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ABSTRACT: Surfactant wormlike micelles are prone to experience morphological .
changes, including the transition to spherical micelles, upon the addition of nonpolar
additives. These morphological transitions have profound implications in diverse
technological areas, such as the oil and personal-care industries. In this work, additive-
induced morphological transitions in wormlike micelles were studied using a molecular
theory that predicts the equilibrium morphology and internal molecular organization of
the micelles as a function of their composition and the molecular properties of their
components. The model successfully captures the transition from wormlike to spherical
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micelles upon the addition of a nonpolar molecule. Moreover, the predicted effects of the

concentration, molecular structure, and degree of hydrophobicity of the nonpolar additive on the wormlike-to-sphere transition are
shown to be in good agreement with experimental trends in the literature. The theory predicts that the location of the additive in the
micelle (core or hydrophobic—hydrophilic interface) depends on the additive hydrophobicity and content, and the morphology of
the micelles. Based on the results of our model, simple molecular mechanisms were proposed to explain the morphological
transitions of wormlike micelles upon the addition of nonpolar molecules of different polarities.

B INTRODUCTION

Amphiphilic molecules in solution self-assemble into supra-
molecular aggregates of different shapes (spheres, cylinders,
ribbons, and vesicles, among others). Viscoelastic surfactants
(VESs) are a class of amphiphilic molecules that can self-
assemble into long wormlike micelles (WM).'™® The
entanglement of these long cylindrical aggregates imparts
interesting rheological properties to the solution, such as high
viscosity and elasticity at sufficiently high concentrations.”
Because of their rheological behavior, VESs find applications as
viscosity enhancers in many fields, including personal-care
products® and fracturing fluids used in oil extraction.”®”'® The
rheological properties of viscoelastic surfactants in solution
remind that of long polymers; however, unlike polymers,
wormlike micelles can break and reform under shear.
Applications of VES in personal-care and oil industries
usually involve the interaction of wormlike micelles with
nonpolar substances, which become incorporated into the
micelles. The encapsulation of nonpolar additives can
dramatically change the morphology of the aggregates, thereby
changing their rheological properties. The most common
morphological transition is the transformation of VES
wormlike micelles into spherical micelles (SM) (ie., a
wormlike-to-sphere transition) upon the addition of hydro-
phobic substances."'™'® In the oil industry, this phenomenon is
commonly known as “breaking”. In this industry, VESs are
used as viscosity enhancers to facilitate the transportation of
proppants to the fracture sites. There, the wormlike micelles in
contact with the hydrocarbons break into spherical aggre-
gates,'”"” which greatly decreases the viscosity of the fluid and
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facilitates its removal. This process implies a major advantage
of VES over polymeric viscosity enhancers”'” that are difficult
to remove from the reservoirs.

The mechanism by which the incorporation of small
nonpolar molecules into wormlike micelles affects their
morphology is not only a highly relevant technological issue
but also a fascinating fundamental problem. This transition has
been proposed to occur by the dissolution of nonpolar guests
into the core of the wormlike micelles, which was proposed to
increase their curvature up to the point where spherical
micelles become more favorable than cylinders.'” However, oil
dissolution into the cylinder core should increase its diameter
and, therefore, reduce (rather than increase) the interfacial
curvature.'’ Recent experimental studies have revealed
complex mechanisms of hydrocarbon-induced wormlike-to-
sphere transition. For example, when the hydrocarbon is an
aromatic alkane (e.g, benzene, toluene, or ethylbenzene), the
length of the wormlike micelles first increases and then
decreases with increasing hydrocarbon content.'™'>'® To
explain the unusual behavior of aromatic hydrocarbons, it
has been proposed that these molecules dissolve close to the
hydrophobic—hydrophilic interface (outer palisade re-

Received: November 29, 2020
Revised:  February 17, 2021
Published: March 8, 2021

https://dx.doi.org/10.1021/acs.langmuir.0c03421
Langmuir 2021, 37, 3093-3103


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gervasio+Zaldivar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Conda-Sheridan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mario+Tagliazucchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c03421&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03421?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03421?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03421?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03421?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c03421?fig=abs1&ref=pdf
https://pubs.acs.org/toc/langd5/37/10?ref=pdf
https://pubs.acs.org/toc/langd5/37/10?ref=pdf
https://pubs.acs.org/toc/langd5/37/10?ref=pdf
https://pubs.acs.org/toc/langd5/37/10?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03421?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

Langmuir

pubs.acs.org/Langmuir

gion),"*">"'® while aliphatic species preferentially dissolve into

the nonpolar core. Taken together, these observations show
that the mechanisms of disassembly of wormlike micelles
induced by small nonpolar molecules are complex and still
poorly understood.

Both the formation of wormlike micelles and how they are
affected by nonpolar additives have been studied by molecular
dynamics (MD) simulations'*™>* and theoretical tools**™*" in
the past. MD simulations provide structural information about
the aggregates; however, their use in systematic studies is
greatly hampered by the time and length scales involved in
micellar aggregation. Moreover, estimating the thermodynamic
stability (free energy) of different types of micellar structures
using MD simulations would be computationally very costly.
On the other hand, classical analytical theories provide an
estimation of the thermodynamic stability of the different
potential morphologies of the system, but these theories
provide limited structural information. Moreover, simple
theories do not consider the chemical structures of the
surfactant and oil molecules in detail, which seem to be critical
to fully understand the morphological behavior of these
sytems. 415183233

We present here a theoretical approach designed to study
the co-aggregation of surfactants and small molecules in
water—salt solutions, using a thermodynamical statistical tool
known as molecular theory (MOLT).**** This approach
provides both detailed structural and thermodynamic
information of the system while explicitly considering the
molecular details of the surfactant and additives at a coarse-
grain level of description. The economical computational cost
of the MOLT allows us to systematically explore different
conditions. In this work, we applied this tool to model co-
aggregates formed by a surfactant whose properties resemble
the properties of cetyltrimethylammonium bromide (CTAB)
and a linear nonpolar molecule of variable hydrophobicity and
length. Our predictions of the morphology diagram of the
aggregates as a function of the hydrophobicity of the nonpolar
additive and its content are in good agreement with
experimental observations in the literature. Based on the
results of our model, we propose simple mechanisms that
explain the behavior of wormlike micelles in the presence of
additives of different polarities and at various concentrations.
Our results provide a theoretically grounded molecular basis
for some of the tentative mechanisms put forward in the
literature,' "' 4151

B THEORETICAL METHODS

General Model. Our theory is based on our previous studies on
the self-assembly of neutral triblock surfactants®” and lysine-
terminated peptide amphiphiles.*® It is derived from a MOLT
previously developed by Szleifer and co-workers.**™*® The theory
explicitly takes into account the molecular details of the surfactant and
nonpolar molecules (ie., their chemical structures, conformations,
volume and charge distributions, inter and intramolecular inter-
actions) and the properties of the solution (ionic strength and pH).
The theory is formulated in detail in the Supporting Information and
briefly discussed here.

The model system consists of a co-assembly of Ny surfactant and
Nyp nonpolar molecules in a volume V at temperature T. The
aggregate is fixed in space (i.e., our theory provides a stability criterion
for isolated aggregates, and it does not include the translational
degrees of freedom of the aggregate; see below), and it is in contact
with an aqueous NaCl bulk solution. We used a coarse-grain model
for the surfactant and nonpolar molecules. Each coarse-grain bead in
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our model represents four heavy (non-H) atoms. The chemical
structure of the surfactant was chosen to specifically model
cetyltrimethylammonium bromide (CTAB), which exhibits high
propensity to form wormlike micelles."****° The CTAB molecules
were modeled using two types of beads, ie., alkyl-tail beads that
represent four methylene groups (colored dark purple in Figure 1)

CTAB

e
N
|

Non-polar additive

P e VY

Figure 1. Top: mapping between the chemical structure and the
coarse-grain model for CTAB. Bottom: the nonpolar molecule used in
this work is a linear chain of coarse-grained beads and variable
hydrophobicities. For example, if each bead has the same properties as
the tail beads of the CTAB molecule, then a four-bead molecule
corresponds to a model of n-hexadecane.

and head beads that stand for the quaternary ammonium functionality
(colored light purple in Figure 1). Nonpolar molecules were
generically modeled as a linear chain of coarse-grained beads of
varying hydrophobicities and numbers (colored yellow in Figure 1).
In the specific case where the beads of the nonpolar molecule have the
same properties as the CTAB-tail beads, our coarse-grain nonpolar
molecule models a linear alkane, where each bead represents four
methylene units. However, we kept the hydrophobicity of the beads of
the nonpolar additive as a tunable parameter in our model to explore
its effect on the wormlike-to-sphere transition (see Introduction).
The mobile salt ions have a constant chemical potential fixed by the
composition of the bulk solution. The thermodynamical potential that
minimizes at equilibrium is a semigrand canonical potential Q*(T, V,
Ng, Nyp, {#:}), where Ng and Nyp are the total number of surfactant
and nonpolar molecules, respectively, and {y;} is the chemical

potential of the salt ions (i = cation or anion). The * superscript
indicates that Q* describes an aggregate fixed in space, so it lacks
translational and rotational entropy (resembling Israelachvili’s model
for the chemical potential of surfactants in a fixed aggregate*'). Note
that the functional * is canonical for the surfactant and the nonpolar
molecule but grand canonical for the ions and the solvent.

We wrote down an approximate expression for Q* as a functional
of structural functions of the system that are a priori unknown. These
functions are the local number density of the different species in the
system, p(r) (i = surfactant, nonpolar molecule, solvent, salt anion,
and cation), the position-dependent probability distribution functions
for the conformations of the surfactant and nonpolar molecules,
P k(alr) (k
electrostatic potential, w(r). For the sake of generality, in the

surfactant or nonpolar molecule), and the local
following description of the theory, we will assume that these
structural functions can depend on r, ie., the (x,y,z) position in the
system. Note, however, that in this work we took advantage of the
symmetry of the systems under study, which allowed us to consider
inhomogeneities only in one dimension at the moment of solving the
theory (see Section 2 and Supporting Information (SI)).

The proposed expression for Q* (which we will hereafter refer to
as the free energy of the system for simplicity) is
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(1)
where = (kyT)™", vy, is the volume of solvent molecules, {n;(r)) is
the average number density of beads of type i at position r, ¢; is the
parameter that controls the strength of the interactions between beads
of type i and j, g(rr’) is a function that dictates the spatial
dependence of that interaction, (po(r)) is the average charge density
at position r, and &(r) is the position-dependent dielectric
permittivity. The first term on the right-hand side of eq 1 accounts
for the free energy associated with the translational entropy (which is
related to the mixing entropy) of all species in the system (surfactant,
nonpolar molecule, solvent, and ions). The second term is the free
energy related to the conformational entropy of surfactant and
nonpolar molecules. In this term, the sum over a includes, in
principle, the set of all possible conformations for each of these
molecules, but in practice it is enough to consider a representative
subset. The third term is the energy of the effective short-range
attractive interactions between all types of beads (i.e., the sums run
over all types of beads of the nonpolar additive and the surfactant).
The fourth term is the electrostatic contribution to the free energy.
Finally, the last term accounts for the —Ny terms for the cation and
the anion, which have a fixed chemical potential and should be
included in Q* because this functional is grand canonical for these
two species. For a full description of each contribution to Q*, we refer
the reader to the Supporting Information (SI).

We obtain the equilibrium morphology and structural properties of
the system by finding the extrema of Q* with respect to y(r), Pi(ar)
(k = surfactant or nonpolar molecule), and p(r) (i = surfactant,
nonpolar molecule, solvent, cation, and anion) subjected to the
following restrictions:

(i) The packing or incompressibility constraint. The sum of the
volume fractions of all species at each position should be 1.
This restriction models intermolecular repulsive interactions in
the system as excluded-volume interactions.

The global electroneutrality constraint. The net charge in the
whole volume of the system is zero (note that electroneutrality
is imposed globally, not locally).

The normalization of the functions Py(a,r) for k = surfactant or
nonpolar molecule at each r.

Constraints enforcing that the integrals of pi(r), for k =
surfactant or nonpolar molecule, in the whole volume of the
system should be equal to Ny and Nyp, respectively.

(ii)

(iid)
(iv)

The extremization of Q* subjected to restrictions (i)—(iv) leads to
explicit expressions for the unknown structural functions mentioned
above. These expressions compose a set of coupled integrodifferential
equations that is discretized and numerically solved. The code
developed by us to solve the theory is available upon request.

The inputs of the theory include the chemical structure of the
nonpolar and surfactant molecules, a representative set of their
conformations, the salt concentration of the solution, the strength of
the short-range effective attractions between the different types of
beads, and the electric charge and molecular volume of those beads.
The representative set of conformations of the surfactant and
nonpolar molecules was randomly generated using a rotationally
isomeric state (RIS) model** (see Section S1d.ii in the Supporting
Information). Each conformation defines both the internal degrees of
freedom (dihedral angles in the RIS model) and the orientation of the
molecule in three dimensions. We generated 10* conformations for
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each type of molecule (surfactant or nonpolar molecules) and each
possible position of the molecular center of mass. The size of this set
is large enough to ensure that all of the thermodynamic and structural
properties of the system are converged; see SI of ref 38.

The strengths of the attractive interactions between the different
types of coarse-grain beads were adapted from the Martini MD
coarse-grain force field**** using the procedure reported in our
previous work® (see the Supporting Information). Table S1
(Supporting Information) reports the parameters that govern those
interactions, €; (where i and j represent types of beads). For example,
the self-interaction of surfactant-tail beads is er_p = 7.0 kgT. To scan
the hydrophobicity of the nonpolar molecule, we manually
constructed a hydrophobicity scale by setting the strength of the
interactions between nonpolar beads, exp_yp, to a value between 7.0
ksT (highly hydrophobic) and 3.0 kzT (poorly hydrophobic) and
then calculating the strength of the cross interactions exp_r as a
geometric average between er_p and exp_np (see SI for further
details). This approach has the advantage of allowing to continuously
tune the hydrophobicity of the guest molecule without changing its
other properties, thereby allowing to isolate the effects of hydro-
phobicity. However, our strategy conceals how the nonpolar
molecules in our model are related to specific chemical structures.
In Section 1 of the results, we show how selected points in our scale
are related to Martini bead types, which enables us to assign examples
of specific chemical structures to the nonpolar molecules of different
hydrophobicities in our model.

The theory provides thermodynamic and structural information on
the system, such as its free energy Q*; the local number density of the
species, p;(r); the probability distribution function of the
conformations of the surfactant and additive, P.(a,r); and the local
electric potential, y(r).

Morphology of the Aggreqates and Thermodynamic
Stability. As in our previous studies,””** we assessed the morphology
of the aggregates by considering three possible ideal shapes: spheres,
infinitely long cylinders (wormlike micelles), and infinitely extended
planar lamellas. These three ideal morphologies can be described
using only one spatial coordinate, r, which represents the radial
distance for spheres and cylinders and the distance to the central
plane for lamellas. In this approach, heterogeneities are allowed only
in the r direction and the system is assumed to be homogeneous in
the other two directions. The derivation of the theory upon this
assumption is straightforward (see SI and refs 37, 38). This
approximation significantly diminishes the complexity and computa-
tional cost of the calculations, which permits a systematic exploration
of the morphology diagram.

To compare the stability of the different morphologies, we
calculated the free energy per molecule in excess to the bulk solution

defined by

Q,EX(TJ NS; NNP; {ﬂ,})
N + Nyp

w"eX(T; Ns; NNP; {/"i}) =

_Q*(T; V, Ng, Nyp, {”i}) = Q*(T, V, Ng =0, Nyp = 0, {/4,-})

Ng + Nyp
)

where {§1;} = aniony Heations: The first equality states that @** is a free
energy per molecule, and the second equality indicates that @™ and
Q* are, respectively, differences between the corresponding
quantities in the system of interest and in a system having the same
volume and chemical potential of the ions as the system of interest
but lacking surfactants and additives. In the last term of eq 2, Q*(T,
V, Ng = 0, Nyp = 0, {#;}) is the (semigrand canonical) free energy of
the latter system, i.e., a system without aggregates at fixed volume V.
Note that the superscript “ex” in @** and Q* indicates, therefore,
the difference of a quantity in the system of interest and the bulk and
it does not convey the common meaning of a thermodynamic excess
quantity (the difference between a quantity and its value in an ideal
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reference state). As we previously demonstrated,®® @* is
independent of the volume of the system and it is the proper
thermodynamic potential to compare the stability of systems with a
different number of molecules and morphologies.

In practice, we solve the theory for a given set of conditions, which
include the solution salt concentration, the hydrophobicity of the
nonpolar additive (given by eyp_xp), and its mole fraction, xyp =
Nyp/(Nnp + Ng). We calculate @** for aggregates with the three
possible ideal morphologies and different aggregation numbers
(molecules per spherical micelle) or densities (molecules per unit
length of cylindrical wormlike micelles, or molecules per unit area of
lamellar micelles). The aggregate (defined by its morphology and
aggregation number or density) with the lowest value of @w**
represents the equilibrium state of the system. We should mention
that for the system and conditions discussed in this work, the lamella
morphology was always less stable than that of the micelles and/or the
fibers and, therefore, it is not discussed hereafter.

B RESULTS

Transition from Wormlike to Spherical Micelles with
the Increasing Content of the Nonpolar Additive. Figure
2a shows the morphology diagram of co-aggregates formed by
CTAB and a nonpolar additive of four coarse-grain beads
(each one representing approximately four non-H atoms) as a
function of the strength of the interaction between the beads of

(a) 0.3r7 T T . T . T 0.0 1.0
spherical micelles
0.25 —
[ WM wormlike micelles | | § 021708 ©
0.2 g 8
N | g04[40 ez
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Figure 2. (a) Colormap of the fraction of the nonpolar additive at the
interface between the hydrophobic and hydrophilic regions of the
micelle as a function of the mole fraction of additive, xyp, and the
strength of the interaction between two beads of the nonpolar
molecule, eyp_yp. The dashed line indicates the boundary where half
of the additive is located at the core and the other half at the
hydrophobic—hydrophilic interface. The solid black line is the mole
fraction of the additive at the wormlike-to-sphere transition as a
function of eyp_yp (tagged as xyp'), which demarks the zones of
stability of the spherical (SM) and wormlike (WM) micelles. The
additive is composed of four coarse-grain beads. (b) Mole fraction
(solid lines, xyp" ) and total volume fraction (dashed line, ¢hp") of the
nonpolar additive at the wormlike-to-sphere transition as a function of
the number of the coarse-grain beads forming the nonpolar additive.
xnp is shown for exp_yp = 3.5 and 7.0 kT, while ¢yp' is shown for
enp_np = 7.0 kT In all plots, the salt concentration was fixed to 0.1

the nonpolar molecule given by the parameter eyp_yp (values
from 3.0 to 7.0 kzT were explored) and its mole fraction in the
aggregate, xyp. Larger values of eyp_np correspond to a more
hydrophobic additive. The largest considered value, exp_np =
7.0 kgT, corresponds to alkane-like hydrophobicity, i.e., the
four-bead additive with exp_np = 7.0 kgT is a model of n-
hexadecane, according to our parametrization based on the
Martini model;** see Theoretical Methods section and SI. For
enp_np = 4.8 kgT, the MOLT bead approximately corresponds
to a C4 Martini bead. The C4 Martini bead is used to model,
for example, a linear chain of four carbon atoms with two
unsaturations, so a nonpolar molecule with exp_np = 4.8 k3T
will be a model of a polyunsaturated alkene.”* A MOLT bead
with exp_xp = 3.5 kT (close to the lowest end of our
hydrophobicity scale) approximately corresponds to a CS
Martini bead, which, for example, is used to describe a chain of
three carbon atoms and one sulfur atom (ie, an alkyl
sulfide).** Both C4 and C5 beads differ from MOLT beads
in the cross interaction €p_yp, but the difference is small to
qualitatively influence the results. Finally, comparison with a
recent Martini model of poly(ethylene oxide) (PEO) indicates
that a PEO chain is less hydrophobic than a nonpolar molecule
with exp_np = 3.5 kgT.*°

In the absence of the additive (xyp = 0), Figure 2a shows
that the surfactant forms cylindrical (wormlike) micelles. Upon
an increase in the content of the nonpolar guest, the aggregates
experience a transition from wormlike to spherical micelles for
all values of eyp_yp. This transition has been experimentally
observed in many surfactant/hydrocarbon/salt/water sys-
tems.' "' >'*'>'7 In particular, Hoffmann et al."’ showed that
a water solution with equimolar concentrations of CTAB and
sodium salicylate experiences a transition from rodlike to
spherical micelles following the addition of alkanes of different
lengths. For n-tetradecane (the longest hydrocarbon studied),
the transition occurred at an alkane mole fraction of 0.1, in
good agreement with our results for exp_yp = 7.0 kgT (alkane-
like hydrophobicity) in Figure 2a. Furthermore, Shibaev et al."'
observed the same transition for an anionic surfactant
(potassium oleate) in a KCl—water solution at a ~0.2 mol
fraction of n-dodecane, which is also qualitatively consistent
with our predictions. Note that some degree of quantitative
disagreement between experiments and theory is expected due
to the differences between our model and the experimental
systems, the approximations involved in our theory, and the
experimental uncertainties associated with detecting morpho-
logical transitions throughout indirect measurements, such as
rheological properties,"”'* light scattering,'”'* or model-
dependent determinations.' "

Increasing the number of coarse-grain beads in the additive
molecule leads to a decrease in the mole fraction at the
wormlike-to-sphere transition, xyp'; see Figure 2b. This result
is in good agreement with the report of Hoffmann et al,"® who
observed exactly the same trend for the CTAB—salicylate—
alkane system.

Influence of the Hydrophobicity of the Nonpolar
Additive. Figure 2a shows that as the hydrophobicity of the
additive decreases, its mole fraction at the transition, xyp.,
changes nonmonotonically and displays a minimum at exp_np
= 4.5 kgT. For mildly hydrophobic additives (exp_np < 4.5
kgT), the mole fraction at the wormlike-to-sphere transition
increases with decreasing hydrophobicity, while for highly
hydrophobic additives (exp_xp > 4.5 kgT), it slightly increases
with increasing hydrophobicity and reaches a plateau. The
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increase in xyp' with decreasing hydrophobicity is in
qualitative agreement with experimental data.'>'>'® For
example, Hoffmann et al.'® observed that a tetradecyltrime-
thylammonium bromide (TTABr) aqueous solution experi-
ences a transition from rodlike to globular micelles at ~0.2 mol
fraction of n-decane, while the same transition occurs at a
~0.33 mol fraction of butylbenzene. Furthermore, a betaine-
based surfactant was shown to experience the wormlike-to-
sphere transition at ~0.5 mol fraction for methylcyclohexane
and n-heptane, but for toluene, the transition mole fraction
increases to ~0.75."° In both examples, the species being
compared have the same number of atoms and, therefore,
similar molecular volume, but the aromatic molecules are less
hydrophobic than the aliphatic ones (ie., as estimated from
their respective octanol/water partition coefficients*’).

As we explain in detail below, the influence of the
hydrophobicity of the additive on the wormlike-to-sphere
transition is related to the distribution of the nonpolar
molecules within the aggregates. The guest can be located
either at the core of the aggregate or at the interface between
the hydrophobic and the hydrophilic regions of the micelles
(the outer part of the palisade region). Figure 3 shows the
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Figure 3. Volume fraction of beads of type i, (¢);) (i = nonpolar
molecule, surfactant-tail, or surfactant-headgroup beads) as a function
of the distance to the central axis of a cylindrical wormlike micelle for
exp_np = 7.0 kgT (a) and 3.0 kT (b). The insets show schematic
drawings of a transversal cut of the micelles, stressing the distribution
of the constitutive parts of the aggregates. The salt concentration was
fixed at 0.1 M.

volume fraction of the additive, the surfactant-tail, and the
surfactant-headgroup segments as a function of the distance to
the central axis of a wormlike micelle. Depending on the
hydrophobicity of the additive, it can be localized either at the
micellar core (exp_xp = 7.0 kgT, Figure 3a) or at the
hydrophobic—hydrophilic interface (exp_np = 3.0 kgT, Figure
3b). We should mention the existence of intermediate
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structures, where a fraction of molecules is located at the
center and the rest at the interface.

We determined the fraction of nonpolar molecules at the
micellar core and hydrophobic—hydrophilic interface (outer
palisade region) by (arbitrarily) defining a cutoff position at
the maximum of the volume fraction of tail beads (see dark
purple lines with squares in Figure 3). Beads located between
the center of the structure (r = 0) and this cutoff position are
assigned to the core, while the remaining beads are assigned to
the palisade region. The colormap in Figure 2a shows the
fraction of nonpolar molecules at the hydrophobic—hydro-
philic interface as a function of xyp and exp_yp. Purple regions
indicate structures where the nonpolar molecule is mainly
located at the palisade region. Note that in spherical
aggregates, nonpolar molecules are predicted to be mainly
located at the core for all values of eyp_yp. Conversely, in
wormlike micelles, nonpolar additives are located at the
palisade region if their hydrophobicity and mole fraction are
low and at the micellar core otherwise. The boundary between
both regimes (at which the guest molecule is equally
distributed between the core and the hydrophobic—hydro-
philic interface; see the dashed line in Figure 2a) coincides
with the minimum of the xyp" vs €xp_yp CUrve at exp_xp = 4.5
kgT. This result suggests that the location of the nonpolar
guest molecules is key to understanding the influence of the
additive on the morphology of the aggregates. This issue will
be addressed in detail below, where we independently analyze
the two regimes shown in Figure 2 defined by the
hydrophobicity of the nonpolar molecule.

Highly Hydrophobic Nonpolar Additives (exp_np > 4.5
kgT). In this regime, almost all nonpolar molecules are located
at the core of the aggregate (see the colormap in Figure 2a). In
this case, the number of guest molecules within an aggregate
roughly dictates its size: the volume of spherical and wormlike
micelles increases with the mole fraction of the nonpolar
molecule (see Figure S2 in the Supporting Information). The
change in size and surface curvature allows for a simple
explanation of the wormlike-to-sphere transition in the context
of Israelachvili’s packing theory.”' This theory explains the
shape of micellar aggregates in terms of the “shape” of the
surfactant molecules that compose them. Briefly, conical-like
molecules promote curved aggregates (e.g.,, micelles). As the
shape of the molecule evolves from conical-like to cylinder-like,
the aggregate undergoes micelle — fiber — lamella transitions.
Note that the packing theory is mainly qualitative because the
“shape” of a molecule is not a well-defined concept. The
MOLT used in this work does not depend on this concept,
although its predictions agree in general very well with those of
the packing theory.”’

Figure 4a shows the mean curvature of spherical and
wormlike micelles as a function of the mole fraction of the
additive, xyp. Note that this plot considers the properties of
both morphologies, despite the fact that only one of them is
the equilibrium structure (global free-energy minimum) for a
given value of xyp (the other structure is a local free-energy
minimum). We have already shown that in the absence of
guest molecules (xyp = 0), wormlike micelles are more stable
than spherical ones (Figure 2a). Therefore, the mean curvature
of the wormlike cylindrical micelles in the absence of nonpolar
guests (H = 0.3 nm™', see Figure 4a) should be close to the
optimal curvature for the surfactant, which, according to
Israelachvili’s packing theory, depends on its “shape”. On the
other hand, the curvature of spherical micelles (H = 0.44
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Figure 4. (a) Mean curvature of spherical (yellow circles) and
wormlike (purple squares) micelles as a function of the mole fraction
of the nonpolar molecule, xyyp, for co-aggregates formed by CTAB and
a four-bead nonpolar molecule. The horizontal dotted line indicates
the estimated optimal curvature for the surfactant. The vertical dotted
line marks the fraction of the nonpolar additive at which the
curvatures of spherical and cylindrical are equally distant from the
optimal curvature. (b) Change in the free energy per molecule (Aw*)
and the chemical potential of species i (i;*, i = surfactant, nonpolar
molecule) multiplied by «; for the transformation of wormlike to
spherical micelle as a function of xyp. In (a) and (b), the vertical gray
dashed line marks the xyp at the wormlike-to-sphere transition (xyp’).
Salt concentration was fixed to 0.1 M and eyp_pp to 7.0 kgT.

nm™') is expected to be larger than the optimal curvature. As
xnp increases, so does the radius of both the spherical and the
wormlike micelles, causing a decrease in their mean curvatures
(see Figure 4a). This behavior implies that the curvature of the
cylindrical micelle starts to deviate from the optimal value (H
~ 0.3 nm ™!, marked with a horizontal dotted line in Figure 4a),
while that of the spherical micelles gets progressively closer to
it. Therefore, from the packing-theory point of view, the
wormlike-to-sphere transition should approximately take place
when the curvature of the micelle is closer to the optimal value
of H ~ 0.3 nm™" than that of the cylinder. This condition
occurs for xyp = 0.129 (the vertical black dotted line in Figure
4a), which is in fact very similar to the transition fraction

determined from the free energy of the aggregates, xyp'
0.121 (the vertical gray dashed line in Figure 4a). The
proposed mechanism is schematized in Figure 6a.

To provide further support for the argument that the change
of aggregate curvature triggers the wormlike-to-sphere
transition, we looked at the thermodynamics of the system.
Let us consider the contributions to the free energy per

molecule
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(3)
where in the first equality, we used the definition of @™, i.e, ®*
is the semigrand canonical free energy per molecule and,
therefore, it is equal to Q* (the semigrand canonical free
energy) divided by the total number of surfactant + additive
molecules. In the second equality of eq 3, we used the
definition of the semigrand canonical potential,
QF =F* - ) N, where i runs over those

species whose chemical potential is fixed (i.e., the anions and
cations). In the third equality, we used the definition of the
Helmholtz free energy,
F* = Zi:anic»ns,catic'ns 'uxI\Tl + Zj:S,NP ﬂ;*M - pV’ and X = N’/
(Ng + Nyp) for i = S (surfactant) or NP (nonpolar molecule).
Note that we use the “*” superscript (which indicates that the
thermodynamic quantity corresponds to an aggregate fixed in
the space) for the chemical potentials of the surfactant and the
additive but not for those of the anions and cations, which are
fixed by the bulk solution.

We will focus our attention on the xgitg™ and xyppnp™ terms
on the right-hand side of eq 3. Let us define x;Ap* as the
change in each of those terms for a wormlike-to-sphere
transition at fixed composition, ie., xAu* jrosphere

i=anions, cations H i

xi(ﬂt
p k) When x,Ap* is negative, molecules of type i would
prefer to be in a spherical aggregate rather than in a wormlike
micelle, and vice versa for x;,Ap* > 0. Figure 4b shows x;,Ap*
and the total free-energy difference (Aw* = @phere
w*"omike) a5 3 function of xyp. Note that Aw* & xgApug* +
xnpApnp™; thus, the contribution of the pV/(Ng + Nyp) term
in eq 3 to the following analysis is negligible. As xyp increases,
the surfactant contribution (purple line) decreases up to the
point at which it becomes negative. This behavior remarkably
suits the mechanism proposed above from packing arguments:
as the curvature of both types of aggregates decreases, the
surfactant increasingly prefers the spherical environment. In
contrast, the contribution of the nonpolar molecules always
favors spherical micelles (x,Ap* < 0 for i nonpolar
molecule), probably because the spherical shape minimizes
the interfacial tension at the hydrophilic—hydrophobic inter-
face. Moreover, the xypApnp* contribution changes only
slightly with xyp. In sum, this result supports the idea that the
key factor dictating the transition from wormlike to spherical
micelles triggered by highly hydrophobic additives is the
change in the curvature of the aggregates and its effect on the
chemical potential of surfactant molecules.

Remarkably, the proposed mechanism explains two results
shown in Figure 2. Namely

(1) The mole fraction of the nonpolar molecule at the
wormlike-to-sphere transition shows a plateau at high
hydrophobicities (see Figure 2a). This trend is explained
by the fact that, in this regime, the transition depends
only on the volume occupied by the additive at the core
of the aggregate. Therefore, as long as the hydro-
phobicity of the additive is high enough to ensure that it
resides at the core of the wormlike micelle (exp_np > 4.5
kgT), the transition becomes independent of €xp_yp-

The mole fraction of the additive at the transition
decreases with the increase of the number of beads in its

)
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structure (see Figure 2b). Once again, this effect results
from the fact that the main parameter triggering the
transition is the volume that the guest molecule occupies
at the core of the aggregate. Therefore, the transition
occurs at a lower mole fraction for long bulky molecules
than for short small ones. To further support this
conclusion, we plotted the total volume fraction of
nonpolar molecules at the transition, ¢xp' = Vap/ (Ve
+ Vg) (where V; is the volume occupied by surfactant (i
S) or additive (i = NP) molecules within the
aggregate), as a function of the number of coarse-grain
beads composing the additive; see Figure 2b. The figure
shows that the transition occurs roughly at the same
additive volume fraction.

At this point, we must say that the mechanism proposed
above is an attempt to provide a simple rationalization of a
rather complex, multivariable process. The morphology of
aggregates depends on the subtle competition between all of
the contributions to the free energy. We advise the reader
against straightforwardly extending our conclusions to other
systems without a prior examination of how the specific
molecular details of the system may affect the relative
importance of the contributions discussed above.

Mildly Hydrophobic Nonpolar Additives (exp_np < 4.5
kgT). Nonpolar additives at low mole fractions (xyp < 0.25)
and of low hydrophobicity are located at the hydrophobic—
hydrophilic interface of the wormlike micelles, as shown in
Figure Sa. As a consequence, in this regime, wormlike micelles
do not grow in size or change their curvature with increasing
xnp; see Figures S2 and Sb, and the scheme in Figure 6b.
Moreover, for mildly hydrophobic additives, the change in
chemical potential for the wormlike-to-sphere transformation,
x;Ap* (see Figure Sc), has a different behavior to that
observed in Figure 4b for highly hydrophobic additives. In the
present case, x;,Ap;* shows two regions: (1) For xyp < 0.25, the
contribution of the chemical potential of surfactant molecules,
xgis*, is lower in wormlike micelles than in spherical micelles
(xgApg* > 0) and that of nonpolar molecules, xyppnp™, is
lower in spherical micelles than in wormlike micelles
(xnpApinp™® < 0). Notably, as the content of nonpolar
molecules increases, xypApinp™ progressively decreases, ie.,
they increasingly favor the spherical micelles. (2) For wxyp >
0.25, the behavior is similar to that of highly hydrophobic
nonpolar molecules reported in Figure 4a, i.., the surfactant
increasingly stabilizes within the spherical micelle, while the
contribution from the chemical potential of the additive shows
only a small change, which is expected because in these
conditions the nonpolar guest is located at the core for both
morphologies.

The behavior of the system at high additive content (xyp >
0.25) is the same for highly and mildly hydrophobic additives,
i.e., in both cases, spherical micelles are stabilized with respect
to cylindrical ones because of the surfactant chemical potential.
However, the wormlike-to-sphere transition for mildly hydro-
phobic additives (which occurs at xyp' ~ 0.161 for exp_xp =
3.5 kgT) shows two important differences compared to that
predicted for highly hydrophobic additives: (i) It occurs at a
higher additive mole fraction (xyp’ ~ 0.161 for exp_np = 3.5
ksT) than for highly hydrophobic guest molecules (xyp' ~
0.121 for eyp_yp = 7.0 kgT). (ii) The driving force is different.
For highly hydrophobic additives, spherical micelles form
because the surfactant stabilizes structures with curvatures near
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Figure S. (a) Fraction of nonpolar molecules located at the core of
the aggregates, 7., as a function of their mole fraction, xyp, for
wormlike (purple squares) and spherical (yellow circles) micelles. (b)
Mean curvature of aggregates, H, as a function of xyp for wormlike
(purple squares) and spherical (yellow circles) micelles. The
horizontal dashed line marks the optimal curvature, and the vertical
dotted line marks the xyp value at which the micelle curvature is
closer to the ideal curvature than that of the cylinder. (c) Change in
free energy in the wormlike-to-sphere transition (Aw*) and xAp*
contributions to A@* as a function of xyp. In plots (a)—(c), the gray
vertical dashed line indicates the xyp at the wormlike-to-sphere
transition, xyp . The salt concentration was fixed to 0.1 M and €yp_pp
to 3.5 kyT.

the optimum one (see above). For mildly hydrophobic
additives, on the other hand, the wormlike-to-sphere transition
can be mainly ascribed to the nonpolar molecules, which
increasingly favor spherical micelles (see xypApyp* in Figure
Sc).

The large changes in the chemical potential of the nonpolar
molecule as a function of xyp in Figure Sc indicate that the
wormlike-to-sphere transition for mildly hydrophobic additives
cannot be solely rationalized in terms of the optimal curvature
for the surfactant. Therefore, the effect of curvature on both
the surfactant and the nonpolar additive should be taken into
account. In pure-surfactant micelles, the surfactant molecules
are best stabilized in a wormlike micelle with a mean curvature
H ~ 0.3 nm™'; see Figure Sb. Added nonpolar molecules can
go either to the core of the aggregate or to the hydrophobic—
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Figure 6. Schematic drawings highlighting the mechanisms behind the effect of (a) highly and (b) mildly hydrophobic additives on the morphology
of the system. In the system without the additive, the surfactant packing is optimized for the wormlike micelle (see upper left drawings in (a) and
(b)). In the presence of highly hydrophobic additives (a), which reside at the core of the aggregate, the curvature of the aggregates decreases as the
additive content increases and the best packing is achieved by the spherical micelles (see the lower-right drawing in (a)). In the presence of mildly
hydrophobic additives (b), the nonpolar molecules are located at the hydrophobic—hydrophilic interface of the wormlike micelle, which maintains
the aggregate diameter and, thus, the optimal curvature for surfactant packing (see the upper-central drawing in (b)). Meanwhile, the nonpolar
molecules are located at the core of spherical micelles, optimizing the hydrophobic contacts between additive molecules (see the lower-central
drawing in (b)). A competition between the contribution of the chemical potential of the nonpolar and the surfactant molecules occurs, and the
wormlike-to-sphere transition takes place when the latter dominates over the former. When the additive content is high (right drawings in (b)), the
nonpolar molecules are located at the center of both types of aggregates, which increases their diameter and decreases their curvature. In this
condition, the curvature of the spherical micelle is closest to the optimal one for the surfactant, so spheres continue to be the most stable
morphology.

hydrophilic interface. The first option maximizes the hydro- change in free energy is zero, Aw™ = wgApg* + xnpApinp™ = 0.
phobic contacts in the system, causing an increase in the size of Figure Sc shows that for xyp < 0.25, the contribution of the
the aggregates and hence a decrease in their mean curvature. chemical potential of the surfactant, xsApug*, is positive and
The second option approximately maintains the size and roughly constant with xyp, while that of the nonpolar additive,
surface curvature of the aggregates, but the number of xnpApinp™, is negative and decreases with xyp. Aw™* becomes
hydrophobic contacts is suboptimal because nonpolar zero when the wpApp™ and xgApg™ terms compensate one
molecules make contact with the hydrophilic surfactant head another. Note that this compensation occurs before the
and the solvent. In the case of spherical micelles, locating the nonpolar molecules relocate to the core of wormlike micelles,
nonpolar additive at the core is favored by both mechanisms and consequently, wormlike micelles having additive molecules
(note that the mean curvature of the micelle is larger than the at their core are never an equilibrium structure in the mild
optimal one and, therefore, increasing its size stabilizes the hydrophobicity regime. The reason why xypApuyp™ and
surfactant). On the other hand, in the wormlike micelle, the xsApg* terms compensate is that nonpolar molecules are
maximization of the hydrophobic contacts is desirable, but the located at the hydrophobic—hydrophilic interface in wormlike
decrease in curvature resulting from locating the additive at the micelles and at the core in spherical micelles. Therefore, as the
core is unfavorable for the surfactant, which is in an additive content increases, x\pApinp™ is increasingly negative
environment of optimal curvature in the absence of the (it increasingly favors the spherical shape) because the number
additive. Therefore, in wormlike micelles, there is a of tail-additive hydrophobic contacts is larger in the sphere
competition between the stabilization of the surfactant and (additive in the core) than in the wormlike (additive at the
the nonpolar additive. As expected, for highly hydrophobic hydrophobic—hydrophilic interface). Meanwhile, xsAug* is
additives (results in Figure 4), the maximization of the positive and constant (it constantly favors the wormlike
hydrophobic contacts is the dominating effect; therefore, the micelles) because the curvature of wormlike micelles maintains
nonpolar molecules are always located at the micelle core. On its optimal value for surfactants as xyp increases in the 0—0.2
the contrary, for mildly hydrophobic additives, both effects are range (see Figure Sb). In other words, the wormlike-to-sphere
comparable. At low additive content (xyp < 0.25), the transition occurs when the free-energy gain of placing the
surfactant-packing effect dominates and the nonpolar mole- nonpolar molecules at the core of the spheres (yellow lines in
cules are located at the hydrophobic—hydrophilic interface, Figure Sc) balances the free-energy loss of changing the local
while at high additive content (xyp > 0.25), the system seeks to packing of the surfactant in the wormlike-to-sphere transition
maximize the number of hydrophobic contacts and the (purple lines in Figure Sc). The proposed mechanism is

nonpolar guests are located at the core of the wormlike schematized in Figure 6b.
micelle. These mechanisms explain the two regimes observed The mechanism proposed in the previous paragraphs
in Figure S. explains why the additive mole fraction at the transition
Note that the wormlike-to-sphere transition (vertical gray increases with decreasing hydrophobicity for exp_yp < 4.5 kT
lines in Figure Sa—c) takes place at a mole fraction of the (see Figure 2a). As the additive becomes less hydrophobic, the
additive (xyp' = 0.161) smaller than that of the crossover energy gain of forming hydrophobic contacts at the core of the
between the two structural regimes discussed in the previous spherical micelles decreases. Therefore, it is necessary to
paragraph (xyp ~ 0.25). The transition occurs when the increase the amount of the additive to balance the loss in free
3100 https://dx.doi.org/10.1021/acs.langmuir.0c03421
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energy that results from changing the local curvature of the
surfactant molecules (see the change in the chemical potential
of nonpolar molecules as a function of hydrophobicity in
Figure S3 in the SI).

Bl CONCLUSIONS

In summary, we have successfully developed a model to study
the co-assembly of surfactants and additives in water—salt
solutions. The model was able to reproduce several
experimental trends and provided useful molecular insights
into the phenomena that arise when small nonpolar molecules
are encapsulated within aggregates formed by viscoelastic
surfactants.

We have shown that the distribution of nonpolar molecules
in the aggregates governs the mechanisms of the morpho-
logical transformations in surfactant—additive co-aggregates.
We highlight next the molecular mechanisms derived from our
MOLT predictions, which are schematized in Figure 6.

Highly Hydrophobic Additives. Highly hydrophobic
additives, in both wormlike and spherical micelles, occupy
the core of the aggregates. This organization optimizes the
number of hydrophobic contacts between the nonpolar
molecule and the tail of the surfactant.

For highly hydrophobic additives, the mole fraction of the
additive at the transition is determined by the increase in
micellar size due to the accumulation of nonpolar molecules at
the core of the aggregate. As the size of the aggregates
increases, the morphology shifts from cylindrical to spherical to
keep the curvature of the aggregate close to the one that
optimizes the packing of surfactant molecules.

Mildly Hydrophobic Additives. Mildly hydrophobic
additives in wormlike micelles are located at the hydro-
phobic—hydrophilic interface. This organization prevents an
increase in the diameter of the micelle with increasing additive
content. This regime arises because keeping a constant micelle
diameter stabilizes the surfactant, whose packing is optimal in
the additive-free micelle.

Mildly hydrophobic additives in spherical micelles are
located at the core. This strategy optimizes both the
hydrophobic contacts of nonpolar molecules and the packing
of the surfactant.

For mildly hydrophobic additives, the fraction of the
additive at the wormlike-to-micelle transition results from a
competition between the contribution to the free energy of the
surfactant and the nonpolar molecules. This competition
occurs because the additive is located at the hydrophobic—
hydrophilic interface rather than at the core of wormlike
micelles. This mechanism explains the increase in the critical
amount of the additive required for the transition (xyp')
compared with the case of highly hydrophobic additives.

In the future, we plan to apply our model to study how the
molecular structure of the surfactant and the nonpolar
molecule may affect the system. In particular, we plan to
consider additives and surfactants with more complex
structures, for example, additives that present amphiphilic
properties, which can lead to qualitatively different morpho-
logical outcomes. Furthermore, the concentration and
molecular structure of the salt ions (i.e.,, inorganic vs organic
ions) are expected to influence the presented results. We are
also interested in developing a molecular theory for surfactant
self-assembly, allowing inhomogeneities in more than one
spatial dimension. Such theory will allow us to study micellar
shapes more complex than the ideal spherical and cylindrical
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morphologies considered here, for example, short wormlike
micelles. These short wormlike micelles are essential to
understand the morphological details of VES upon the
addition of nonpolar molecules before they break into spheres.
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