot
be described by the Maxwell model (see below). The
theoretical estimation of Gg is possible based on the ratio
borrowed from the theory of elasticity of polymeric spatial
networks,*3

GO = kBTT'

En
where &, is the characteristic linear dimension of the
network cell (Fig. 10).

The characteristic relaxation time is conveniently esti-
mated from the Cole—Cole plot (Fig. 11), which shows the
loss modulus G "(w) as a function of the elastic modulus
G'(w). In this plot, the Maxwell model is represented by a
semicircle. The experimental data are located in the left
(low-frequency) region. For the frequencies corresponding
to the characteristic time of micelle breakage Tpreak, the

" 21000 A

Figure 10. Characteristic scales of length in the spatial network of
entangled wormlike (non-branched) aggregates.”

L. is the average contour length; /. is the contour length between
the neighbouring entanglements; &, is the length of the network
cell; /, is the persistence length of the chain; (b) the radius of the
aggregate cross-section. The given values were measured for a
solution of wormlike mixed micelles of cetyltrimethylammonium
tosylate (CTAT) and sodium dodecyl benzene sulfonate (SDBS)
with addition of hydrotropic salt (sodium tosylate) and excess of
screening electrolyte (NaCl). The total surfactant concentration in
the solution was 1.5% with the CTAT :SDBS ratio of 97:3 and
0.10% of sodium tosylate.
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Figure 11. Cole—Cole diagram for a mixture of cetyltrimethylam-
monium 3-hydroxynaphthalene-2-carboxylate (CTAHNC) and
cetyltrimethylammonium tosylate.”>

G" max is the maximum loss modulus at a frequency corresponding
to the upper point of the semicircle. The dots are experimental data;
the curve corresponds to the Maxwell model calculations. The total
surfactant concentration is 100 mmol litre—!; CTAHNC mole
fraction: (/) 0, (2) 0.5, (3) 0.6; T = 303 K.

experimental dependences markedly deviate from the Max-
well semicircle. If chain reptation is the predominant
mechanism of relaxation at times < Tpreak, the dependence
of G"(w) on G'(w) is linear with a slope of —1.74 At higher
frequency, the reptation mechanism gives way to fast intra-
chain motions (Rouse mechanism)%® related to chain
stretching on scales shorter than the contour length of the
chains between entanglements / (see Fig. 10). In the experi-
ment, the change of the relaxation mechanism in the high-
frequency region is manifested by a simultaneous increase in
the modules G”(w) and G’'(w), whereas the Maxwell model
predicts that G'(w ) would tend to a constant value, while
G"(w) would decrease (see Fig. 12).

The change of the relaxation mechanism upon a fre-
quency change gives rise to a minimum in the Cole—Cole
plot (see Fig. 11); from the depth of this minimum, the
numbers of entanglements per chain of the spatial network
are estimated as 71-74

~ (12)

where Giy;, is the G”(w) value in the minimum point, G, is
the estimated value of the shear modulus (found in some
studies by extrapolating the linear part of the Cole—Cole
plot until it intersects the abscissa axis).”> The frequency
Wmin corresponding to the minimum is equal to ~1/ze,
where 7. 1s the characteristic relaxation time of a chain
with length /. Relation (12) holds provided that the char-
acteristic time of chain breakage is substantially shorter
than the reptation time but much longer than the relaxation
time of chain segments between the entanglements:

Trep >=>> Tbreak > Te

Presumably, the contour length of the chain segment
between the neighbouring entanglements is considerably
longer than the persistence length, which characterizes the
chain flexibility (see Fig. 10).

If the above relations between the characteristic times
start to be violated, the minimum in the Cole—Cole diagram
becomes less deep. This increases the error of determination
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Figure 12. Frequency dependences of the storage modulus (/) and
the loss modulus (2).

The dots are experimental data; the curves show approximation
according to the Maxwell model.

(a) Aqueous solution of 50 mmol litre~! of sodium oleate (NaOL)
in the presence of 600 mmol litre ~! of KCl at 298 K;7°¢ (b) aqueous
solution of NaOL mixed micelles at 298 K; the total surfactant
volume fraction is 0.034; the mole fraction of NaOL is 0.23. The
real part of the complex viscosity is shown (3);72 (¢) lecithin + citric
acid solution in n-decane at 298 K.”7 Concentration (mass %):
lecithin, 10; citric acid, 2.25 (1, 2), 1.75 (1', 2'), 1.25 (1", 2").77

of G',, by extrapolating the linear segment of the plot. In
this case, the shear modulus can be estimated as 7>

G’y =2G (;) = 2G s

where the frequency w; is determined from condition (11).

The estimation of the number of entanglements per
chain of the spatial network from Eqn (12) is suitable for
determining the average contour length of the chains if [ is
known. For polymer networks, the latter value has been
correlated with the persistence length of the chain and the
spatial network cell dimension 43

5/3
—=m

e 1123/3

Using G',, as the estimate for G, one has

:?119/516/5 13
m P

€

G,

Thus, Eqns (13) and (12) can be used to estimate the
most important characteristics of the spatial network struc-
ture — /. and L. — from measured G, and G, if the
persistence length of the chain /, is known.

These relations make it possible to derive the concen-
tration dependences of the viscosity and relaxation time
basing on the theory developed for polymer chains. The
reptation time of a flexible polymer in a semidilute solution
is given by 8

3 32
Trep ~ L o

The characteristic time of breakage of the micellar chain
Threak 18 assumed to be inversely proportional to the mean
chain length L.. In view of this, the equation for the
relaxation time in the case of frequent chain breakage is

12 7 34
T = (Trep Tbreak) ~L.op /

while in the case of rare breakage, one gets

73 3/2
Tr%Trep’”Lc (p/

The mean-field theory gives
Gy = kyTo""*

irrespective of the average contour length of the chain.
Thus, in the case of frequently breaking chains, the viscosity
calculated from relation (10) is given by

ny ~ Leg’ (14)
while in the case of rarely breaking chains, it is given by
=3
no ~ Le o' (15)

In order to elucidate the concentration dependences of
the viscosity and the relaxation time from the above
relations, it is necessary to determine the dependence of
the average chain length on the concentration. Below we
consider different growth regimes of wormlike aggregates
and how they influence the viscosity of the system.



A 1 Victorov, M A Voznesenskiy, E A Safonova Russ. Chem. Rev. 84 (7) 693711 (2015) 703

II1.2. Average chain length and viscosity of a non-ionic
network

The contour length of wormlike micelles L, varies over
broad limits — from nano- to micrometres. Experimentally,
this value can be estimated from the cryo-TEM images of
the micelles. Useful information on the micelle growth and
rigidity can be gained from LS and SANS data.!” The free
energy model of a solution of non-ionic linear chains subject
to breakage and recombination, expressed in the mean force
field approximation can be used to describe the equilibrium
size distribution of chains.”®7® The average contour length
of the chains

E
L.~ 2g01/2 expE

where FE is the energy needed to break the chain. The
polydispersity of chain length distribution is fairly high:
the density of the number of chains of length L. is propor-
tional to the quantity exp (— L¢/Lc).

Thus, in the fast breaking—recombination regime
(Toreak << Trep), taking into account Eqn (14), the viscosity
and relaxation time of the micelle network are expressed as

ny ~@"*and 7, ~ ¢ (16)

In the slow breaking—recombination mode, the system
behaves as a network of polydisperse polymer chains; the
exponents are predicted by the classical reptation theory.
Since L. ~ ¢'/2, one gets

no ~ ¢ > and 1, ~ ¢’

The mean-field approximation used to estimate the
power law exponents can be replaced by relations of the
scaling theory for polymer systems.*3 In this case, the
exponents of the concentration dependences (~ ¢%*) would
vary in the following way:7%7° o = —0.77 for the linear
dimension of the network cell; o = 2.31 for the shear
modulus, o = 0.6 for the average length; o = 3.42 for the
chain reptation time in the slow breakage mode. In the fast
breaking regime

1.41 3.72
~¢ " andn, ~ @

The found concentration dependences of the viscosity
and relaxation times are in good agreement with the
experimental data for non-ionic surfactant micelles as well
as for ionic surfactants at high salt concentration where the
electrostatic interactions are considerably screened [in par-
ticular, for the CTAB+ KBr and cetylpyridinium chloride
(CPyCl) + sodium salycilate (NaSal) + NaCl systems].80

II1.3. Growth of ionic micelles

Tonic micelles behave differently from non-ionic micelles.
The breakage of ionic micelles can be facilitated by the
electrostatic repulsion of the charged heads of the surfac-
tant molecules. An important factor affecting the micelle
growth is the entropy of counter-ions, which tend to
condense near the cylindrical body rather than near the
spherical ends of the micelle.

There are three distinct regimes of the growth of
micelles.”® In dilute solutions, the effective radius of electro-
static interactions far exceeds the average length of the
micelle, and the average micelle length increases slowly

(logarithmically) with the surfactant concentration. In this
regime, the micelles are almost monodisperse.

A different growth regime is observed for semidilute
solutions in which the radius of electrostatic interactions is
smaller than the average micelle length. An increase in the
surfactant concentration induces a fairly intense micelle
growth. The average aggregate length is described by the
relation 78

_ 1 Ighv?
L, ~ (pl/Zexp {5 <E— (];]/2 )}

Here E is the breaking energy of neutral micelle; /g is the
Bjerrum length, b is the radius of the cylindrical part of the
micelle, v is the effective charge per micelle unit length. The
effective breaking energy decreases due to repulsion of the
charged heads of surfactant molecules, which is reflected as
a negative term of Eqn (17). The polydispersity of wormlike
micelles is high (like that of non-ionic aggregates) but they
grow faster with increase in the surfactant concentration
and the growth cannot be described by a power law.8!

The third growth regime is observed at high surfactant
concentrations. The predominant ionic effect is then the
entropy of mobile ions near the aggregate spherical ends.
The micelle growth is described by nearly a power law 78

17

L, ~ i+
with the exponent greater than that for non-ionic micelles
by A/2, which is the value related to the net charge of the
spherical ends and weakly (logarithmically) depending on
¢@. At higher ionic strengths (high salt or ionic surfactant
concentration), the electrostatic contributions to the aggre-
gate breaking energy are no longer significant due to
screening of interactions, and the size distribution of
micelles becomes, in essence, the same as for non-ionic
micelles.

Thus, unlike non-ionic micelles, which grow according
to a power law in both dilute and semidilute solutions, ionic
micelles demonstrate a sharp transition from a weak growth
(dilute regime) to a fairly intense growth (semidilute
regime). Transitions from the slow growth to fast growth
regime in a dilute solution were confirmed experimentally
for many ionic surfactants.®? This behaviour is controlled
by electrostatic effects; when the charges are screened, the
system behaves similarly to a system of non-ionic aggre-
gates; therefore the high-concentration regime can be
described by relations (16).

I11.4. Flexibility of charged wormlike aggregates

The viscoelastic characteristics of the system depend on the
flexibility of single chains. The chain flexibility is quantita-
tively characterized by persistence length (see Fig. 10),
which is a measure of damping of orienational correlations
along the chain. The persistence length of a wormlike
aggregate is a key structural parameter, which is investi-
gated in quite a number of experimental and theoretical
works.!” An important characteristic of the flexibility of
ionic micelles is the electrostatic contribution to the micelle
persistence length (l‘;‘,l). Most researchers calculate l;l by the
classical Odijk —Skolnick — Fixman (OSF) formula 8384
derived for polyelectrolyte chains based on the linear
Poisson— Boltzmann equation in the limit of the vanishingly
small thickness of the chain (charged thread). However, the
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diameters of wormlike micelles far exceed the effective
diameters of the chains of most linear polymers.8>

The classical OSF theory was extended to charged
wormlike particles of finite thickness.8¢ Within the frame-
work of a new theory based on the asymptotic expansions
for the LPB equation in the toroid geometry, the electro-
static persistence length is given by the simple formula 8¢

el 2 Kp
lp:lBV bKD<]+4—b> (18)

o+ |
w |
e |
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Figure 13. Electrostatic persistence length of a wormlike particle
depending on the concentration of 1:1 electrolyte added (cs).3°
The dots show the numerical solution of the LPB equation;
continuous lines correspond to calculations by Eqn (18):
b=0.1(), 1 (2), 10 nm (3); dashed line corresponds to OSF
theory calculations; the linear charge density of micelles is
5.86 nm—1.

here v is the linear charge density (in the elementary charge
units) of wormlike micelles, b is the micelle radius, kp is the
Debye radius. For a thread-like particle » — 0, and formula
(18) is degenerated into the classical expression of the OSF
theory; for ’thick’ micelles (kp/4b << 1) at high salt con-
centration, the persistence length varies linearly with the
Debye radius:

el
lp ~ Kp

The agreement of the results obtained by formula (18)
with the numerical solution of the LPB equation for worm-
like particles of various thickness is shown in Fig. 13. It can
be seen that the considered salt concentration range is fairly
broad. The results of prediction by Eqn (18) and exper-
imental data are presented in Fig. 14. It is noteworthy that
the agreement with the experiment is much better than in
the case of calculation by the classical OSF formula.

IIL.5. Viscosity and branching

The formation of micelle junctions considerably affects the
dynamic characteristics of the system. As can be seen from
Fig. 15, an addition of a salt to a solution of the ionic
surfactant first causes viscosity to increase due to the linear
growth and entanglement of wormlike micelles and then to
decrease as micelle junctions appear and their concentration
increases. The increase in the network fluidity is due to the
mobility of junctions: they can easily slide along the micelle
body, thus accelerating the stress relaxation.

The Cates kinetic model 7 was extended to systems of
flexible branching micelles.®®-3° The monoexponential pat-
tern of system relaxation (and the ratio Go;,/G', = 1./L.)
are retained if the average effective chain length is defined
as

L. = L (19)

Pet+2p;
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Figure 14. Electrostatic persistence length of a wormlike mixed
micelle: hexaethylene glycol n-hexadecyl ether + sodium 1-hexade-
canesulfonate in an aqueous solution of NaCl for different NaCl
concentrations.

The C;6E¢ to C16SO3 Na weight ratio is 0.06. The dots are SANS
data.8” The continuous curve corresponds to calculations by Eqn
(18), where v =1.46 nm~! and b = 2 nm; the dashed line corre-
sponds to calculations according to the OSF theory.

ckcl (mass %)

Figure 15. Viscosity at a zero shear rate vs. salt (KCl) concentra-
tion for a solution containing 1.5 mass % of erucyl bis(hydroxy-
ethyl)methylammonium chloride (EHAC) at 313 K.!7

(a—d) Cryo-TEM images corresponding to 0 mass %, 2 mass %,
6 mass % and 12 mass % KClI show the transformation of spherical
micelles to wormlike micelles and, after the viscosity maximum has
been passed, the formation of a network of branched aggregates.
The scale shown in the micrographs is 100 nm.
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where p. is the concentration of ends, pjis the concentration
of trifuncional junctions, p is the concentration of the linear
chain segments that form the wormlike aggregate body (this
concentration is proportional to the surfactant volume
fraction).

If the energy of chain breakage does not depend on the
composition of the solution (which is the case for non-ionic
or highly screened ionic aggregates), the chain breaking—
recombination equilibrium means 4°-89 that

pe ~ @'*and p; ~ ¢*?

Thus, for a
branched) micelles

system containing only linear (non-

Lo~ o'

In the other limit, that is, for a junction-saturated
network (the contour length between the junctions is equal
to the correlation radius), p. = 0, while L. is equal to the
average chain length between the junctions. Then in the
absence of electrostatic interactions

Lo~V

Thus, for a junction-saturated non-ionic network in the
fast chain breaking regime, the characteristic time of stress
relaxation is

o~ /4
and the viscosity is
Mo~ "2 0)

The change in the exponent is caused by an increase in the
fraction of junctions and is not related to shortening of
linear chains.

In reality, some intermediate behaviour of the system is
most likely, as both junctions and ends make their contri-
butions. Thus, the power law exponent for the quantity

1"
Gmin le
~ =

G, L

will be lower than the calculated value of —7/4, which is
predicted by theory for a network of non-branched
entangled micelles (/e ~ 531/3, &~ (pgf/“ for a good solvent).
In the limit of a junction-saturated network, the calculated
exponent is — 3/4 (Ref. 89). A close value, namely —0.77,
has been obtained®® from experimental data for the
CTAB + KBr system at high salt concentration. The exper-
imental concentration dependences of 7. and #o for this
system are consistent with the assumption that a network
with junctions is present. For a network of reverse lecithin
micelles in an isooctane + water mixture,’® the exponent of
the concentration dependence of the average chain length
between the junctions is —0.55+0.07, i.e., it is also quite
close to the value predicted for the saturated network.

The presence of junctions accounts for the decrease in
the relaxation time at high surfactant concentration in salt-
free solutions of cetyltrimethylammonium hydroxynaphtha-
lene carboxylate.®? The addition of a salt to a dilute solution

of the micelles of this surfactant also induces branching. In
a salt solution, the increase in the viscosity with increase in
the surfactant concentration is described by exponent of 2.3
close to that in Eqn (20) for a junction-saturated network.

The above examples of systems illustrate experimental
evidence supporting the theory; however, limitations for the
views being discussed are also known.’'-%2 For aqueous
mixtures of cationic and anionic surfactants, regimes corre-
sponding to networks of branching micelles and networks
of linear entangled micelles were experimentally identi-
fied.”? The theory implies the same exponent for the
concentration dependence of the shear modulus (2.25) in
the branching and entangled network regimes; the exper-
imental values obtained for these regimes are different. In
the case of branching micelles, the theoretical predictions
for the viscosity and shear modulus are in line with the
experiment. For linear micelles, the theory gives under-
estimated exponent values. Analogous results were obtained
in an experimental study of the viscosity and shear modulus
for reverse micelles of mixtures of lecithin and multivalent
carboxylic acids in decane.””

It is also known that the rheological behaviour of
solutions of wormlike micelles of some surfactants resists
description in terms of the monoexponential Maxwell
model. Some systems are characterized by a spectrum of
relaxation times,?® some other form elastic gels? the
response of which depends little on the deformation rate.
As noted above, the views developed in this paper do not
apply to rigid chain systems (/, ~ [.) or to the systems in
which strong interchain interactions give rise to rigid
ordered structures.? This review does not cover glass-like
colloid '+-93-95 and polymeric3® gels and the self-assembly
in micellar or polymer solutions under the action of shear
stress.?437.96-98 1t g noteworthy that this field of non-
linear rheology is being actively developed °°- 190 and, prob-
ably, some phenomena such as the appearance of differently
oriented regions of strong and weak shear stresses,!'?!
deformation-induced liquid-crystalline ordering, phase sep-
aration, occasional appearance and vanishing of short-lived
ordered structures, rheochaos and so on?23 are common to
solutions containing extended wormlike particles!0? in
which orientational correlations are possible.?%-3° Cur-
rently, the key patterns of the behaviour of such systems in
various concentration regimes have been established.3”

Apart from the micellar systems, the Cates model can be
used to interpret the data of rheological measurements for
polymer chain networks (of metal complexes,!0-103.104 poly-
electrolytes 15 and other compounds?® '9%) in which the
interchain cross-links are provided by weak physical inter-
actions.!'%7 Breaks of the cross-links over time periods much
shorter than the chain reptation time provide the major
relaxation mechanism, and the system is described by the
Maxwell model with only one relaxation time (Fig. 16). A
similar behaviour is displayed by spatial networks consist-
ing of microemulsion droplets connected by polymer chains
hydrophobized at the ends.3-4 11-108.109 When the interchain
cross-links are strengthened, the system behaviour deviates
from that described by the Cates model (Fig. 17),%- 12110
which is manifested, in particular, as the difference between
the exponents of the concentration dependences of the
viscosity (2.8 instead of 3.5)!° and the diffusion coeffi-
cient.!%3 This behaviour is well described in terms of the
reptation and sticking model of Rubinshtein and Seme-
nov,'"! which extends the dynamic Cates reptation model to
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Figure 17. Frequency dependences of the storage modulus (/) and
the loss modulus (2) for an aqueous solution containing 0.4 mass %
of polyacrylamide hydrophobized by oxyethylene fragments at
various temperatures.’

At 60 and 70 °C, the data noticeably deviate from the Maxwell
model description (lines). Data for temperatures of 40—70 °C are
shifted along the ordinate axis. The shifts are: 102 (40 °C),
10* (50 °C), 10° (60 °C), 108 (70 °C).

sticking chain systems. Currently, theoretical models of
these systems are being developed.!'!2- 114

I11.6. Effect of ion specificity on the micellar growth

The nature of ions in solution considerably affects the
micellar growth and the pattern of the concentration
dependence of the viscosity.”>> 15 The counter-ions contain-
ing hydrophobic groups, in particular, salicylates or ben-
zoates, can strongly bind to the aggregate.!'® By penetrating

into a micelle and decreasing the spontaneous curvature,
these ions stimulate the growth and branching of aggre-
gates. This, as has been discussed above, results in the
appearance of a viscosity maximum with increase in the
salinity. The addition of a NaSal salt to solutions of CTAB
and CPyCl gives rise to a second viscosity maximum at high
salt concentration.!'”-118 The presence of two maxima is
attributable to non-monotonic variation of the density of
junctions in a micellar network. Note that for some systems,
reduction of the micellar size was detected in the presence of
a high concentration of salts containing penetrating ions.!?
In this case, the observed viscosity maximum is due to the
opposite trend: an increase in the spontaneous curvature
and the presence of a maximum in the plot for the average
aggregation number vs. the concentration of the salt added.

Systematic studies using various salts (unable to pene-
trate into the micelle) added to a solution of CTAB '8
demonstrated that the binding of counter-ions to the micelle
surface leads to a decrease in the persistence length and
more intense growth of viscosity with increase in the salt
concentration.

The observed effects of the nature of ions are often fairly
subtle. Indeed, the replacement of KCI added to a solution
of EHAC by NaCl has a pronounced influence on the
position of the viscosity peak: the salt concentration at
which the viscosity is maximum is several-fold higher for
K™ co-ions than for Na™ co-ions. However, the expected
weak effect of most co-ions on the critical micelle concen-
tration (CMC) and the salt-induced sphere—rod transition
threshold solutions of ionic surfactants was confirmed
experimentally.!20

The account for the effect of ion specific character on
the growth of aggregates and the viscoelastic behaviour of
the solution is a still unsolved problem. Nevertheless,
certain achievements along this line can be noted.

The experimentally established effect of the nature of
counter-ions on the formation and growth of ionic surfac-
tant micelles can be qualitatively interpreted '?° within the
framework of the Collins phenomenological concept:!'?!
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chaotropic counter-ions form more compact ion pairs with
the chaotropoic heads of the surfactant molecules, while for
cosmotropic ions, these are cosmotropic heads. The com-
pactness of the ion pair between the mobile ion and the
charged head of the surfactant molecule in the micelle
corona affects the spontaneous curvature of the aggregate,
i.e., this controls the tendencies to growth and branching.
This concept has been expressed quantitatively in the
molecular thermodynamic models, which adequately
describe  micelle  formation3%122:123  and  micellar
growth 335 in solutions of classical cationic and anionic
surfactants in the presence of ordinary salts. According to
these models, the key factors that control the specific ion
effects during aggregation are the proper size, dispersion
interactions with the micelle and different degrees of hydra-
tion of mobile ions having penetrated into the micelle
corona. In conformity with the Collins concept, the hydra-
tion effects in the corona are determined by the combina-
tion of a mobile ion and a surfactant molecule head. The
subtle balance of the contributions taken into account by
the models makes it possible to describe the quantitative
and qualitative differences in the effect of salt nature on the
surfactant aggregation. Indeed, the addition of some salts
can induce only the growth of aggregates, while for the
other salts, the model predicts the initial growth of micelles,
which is replaced by micelle size reduction at high salt
concentrations. An explanation to the pronounced effect
of the co-ion nature on the position of the viscosity peak
and rather weak co-ion sensitivity of the CMC and salt-
induced sphere—rod transition thresholds was reported for
the first time.33

IV. Materials and devices based on micellar
systems

The reversibility of the micelle growth and disintegration
processes provides the possibility to control the substance
solubilization, while the reversibility of the formation and
destruction of the spatial networks of wormlike micelles can
serve to control the viscoelastic properties of solutions. This
makes solutions of wormlike micelles highly attractive for
solving a variety of practical problems in petrochemistry,
pharmacology and biomedicine.

The tendencies of micelle aggregates to grow and branch
depend on the preferred packing of molecules into aggre-
gates of various shapes and spontaneous curvatures, which
is determined by the chemical individuality, that is, the
molecular portrait of the system and changes upon a change
in the conditions. The molecular portrait determines the
system sensitivity to various factors: the growth and the
formation of wormlike micelle networks can be controlled
by changing the surfactant concentration, temperature,'?*
pH 2% and electric field,? by irradiation of the solution,!2¢
by introduction of various additives and varying their
concentrations. Adjustment of single surfactants and addi-
tives or their combinations opens up a rather easy and
effective way for the search for new materials with a
controlled response. The currently known systems of smart
wormlike micelles sensitive to the change of various factors
were considered in detail in a recent review.? Below,
examples of systems important for practical applications
are given and basic scheme of their applications are dis-
cussed.

Viscoelastic solutions of surfactants are used for
hydraulic fracturing of formations for enhanced oil recov-
ery.!® The hydraulic fracturing gives rise to numerous
fractures in the rock, which allow oil to flow into the
boreholes to withdrawal points and thus the oil recovery is
enhanced. To prevent these newly formed fractures from
collapsing, which would arrest the oil flow, they are filled
with various finely grained materials (sand, glass beads,
walnut shell fragments, ezc.). A viscous liquid is required to
deliver the filler into fractures. After the delivery has been
completed, the liquid should become easy-flowing and leave
the filler in the rock fractures without interfering with the
oil flow. The desired behaviour may be inherent in solutions
of wormlike micelles: the spatial micelle network accounts
for high viscosity; however, upon contact with hydrocar-
bons in oil-bearing formation pores and fractures, wormlike
aggregates either turn into spherical aggregates or form a
microemulsion.'?” This transformation is accompanied by a
decrease in the solution viscosity and, hence, the solution is
removed without plugging the pores, while the filler remains
in the formation. Widely used carrier liquids are solutions
of cationic quaternary ammonium salts containing 18 to 22
carbon atoms in the hydrocarbon tail of the molecule (these
salts are obtained from the rapeseed oil). The application of
these systems is limited to moderate temperatures; by using
EHAC with addition of sodium salicylate to enhance the
micellar growth, it is possible to raise the temperature limit
to 366 K.?

A notable feature of wormlike particles, namely, the
ability to reduce the resistance to liquid flow in a pipe, is
used for oil transport, for heating and air conditioning
system pipelines, for irrigation, waste water discharge and
fire extinguishing systems and so on.>'% A benefit of
wormlike micelles compared with linear polymers used for
the same purpose is that micelles that have broken due to
high stress are able to recombine and maintain the system
efficiency. By reducing the resistance to flow in domestic
heating systems, a substantial energy saving was achieved in
some regions of Denmark, the USA, Japan and Canada.!”
However, surfactant solutions that reduce the resistance to
flow also reduce the heat flux. The viscous boundary
formed near the pipe wall and decreasing the resistance to
flow retards the heat transfer to the wall, which is undesir-
able in heating systems. An idea for solving this problem
has been put forward: it has been proposed to use photo-
sensitive systems of wormlike micelles the growth of which
is controlled by external irradiation.® Cationic surfactants
(CTAB or erucyl dimethylamidopropyl betaine) with the
organic counter-ion of trans-o-methoxycinnamic acid
(trans-OMCA), which forms long wormlike micelles, are
used. As the solution before the heat exchanger inlet is
exposed to UV radiation, the counter-ion is converted to the
cis-form (cis-OMCA) and packing into shorter aggregates
becomes preferred. Thus, owing to light sensitivity of the
surfactant counter-ion, the system viscosity can be changed.
The viscosity of the solution in the heat exchanger decreases
by several orders of magnitude and the heat exchange
becomes effective. However, attempted preparation of pho-
toreversible systems based on commercially available
OMCA failed.> The photoreversibility of rheological
response was found for an aqueous solution of a mixture
of a cationic surfactant, oleyl bis(2-hydroxyethyl)methyl
ammonium chloride (3.4 mmol litre~!) and sodium 4-phe-
nylazobenzoate (ACA, 2 mmol litre—!).!2® The alternating



708 A I Victorov, M A Voznesenskiy, E A Safonova Russ. Chem. Rev. 84 (7) 693711 (2015)

exposure of the solution to UV and visible light induces the
transition of ACA from the trans- to cis-configuration and
back. This results in the destruction and restoration of
wormlike micelles, which can be used to control the heat
exchange and resistance to flow.

An interesting example of the photoreversibility of the
rheological response is a solution of CTAB and salicylic
acid in which a network of entangled micelles is formed
upon the addition of a small amount (1%) of photoactive
2,4,4'-trihydroxychalcone (Ct).'?° UV irradiation induces
trans— cis isomerization of Ct, rearrangement of wormlike
micelles and a viscosity change. This is accompanied by a
change in the solution colour, which enables visual mon-
itoring. Without irradiation, the sample is yellowish and has
a viscosity of 7 Pas (for a shear rate of 0.5s'). On
exposure to solar light, the sample colour changes to dark
orange in several minutes due to the transformation of Ct
into the flavylium cation. As this takes place, the viscosity
of the solution decreases by a factor of 2. As the irradiation
is terminated, the initial state of the solution is restored;
however, this requires ~ 40 min. Currently, studies of the
systems of light-controlled wormlike micelles are in prog-
ress.2-17.128

Attention is drawn by micellar solutions in which the
viscosity is controlled by external electric field. These
systems can be used in hydraulic seals, valves, transmis-
sions, ink-jet printers and so on. A micellar solution of this
type was prepared using alkyltrimethylammonium surfac-
tant chemically modified by introduction of a ferrocenyl
group at the end of the hydrocarbon tail of the molecule.
The surfactant thus formed — 11-ferrocenylundecyltrime-
thylammonium bromide — forms wormlike micelles in the
presence of sodium salicylate.!3? The ferrocenyl group is
hydrophobic and its oxidized form (ferricinyl cation) is
hydrophilic. The conversion of this group from the oxidized
to the reduced form upon the application of an electric field
induces a change in the lipophilic —hydrophilic balance and
transformation of the network of wormlike micelles into
separate globular aggregates. Thus, by controlling the redox
reaction, it is possible to control the micellar growth.

Temperature variation is also a way to control the
micellar growth and viscoelastic properties (see above).
Most of the studied solutions of wormlike surfactant
micelles form ‘soft’ gels the viscoelastic behaviour of which
is described by the Maxwell model. However, in some
systems, ‘hard’ (elastic) gels are formed upon temperature
change, the mechanical characteristics of the system change
by several orders of magnitude and depend little on fre-
quency.? Heating of a 1.0 M solution of 3-(N-palmitamido-
propyl-N,N-dimethylammonium)propanesulfonate in the
presence of 0.5 M NaCl from 303 to 313 K induces rever-
sible transformation of a viscous micellar solution into an
elastic spatial network.!3! Solutions of wormlike micelles of
an ionic liquid, 1-hexadecyl-3-methylimidazolium bromide,
with NaSal (Ref. 132) and erucyl dimethylamidopropyl
betaine 33 form elastic gels at temperatures below 293 and
313 K, respectively.

Micellar gels hold much promise as a possible alterna-
tive to polymer hydrogels widely used in biomedical appli-
cations: for tissue transplantation and repair, drug delivery,
development of sensor devices and so on.>!7 Of interest are
the properties of a polymer gel, which is soft and ductile at
room temperature and elastic at the body temperature;
therefore, polymeric inner soles for shoes acquire and

preserve the unique shape of a particular human foot.!34
Polymer gels are used in the development of sensor devices
with response to glucose for the controlled insulin admin-
istration into diabetes mellitus patients.!3> Other smart
materials based on polymer gels were also devised.

A smart micellear gel can also be designed to be sensitive
to the presence of a particular chemical compound in a
solution and used in sensing devices. The transformation of
a micellar solution into a hydrogel at a human body
temperature opens up a theoretical possibility to avoid
surgery in the tissue implantation. The value of micelles
for controlled drug delivery is related to their ability to
solubilize hydrophobic molecules of pharmaceutical drugs
and release the drugs in response to a change in the external
conditions.

Solutions of wormlike micelles of biocompatible surfac-
tants, in particular, lecithin,?% 136 receive increasing atten-
tion of researchers. Biocompatible lecithin is widely used in
food industry and in the manufacture of cosmetic formula-
tions. Lecithin-based wormlike micelles are used as model
systems in the development of methods for transdermal
delivery of biologically active substances such as caffeine
and theophylline.'3® A related chemically modified surfac-
tant, dilauryl phosphatidyl nucleoside, combines the aggre-
gative properties of lecithin and functions of molecular
recognition of heterocyclic bases in nucleic acids.!3” Phos-
pholipid-based surfactants that form wormlike micelles are
promising for pharmacological applications and selective
delivery of DNA genetic material to the cells.?> Generally,
the considered systems have been less studied than solutions
of classical surfactants and now these studies have been
intensified.

Combinations of wormlike surfactant micelles with
polymers, nanoparticles and biomaterials open up extensive
opportunities for the design of hybrid functional materi-
als.2-17

This application area is new; nevertheless, the obtained
results attest to good prospects of smart wormlike micelles.
Of primary importance is to establish the relationship
between the macroscopic behaviour, morphology and
molecular characteristics of such systems and to advance
the methods of the molecular thermodynamic prediction.

V. Conclusion

In this review, we traced the universal patterns of behaviour
of the systems capable of reversible formation of spatial
networks: the general features manifested in the structure
and macroscopic properties of the system irrespective of the
molecular structure of the chains. This universal character is
interpreted in terms of the concept of entropic spatial
network the structure and equilibrium properties of which
are controlled by thermal defects — junctions and chain
ends. Networks of this type are formed in bicontinuous
microemulsions, fluids of dipole solid spheres, in many
physical polymer gels, solutions of Janus micelles and
wormlike micelles of surfactants. The free energies of
thermal defects are determined by the chemical individu-
ality, i.e., the molecular ‘portrait’ of the system, which is
manifested quite obviously. Indeed, although the gel for-
mation and phase separation are controlled by the balance
of thermal defects, they are observed on cooling for some
systems and on heating for other systems. This refers, for
example, to micellar systems. The molecular architecture
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dictates the preferred packing into aggregates of one or
another shape and, hence, the balance of junctions and ends
for wormlike micelles in the solution. The chemical effects
of components (surfactant isomerization and functionaliza-
tion and the natures of the solvent and the added salt) are
often subtle, which complicates the quantitative description
for them.

The universal behaviour is also inherent in the dynamic
properties of the system of growing and breaking chains. A
relationship can be traced between the aggregate tendency
to grow and branch, the solution structure and the results of
rheological measurements. It is noteworthy that the visco-
elastic behaviour of a polydisperse system of chains experi-
encing frequent breakage is reflected (in the case of moder-
ate shear frequencies) by the simple Maxwell model. This
rheological behaviour is observed for the vast majority of
solutions of wormlike micelles studied to date (although
there are exceptions). The chemical nature of the system
shows itself in the different characteristic relaxation times,
different aggregate growth regimes, various types of
response to a change in the conditions (concentration,
temperature, the nature of additives present in the system,
exposure to UV radiation and so on).

The accumulation of empirical knowledge about the
behaviour of solutions of wormlike micelles is still some-
what ahead of the development of the quantitative molec-
ular thermodynamic theory. However, certain progress has
been made along the latter line. The research group to
which the authors of this review belong has developed
molecular thermodynamic models for branching wormlike
micelles and networks formed by classical ionic surfac-
tants,3!- ¢! ionic diblock copolymers,!3%-13% including pH-
sensitive ones;3? and uncommon pH and salinity effects in
the change of morphology and mechanical behaviour of
aggregates were described.?? Molecular thermodynamic
models of pH-sensitive mesostructural diblock copolymer
gels 140 and gels formed in cross-linked polymer solutions 3°
were developed. The classical OSF theory for the electro-
static component of the chain rigidity was extended to
charged micellar aggregates considering their finite thick-
ness.3¢ A molecular thermodynamic approach suitable for
describing the effect of the nature of an 1:1 inorganic salt
on the formation and growth of wormlike micelles in
solutions of classical ionic surfactants was developed.?*
The effects of counter-ions and co-ions were considered
within a unified approach and a mechanism explaining for
the first time the significant role of the co-ion at high salt
concentration was proposed.3’

It appears that further development of the methods of
molecular thermodynamic modelling would be related first
of all to more detailed description of the micellar aggregate
structure and more detailed consideration of specific and
non-specific intermolecular interactions of its components.
These methods can be useful for the targeted search for
micellar systems with specified properties. For instance, the
recently proposed model for mixed non-ionic surfactant
micelles '#! reflects the complex structure of the micelle
corona, the presence of specific interactions between vari-
ous functional groups of components and hydration. The
model was formulated in a group variant using interaction
parameters of functional groups estimated previously from
the data on the phase equilibria for a broad range of
mixtures.'42 143 The development of models of this type is
important, in particular, for predicting the distribution of

organic molecules between micelles and the surrounding
solution.!44-146

The possibility to control the growth of aggregates and
the viscoelastic properties of the system enables addressing
other practical problems. For example, for solutions of
wormlike surfactant micelles, by selecting the appropriate
molecular ‘portrait’, it is possible to obtain systems with
viscosity and elastic modulus being able to reversibly
change by several orders of magnitude upon the change in
the pH or temperature or upon application of electric field
and so on. Currently, such smart systems of wormlike
micelles are already used in petroleum production and in
indoor heating installations. The extensive prospects for the
practical use of these systems are related to the design of
new sensors, artificial tissues and controlled drug delivery.

This review was written with the financial support of the
Saint  Petersburg State  University (Project Nos
12.38.199.2014, 12.50.1559.2013) and the Russian Founda-
tion for Basic Research (Project No. 13-03-00981-a).
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