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Resumo

"Sais complexos” de copolimeros em bloco e surfactantes (BCPCS), contendo
um bloco neutro e hidrossoltvel e um bloco i6nico complexado com ions surfactante, foram
preparados a partir de copolimeros em bloco de poli(acrilamida)-bloco-poli(acido acrilico),
onde o bloco acrilato foi neutralizado por contra-ions surfactantes de dodecil ou
hexadeciltrimetilam6nio através de interacBes eletrostaticas. A combinagdo de
Espalhamento de Luz Dinamico (DLS) e Estatico (SLS), Espalhamento de Raios-X em
Baixos Angulos (SAXS), Potencial Zeta, Microscopia Eletrdnica de Transmissdo
Criogénica (Cryo-TEM), Calorimetria Diferencial de Varredura (DSC) e Ressonancia
Magnética Nuclear com Campo de Gradiente Pulsado (PFG NMR) foi empregada para
estudar os BCPCS em solucdo aquosa em uma ampla faixa de concentracéo.

A dispersdo dos BCPCS em solucdo originou particulas com uma coroa
estabilizadora de bloco neutro e hidrossoltvel do copolimero rodeando um nucleo hidratado
consistindo nas unidades de carga oposta complexadas. Utilizando os BCPCS, particulas
com um ndcleo liquido-cristalino sdo obtidas de maneira reprodutivel e comportam-se de
maneira diferente daquelas obtidas convencionalmente misturando-se solugdes aquosas
individuais do copolimero em bloco e do surfactante com seus respectivos contra-ions
simples. Em ambos 0s casos, as particulas sdo estruturas metaestaveis, com propriedades
fisico-quimicas, como tamanho e presenca ou auséncia de estrutura interna, fortemente
dependentes do procedimento de preparo.

Medidas de PFG NMR revelaram que as particulas dispersas de BCPCS
coexistem com pequenos agregados e uma baixa quantidade de ions surfactantes
dissociados. Tanto o ndcleo das particulas quanto a coroa foram investigados sob diferentes
abordagens. A adicdo de quantidades adequadas de alcoois de cadeia longa as particulas
dispersas de BCPCS levou a variacdo do seu arranjo interno, produzindo uma variedade de
estruturas liquido-cristalinas adicionais. Nanoparticulas de metal (prata e ouro) foram
seletivamente ligadas a superficie de particulas de BCPCS, formando nanoestruturas do tipo
planeta-satélite com potenciais aplicacGes em catalise interfacial.

Os sais complexos foram também estudados em amostras com diferentes
concentragdes contendo 20-99% em massa de agua. Os resultados de SAXS revelaram pela
primeira vez, para amostras hidratadas, a formacao de estruturas hierarquicas ordenadas em

ambas as escalas de tamanho do copolimero em bloco e do surfactante, analogas as



estruturas que foram previamente reportadas para complexos de copolimero em bloco-

surfactante no estado solido ou fundidos.



Abstract

Block copolymer-surfactant "complex salts” (BCPCS), containing one neutral
water soluble block and one polyion/surfactant-ion block, were prepared from
poly(acrylamide)-block-poly(acrylic acid) block copolymers by neutralizing the acrylate
charges with cationic dodecyl- or hexadecyltrimethylammonium surfactant counterions
through electrostatic interactions. A combination of Dynamic (DLS) and Static (SLS) Light
Scattering, Small Angle X-ray Scattering (SAXS), Zeta Potential, Cryogenic Transmission
Electron Microscopy (Cryo-TEM), Differential Scanning Calorimetry (DSC) and Pulse-
Field Gradient Nuclear Magnetic Resonance (PFG NMR) were employed to study hydrated
BCPCS in a wide range of concentration.

The dispersion of BCPCS originated particles with a stabilizing corona of
neutral water-soluble blocks of the copolymer surrounding a hydrated core consisting of
complexed oppositely charged units. By using BCPCS, particles with a liquid crystalline
core are reproducible obtained and behave different from those conventionally by mixing
individual aqueous solutions of the block copolymer and surfactant with their respective
simple counterions. In both cases, the particles are metastable structures, with
physicochemical properties, like size and presence or absence of core structure, strongly
dependent on the preparation procedure.

Additionally, PFG NMR studies revealed that BCPCS dispersed particles
coexist with small aggregates and a small amount of dissociated surfactant ions. Both
particle core and corona were investigated under different approaches. The addition of
suitable amounts of long-chain alcohols to the BCPCS dispersed particles led to the
variation of their core arrangement, producing a variety of additional liquid crystalline
structures. Metal (silver and gold) nanoparticles were selectively attached to the surface of
BCPCS particles, forming planet-satellite nanostructures with potential applications in
interfacial catalysis.

The BCPCS were also studied in samples at different concentrations containing
20-99 wt% water. The SAXS results revealed for the first time, for hydrated samples, the
formation of ordered hierarchical structures on both block copolymer and surfactant length
scales, analogous to structures that have previously been reported for solvent-free block

copolymer-surfactant complexes in the solid or melt state.
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Introduction

Complex formation through electrostatic interaction between oppositely charged
(macro)species is a process that takes place everywhere, under different conditions. In our body,
proteins are attracted to peptides,! RNA?, and other proteins® of different charge, forming
complexes that play an important role in many vital functions (Figure 1A). In health science,
DNA-lipid complexes, the lipoplexes, have shown a great potential in gene therapy (Figure
1B).4

In food formulation, the complexation of proteins and polysaccharides of opposite
charges originates good emulsion stabilizers and carrier agents that deliver flavor and aroma
(Figure 1C).>® In material science, electrostatic complexation between oppositely charged
polymers are used to create chemically and thermally stable fibers (Figure 1D).” In nature,
underwater adhesives used by marine animals are based on oppositely charged polyelectrolytic

components, like poly(phosphates), poly(sulfates), and poly(amines) (Figure 1E).®

(A)

Q) Lo

] % s
o] o < W ->
® © >3

Polypeptides

{ e
L ERAVAAY
\ PDADMAC

Complex
Coacervate

(B) s (E)
/\-/\./ + "’ ' —_—
Anionic DNA + !

Lipoplexes
Cationic Liposomes

(C) Hydrophobic Plant Protein
b

Native
Surface (

O hydrogen #7— Biogenic polymer
@ metal center e Polyphosphate adhesive protein
O oxygen = Polyamine adhesive protein

@ 7

Hydrophilic Polysaccharide
Figure 1. Electrostatic driven complex formation between oppositely charged (macro)species. (A). Polypeptides
complex formation with proteins and optical micrograph showing the fluorescence of encapsulated protein. (B).
Multilamellar lipoplexes formed by liposome-DNA complexation. (C). Scheme of oil droplets of an emulsion
stabilized by protein-polysaccharide complex. (D). Scanning electron microscopy image of electrospun fibers from
complex formation between poly(4-styrenesulfonic acid), PSS, and poly(diallyldimethylammonium chloride),
PDADMAC, in aqueous solution containing potassium bromide (KBr). (E). Mechanism of mussel adhesion onto
rocks through underwater adhesive formation based on electrostatic complexation between biopolymers. Adapted
from references 1, 4, 5, 7, and 8, respectively.
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In this thesis, the electrostatic complexation between oppositely charged
polyelectrolytes and surfactants is investigated. By a selective complexation of cationic
surfactant ions to an anionic block of neutral-charged block copolymers, complexes, free of
counterions, were prepared and studied from dilute particle dispersions to macroscopically
homogeneous concentrated phases. Structural, colloidal and kinetic and thermodynamic
features of these complexes were studied based on a variety of experimental techniques and
comparison with similar systems in the literature.

The current thesis is basically divided in three chapters. The first chapter brings
important information about surfactants, polyelectrolytes and their complexation in aqueous
solution. Additionally, a conceptual background about the main experimental techniques used
in this work is also given in chapter 1.

In chapter 2, a summary of the results is present, divided in different publications
or manuscripts. In Paper I, a review about the occurrence of liquid crystalline structures in
complex dispersed particles is presented. Papers Il is a systematic study about the effect of
added long chain-alcohols to the aqueous phase behavior of block copolymer-surfactant
dispersed complex particles. In Paper 111, it is shown how the preparation procedure impacts
on the physicochemical properties of block copolymer-surfactant dispersed particles. Paper IV
discuss information on dissociated species coexisting with the particle in the dispersions.

Paper V brings a potential application in interfacial catalysis for the block
copolymer-surfactant particles surface-decorated with gold and silver nanoparticles. Finally, in
Paper VI, structures at both surfactant and block copolymer length scales are investigated in
concentrated hydrated samples. The conclusions and references are then displayed in chapter
3, followed by the papers and manuscripts in full version appended at the end of the thesis.
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Chapter 1. Fundamentals

1. Surfactants

Surfactants are amphiphilic molecules, which means that they are formed by two
distinct portions, one solvophilic and one solvophobic part. In water, these two parts are called
hydrophilic and hydrophobic, respectively. Usually, the former is refereed as the headgroup of
the surfactant and the later as the tail, as represented in Figure 2. The hydrophobic part is often
an aliphatic hydrocarbon chain, while the hydrophilic part can be a nonionic or an ionic group,
such as in the two cationic surfactants investigated in this work: dodecyl- and
hexadecyltrimethylammonium bromide (C,,TABr and C,4TABr), whose structures are

displayed in Figure 2.%:1°

(A) /V\/\’ (D)
(B) og(gf@

N
\/\/\/\/\/\/ \CH3

(C) Br
3C\+ CH,
\/\/\/\/\/\/\/\/ CH,

Figure 2. (A) Schematic view of a surfactant molecule, with the hydrophilic part represented in red and the
hydrophobic part in black. Chemical structures of (B) dodecyl- and (C) hexadecyltrimethylammonium bromide
cationic surfactants. (D) Schematic representation of a cationic surfactant micelle, where the hydrophilic
headgroups face towards the agueous solution and the hydrophobic tails are hidden from the solvent.

1.1. Surfactants in dilute aqueous solutions

When dissolved in water, the hydrophobic portion of the surfactant experiences
unfavorable interactions with the solvent. In order to minimize such disadvantageous
interactions, the surfactant molecules self-assemble into aggregates in which the hydrophobic
part is hidden from the aqueous surrounding medium. The simplest aggregates formed by
surfactant self-assembly in water are called micelles, displayed in Figure 2D. The formation of
these aggregates takes place at a specific concentration, called critical micellar concentration
(cmc). The surfactant self-assembly into micelles is a highly cooperative process and is

governed by the hydrophobic effect, that is, it is entropically driven.®
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Some surfactants self-assemble into spherical micelles, while others may form
different types of aggregates, depending on their chemical structure and the way they pack
during the association, which influence the curvature of the aggregate. One convenient way of
predicting the aggregate shape is looking at the critical packing parameter, CPP, defined as:

CPP = v/la, @

where v is the volume of the hydrophobic portion, [ the length of the hydrocarbon tail and a,
the effective area per headgroup.!* The volume v (in nm®) and the length [ (in nm), for a fully
stretched hydrocarbon tail, can be calculated according to:

v =0.0274 + 0.0269n )

[ =0.154 + 0.127n (3)
where n is the number of carbon atoms in the hydrocarbon tail.*2 Typical CPP values for

aggregates with different shapes are displayed in Figure 3.

CPP<1/3

Spherical Micelles .'\‘/:%_i

1/3<CPP <1/2 Elongated Micelles

1/12<CPP <1 Bilayers

avavs B\ IS

Reverse Micelles Ibg‘\f:;:
~es

CPP>1

Vavac )

Figure 3. Values for critical packing parameter (CPP) and their respective molecular geometry and aggregate
shape. Adapted from refs. 11 and 12.

Another way used to describe the shape of surfactant aggregates is based on the
concept of curvature. Usually, a positive curvature is ascribed for spherical micelles, while

bilayers have curvature close to zero and reverse structures, a negative curvature.
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1.2 Surfactants in concentrated aqueous solutions

As the surfactant concentration in water is increased, they form lyotropic liquid
crystalline phases. The term liquid crystalline denotes the nature of such phases. They display
a long-range order in one, two or three dimensions, due to the packing of the surfactant
aggregates, like a crystal, but are disordered on the molecular length scale, like a liquid.®° The
type of liquid crystalline phase that is formed depends on the CPP of the surfactant and on its
concentration. A commonly encountered sequence of liquid crystalline phases appears in a
typical order where the decrease in the surfactant aggregate curvature is observed as the
surfactant concentration is increased (or water concentration is decreased)®, as illustrated in

Figure 4.

Surfactant Concentration

sy

Micellar Cubic Phase Hexagonal Phase Lamellar Phase

L

Figure 4. Liquid crystalline phases sequence as a function of surfactant concentration in aqueous solution. The
cell parameter of each phase is also shown. Adapted from ref. 10.

The addition of a cosurfactant to a surfactant solution also influences its phase
behavior. Due to its amphiphilic character, the cosurfactant situates at the interface of the
aggregate in water, changing the effective area per headgroup and then favoring the formation
of additional phases beyond those usually formed at a specific surfactant concentration.
Examples of cosurfactants are middle- and long-chain alcohols.®

Phases with order in one or two dimensions are optically anisotropic and display
birefringence under polarized light, since they can rotate the light. Three-dimensional phases
are isotropic instead.'* The liquid crystalline phases studied in this work are the micellar cubic,

hexagonal, lamellar and the hexagonal and micellar reverse phases.



22

Micellar Cubic Phase

The micellar cubic phase is a three-dimensional structure formed at sufficiently
high concentrations of spherical micelles that pack together in a cubic unit cell. It belongs to
the Pm3n space group and its cell parameter a is defined as the mean distance between the

center of two neighbor micelles arranged in the cubic cell (Figure 4).%10.13.14
Hexagonal Phase

The hexagonal phase has a pemm space group and is formed by elongated micelles
arranged in a hexagonal pattern in such a way that each micelle is surrounded by other 6,

forming a two-dimensional structure. Its characteristic cell parameter a is displayed in Figure
4. 9,10,13,14

Lamellar Phase

The lamellar phase is formed by surfactant bilayers alternated with water layers, in
which the surfactant headgroups face the aqueous domain, forming a one-dimensional structure.
The cell parameter d is the distance between the lamellar mid-planes and is also represented in
Figure 4. The lamellar phase can be subdivided in two different phases depending on the
arrangements of the alkyl chains of the surfactant: L, where the chains are in a fluid state, and

Lg, where they are in a gel-like state. 9101314

Reverse Phases

The micellar and hexagonal reverse phases investigated in this work are similar to
the normal aggregates described before but present a negative curvature and usually are formed
at very low water contents. It is also favored at low surfactant concentrations by the addition of

oils, such as hydrocarbons and long-chain alcohols. %0134

2. Polyelectrolytes

Polyelectrolytes are polymers in which the monomers are either negatively or
positively charged in solution, at certain conditions. Due to the entropy gain of releasing the
counterions into the solution, polyelectrolytes are usually more soluble in water than neutral
polymers with similar molecular weights. Moreover, in aqueous solution, the polyelectrolyte is

surrounded by its counterions because of the electrostatic attraction between them. 10516
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A variety of polyelectrolytes possess charge that can be tuned by changes in the
solution pH. This is the case of weak polyelectrolytes, like poly(acrylic acid), PAA (Figure 5A).
At low pH (below the pKa of the acid group) the polymer chains are protonated and adopt a
coil conformation. As the pH is increased, the acid groups are deprotonated and at pH higher
than pKa, they are fully deprotonated, and the polymer assumes an extended conformation.°
Polyelectrolytes that are fully deprotonated in solution will be refereed here as a polyion (Figure
5B).

(A) (B) «

O" "OH T T e
©) (D)

b n - ) _l+

0 N HZ + +

Figure 5. (A) Chemical structure of poly(acrylic acid). (B) Schematic representation of this polyelectrolyte in
solution (polyion and its counterions). (C). Chemical structure of poly(acrylic acid)-block-poly(acrylamide)
copolymer. (D) Schematic representation of this neutral-charged block copolymer in solution.

In the present work, the polyelectrolyte is connected through a covalent bond to
another polymer, forming a block copolymer, here abbreviated as BCP (Figure 4C). In this case,
the other polymer consists in a neutral and water-soluble block, like poly(acrylamide), PAAm,
giving rise to poly(acrylamide)-block-poly(acrylic acid) (PAAm — b — PAA). The resulting
specie can be then classified as a neutral-charged BCP (Figure 5D).

Polyions display strong electrostatic attraction with oppositely charged species in
solution, such as ionic surfactants and other polyions, leading to the formation of a variety of
aggregates.t’-?! The different types of aggregates formed by electrostatic complexation between
polyion and polyion or polyion and ionic surfactant have been widely studied in the last years
and will be shortly explored in the next section, where a special focus on the polyion-surfactant

ion complexes will be given.
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3. Polyion-Surfactant lon Complexes

A general picture of the polyion-surfactant ion interaction and the resulting
aggregates is given in Paper I. Basically, the electrostatic interaction between polyions and
oppositely charged surfactant ions, in solution, leads to an associative phase separation, most
pronounced at the charge equivalence, and it is mainly driven by the entropic gain due to release
of the small counterions and water molecules from the interacting species.®!"1°

The aggregates formed by the electrostatic complexation form a concentrated
phase, while the counterions will be randomly distributed in solution, forming a dilute phase
(Figure 6). It has been shown that the concentrated phase often displays liquid crystalline phases
formed by the surfactant?® and at sufficiently high salt concentrations, the charges are screened,

and the complexes disassembled.??23

Figure 6. Representation of an associative phase separation by mixing ionic surfactant with oppositely charged
polyelectrolyte in solution at charge equimolarity. Adapted from ref. 17.

One procedure that can be employed to avoid the phase separation is to use a
neutral-charged BCP, instead of a normal (homo)polyelectrolyte. The interaction of neutral-
charged BCP with oppositely charged surfactant ions at charge equivalence leads to the
formation of water-dispersible compacted particles. The core of a dispersed particle contains
several densely packed surfactant micelles interspersed with the anionic blocks of the
copolymer, while the neutral hydrophilic blocks are enriched at the particle surface, giving rise

to core-shell aggregates (Figure 7).2426
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The literature contains several terms for such structures, such as polyion complex
micelles, PIC micelles,?” complex coacervate core micelles, C3Ms,?® and (inter)polyelectrolyte
complexes, PEC,22% the last one used when both oppositely charged species are
polyelectrolytes. For convenience, we will here use the term C3Ms or simply core-shell
particles for the structures, formed in aqueous solutions, featuring a stabilizer shell consisting
of neutral water-soluble units surrounding a water-insoluble (but hydrated) core consisting of

complexed oppositely charged units.
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Figure 7. Representation of a core-shell particle formation through ionic surfactant micelles and oppositely
charged ionic-neutral block copolymer at charge equimolarity. Adapted from ref. 26.

Regardless of the chemical nature of the components, C3Ms, i.e. the core-shell
particles, are conventionally prepared by mixing individual aqueous solutions of the neutral-
charged BCP and the oppositely charged surfactant, with their respective counterions, that is,
the particles are formed in the presence of small amounts of simple salt.?® In this work, we have
expanded our studies in C3Ms formed by PAAm —b — PAABCP and dodecyl- or
hexadecyltrimethylammonium bromide surfactants by using a different approach, named

complex salt (CS).

3.1 The Complex Salt (€CS) Approach

The phase behavior of a mixture composed of, for example, water, C;,TABr
surfactant and the sodium salt of PAA could be, at a first view, described in a ternary phase

diagram, where each of the three components would be in one corner of the diagram.
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However, such a representation is insufficient because the system is comprised of water and
four ionic species: the polyion, the surfactant ion and their accompanying simple counterions
(Na* and Br™), respectively. If a phase separation occurs in the mixture, each of the four ions
can partition differently between the separating phases, subject to the condition that each phase
must be macroscopically electroneutral. Hence, each phase generally requires four components
(water and three of the four possible combinations of the ions into electroneutral salts) for its
full description.

Such a system can be represented as a tetragonal pyramid, as illustrated in Figure
8. However, the construction of such three-dimensional diagrams is laborious and may lead to
erroneous interpretation due to the presence of different mixing planes. To reduce the
complexity of the systems, the group of Lennart Piculell, at Lund University, Sweden, proposed
the elimination of one of the components, the NaBr simple salt (formed by the simple
counterions from both polyion and surfactant ion), by preparing a polyion-surfactant ion
complex salt (CS), at a 1:1 charge ratio between the polyion and surfactant ion. By using a
simple acid-base titration between the polyelectrolyte in the acid form, that is with H* as the
counterion, and the surfactant in the basic form, with OH~ as the counterion, the polyion
neutralize the surfactant aggregates and no simple salt is formed.3-3

The CS approach made possible the study of truly binary systems formed by the
complex and water and true ternary systems with a third component, such as long-chain
alcohols.®*% Based on this methodology, our group has recently reported studies using
PAAm — b — CS BCP containing the acrylate block of PAAm — b — PAA BCP neutralized by
dodecyltrimethylammonium counterions, to produce core—shell particles dispersed in an
aqueous medium.*® In some of the works of this thesis, the PAAm — b — CS BCP are also
refereed as BCPCS, an acronym for Block Copolymer Complex Salt.

Notably, the obtained C3Ms particles behave very differently from those
conventionally prepared, that is prepared by mixing individual aqueous solutions of the neutral-
charged BCP and the oppositely charged surfactant, with their respective counterions. This
observation inspired us to expand the studies of dispersions containing BCPCS based on
PAAm — b — PAA BCP and C,,TABr and C;cTABr surfactants with the aim to achieve
additional information regarding the structure, (thermodynamic and kinetic) stability and

potential uses for these systems.
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Simple salt
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Figure 8. Representation of a three-dimensional phase diagram used to describe the phase behavior of
polyelectrolyte and oppositely charged surfactant in aqueous solution. Adapted from ref. 31.
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4. Experimental Techniques

4.1. Scattering techniques

Scattering techniques have been widely used to investigate surfactant, polymer and
surfactant-polymer systems. These techniques provide useful information about important
features of micelles, particles, and complexes, such as the size, shape, organization, interaction
and stability in dilute and concentrated samples.

All scattering techniques have, basically, the same principle. The sample is
illuminated with an incident beam of radiation (light, X-rays, neutrons) and interacts with it.
This radiation is absorbed, transmitted and scattered. The scattered radiation is the most
important in this case. In this thesis, a special focus will be given in the techniques based on the
elastic scattering, where the frequencies of the incident and scattering radiations are the same
and then it is assumed that no energy loss takes place.*’

In a scattering experiment, a detector measures the intensity of scattered radiation
at a specific angle 6, i.e. the angle between the wavevector of the incident beam E and the
scattered beam k? By subtracting kT from IZ the scattering vector ¢ is then obtained. Its

absolute value is calculated as: '

47rsin(g)

q=—" (4)
where A is the wavelength of the incident beam. Figure 9 shows a schematic representation of

a scattering experiment and the origin of the scattering vector q.

- ”

Figure 9. Schematic representation of a scattering experiment. Adapted from ref. 37.
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4.1.1 Light Scattering

In light scattering, the radiation source is a laser beam, with A = 632.8 nm in this
thesis. The electric field of the light interacts with the electron cloud of the particles and induces
oscillating dipoles, that scatter the light. To have a good scattering signal, there must be a
contrast variation between the particles and the surrounding medium, that is, the solvent. This
contrast variation usually comes from differences in the refractive index and electronic density
of the sample. The intensity of scattered light is proportional to the contrast variation of the
particles and the solvent. Basically, the light scattering is divided in Dynamic and Static Light
Scattering.

Dynamic Light Scattering (DLS)

In solution, particles display a constant motion, called Brownian movement, and
because of this, their local concentration fluctuates with time, which also promotes a fluctuation
of scattered light as a function of time. In DLS, the intensity fluctuation of scattered light is
used to obtain a normalized intensity correlation function g2(t), which is converted to an
electric field correlation function g*(t) according to:3"%8

g2 (®) =1+ Blg* () (5)
where g is a parameter that considers deviations from ideal correlation of the detector and ¢ is
the lag-time. This kind of analysis enables one to know the translation diffusion of the particle,
that can be converted to particle size.

For systems comprised of monodisperse particles, g*(t) can be fitted to a single-
exponential functional with a characteristic relaxation time, 7. For polydisperse particles, g*(t)

is expressed in terms of a Laplace transformation of a distribution of relaxation times, A (7):

gi(®) = f_-:oTA(‘L’)eXp(—t/T)dlnT (6)
All the correlation functions obtained during the light scattering experiments were
analyzed with the help of a Regularized Positive Exponential Sum (REPES)%®, based on
equation 6 and because it was obtained a monomodal distribution of particle sizes, a cumulant

analysis was employed, where the g*(t) function is described as:*°
Inlg*@®)] = =1+ ()2 - - (7

where [ is the relaxation rate ( = 7=1) and p, is the second cumulant.

The collective translational diffusion coefficient D of a particle is then defined as:

0
b== (8)
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D, is the particle diffusion coefficient at infinite dilution and can be obtained by studying the
concentration dependence of D values. It can be used to calculate the effective hydrodynamic

radius < Ry >, of a particle by employing the Stokes-Einstein equation:**

kT (9)

6mn,Do

< RH >0=

where k is the Boltzmann constant, 7 the solvent viscosity and T, the temperature. Using D

instead of D,, equation 9 gives the apparent R. The DLS measurements were performed at 1Q-
UNICAMP and at Lund University, Sweden.

Static Light Scattering (SLS)

In a SLS experiment, the scattering intensity of a sample is collected at different
angles. The measurements can provide information about the radius of gyration R, of a particle.
For this purpose, the raw data has to be converted to absolute intensities I (q), that can be

obtained by:

i (q) — Isample(Q)_Isolvent(CI) Rtolueng (Q)(M)Z (10)

Itotuene(q) Ntoluene

which normalizes the measured sample intensities with the Rayleigh ratio R,y ene (q) Of @
reference that is toluene, corrects for the background (the scattering of the cuvette filled with
water Isoment (@) and with toluene I;,1ene (@) and considers the refractive indexes of the

sample nggmp1e and of the toluene ngppyene. >

The R, of a particle can be obtained by the Guinier approximation:*?

R%q?
I'(q) = 1(0)exp(——3-) (11)
The SLS measurements were performed at IQ-UNICAMP and at Lund University,

Sweden.

4.1.2. Small Angle X-rays Scattering (SAXS)

A SAXS experiment is similar to a light scattering experiment. However, in this
case the wavelength of the beam is different, 0.154 nm in this thesis, and, usually, the intensity
of the scattered beam is expressed as:

I(q) = P(9)S(q) (12)
where P(q) is the form factor, related to the size and shape of the particle, and S(q) is the

structure factor, related to interparticle interactions.*?*® When particles are distributed without
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any interparticle interactions, for example, in dilute solutions, then the observed scattering is
entirely the form factor.

Models from the literature can be used to fit experimental data regarding the form
factor and give important information about the particles, such as dimensions, scattering length
density and polydispersity.

For concentrated systems forming liquid crystalline structures, that display long-
range order, the SAXS scattering is basically a diffraction pattern, that follows the Bragg’s Law:
42,43

nA = 2dsinf (23)
where n is an integer, d is the distance between the lattice planes and 8 is the Bragg angle, as

illustrated in Figure 10.

Incident X-ray " Reflected X-ray

Transmitted X-ray

Figure 10. Schematic representation of a X-ray diffraction experiment. 1 is the beam wavelength, d is the distance
between the lattice planes and 6 is the Bragg angle. Adapted from ref. 42.

Every crystalline structure is described by its unit cell, the smallest repeating unit
in a crystal, and by its Miller Indices, denoted as h, k and [. They indicate the number of planes
intersecting each unit axis of the cell. The symmetry planes in the different liquid crystalline
phases originate different patterns depending on the phase.

A micellar cubic phase will have interferences in 1(q) at the relative peak ratios of
11/2, 21/2 4172 512 61/2 etc., corresponding to the Miller Indices of (110), (200), (210),
(211), (220), etc.; while for a hexagonal phase the peak ratios will be 11/2, 31/2 41/2 etc,,
corresponding to the Miller Indices of (100), (110), (200), etc. A lamellar phase will display
peaks ratios at relative positions of 1/2, 41/2 91/2 etc., with Miller Indices of (100), (200),
(300), etc.*®
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Because a lamellar phase consists in a set of infinite stacked planes (bilayers), the
unit cell is the distance d between these planes:*

21
d= (14)

where g, is the position of the first scattering peak. The d-spacing can be calculated for any
liquid crystalline phase and is used to estimate their unit cell parameter. For a hexagonal phase,
this parameter is called a and represent the distance between the centers of the elongated

micelles and is calculated as:*

2d
a= ﬁ (15)

For a cubic phase, the cell parameter a is estimated based on the relations between

q and the Miller Indices, as:*
452 — (N2 2 2472
(D)2 = QX R* + k? +17) (16)
SAXS measurements were performed at the Brazilian Synchrotron Light
Laboratory (LNLS, Brazil).

4.2 Laser Doppler Electrophoresis
When an electric field is applied to a solution, charged particles are attracted
towards the electrode of opposite charge. The velocity at which the particle moves is called
electrophoretic mobility Uy and depends on the particle charge and the surrounding medium.
U is then measured by observing the Doppler shift in the scattered light.**
The surface charge of a particle is usually expressed in terms of its zeta potential ¢,
i.e. the electric potential at the slipping plane. The zeta potential and electrophoretic mobility

are related by the Henry equation:*

Up = _2“;‘ 7(7""“) (17)

where ¢ is the dielectric constant of the solvent, 7 is the viscosity of the medium and f (ka) is
the Henry’s function. The laser doppler electrophoresis measurements were performed at 1Q-
UNICAMP.,

4.3 Optical Microscopy
Optical microscopy is a technique that uses visible light and a system of lens to
enhance the magnification of an object. The lenses are placed between the sample and the eye
of the viewer to magnify the image so that it can be examined in great detail. The modern

microscopes are connected to a camera in such a way that the image can be captured to generate
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a micrograph. The resolution of the optical microscopy is limited by its use of light at
wavelength in the visible domain. It is useful for the visualization of emulsion droplets,
particles, and related aggregates in the micrometer size.* Currently, new techniques bring
optical microscopy into the nanometric range of dimension. The optical microscopy

measurements were performed at IQ-UNICAMP.

4.4 Cryogenic Transmission Electron Microscopy (Cryo-TEM)

Transmission electron microscopy (TEM) is a technique used to produce images by
illuminating the sample with an electron beam and detecting the electrons that are transmitted
through the sample. An image is formed from the interaction of the electrons with the sample
as the beam is transmitted through the specimen. The image contrast is due to differential
absorption of electrons by the material due to differences in composition, arrangement or
thickness of the sample.

TEM is a powerful technigue to study nanomaterials, but it is limited to dry samples.
Because the particles investigated in this thesis are soft materials, i.e. formed by surfactant and
polymer self-assembly in aqueous solution, drying would cause changes in the sample features.
However, TEM can be equipped with additional devices that allow its use under cryogenic
conditions, i.e. temperatures below -150°C. Such technique is called cryogenic Transmission
Electron Microscopy, Cryo-TEM.*®

In a Cryo-TEM experiment, a droplet of the sample is placed onto a carbon-coated
copper grid under controlled environmental conditions, usually 25°C and 100% of humidity, to
avoid solvent evaporation, using a vitrification system. The grid is then blotted with filter paper
to remove excess of sample and to allow a thin film formation over the grid, which is rapidly
plunged into liquid ethane at -180°C to ensure rapid vitrification of the water and avoid its
crystallization. The sample can be stored in liquid nitrogen before being analyzed in a TEM
microscope that possess a temperature-controlled sample holder.

Alternatively, soft colloids can be visualized in TEM by staining the samples with
a heavy metal salt solution, such as uranyl acetate or lead citrate, in a procedure usually called
negative staining. The heavy metal, whose solution can be spread over a liquid film containing
the particles or mixed with the particle solution, bind to the aggregates, improving their contrast.
The sample can be normally dried, and the particles remain stick over the grid, preserving your

shape and average size. However, this technique is not substituted by Cryo-TEM in studies
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where high-resolution images are needed. The Cryo-TEM measurements were performed at
Lund University, Sweden.

4.5 Differential Scanning Calorimetry (DSC)

DSC is a technique used to study thermal events, such as phase and conformational
transitions, in polymer and surfactant systems. The instrument possesses two identical cells that
are filled with the sample and a reference solution and are heated at a same temperature range.
The difference in heat capacity Cp between the two cells is measured and then reported as a
function of temperature in a thermogram. A thermal transition is represented by a peak in the
thermogram and the peak area can be used to estimate the change of enthalpy AH of the

transition:*’
AH = [/Cp dT  (18)
where T; and T, are the initial and final temperatures where the thermal event takes place,

respectively. The temperature corresponding to the peak maximum is usually called as T;,,. The

DSC measurements were performed at IQ-UNICAMP.

4.6 Pulse-Field Gradient Nuclear Magnetic Resonance (PFG NMR)

PFG NMR methods are widely employed to measure translational diffusion of
surfactants and polyions and their molecular assemblies and thus provide easily accessible ways
to estimate their size via the Stokes—Einstein equation, in which the hydrodynamic radius is
obtained. Moreover, information of bound and dissociated surfactant and polyion species can
be quantified via their diffusion coefficients with respect to the diffusion of the particles.

A PFG NMR experiment is based on a sequence of pulses that is applied to the
sample and in analyzing how the peak intensities in the *H NMR spectra vary as the gradient

strength is increased. The attenuation of the signal intensity I is thus given by:*®
202 2 1
I = I,exp(~Dy252g (A—§6)) (19)

where I, is the signal intensity in the absence of gradients, D is the translational diffusion
coefficient, y is the magnetogyric ratio, ¢ is the time of gradient pulse and g is the gradient
strength. In this thesis, the sequence of pulses that was employed is the stimulated echo (STE)
with a pulse sequence of 90°-1:—90°-1,—90°-11—echo.

In principle, any nonoverlapping peak between the surfactant and polyion can be

used to analyze their diffusion. Based on a two-state model, which assumes that the molecule
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Is either bound to the particle or free in solution and chemical exchange between those two
states is fast, the dissociated molecule population, ¢, is given by:*

Dops = 0Dfree + (1 — ) Dparticie (20)
where D, is the observed diffusion coefficient of the molecule (surfactant or polyion) in the
presence of the particle, Dyq,icie IS the particle diffusion coefficient, and Dy, is the diffusion
coefficient of free surfactant or polyion molecule, i.e. in the absence of particles. PFG NMR

measurements were performed Lund University, Sweden.

4.7 UV-VIS Spectroscopy

When light passes through a transparent sample, a portion of the radiation can be
absorbed. If this occurs, the residual radiation yields a spectrum with gaps, called absorption
spectrum. Due to energy absorption, the electrons of the atoms that compose a molecule go
from a state of low energy to a state of higher energy. The energy required to promote an
electron from one state to the next lies in the ultraviolet (UV) and visible (VIS) range of
electromagnetic spectrum, that is, the regions where the wavelengths range from 190 to 800
nm.49

Because molecules display several excited modes, the absorption occurs in a wide
range of wavelengths and their UV-VIS spectrum consists in a band centered near the
wavelength or the major transition. UV-VIS bands are characterized by their absorbance, which
is a measure of the amount of radiation that is absorbed. The absorbance is proportional to the
concentration of the substance and can be used to measure the concentration of a sample,
according to the Beer-Lambert Law:

A = ebc (21)
where A is the absorbance, ¢ is the molar extinction coefficient, b is the optical path length and
c is the concentration.*°

UV-VIS spectroscopy is also useful to study the Surface Plasmon Resonance (SPR)
band of metal nanoparticles. SPR is the resonant oscillation of conduction electrons at the
interface between negative and positive poles in the metal stimulated by the incident light. The
position of the SPR band in an UV-VIS spectrum depends on the particle size and state of
aggregation among other factors, such as dielectric constant of the solvent and refractive index.
The UV-VIS spectroscopy measurements were performed at IQ-UNICAMP.
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Chapter 2: Summary of Results

Because Paper | is a review and not a manuscript based on experimental data, it is
not discussed in this chapter, but it is appended at the end of the thesis. In this chapter, the
experimental results are presented as a summary of the papers or manuscripts to which they
belong. However, they are not displayed in a chronological order, but in an order that makes
some sense for experimental physical chemists: from dilute to concentrated systems. Paper |1
shows the effect of added long-chain alcohols to dilute particle dispersions.

Paper 111 compares particles prepared by the CS approach with those prepared by
the conventional method, that is, by mixing individual agueous solutions of surfactant and BCP
with their respective counterions and give insights about the kinetic stability of the resulting
dispersions. By studying the self-diffusion coefficients of surfactant ion, polyion and particles
based on a NMR technique, information on dissociated species are discussed in Paper 1V.

In Paper V particles prepared by the CS approach are surface-decorated with gold
and silver nanoparticles and the resulting conjugates are used as emulsion stabilizers and as
catalysts for aerobic alcohol oxidation. Finally, in Paper VI, concentrated samples are
investigated and their phase behavior as a function of water concentration is studied.

2.1. Paper Il

Early studies involving the CS approach comprised homopolymer poly(acrylate)
mixed with surfactant ions. These works have shown that hydrated samples, which can swell
up to ~ 50 wt% of water, display, basically, micellar cubic or hexagonal liquid crystalline
structures, which depends on the surfactant ion alkyl chain length and on the water content.
Later, additional mesophases were achieved by addition of long-chain alcohols in truly ternary
mixtures (homopolymer CS/water/long-chain alcohols). These systems based on homopolymer,
and not block copolymer, CS form macroscopically homogeneous phases, and, sometimes, are
refereed as bulk systems.

Based on the previous experience with homopolymer CS, Paper Il describes
BCPCS made from PAAm,, — b — PAA,, BCP, where the acrylate charges are neutralized by
dodecyl- or hexadecyltrimethylammonium surfactant counterions. The final products were
named PAAmy, — b — C;,TAPA,, and PAAm,, — b — C;cTAPA,,, according to the alkyl
chain length of the surfactants used in their preparation. The dispersion of these complexes in
water led to the formation of dilute aqueous dispersions of aggregates with a micellar cubic or

a hexagonal liquid crystalline core and a diffuse hydrated shell.
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Interestingly, the core structures agreed with those phases observed for maximum-
swollen parent homopolymer CS, named here as C;,TAPA3, and C;,TAPA5,. These particles
possessed a negative surface charge, an average size around 200 nm and remained kinetically
stable for several weeks. A striking difference between these and the previously reported
PAA — b — PAAmlcationic surfactant particle dispersions is that particles conventionally
prepared were reported as possessing disordered cores, smaller size and surface charge close
to zero.

By the addition of suitable amounts of long-chain alcohols (octanol or decanol) the
core structures varied, producing micellar cubic, hexagonal, lamellar, or reverse hexagonal
liquid crystalline phases, as revealed by SAXS (Figure 11A). In addition, a disordered reverse
micellar phase forms at the highest content of octanol. Again, these core structures are the same
as those previously obtained for macroscopically homogeneous homopolymer poly(acrylate)
CS/water/long-chain alcohol systems at the same long-chain alcohol/CS mass ratio (R). By
employing dialysis, it was possible to achieve the initial liquid crystalline structure of the
particles by removing the alcohol incorporated in their cores (Figure 11A). Interestingly, the
average size of the particles was roughly the same, independently of the core structure (Figure
11B).
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Figure 11. (A) SAXS patterns, shifted along the y-axis, for PAAm,, — b — C,,TAPA,, particles loaded with
different amounts of decanol at different alcohol/CS mass ratios (R): micellar cubic (R = 0), hexagonal (R = 0.256),
lamellar (R = 0.614), and micellar cubic (dialyzed sample with R = 0.614). (B). Apparent hydrodynamic radius
(Ry) of PAAm,, — b — C,,TAPA,, and PAAm,, — b — C;cTAPA,, particles loaded with different amounts of
octanol or decanol. The values of Ry are presented as avg + SD, triplicate of independent preparations.
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This study was the first work in this thesis and has shown that: the core of dispersed
BCPCS reproduce the structures seen in the correspondent homopolymer CS; the possibility to
switch the internal structure of the particles by simply adding or removing the alcohol; great
difference from particles conventionally prepared that indicated strong evidences that the size
of the particles is process-dependent. Specially the later finding, that is the striking differences
between CS-based particles and particles conventionally prepared, inspired an expanded study,

that composes the Paper 111 of this thesis and will be discussed in the next topic.

2.2 Paper 111
The results of Paper Il showed that the particles prepared by the CS approach

displayed distinct properties when compared with the previously reported particles
conventionally prepared by mixing the individual aqueous solutions containing the BCP and
surfactant, with their respective counterions. It was questioned whether the small differences in
composition, that is the presence or absence of low concentrations of inorganic ions, resulting
from the two methods of preparation, could be the cause of the remarkable differences in the
properties of the particles.

In Paper Ill, PAAm,33 —b — C;,TAPA,y and PAAmy,s;, — b — C,TAPA,,
BCPCS were prepared employing the CS approach and were dispersed in water to form particles
named as CS_C,,S and CS_C;,L, respectively. Particles conventionally prepared were also
obtained employing the same surfactant and BCP and are referred as CP_C;,S and CP_C;,L. In
all cases, the first two letters of the acronyms denote for the approach used to prepare the
particles (CS: complex salt, CP: conventionally prepared), C;, denotes the alkyl chain length of
the surfactant and the terms S and L denote the length of the neutral BCP block (S: short, L:
long). Additionally, CS_C;,S and CS_C,,L particles dispersed in 1 mM NaBr agqueous solution
were also prepared and are called CS_C,,S#NaBr and CS_C,,L#NaBr.

A combination of SLS, DLS and SAXS revealed that particles prepared by the two
methodologies display striking differences (Figure 12A). Because CP_C;,S and CP_C;,L
particles are smaller, their cores are not large enough to contain a liquid crystalline arrangement.
In addition, these particles display a spherical shape and the presence of small amounts of
counterions shields the surface charge, originating particles with zeta potential close to zero,

which implied a very poor colloidal stability of the dispersions (phase separation within days).
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Regarding the CS_C,,S and CS_C;,L particles, this study showed that they have a
non-spherical shape, which was confirmed by Cryo-TEM images. In addition, it also confirmed
their nature previously observed in Paper I1: liquid crystalline cores with average size in the
range of 200-300 nm and a negative surface charge. The dispersion of these particles in salt

solution (CS_C,,S#NaBr and CS_C,,L#NaBr) led to destabilization and a macroscopic phase

separation within hours.
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Figure 12. (A) Apparent hydrodynamic radius (Ry) and zeta potentials for I. CS_C;,S. Il. CS_C,,L. lll. CP_C,,S.
IV.CP_C,L. V. CS_C,,S#NaBr. V1. CS_C,,L#NaBr. (B) Time evolution of the apparent hydrodynamic radius
(Ry) for CS_C,,S and CS_C,, L particles. The values of R, and zeta potential are presented as avg + SD, triplicate
of independent preparations.

The colloidal stability of CS_C,,S and CS_C;,L particles was investigated as a
function of time and the results revealed that, in addition to the electrostatic repulsion created
by the negatively charged particles, the steric stabilization has a major contribution in the
stabilization of the particles; the longer the neutral blocks of the BCP forming the corona (or
shell), the higher the colloidal stability of the samples. Particles with shorter corona (CS_C;,S)
aggregate and separate out of the solution after around 6 months. CS_C;, L particles displayed
colloidal stability superior to 6 months, with no signs of macroscopic phase separation (Figure
12B).

The results in this study have shown that particles, obtained by both methods, are
metastable structures and display features that are process-dependent. Because particles
prepared by the CS approach possess internal order and colloidal stability that can be tuned,

they were selected for the next studies comprising this thesis.
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2.3 Paper IV

By using the CS approach, surfactant ions and oppositely charged
BCP electrostatically associate into particles, leading to a dense, surfactant-rich core stabilized
by a neutral block corona. The resulting particles display a liquid crystalline inner structure and
can be reproducible prepared with controlled average sizes. Yet, little is understood on
dissociation of the constituent ionic species and their exchange between particles.

PFG NMR has been employed to study the complexed and free states of surfactant
ions and BCP in the C;,S, Cy¢S and Cy,L CS particles dispersions, at different concentrations,
by means of their self-diffusion coefficients (D). It is possible to prepare, by centrifugation,
systems that contained one phase concentrated in particles separated from a clear dilute phase.
D values for both species in the two phases indicated that the dilute phase contained a fraction
of small aggregates of surfactant ions and BCP, diffusing together at least an order of magnitude
more rapidly than the large particles collected in the concentrated phase (Figure 13A).

The small aggregates in the dilute phase seems to be chemically similar to the large
particles in the concentrated phase. Apart from these aggregates, a small amount of surfactant
ions is dissociated from the small aggregates (Figure 13B) and the fraction of uncomplexed
polyion is essentially zero, indicating that the polyion diffusion measured by PFG NMR mainly

reports on the particle diffusion in both dilute and concentrated phases.
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Figure 13. (A) Self-diffusion coefficients (D) for surfactant ion and polyion in the concentrated and dilute phases
obtained for centrifuged samples at different concentrations for C;,S. (B) Fraction of dissociated surfactant ions
(o) as a function of BCPCS concentration in the dilute phases obtained by centrifuging BCPCS samples at different
overall (initial) concentrations. In all cases, the lines are guide to the eyes.
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2.4 Paper V
Because CS_C,,L particles displayed enhanced colloidal stability (Paper Il1) and a

tunable liquid crystalline core, they were surface-decorated with silver (Ag) or gold (Au)
nanoparticles (NPs) in order to obtain planet-satellite nanostructures, in which the CS particles
constitute the “planet” and the surrounding silver or gold NPs are the “satellites” (Figure 14A).

The obtained conjugates were named as CS — Ag and CS — Au.
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Figure 14. (A) Schematic representation of planet-satellite nanostructures. (B) Negative-stained TEM image of
CS — Ag. Scale bar is 200 nm. (C) Conversion of benzyl alcohol to benzoic acid as a function of reaction time for
the different catalysts. (D) Catalytic efficiency of CS — Ag and CS — Au conjugates for 5 recycle tests. The results
are presented as avg + SD, triplicate of independent preparations.

A combination of DLS, zeta potentials, SAXS, TEM measurements (Figure 14B)

and UV-Vis spectroscopy results confirmed the formation of the nanostructures. They
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presented excellent colloidal stability upon changes in solution pH or ionic strength, if
compared with the bare metal NPs or with conjugates in which the “planet” is formed by
conventionally prepared particles. In addition, CS — Ag and CS — Au displayed enhanced
emulsification properties, stabilizing oil-in-water emulsions with long-term colloidal stability.

The resulting emulsions were used as medium for interfacially catalyzed aerobic
oxidation of benzyl alcohol to benzoic acid, and the nanoconjugates displayed catalytic activity
comparable to the bare metal NPs in aqueous medium (Figure 14C). The main advantages of
using the obtained systems is the easier separation of the product, which concentrates in the
water phase, from unreacted benzyl alcohol, which concentrates in the oil phase. Moreover,
because the conjugates display enhanced colloidal stability, they can be easily recovered and

reused with little loss of catalytic activity (Figure 14D).

2.5 Paper VI

There is a striking absence of studies of concentrated mixtures of C3Ms. This is
surprising since it is well known that solvent-free melts of analogous BCP, that is, block
copolymers where one block has surfactant molecules associated to the repeat units, typically
form hierarchically ordered structures on both surfactant and BCP length scales. In addition,
the finding that the conventionally prepared or CS-based particles possess properties that
depend on the method of preparation (Paper I11) raises questions about the equilibrium state of
the dilute mixtures: are they true solutions or, in fact, non-equilibrium dispersions of an
insoluble phase?

The last part of this thesis aimed to fill these gaps of knowledge. Therefore, we have
here performed structural studies of PAAm,33 — b — PAA, and PAAm,5, — b — PAA,, BCP
neutralized by dodecyl- or hexadecyltrimethylammonium cationic surfactants (giving rise to
samples named C,,S, C;,L, C16S and Cy4L), prepared by the CS approach, over a broad range of
concentrations (20-99 wt%) in water. One should note that this study would be best conducted
for samples prepared by this approach because they are, as stated before, free of counterions,
which would avoid effects of the high salt concentration as the concentration of the BCPCS is
increased.

The results, obtained by SAXS at different g-ranges, DLS and visual inspection,
revealed for the first time, for hydrated samples, the formation of ordered hierarchical structures
on both block copolymer and surfactant length scales (Figure 15), analogous to structures that

have previously been reported for solvent-free block copolymer-surfactant complexes in the
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solid or melt state. The structure on the BCP length scale (lamellar or hexagonal) depends on
the block proportions of the copolymers used to obtain the complexes and resulted from the

incompatibility, in water, between the PAAm and CS blocks.
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Figure 15. Diagrams of structures observed on CS (i) and BCP (ii) length scales in BCPCS/water mixtures: (A)
C1,S. (B) C15L (C) C14S. (D) C14L. The hatched areas in A and B represent phase coexistences. In all cases, the squared
areas represent dispersions in H.O were no structure was observed at the BCP length scale.

The structure on the CS length scale (hexagonal or micellar cubic) depended not
only on the surfactant alkyl chain length but also on the water concentration in CS domain. The
latter water concentration could be tuned not only by the overall water content, but also by the
appropriate choice of the block proportions, since the neutral block absorbs more or less water
depending on its length, thereby concentrating the surfactant in the CS domain and so affecting
the phase changes.

Although the formation of small aggregates in the dilute regime has been reported
both for conventionally prepared and CS-based complexes, the detailed analysis of the
structures on the BCP level strongly suggests that the hierarchical structures are in fact the
equilibrium states for at least the salt-free complexes studied in this work, where the structures

only take up water to a finite swelling limit.
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Chapter 3: Conclusions

In this thesis, block copolymer-surfactant complexes (BCPCS) have been prepared,
employing the complex salt (CS) approach, by an electrostatic association of poly(acrylamide)-
block-poly(acrylic acid) block copolymers, with different block proportions, and dodecyl- and
hexadecyltrimethylammonium cationic surfactant ions. The resulting complexes, free of any
simple salt, were investigated in a wide range of concentration, from dilute dispersions to
macroscopically homogeneous concentrated phases.

The dispersion of BCPCS in aqueous solution originated particles whose cores
display liquid crystalline structures, which can be tuned by the surfactant alkyl chain length and
by adding or removing appropriate amounts of long-chain alcohols, indicating their potential
use as an alternative to lipid-based liquid crystalline particles that have been widely studied
over the last years because of their varied applications.

The CS approach constitutes a new path to produce internally ordered particles, with
the advantage of possessing a robust switchable protocol to control the internal phases.
Additionally, the core structures agree with the phases previously reported for hydrated
homopolymer complex salts, indicating that, apparently, the confinement of the phases into
small cores does not affect their structural properties.

The BCPCS dispersions are metastable structures, similar to the parent
conventionally prepared particles, and display kinetically stability due to steric and electrostatic
repulsion arising from neutral polymeric block surface chains and negative surface charge,
respectively. The colloidal and structural properties of the dispersions are dependent on the
mixing pathways, but by using the CS procedure, it is possible to obtain particles with
reproducible colloidal and structural features.

Apart from the internally-structured particles, the dispersion of BCPCS also
originates a fraction of small aggregates that are molecularly similar to the large particles, and
a small amount of dissociated surfactant ions. The surface decoration of BCPCS particles with
gold and silver NPs originated sophisticated structures with tunable multifunctionalities thanks
to the combination of the advantageous properties of the individual components. These
nanostructures displayed excellent interfacial and catalytic properties and, additionally, they
possess great potential in related areas where metal NPs are highly decided, such as sensors.

The hydration-dependent results obtained for concentrated samples have shown, for

the first time, that selective attachment of amphiphile aggregates to one of the blocks
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transformed the starting double-hydrophilic copolymer in a block copolymer consisting of
incompatible blocks that aggregate into hierarchical structures when mixed with a selective
solvent, water, in the present case. Such block incompatibility generated complexes displaying
ordered structures in different lengths scales, i.e. structure-within-structures.

We have also demonstrated how these structures can be tuned independently by
choosing the appropriate amphiphilic surfactant counterions, water content and by choosing the
correct block proportions of the copolymers. The obtained results and comparison with the
appropriate literature strongly suggests that the hierarchical structures are in fact the equilibrium
states for the salt-free BCPCS mixed with water.

Block copolymer self-assembly has attracted considerable attention for many
decades because it can yield ordered hierarchical nanostructures that have been widely
envisaged for multiple usages. From the above, the obtained results open an original and simple
methodology to produce controlled hierarchical nanostructures that can be transferred to either

copolymers and surfactants with different chemical properties.
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1. Introduction

Colloidal complexes formed by polyelectrolytes and oppositely
charged surfactants (polyelectrolyte-surfactant complexes, PE-S) in
aqueous solutions have been widely studied over years as a result of
the great interest in nanostructured self-assembled systems, due to
their important applications in different fields. Theses mixtures are fre-
quently used in many industrial areas such as food, pharmaceutical,
home care, detergents, paints, etc. Surfactants and polymers in aqueous
solutions display a broad range of applications. Polymers are, for exam-
ple, used to control the rheology of the formulations and surfactants are
used to control their interfacial properties, such as surface tension, wet-
tability, promote emulsification, etc. [1-3",4-11]. Applications for PE-S
complexes include coatings and encapsulation, such as, respectively,
the polyion-surfactant ion complex salts [12°,13,14] and the now classic
lipoplexes, lipid-DNA complexes that are widely studied aiming at gene
therapy carriers [ 15-18]. Another related example is their application in
personal care formulations such as shampoos, among others [19].

The binding of ionic surfactants to oppositely charged polyelectro-
lytes in solution can be cooperative, non-cooperative (random) or
anti-cooperative, depending on the nature of the interaction between
the mentioned species and quantitative information about the

* Corresponding author.
E-mail address: wloh@igm.unicamp.br (W. Loh).

http://dx.doi.org/10.1016/j.cocis.2017.08.003
1359-0294/© 2017 Elsevier Ltd. All rights reserved.

polymer-surfactant interaction can be obtained through binding
isotherms (Fig. 1A) [1,19,20]. The cooperative association between op-
positely charged polymers and surfactants in water is based on electro-
static and hydrophobic interactions and it is mainly driven by the
entropic gain due to release of the small counterions and water mole-
cules from the interacting species [19-227]. It has been shown that
such a process also involves a delicate balance of additional forces.
Therefore, important aspects have to be considered, which can lead to
a significant reinforcement in the interacting species once they have
been brought together due to electrostatic attraction, such as: possibili-
ty of additional attractive interactions operating at short distances, as in
the case of specific intermolecular interactions, i.e. hydrogen bonding,
van der Waals forces, etc.; differences in chain configurations/confor-
mations and differences in chain flexibilities/stiffness [1,4,6,19,20].

The binding behavior of ionic surfactants to polyelectrolyte in solu-
tion may become substantially more complex as their concentrations
increase. A cooperative binding of surfactant unimers to polyelectro-
lytes usually occurs above a critical surfactant concentration (cac),
which is lower than the critical micelle concentration (cmc) of the
pure surfactant in solution. As the surfactant concentration is increased,
the first micelles, bound to the polyelectrolyte chains, are formed. Fur-
ther increase of surfactant concentration leads to the formation of ex-
cess free “unbound” micelles (Fig. 1B) [1,6,20,21]. The pearl-necklace
model is a simplistic description a polymer-surfactant association and
is widely used as a general view of the binding processes at different
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Fig. 1. A: Schematic binding isotherms for an ionic surfactant and oppositely charged polyelectrolyte, where the concentration of polymer-bound surfactant is plotted against the
free surfactant concentration. Dotted line represents binding to hydrophobically modified polymer, where noncooperative, anticooperative and cooperative regions are seen.
Solid line represents cooperative binding for unmodified polymer. B: Schematic diagram showing the typical association of a polymer with a surfactant at different concentration
ranges. C: Schematic ternary phase diagram showing an associative phase separation, with the pearl-necklace model for polymer-surfactant assembly represented in the bottom right.
The one-phase region and the two-phase region are denoted as 1<> and 2, respectively. Figs. A and C reprinted from ref. [20], with permission from Elsevier. Figs. B reprinted from

ref. [19], with permission from John Wiley & Sons, Inc.

stages (Fig. 1C) [19]. The strong electrostatic interaction between oppo-
sitely charged polymer and surfactant leads to an associative phase sep-
aration of the PE-S complex (Fig. 1C) [37,19,20].

Due to the great interest in investigating PE-S complexes for the last
decades  [227,237,24-29,30",31-34",35-39",40"41-52",53-70",71",
72-81°,82",83-85",86",87",88,897,90-94",95,96,97,98",99,100™,101",
102,1037,1047,105-107], it is well-established that the binding of ionic
surfactants to oppositely charged polyelectrolytes renders a broad rich
diversity of complexes, regarding their shape, size, colloidal stability, ab-
sence or presence of long-range ordered structures, physicochemical as-
pects and applications. Typically, around charge equimolarity, insoluble
complexes are formed, displaying various ordered crystalline-like
phases. The interaction of double hydrophilic charged-neutral block co-
polymers, i.e. diblock copolymers in which both blocks are water-
soluble, with surfactants leads to the formation of water-dispersible
compacted particles, as will be discussed below. The above-described
behavior has been commonly observed in a broad range of investigated
dilute aqueous PE-S complexes.

It is important to emphasize that there are several examples in the
literature on the co-assembly of polyelectrolytes with oppositely
charged species in aqueous solution. Oppositely charged species in-
clude, in addition to the surfactants, synthetic polymers or biopolymers,
such as proteins and DNA, nanoparticles, and polyelectrolyte block co-
polymer micelles [2,108-110]. In this review, we will focus our discus-
sions on the formation, structure, dynamics, properties, and functions
of complexes formed by polyelectrolytes of different architectures,
such as synthetic homopolymers and charged-neutral block copolymers
and biopolymers, with oppositely charged ionic surfactants, forming liq-
uid crystalline structures in the dispersed state, excluding the investiga-
tions of the complexes in the solid or bulk state [111-114].

The formation of liquid-crystalline (LC) phases in complexes be-
tween oppositely charged surfactant and polyelectrolytes has been
known for a long time [22°,237,24,25] and, since then, these mesophases
have been widely studied. Although their occurrence in such systems is
known for more than three decades, there is an increasing interest in
these particular materials, as they offer great versatility in structure con-
trol over a wide range of variables, These complex LC nanostructures
have potential applications in different areas, covering issues from phar-
macy, food, paintings, cosmetics, agriculture, among many others. In
particular, an enormous effort has been made in the last years envisag-
ing the development of such systems to biomedical applications. These
complex LC colloids are excellent candidates as drug carriers due their
ability to solubilize and carry specific compounds possessing biological
activity and a large number of reports have focused their investigation
aiming at this specific issue [57,70°,85",86,87",89™,92,95,97,99,1007].

Such a strong interest has produced interesting systems and im-
proved the knowledge about colloidal complexes displaying different
LC phases. The formation of the refereed complexes involves the inter-
play of both electrostatic and hydrophobic interactions and the control
over the obtained LC structure may be achieved by introducing variables
that can modulate the interactions between the oppositely charged spe-
cies, such as variations in the molecular structure of surfactant and poly-
electrolyte, surfactant-to-polymer molar charge ratio, environmental
conditions, i.e., pH, temperature, ionic strength, etc. Insights from the
surfactants phase diagrams, in which the polelectrolyte may be replaced
by multivalent counter-ions, and co-solutes may be considered too, are
a valuable tool for the understanding and control over the structures
formed.

In this paper, we will review the recent advances and describe some
of the most important aspects regarding colloidal complexes based on
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oppositely charged surfactants and polyelectrolytes holding liquid crys-
talline nanostructures. Examples of variables that usually alter some of
the above-mentioned features will be described and the discussion
will be illustrated by results described in different reports with impor-
tant contributions to the field in the last few years.

1.1. The impact of polyelectrolyte architecture on the shape and internal
organization of PE-S complexes

Several studies have reported the different morphologies of
complexes formed by the complexation of surfactants and lipids
and oppositely charged polyelectrolytes, depending on the solution
conditions and also the structure of the polymer. More recently, it has
been observed that although the basic nanostructures of some of
these complexes are the same, the morphology of the complexes
is affected by the polyelectrolyte rigidity and dissociation degree, con-
trolled by the solution pH. Colloidal complexes formed by cationic
lipid dioleoyl trimethylammonium propane, DOTAP, and the oppositely
charged polyelectrolytes, sodium poly(acrylate), NaPA, and sodium
poly(styrenesulfonate), NaPSS, have been thoroughly investigated
over a broad range of surfactant-to-polyelectrolyte molar charge ratios,
Z.The influence of the molecular weight of NaPSS has been also investi-
gated, where 70 and 1000 kDa polymers were studied. The PAA and PSS
polyelectrolytes are both negatively charged however, they differ in ri-
gidity: PAA is a very flexible polymer, whereas PSS is much stiffer due
to sulfontate groups limiting the polyelectrolyte conformation.

It has been demonstrated by cryogenic transmission electron mi-
croscopy (cryo-TEM) and small angle X-ray scattering (SAXS) measure-
ments that the solution complexation of polyelectrolyte NaPA and
NaPSS to DOTAP led to the formation of multilamellar complexes The

mixtures prepared with the lipid and NaPA (15 kDa) at different charge
ratios of 0.5, 1, and 2, led to the formation of onion-like multilamellar
complexes with tight layers (Fig. 2A). The size of the lamellar particles
varied from hundreds of nanometers to about 1 pm. Aggregates of
these large particles were also seen above charge equimolarity, due to
local charge caused by the irregular coverage of polyelectrolyte mole-
cules on the surface of the complexes. The addition of NaPSS also led
to the formation of multilamellar complexes. However, the complexes
were not round and globular as they were with the NaPA, forming
non-spherical aggregates, with no defined concentric round shapes
(Fig. 2B). As previously mentioned, the difference in flexibility and, con-
sequently, persistence length of the two polyelectrolytes is seen to influ-
ence the organization of the polymer chains in round defined spherical
structures, as can be seen for DOTAP and NaPA. It has been also shown
that the molecular weight of the polyelectrolyte had no influence on
the morphology nor interlamellar spacing of the complexes.

The effect of pH on the self-assembly of didodecyldimethylammonium
bromide (DDAB), a double-tailed cationic surfactant with the above-
mentioned polyelectrolytes, at Z = 1, has been also studied. The pH
upon mixing of DDAB and NaPA solutions was 7.4. Cryo-TEM images
(Fig. 2C) show again multilamellar complexes, with surfactant layers
sandwiched by polymer layers, because the polyelectrolyte carboxyl
groups are deprotonated, so the electrostatic attraction with the positively
charged surfactants is strong. The increase in the solution pH to 11.4 did
not affect the nanostructure. In contrast, lowering the pH to 2.4 promoted
the formation of unilamellar vesicles (Fig. 2D), because as the pH is
lowered, the carboxylic groups on the NaPAA backbone become neutral,
and the attraction between the surfactant and polyelectrolyte molecules
is weakened. The mixing of DDAB and NaPSS solutions at Z = 1 gives a
pH = 4.7, and, again, multilamellar structures are formed (Fig. 2E).

Fig. 2. Cryo-TEM images for: A. DOTAP/NaPA complexes at Z = 2; B. DOTAP/NaPSS 1000 kDa at Z = 1; C. DDAB/NaPA complexes at pH = 7.4 and Z = 1; D. DDAB/NaPA complexes at pH = 2.4
and Z = 1; E. DDAB/NaPSS at pH = 4.7 and Z = 1; F. anionic unilamellar vesicles surface covered with different polycations. Figs. A-E: inset shows higher magnifications of the white
rectangle. Bars correspond to 50 nm in the main pictures and 10 nm in the inset. Figs. A-E reprinted with permission from ref. [1037].

Copyright (2016) American Chemical Society. Fig. F reprinted from ref. [89”], with permission from Elsevier.
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However, pH variation to higher (11.5) and lower (2.5) values did not af-
fect the observed nanostructure. The sulfonate groups acts as strong acids,
and the protons are disassociated over the entire pH range. This leads to
charged side groups that preserve electrostatic attraction with DDAB mol-
ecules over all examined pH values. At Z = 1 and pH = 4.7 (Fig. 2E), the
stiffness of the NaPSS chains and its great affinity towards the bilayers led
to the formation of faceted particles with highly-sandwiched layers of sur-
factant and polyelectrolyte, forming hexagonal-like nanoparticles, even
though the SAXS data indicated that the initial lamellar phase remained
unchanged.

Lipid and surfactant vesicles are widely used for in vitro or in vivo
delivery of agents with biological important. However, these aggregates
typically display low stability in contact with biological media, where a
numerous factors, such as high ionic strength, variations in pH and the
presence of (macro)molecules that can adsorb on their surfaces,
such as proteins, cause their aggregation and, in some, cases, the
disruption of their bilayers and, consequently, breaking down the vesi-
cles. More recently, several studies have reported that the decoration
with one or multiple layers of polyelectrolytes consists in a method
for stabilization of lipid vesicles and the resulting polyelectrolyte-
coated liposomes were considerably more stable than the conventional
ones [115].

It has been also shown that the polycations differing in their chemical
structures can deeply impact in the type, shape and colloidal stability of
anionic lipid unilamellar vesicles in serum medium [897]. The addition of
polycations, at very small amounts, can induce the formation of vesicle
aggregates. Further increase of polymer concentration, induces dissocia-
tion of the aggregates and formation of isolated vesicles coated with the
polycations. It has been demonstrated that the coverage of the anionic
vesicles with poly(allyltrimethylammonium chloride), PATCI, in serum
medium caused the transition from spherical unilamellar aggregates to
flattened cylinders (Fig. 2F), that tend to break into smaller vesicles.
Addition of poly(allyltrimethylammonium chloride-co-allyl-N,N-di-
methyl-N-hexylammonium chloride), PAcAHCI, had little effect in
the vesicles shape, that remained rather spherical (Fig. 2F). Poly[(3-
allylamino-2-hydroxypropyl)trimethylammonium chloride], PAHPTCI,
caused the formation of well-separated unilamellar “amoeba-like" vesi-
cles (Fig. 2F), that became more rounded and finally disintegrate into
smaller lipid vesicles displaying a nearly globular shape.

These results clearly demonstrate the effect of polycation architec-
ture (the presence of hydrophobic alkyl side groups and the localization
of the cationic groups with regard to the main chain) on stabilization of
lipid vesicles. The hydrophobically modified PACAHCI polycation, can
readily enter into the lipid bilayers without changing the lamellar struc-
ture, preserving the vesicular shape and improving its stability in serum
medium. These results show that it is possible to cover the surface of
lipid vesicles without changing the shape and size of the aggregates,
while the colloidal stability in complex aqueous medium is improved
and open new possibilities to the development of specific drug delivery
systems more resistant to the environment conditions, keeping its ini-
tial physicochemical properties intact.

The interaction of double hydrophilic charged-neutral block
copolymers with oppositely charged surfactants has been also studied
in the last years, aiming at production of dispersed complexes with im-
proved colloidal stability due to the presence of the extra hydrophilic
neutral blocks in the polyelectrolyte architecture. Such co-assembly
leads to the formation of water-dispersible compacted particles.
The core of a dispersed particle contains densely packed surfactant
aggregates interspersed with the anionic blocks of the copolymer,
while the neutral hydrophilic blocks are enriched at the particle
surface, giving rise to core-shell-like particles. The first reports of such
systems were focused on complexes formed by the poly(ethylene
oxide)-block-poly(methacrylic acid), PEO-b-PMAA, block copolymer
and N-dodecylpyridinium chloride, DPCI, surfactant [22°]. Core-shell
particles formed by the poly(acrylamide)-block-poly(acrylic acid) co-
polymer, PAAm-b-PAA, and dodecyltrimethylammonium bromide

surfactant, DTAB, were also extensively investigated in the last two
decades [307,31,32,35,81°,104”].

More recently, the PEO-b-PMAA/DPCI colloidal complexes were
revisited aiming at the full characterization of the first system reported
as a dispersion of core-shell PE-S particles, for the understanding of the
thermodynamic and kinetic aspects involved in the co-assembly of
these species [717,827]. It was shown that different types of aggregates
are produced by mixing solutions of the individual components at vary-
ing surfactant-to-methacrylate block charge ratios (Z). By using static
and dynamic light scattering measurements, it was observed that, at
very small Z values, there is the coexistence of loose aggregates of elec-
trostatically bound surfactants to PMAA blocks with free copolymer
chains. Up to Z = 0.6, the number and the size of these aggregates in-
crease with the surfactant concentration. Around Z = 0.5, the authors
have also observed the formation of aggregates containing well defined
cores formed by DPCl micelles attached to coiled PMAA chains (Fig. 3A).

As the surfactant concentration is further increased, formation of
compact core-shell nanoparticles with a core formed by densely packed
DPCl micelles and PEO shell starting slightly before charge equimolarity
(Z = 1) was observed. At this point, the hydrodynamic radius (Ry;) and
radius of gyration (Rg) of the particles, at around 100 nm, achieves a
minimum value in the investigated Z-range, indicating the formation
of highly compacted block copolymer-surfactant nanoparticles. Above
charge equivalence (Z > 1), coexistence of the core-shell nanoparticles
with free DPCI micelles is observed. The dependence on Z of the self-
diffusion coefficients of both surfactant and block copolymer measured
by spin echo NMR (nuclear magnetic resonance spectroscopy) also sug-
gested a four-step process in the behavior of the aqueous PEO-b-PMAA/
DPCl systems. 2D '"H NMR NOESY experiments have confirmed the for-
mation of mixed cores containing the DPCI surfactant complexed with
the PMAA anionic blocks. The signals of the PEO blocks, forming the
outer part of the particles, showed weak correlation with DPC], indicat-
ing that surfactant molecules do not interact significantly with the PEO
blocks, which was confirmed by isothermal titration calorimetry (ITC)
experiments. Additional small angle neutron scattering (SANS) studies
also confirmed the above-mentioned compactness of the larger aggre-
gates upon increasing Z.

SAXS measurements were employed to investigate the packing of
surfactant micelles in the nanoparticles cores, indicating that the forma-
tion of highly ordered LC core structures is dependent on both block
copolymer concentration and Z values. At low block copolymer concen-
tration (c = 1 gL~ "), the surfactant micelles are disordered up toZ ca. 2,
as evidenced by the lack of Bragg peaks. For higher Z ratios, SAXS data
suggested a fcc cubic packing of the DPCI micelles in the core. The in-
crease of block copolymer concentration (c = 5 g L™ ') revealed that
the formation of ordered cores occurs at Z around 1, giving rise to nano-
particles displaying Pm3n micellar cubic LC core structures (Fig. 3B). The
cubic structure remained unchanged when the sample was diluted
down to the copolymer concentration of 0.3 g L~ '. This may be an indi-
cation that the liquid crystalline structures in the cores are kinetically
frozen, because they remain preserved after sample dilution. In addi-
tion, cryo-TEM studies confirmed the presence of internally structured
nanoparticles, depending on the block copolymer concentration and Z
range (Fig. 3A), besides the other structures formed at different Z values.
The kinetics of LC core formation was also investigated using time-
resolved SAXS, revealing that the formation of ordered LC cores is very
fast as the first Bragg peaks were observable from the very beginning
of the measurement, i.e., ca. 50 ms after mixing of components.

In addition to the complexes formed by charged-neutral block
copolymers and oppositely charged surfactants, that form the above-
mentioned core-shell particles, there is also an increasing interest
in studying the association between surfactants with amphiphilic
block copolymers. In solution, such copolymers segregate their blocks
into micelles, containing a collapsed core and extended neutral
(lio)hydrophilic chains. Most part of the studies on interactions of am-
phiphilic block copolymer micelles with ionic surfactants focused
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Fig. 3. A. Representation of the self-assembled PEO-b-PMAA/DPCI structures in solution as a function of the surfactant/polymer molar charge ratio (Z) and their respective cryo-TEM
images. B. SAXS patterns for aqueous PEO-b-PMAA/DPCI complexes at copolymer concentration of 5 g L™ '. Z values are indicated above the corresponding curves. C. cryo-TEM image
of PS-b-PMAA/DPCI complexes at Z = 1.1 and copolymer concentration of 1 g L™". Inset shows a representation of PS-b-PMAA/DPCl micellar complexes. Figs. A and B reprinted with

permission from ref. [717).

Copyright (2012) American Chemical Society. Fig. C adapted with permission from ref. [1017]. Copyright (2016) American Chemical Society.

mostly on polymeric micelles with neutral coronas. However, the stud-
ies involving hydrophilic charged-hydrophobic block copolymer
micelles with surfactants have received more attention recently
[116-118].

Morphological changes in polystyrene-block-poly(methacrylic acid)
(PS-b-PMAA) micelles upon addition of DPCI surfactant have been re-
cently investigated [1017] and it was observed that, depending on the
amount of surfactant, i.e,, the mixture Z values, there are three different
stages of interaction. At low Z (<0.4), DPCl is bound to the hydrophobic
inner moiety of the PMAA chains as nonmicellized unimers; as the sur-
factant concentration is increased, DPCl micelles are formed and bind in
the ionized outer part of the corona, leading to charge neutralization of
the chains; further increase of DPCl concentration (Z > 0.8) promotes
the aggregation of the large block copolymer micelles decorated with
small surfactant micelles (Fig. 3C). These results indicate that the
surfactant bound in the interior part of the PMAA chains is disordered
and, unlike polyelectrolyte-surfactant complexes formed by free poly-
electrolyte chains, does not self-assemble into packed surfactant
micelles. The high density of the corona forming PE chains and insuffi-
cient space for the accommodation of micelles may impose spatial re-
strictions to the packing of DPCI micelles and the following formation
of densely packed aggregates at the outer surface of the block copolymer
micelles. The hydrophobic PS core of the block copolymer micelles re-
mains unchanged upon addition of surfactant, confirming the previously
reported nature of amphiphilic block copolymer micelles with kinetical-
ly frozen cores [118]. The above-mentioned results clearly demonstrate
the impact of polyelectrolyte chemistry on the size, shape, colloidal sta-
bility and liquid crystalline structure in PE-S complexes.

1.2. Surfactant molecular structure also influences the PE-S complexes

Depending on the applications of PE-S complexes, the use of specific
species is desired to achieve biocompatibility. This can be achieved by
employing combinations where both components, polyelectrolyte and
surfactant, are derived from biological resources. In the last years
new studies has been performed on complexes formed by ionic
surfactants and oppositely charged polysaccharides, such as cationic
modified cellulose [33,42,43,46,56] hyaluronic acid [95,119] and chito-
san [50,61,857,86",87"]. Chitosan is a deacetylated form of chitin and
consists of a linear polymer of & (1 — 4)-linked 2-amino-2-deoxy-3-
p-glucopyranose. Due the presence of amino groups on its chemical
structure, chitosan is easily ionized with a positive charge when dis-
solved in acidic solutions, typically at pH < 6 [120].

Aiming at the formation of water-dispersible biocompatible
chitosan/surfactant complexes, some recent reports [86™,87"] have fo-
cused on the structural investigation of colloidal complexes based on
chitosan and oppositely charged alkyl ethylene oxide carboxylate sur-
factants. Beside their biocompatibility, this class of surfactants is inter-
esting because the headgroup area can be tuned by changes in both
temperature (ethylene oxide groups) and pH (carboxylate groups). In
addition, alkyl and oligoethylene chain lengths can be easily changed,
opening further possibilities on combinations between polyelectrolyte
and surfactant. Complexes of nonaoxyethylene oleylether carboxylic
acid (Cyg.1EO09CH,COOH or simply Cys.1E9Ac) and chitosan were pre-
pared at pH values between 3.5 and 5.0 in a manner to control the de-
gree of ionization of the surfactant from 0.15 at pH 3.5 to 0.62 at
pH 5.0, by varying the pH around its pKa, whereas the ionization of
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chitosan is only slightly affected. The studies also investigated structural
features of the complexes as a function of the surfactant to chitosan
charge mole ratio (Z), ranging from 0 to 0.3 [867].

From results obtained by means of dynamic and static light scatter-
ing measurements it was reported that, below a certain Z value that de-
pends on pH, no structural rearrangement of the chitosan chains occurs
with the addition of nonmicellized surfactant. At sufficiently high sur-
factant content (higher Z), i.e., above the cmc of the surfactant, an aggre-
gation of chitosan chains as the consequence of the presence of bridging
micelles is observed, giving rise to a network formed by polyelectrolyte
chains decorated with some surfactant micelles. Additional micelles be-
come incorporated into the already-existing complexes, resulting in a
compaction of the complex aggregates, forming a one-dimensional or-
dered aggregate in the form of cylinders, with a total length from 20
to 50 nm, formed by an average of two to five micelles per aggregate.
The tendency of forming elongated objects has been found in several
mixtures of polyelectrolytes and oppositely charged micelles and, usu-
ally, is governed by the surfactant molecular and micellar architecture
[34°,36,41,50,52°,66,77,78,98™]. In this case, it has been also demonstrat-
ed that Cyg.,E9Ac surfactant forms ellipsoidal micelles, confirming the
above mentioned tendency.

At sufficiently high Z values, the network is fully disrupted and ag-
gregates with a core-shell structure are formed, with a volume fraction
of densely packed micelles of 0.5 to 0.7 per core. The formation of such
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core-shell particles has been widely reported in mixtures of block copol-
ymers and surfactants as a result of the formation of a hydrophobic,
water-insoluble complex stabilized by a hydrophilic nonionic shell, as
previously discussed above. The authors rationalized the formation of
a stabilizing chitosan corona at Z < 1 in terms of the stiffness and length
of the polyelectrolyte chains. The formation of a stoichiometric complex
would require a tight bending of the PE around the surfactant micelles.
A more favorable situation is reached if some of the chitosan chains are
involved in complex formation, and the excess charge in the remaining
chains has the tendency to be solubilized, therefore forming a stabilizing
charged corona in the outer part of the chitosan/surfactant particles. A
corresponding structural phase diagram as a function of pH, i.e. the de-
gree of ionization of the surfactant, and Z for this particular system has
been reported and is displayed in Fig. 4A.

By varying the molecular structure of the surfactant [877], it was
found that both alkyl and ethylene oxide chain lengths influence the
final structure and shape of the micelles and of the chitosan/surfactant
complexes (Fig. 4C). CgEsAc and Cy,E pAc, possessing a large headgroup
compared to the hydrophobic part of the surfactant, aggregate into
spherical micelles, in the form of core-shell spheres. C;,E4sAc tends to
aggregate, in water, forming a mixture of large unilamellar vesicles
and long cylinders. At pH 4, chitosan/C;,E;oAc complexes follow the
same trend as observed in chitosan/C;g.1EqAc mixtures discussed
above. As Z is increased, the complexes evolve from one-dimensional
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Fig. 4. A. Phase diagram for chitosan/C;s.1EsAc complexes at different pH and surfactant-to-polyelectrolyte molar charge ratios, Z. The symbols m, 4 and ¢ represent decorated network,
1D-ordered complex, and densely packed core — shell particles complexes, respectively. @ and v represent mixtures with intermediate structures between the above-mentioned models.
B. Critical mixing ratio Z*, i.e,, Z value at which phase separation is observed, reported as a function of the cmc of the different surfactants obtained at pH 4.0. Full squares are Z* values for
phase separation observed immediately after mixing solutions containing the individual components and full circles for phase separation observed 10 days after sample preparation. Full
lines are only a guide for the eyes. Dotted line indicates equimolarity taking into account the cmc of the free surfactant. C. SANS patterns for complexes of the indicated alkyl ether carbox-
ylate surfactants and chitosan at different Z values and pH = 4. Insets show representation of the complexes arrangement obtained by the fitting of the points, represented by the solid

lines. Fig. A reprinted with permission from ref. [867].

Copyright (2014) American Chemical Society. Figs. B and C reprinted with permission from ref. [877]. Copyright (2014) American Chemical Society.
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ordered structures composed of aligned micelles embedded in a chito-
san network to core-shell particles containing densely packed micelles
within the core and a stabilizing chitosan corona. Interestingly, the
number of micelles per cylinder and the length of the cylinders are
very similar in complexes formed by chitosan with Cys.;EgAc and
Ci2E10Ac, despite the different alkyl chains of the surfactants. The
same trend was also observed for CsEsAc, with a dense packing of mi-
celles at high Z and formation of linearly ordered complexes at interme-
diate Z.

The complexation of chitosan with C;;E4sAc formed vesicles with
ordered multilayered structures, with alternating layers of surfactant
and chitosan. It has been shown that the number of layers depends on
the charge molar ratio Z, while the interlamellar spacing remains con-
stant. The bending rigidity of the bilayers increased with Z, indicating
that the presence of a semi-rigid polymer in the bilayer interstices,
such as chitosan, produces an increasingly stiff vesicle wall. Increasing
the number of layers, a decrease in the core size is observed. However,
the overall size of the vesicles is retained at around 100 nm. This is a
rather unexpected result, as it indicates that instead of a classical
layer-by-layer growth widely observed, for example, in lipid bilayers,
the additional layers are internalized in the vesicle.

In all investigated systems, it was observed that further increase in
surfactant concentration leads to phase separation of the dispersions
(Fig. 4B), with formation of a liquid transparent solution and a second
phase rich in polymer and surfactant (solid complex). Results from
SAXS revealed that the structures formed upon complexation between
chitosan and the different alkyl ethylene oxide carboxylate surfactants
in solution are retained in the solid state. It was also observed that no
particular long-range ordering was seen in the solid complexes formed
with Cyg.1E>Ac and Cy3E; sAc, the most hydrophobic surfactants.

1.3. The role of a third component on the PE-S complex formation and
properties

In contrast to the variety of the structures in complexes formed by
polyelectrolyte and oppositely charged surfactants, solely, much less in-
formation is known about the structural features of water-dispersible
polyelectrolyte/surfactant complexes in the presence of a third compo-
nent. Usually, polymer-surfactant mixtures are used in complex formu-
lations, where the presence of cosurfactants, salts, nonionic additives,
thickeners, etc., is remarkable and the influence of such components
on the phase behavior of PE-S complexes may be well understood in
order to improve or preserve the desired applications for such systems.
Due to this, an effort has been made in the last years aiming at the char-
acterization of PE-S complexes in the presence of a third component.
The most studied systems are comprised of nonionic additives, such as
the sugar- and ethylene oxide-based surfactants, long chain n-alcohols
and PEO-based block copolymers [40°,53,63,65,69,80,84,90,91,96™,98",
1047).

The impact of dodecyl maltoside (C;,G,), a sugar-derived nonionic
surfactant, on the interaction between poly(diallyldimethylammonium
chloride) (PDADMAC) and SDS was extensively studied in the recent
years [90,967,98"]. The choice was made based on the fact that previous
reports in the literature have shown different impacts of uncharged am-
phiphiles on the liquid crystalline structures formed in PE/S dispersed
complexes: in some cases, the addition of the additive induced the com-
plete disappearance of long range order in the complexes, while in
others, it leaded to the transition to other types of structures [91]. It
has been observed that the nonionic surfactant influences the formation
of the complexes between PDADMAC and SDS [967,98™], since in the ab-
sence or presence of different concentrations of C;,G,, abrupt variations
of electrophoretic mobility and the turbidity of the mixtures, prepared
by the simple mixing of individual solutions, occurred at different SDS
concentration, for a constant PDADMAC content (Fig. 5A and B).

In the absence of the nonionic surfactant, PE/S complexes are formed
at low SDS concentrations. Increasing the SDS-to-PDADMAC ratio, the

net charge of the nanoparticles is reduced, whereas the turbidity of
the mixture increases until charge neutralization where phase separa-
tion is observed. Further increase of SDS concentration leads to a charge
reversal and redispersion of the complexes (Fig. 5B). It has been shown
that the addition of C;,G; increases the binding of SDS to the polycation
and that it shifts the concentration range of phase separation to lower
SDS-to-PDADMAC ratios (Fig. 5A and B). At high Z, PDADMAC/mixed
surfactant aggregates are formed presenting a decreased colloidal sta-
bility if compared with complexes formed by solely the polyelectrolyte
and SDS. The complexation of PDAMAC with mixed micelles led to the
formation of particles with reduced surface charge, as evidenced by
their electrophoretic mobility measurements.

SAXS analyzes revealed that the complexes formed at excess of
PDAMAC are cylindrical-like structures and that the addition of C;,G,
did not change the dimensions of the complex aggregates, formed by
short cylinders (length at around 20 nm) with aggregation numbers be-
tween 200 and 250. Again, the shape of the aggregates is related to the
form of the surfactant micelles, since it has been demonstrated that both
SDS and C;,G, surfactant self-assembles into elliptical micelles. At SDS
excess, a suspension of large aggregates and precipitates are observed
to coexist in solution. In both states, scattering data indicated cylinders
organized in a hexagonal LC structure with spacing at around 3.8 nm.
The average spacing among cylinders arranged in a hexagonal structure
remained unchanged at low C;,G; concentration (1 mM) and reached
4.6 nm when the sugar-based surfactant concentration is 10 mM.

SAXS analyses in the solid complex precipitates formed at SDS ex-
cess show Bragg peaks at 1 and 3"/ positions (Fig. 5C), revealing the
hexagonal structure retained from the dispersed state at low C,G; con-
centration. When SDS concentration is increased (10 mM), however,
the solid complex exhibits superimposed peaks in the SAXS patterns, in-
dicating the presence of two or more coexisting phases, which have not
been properly identified. The supernatant solution was also analyzed
and data revealed globular micelles, similar to the ones formed without
the polyelectrolyte. The results indicated that addition of small amounts
of dodecyl maltoside does not lead to significant changes in the struc-
ture of PDADMAC/SDS complexes in the solution and solid states. The
only exception is for samples at SDS-to-PDADMAC ratios close to charge
neutralization or SDS excess and high concentration of C;,G, where the
precipitate forms a multiphasic structure and the aggregates in solution
are not cylindrical-like, as in polyelectrolyte excess.

More recently, the effect of added long chain n-alcohols on the inter-
nal structure of dispersed complex salts were investigated, featuring
new insights about the role of a third component on the PE-S complexes
[1047]. Poly(acrylamide)-b-complex salts made from poly(acrylate-b-
acrylamide) block copolymer containing the acrylate blocks neutralized
by dodecyl- or hexadecyltrimethylammonium surfactant counterions,
form kinetically stable aqueous dispersions of hierarchical aggregates
with a liquid crystalline micellar cubic or hexagonal structures, respec-
tively, complex salt core and a diffuse hydrated shell. By the addition
of suitable amounts of octanol or decanol, the liquid crystalline interior
can be tuned, producing additional lamellar, reverse hexagonal phases
and reverse micellar phases, depending on the alkyl chain length and
amount of the n-alcohol. These core structures are the same as
those previously obtained for bulk, i.e., non-dispersed homopolymer
poly(acrylate) complex salt/water/n-alcohol systems at the corre-
sponding compositions, as seen in Fig. 5D [40°,63].

The exact structure correspondence between dispersed and macro-
scopic bulk phases is not, a priori, expected, since one would expect
some influence of the poly(acrylamide) chains of the block copolymer
in the surfactant aggregate arrangement. The presence of a core-shell
interface and the consequent confinement of the LC structures are also
expected to affect the mesophase geometry. However, such effects
were not seen, indicating an important characteristic on the phase be-
havior of PE-S complexes: the dispersed colloidal complexes are able
to reproduce and retain some remarkable features from the bulk struc-
tures. Such fact expands the possibilities to achieve a more accurate
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Copyright (2015) American Chemical Society. Fig. D reprinted with permission from ref. [1047]. Copyright (2016) American Chemical Society.

control over the LC formed structures, giving grounds to the design of
new materials with improved physicochemical properties for envisaged
applications. It is important to highlight that such results were observed
for stoichiometric polyion-surfactant ion “complex salts”, free of coun-
terions, where a more accurate control over the phase behavior is
achieved, since the number of components is kept at a minimum, mak-
ing it possible to study effects of adding or replacing a single component
to the system. Therefore, the methodology of dispersing the compo-
nents in the form of previously prepared complex salts is advantageous
over the simple mixture of stoichiometric mixtures of polyelectrolyte
and surfactant.

1.4. PE-S complex formation at solution interfaces

In contrast to the more commonly studied polyelectrolyte/surfactant
complexes in bulk or in solution, the formation of such complexes at so-
lution interfaces has been sparsely investigated and, until a short time
ago, was far from being well understood. Aiming at the use of the full
potential of such systems, new investigations in the fields of liquid crys-
tals formed at polymer and surfactant solution interfaces due to electro-
static complexation became the focus of new investigations in the last
years [857,947,1007].

It is well known that LC structures have the ability to solubilize a di-
versity of agents with different physicochemical properties and inter-
ests because they are composed of hydrophilic and hydrophobic
regions that can solubilize specific molecules, such as drugs, depending
on the intermolecular interactions. Furthermore, it is also known that
the type of LC structure controls the rate of drug release from these

aggregates [121]. Therefore, the highly ordered structures formed in op-
positely charged surfactant and polymer systems can be exploited for
application in drug delivery and release. Based on that, recent reports
focused on the liquid crystalline phases formed at the interface between
surfactant and polymer solutions, studying how the nanostructures are
influenced by changes in the environment, such as temperature, con-
centration and pH, and the release of incorporated model drug from
the LC structures [857,947,1007].

It has been recently demonstrated [1007] that complexes at solution
interfaces can be formed by two different agents with important biolog-
ical applications: colistin and heparin. Colistin is an amphiphilic poly-
peptide widely used as an antibiotic in infectious diseases. The
protonation of the primary amine groups on colistin molecular structure
at physiological pH establishes an overall positive charge [100”]. Hepa-
rin is a highly sulfated anionic polysaccharide, composed of repeating
glucosamine and uronic acid residues and plays a crucial role in various
processes in the body such as blood coagulation, cell adhesion, cell
growth, and inflammatory responses [122]. Concentrated solutions of
colistin and heparin at charge equivalence can be brought into contact
so that molecules are able to interact at a well-defined interface.

Birefringence at the liquid-liquid interface of the solutions contain-
ing the two species can be observed and is a qualitative indication of
the formation of an anisotropic mesophase (Fig. 6A). SAXS confirmed
the presence of a lamellar phase (L,) at the colistin-heparin interface,
with an interlamellar spacing (d) of 4.0 nm (Fig. 6A). Because such com-
plexes formed by biocompatible species are envisaged towards biologi-
cal applications, the pellet consisting of the colistin-heparin complex
has been tested either for activity measurements against a strain of
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bacteria and for its release behavior in aqueous media or NaCl solution.
The role of added salt is also important since electrostatic interactions
are partially screened when electrolytes are present. It is known that
the complexation depends not only on salt concentration, but also on
the nature of the ions [51,68,88,897].

Interestingly, the authors have observed that the colistin/heparin
complexes possess antimicrobial activity, suggesting that colistin is
able to escape from the liquid crystalline structure into the surrounding
medium keeping its native bactericidal activity. In addition, it has been
also observed that saline solution is not a significant contributing factor
to the release of colistin, indicating strong electrostatic interactions be-
tween the oppositely charged species in the complex. The relatively
slow release of colistin from the lamellar phase gel complexes could
provide means of delivering sustained release of an antibiotic and relat-
ed antimicrobial activity. The viscosity of the lamellar gel phase would
be important during the application process, where it is usually envis-
aged a more freely flowing formulation.

The complexation and formation of liquid crystalline structures at
solution interfaces and surroundings have also been investigated for
chitosan/bile salts systems [85™]. Bile salts are molecules with a steroi-
dal skeleton, possessing hydrophobic groups on their convex surface,
whereas the hydroxyl groups are located on the concave face.
This arrangement renders bile salt molecules amphiphilicity, which is
crucial for spontaneous aggregation in aqueous solution [123]. When
approximately equal volumes of bile salt solution (30 wt% of sodium
taurodeoxycholate) are mixed with the 4% chitosan solution within a
flat cell, an interface is created, again, exhibiting birefringence, which
was later confirmed to be lamellar (L,) phase by SAXS, with an interla-
mellar spacing of 3.2 nm. In addition, a micellar isotropic phase has been
reported to exist within bile salt solution, at around 4 mm away from
the point of origin, which was indicated by the broad peak at low q
values in the SAXS patterns (Fig. 6B and C). It has been demonstrated

that the polymer concentration plays an important role on the develop-
ment of LC phase across the bile salt-chitosan interface, leading to con-
siderable changes in the spatial distribution of the different formed
phases within the solution (Fig. 6B). The authors have observed that
the increase in polymer concentration have not influenced the type of
phase formed at the interface or the interlamellar distance of the lamel-
lar phase formed, but rather the extent to which L, phase existed across
the surfactant-polymer interface (Fig. 6B).

The structural integrity of the lamellar phase has been also examined
in response to temperature and it was observed that this phase persists
up until 45 °C, above which the highly ordered lamellar structure disap-
peared (Fig. 6D). The amount of lamellar phase formed in the bile salt-
chitosan system was found to decrease upon exposure to salt solution,
due to the weakening of binding between positively charged chitosan
and negative bile salt in solution, probing the electrostatic interactions
between such species. This demonstrates that changes in environmen-
tal conditions can modulate the lamellar phase and has potential for
triggering release of specific agents from within the complexes. Aiming
at the development of a responsive LC drug delivery system, the rate of
diffusion of a model hydrophilic drug, Rhodamine B (RhB), from within
capsules formed by the lamellar complex has been studied due to tem-
perature and salt stimuli. Both triggers were shown to increase the rate
of RhB release (Fig. 6E), confirming the potential application of these
complexes in stimuli-responsive or sustained-release drug delivery.

1.5. Concluding remarks

Due to the numerous fields of potential applications for PE-S LC com-
plexes, such systems have been widely investigated over the last twenty
years. Such efforts have shown that a variety of nanoassemblies can be
obtained, displaying different structural and physicochemical proper-
ties. Taking into account the different studied systems, general features
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can be observed regarding the PE-S complexes. Although the LC struc-
ture is driven by surfactant self-assembly, the formation, shape and ki-
netic stability of such dispersed PE-S complexes are influenced by
both polyelectrolyte and surfactant molecular architectures. It has
been shown that depending on the nature of the polymer, being
charged homopolymer or charged-neutral double hydrophilic block co-
polymer, either water-insoluble compact or water-dispersible core-
shell particles are formed, respectively. The polyelectrolyte stiffness
also plays an important role in the shape, arrangement of the complexes
and solubility of the complexes in aqueous solution. The type of liquid
crystalline resulting phases is highly dependent on the surfactant mo-
lecular geometry, since the surfactant assembled structure is retained
in the complex formation. In this way, the knowledge on the phase be-
havior of surfactants in solution is highly demanded in order to improve
the design of PE-S complexes holding LC structures.

It has been also observed that the formation and the presence or ab-
sence of LC phases depend on the environmental conditions, such as pH,
temperature, and ionic strength, because they can alter the electrostatic
and hydrophobic interactions that that govern this complexation. Their
structural and colloidal features have been also demonstrated to be
process-dependent, i.e., the mixing conditions influence the size,
shape, stability, etc., in the obtained PE-S complexes, indicating the
non-equilibrium nature of some of these aggregates. Another important
feature is that although these dispersed complexes are comprised of
kinetically-stabilized nanoparticles, they are able to reproduce some
properties from bulk equilibrium phases.

Despite the fact that the systems have been widely studied in the last
years, specific applications are still lacking. Significant effort has been
made in order to study the release properties of PE-S-based drug deliv-
ery systems. However, no pharmaceutical product based on such com-
plex mixtures is available elsewhere at the moment. Examples of
LC particles already available in commercial formulations include
cubosomes, which are dispersions of bicontinuous cubic lipid phases
[121] and the PE-S LC particles present a large potential for similar
uses. The hierarchical arrangement of PE-S particles is also an interest-
ing field to be accurately studied, because previous reports have indicat-
ed the formation of colloidal crystals, i.e., highly ordered array of
particles, formed by polymer-based assembles, which are now applied
in different fields, such as photonics, optics and templating of nano-
structured materials [124].
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ABSTRACT: Poly(acrylamide)-b-complex salts made from a symmetric
poly(acrylate-b-acrylamide) block copolymer, where the acrylate charges are
neutralized by cationic surfactant counterions, form kinetically stable aqueous
dispersions of hierarchical aggregates with a liquid-crystalline complex salt core
and a diffuse hydrated shell. By the addition of suitable amounts of long-chain
alcohols, such as octanol or decanol, the structure of the internal phase can be
varied, producing micellar cubic, hexagonal, lamellar, or reverse hexagonal liquid-
crystalline phases. In addition, a disordered reverse micellar phase forms at the
highest content of octanol. These core structures are the same as those
previously obtained for macroscopic homopolymer poly(acrylate) complex salt/
water/n-alcohol systems at the corresponding compositions. The poly-
(acrylamide)-b-complex salt dispersions are kinetically stable for several weeks,
with their colloidal properties and internal structures remaining unchanged. The
methodology described here establishes an easy and robust protocol for the

preparation of colloidal nanoparticles with variable but controlled internal structures.

B INTRODUCTION

Several studies of water-dispersible core—shell nanoparticles
made from charged—neutral block copolymers and oppositely
charged surfactants have been reported in the last years.'~® The
most studied systems involve alkyltrimethylammonium cationic
surfactants and the block copolymer poly(acrylic acid-b-
acrylamide) [P(AA-b-AAm)]." "> When such complexes are
prepared by mixing individual aqueous solutions of the
charged—neutral block copolymer and the charged surfactant,
the species associates into colloidal complexes in the form of
core—shell nanoparticles. In addition, these solutions contain
the original simple counterions of the charged polymer and the
surfactant. The core of the nanoparticle contains densely
packed surfactant micelles surrounded by polyion blocks. The
outer part of the colloidal complex is a corona composed of
neutral poly(acrylamide) blocks. Further studies revealed that
the micelles in the core of the particles, prepared as described,
were arranged in a disordered state, showing no long-range
order.">>*

The use of stoichiometric polyion—surfactant ion “complex
salts” (CSs), free of other ions, was proposed a few years ago as
an alternative strategy to study the phase behavior of polymer/
surfactant complexes. The principal advantage of this strategy is
that the number of components is kept at a minimum, making
it possible to study the effects of adding a single component to
the system or replacing one by another, in isolation. This
allowed the determination of truly binary phase diagrams for
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CS mixtures with water’” and the assessment of the effect of
added n-alcohols or other organic solvents on their ternary
phase behavior.'”™"* On the basis of this methodology, our
group has recently reported studies using poly(acrylamide)-b-
CS block copolymers containing the hydrophilic block
copolymer poly(acrylate-b-acrylamide), neutralized by dodecyl-
trimethylammonium counterions, to produce core—shell nano-
particles dispersed in an aqueous medium.” Notably, the
dispersions produced from the block copolymers containing
stoichiometric CSs invariably gave nanoparticle cores displaying
a micellar cubic liquid-crystalline structure, agreeing with that
previously observed for maximally water-swollen homopolymer
dodecyltrimethylammonium—polyacrylate CS.*™*° Nanopar-
ticles prepared by mixing individual aqueous solutions of the
anionic—neutral block copolymer and the cationic surfactant,
referred here as “conventionally prepared”, behave different
from that obtained by dispersing poly(acrylamide)-b-CS in
water, as will be described in the present report.
Nanoparticles with liquid-crystalline cores are known to be
formed by different chemical systems. Examples include the
cubosomes,'* which are dispersions of bicontinuous cubic
phases studied for their potential for drug delivery. Other more
recent examples are from studies reported by Lindman and co-
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workers,"> and in the last few years, reports by Uchman'® have

described internally structured particles using the complexation
between surfactants and polyions. During the past years, a
series of studies have reported the formation of colloidal
complexes made from oppositely chargec_i surfactants and
charged—neutral block copolymers."”*~%'"'® These liquid-
crystalline nanoparticles have also been studied aiming at the
control and change of their internal structures by specific
triggers such as enzymesw and near infrared hght,20 to make
them suitable for important practical applications such as drug
delivery. It has previously been shown that, for example,
differences in the liquid-crystalline structure can change the
drug diffusion and hence the release, with research progressing
toward the use of in situ changes to control the drug release by
these liquid-crystalline matrices.”'

In this work, we have expanded our studies of dispersions
containing stoichiometric CSs of the symmetric block
copolymer P(AA,,-b-AAm,,) and dodecyl- or hexadecyltrime-
thylammonium cationic surfactants (C;,TA* and C,,TA") with
the aim to achieve additional internal structures by adding long-
chain alcohols. This strategy is based on the previous
experience of systems formed by the corres?onding homopol-
ymer CS, water, and various n-alcohols.'*™"* Small angle X-ray
scattering (SAXS) has been used to identify and characterize
the liquid-crystalline interior of the aggregates. In addition, the
average radius and the zeta potential of the colloidal
nanoparticles have been investigated.

B RESULTS

Internal Structure. Poly(acrylamide)-b-CS Nanopatrticles
Dispersed in Water. Figure 1 shows the SAXS patterns

Intensity / a.u.

q/nm”

Figure 1. SAXS patterns obtained for (A) PAAm,,-b-C;,TAPA,,
nanoparticles displaying a cubic internal structure and (B) PAAm,,-
b-C(TAPA,, nanoparticles with a hexagonal interior. Samples
containing 1.0 wt % of poly(acrylamide)-b-CS, analyzed at 25 °C.

obtained for dispersions of PAAm,,-b-C,,TAPA,, or PAAm,,-
b-C 4 TAPA,, in water. The scattering peaks (Figure 1A) for the
former system had a spacing ratio of 4'/%:5"%:6"2, indicating a
Pm3n cubic structure. For the PAAm,,-b-C;,TAPA,, dispersion
(Figure 1B), the peak positions at 1:3'/2:2 reveal a hexagonal
P6mm structure. The lattice parameter for the cubic structure in
PAAm,,-b-C,TAPA,, is 8.40 nm, which is very similar to that
previously obtained in the dodecyltrimethylammonium—poly—
(acrylate) CS/water bulk cubic phase.”’’ A similar close
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correspondence has been recently observed between the cubic
structures of the homopolymer CS and the cubic cores of CS
nanoparticles from asymmetric poly(acrylamide)-b-CS block
copolymers.” For the hexagonal phase in the PAAmg,-b-
CsTAPA,, core, we now find a = 4.84 nm, also in very close
agreement with the bulk phase formed in the corresponding
hexag]fucyltrimethylammonium—poly(acrylate) CS/water sys-
tem.”
n-Alcohol-Loaded Nanoparticles. Previous studies have
shown that long-chain n-alcohols added to aqueous homopol-
ymer CSs induce a series of phase changes as the ratio of
alcohol/CS increases in the mixed aggreg;ites"o'12 To prepare
nanoparticles with different internal liquid-crystalline structures,
different amounts of octanol and decanol were added to the
poly(acrylamide)-b-CS block copolymer dispersions, exploiting
the cosurfactant behavior of the n-alcohols. Table 1 summarizes
the results obtained at different n-alcohol/CS mass ratios (R),
including R = 0. It is important to note that the R values were
calculated taking into account only the CS block of the
poly(acrylamide)-b-CSs. Now, the findings for each of the four
combinations of CS and n-alcohol will be described in detail.

PAAm,,-b-C;,TAPA,, Nanoparticles + Octanol or Decanol.
For increasing decanol contents in the aqueous dispersions of
PAAmy,-b-C|,TAPA,,, the internal structure of the aggregates
changed in the following sequence: cubic, normal hexagonal,
and lamellar. At a low decanol content (R = 0.256), the CS core
displays a normal hexagonal phase with Bragg peak positions of
1:3Y%2 in the SAXS patterns (Figure 2A). When the decanol
fraction is increased further (R = 0.613), SAXS peaks with a
spacing ratio of 1:2:3 indicate the formation of a lamellar
structure (Figure 2B). The same sequence of structures, as with
decanol, was observed with added octanol (Figure 2C,D). SAXS
patterns for additional decanol and octanol concentrations in
PAAm,,-b-C |, TAPA,, dispersions (see Table 1), indicating
hexagonal and lamellar structures, are presented in Figure S1.
The repeat distances (d) between the bilayers in the lamellar
structures in the core of PAAmy,-b-C,TAPA,, nanoparticles
was 4.72 nm when using decanol and d = 4.68 nm for octanol.

PAAM 4,-b-C,4sTAPA,, Nanopatrticles + Octanol or Decanol.
Figure 3 shows the SAXS patterns obtained for PAAm,,-b-
C,¢TAPA,, nanoparticles with different amounts of decanol. At
a low decanol content (R = 0.142), the SAXS pattern (Figure
3A) from the complex showed scattering peaks with a spacing
ratio of 1:32:4/271/2 indicating a structure with hexagonal
packing of cylindrical micelles, as for the alcohol-free sample
(Figure 1B). However, some other peaks also appear. These
peaks show a regular spacing ratio of 1:2:3, indicating a Pm
space group for a lamellar structure being formed inside of the
nanoparticles. Therefore, this SAXS pattern could be attributed
to a mixture of two different structures of Pm lamellar and
P6mm hexagonal. Further addition of decanol (R = 0.321) leads
to the formation of a pure lamellar phase, with d = 4.34 nm
(Figure 3B). SAXS patterns for other decanol compositions
(see Table 1) indicating a lamellar structure, with d = 4.34 nm,
are presented in Figure S2.

With increasing contents of octanol, the CS core of PAAm,,-
b-C,(TAPA,, nanoparticles changed from normal to inverted
structures. At low octanol contents (R = 0.818), the SAXS
pattern revealed 1:2 Bragg reflections, indicating a lamellar
structure, with d = 4.31 nm (Figure 4A). As more octanol was
added (R = 4.067), the peak positions at 1:3'/%:2 (Figure 4B)
revealed that another hexagonal structure was achieved. There
are two possible 2D hexagonal structures. One is the normal
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Table 1. Liquid-Crystalline Structures and Their Lattice Parameters for Poly(acrylamide)-b-CS Nanoparticles at Varying n-

Alcohol/CS Mass Ratios (R)

poly(acrylamide)-b-CS R (octanol) R (decanol)
PAAm,,-b-C,,TAPA, 0 0
0.256
0.262
0.613
0.620
0.256
0.262
0.613
0.620
PAAm,,-b-C,(TAPA,, 0 0
0.818
4.067
8.540
0.142
0.321
0.325
0.335

“Micelle—micelle correlation distance.

core structure lattice parameter

cubic a = 840 nm
hexagonal a =453 nm
hexagonal a =456 nm
lamellar d = 4.68 nm
lamellar d = 4.68 nm
hexagonal a =442 nm
hexagonal a =452 nm
lamellar d =472 nm
lamellar d =472 nm
hexagonal a = 4.84 nm
lamellar d =431 nm
reverse hexagonal a = 3.86 nm
reverse micellar d = 4.10 nm“
hexagonal + lamellar a =528 nm, d = 434 nm
lamellar d = 4.34 nm
lamellar d = 4.34 nm
lamellar d =434 nm

phase (also referred as H; phase), already discussed above, in
which the hydrophobic alkyl chains of the surfactants are
located inside of the cylinders with the hydrophilic polar
headgroups facing the surface of the cylinder, surrounded by a
continuous water domain containing the negatively charged
poly(acrylate) chains. Another is the reverse phase (Hy phase),
where the water phase is located inside of the cylinders, with
the hydrophobic surfactant chains facing toward a continuous
alcohol domain surrounding the cylinders.””

From a symmetry point of view, both structures (normal and
reverse) are 2D hexagonal and possess peak position ratios of
1:3"22. In Figure 4B, the structure could be identified as
reverse hexagonal, once the nanoparticles are rich in octanol.
Still further addition of octanol (R = 8.540) leads to the
formation of a reverse micellar phase, referred to as the L,
phase. This phase consists of an isotropic and disordered
solution of reverse micelles. A SAXS pattern for the L, phase,
shown in Figure 4C, presents only a broad peak corresponding
to the micelle—micelle correlation distance of around 4.1 nm.

Reversibility of n-Alcohol-Induced Structural Transitions.
To confirm the reversibility of the structural transitions by the
incorporation of n-alcohols to the nanoparticle cores, an
aqueous dispersion of 1.0 wt % PAAm,,-b-C;,TAPA,,,
prepared by using decanol to promote the formation of a
lamellar phase, was dialyzed against deionized water for 3 days.
The reference sample containing no n-alcohol presented a cubic
interior (Figure SA), as already discussed above and the
decanol-loaded nanoparticles at R = 0.613, a lamellar liquid-
crystalline structure (Figure SB). After 3 days of dialysis, the
latter sample presented a SAXS pattern (Figure SC) that was
virtually identical to that from the initially n-alcohol-free
reference sample (cubic Pm3n with the same lattice parameter),
confirming the full reversibility of this process.

Thermal Phase Behavior. 1t is well known that lamellar
phases formed by lipid/surfactant liquid crystals present a
characteristic thermotropic phase behavior. They undergo the
gel-to-liquid-crystalline phase transition (L/,—La) upon increas-
ing the temperature. Below the transition temperature, T, the
surfactant alkyl chains are in a solidlike state. Above T, the
surfactant molecules are in the fluid liquid-crystalline state, in
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which the conformational disorder of alkyl chains predom-
inates.”” Differential scanning calorimetry (DSC) was used to
determine the thermal phase behavior in lamellar PAAm,,-b-
C¢TAPA,, nanoparticles. In a similar manner, a lamellar
sample prepared using the homopolymer CS C,,TAPA,,
prepared in the same way as in the earlier work,'’ was also
analyzed. Figure 6 compares the DSC thermograms obtained
for the two samples that possess the same decanol/CS mass
ratio.

By integrating the peaks in the thermograms, one can
determine the enthalpy change (AH) associated with the phase
transition. Table 2 shows the measured AH values of the gel-to-
liquid crystalline transition as well as the transition temperature
(T,) and peak width (AT,;,) obtained from the DSC
measurements. Again, the thermotropic data for the poly-
(acrylamide)-b-CS nanoparticles clearly agree with those found
for the corresponding homopolymer CS, with the same n-
alcohol content.

Colloidal Properties of the Nanoparticles. To complete
the physicochemical characterization of the liquid-crystalline
nanoparticles, particles in freshly prepared dispersions were also
characterized by their hydrodynamic radii (R,) and zeta
potentials ({). Table 3 summarizes the results for nanoparticles
featuring all of the different internal structures. The average
radius was around 120 nm for all nanoparticles. The
polydispersity index (PDI) of the nanoparticles was consis-
tently 0.1.

Comparing the nanoparticles prepared using pure PAAm,,-b-
C,,TAPA,, or PAAm,,-b-C,;TAPA,, in water (no added n-
alcohol), the former displayed zeta potential values that were
slightly more negative (around —35 mV) than the latter
(around —25 mV). For all combinations of block copolymer
and alcohol, the absolute value of the nanoparticle zeta
potential decreased with an increase in n-alcohol content
(Table 3).

B DISCUSSION

Nature of the Colloidal Nanoparticles. A striking
difference between ours and the previously reported poly-
(acrylate-b-acrylamide)/cationic surfactant nanoparticle disper-
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Figure 2. SAXS patterns for PAAm,,-b-C,, TAPA,, nanoparticles with
varying amounts of added decanol (A) R = 0.256; (B) R = 0.613; or
octanol (C) R = 0.256; (D) R = 0.613 displaying hexagonal or lamellar
structures. All samples containing 1.0 wt % of poly(acrylamide)-b-CS,
analyzed at 25 °C.

sions is the occurrence or not of liquid-crystalline structures in
the nanoparticle cores. Nanoparticles conventionally prepared
were reported as possessing disordered cores."”>® The strategy
for preparing nanoparticles containing CS cores reported in the
present work was chosen to allow a more accurate control of
the phase behavior of the species and ensured the formation of
nanoparticles with a liquid-crystalline interior and the
evaluation of the effect of added n-alcohols on the structured
nanoparticle cores.

It is questionable whether the small differences in
composition (the presence or absence of low concentrations
of inorganic ions), resulting from the two methods of
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Figure 3. SAXS patterns for decanol-loaded PAAm,,-b-C,,TAPA,,
nanoparticles displaying (A) coexistence of hexagonal (labeled with
asterisks) and lamellar structures for R = 0.142 and (B) lamellar core
structures for R = 0.321. Samples containing 1.0 wt % of
poly(acrylamide)-b-CS, analyzed at 25 °C.
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Figure 4. SAXS patterns for octanol-loaded PAAm,,-b-C (TAPA,,
displaying (A) lamellar for R = 0.818, (B) reverse hexagonal for R =
4.067, and (C) reverse micellar core structures for R = 8.540. Samples
containing 1.0 wt % of poly(acrylamide)-b-CS, analyzed at 25 °C.

preparation, could by itself be the cause of the difference in
the nanoparticle core structure. The particle size could be more
important: available data on particle size show that the
nanoparticles prepared by dispersing poly(acrylamide)-b-CS
display larger cores. By using our procedure, nanoparticles with
an average radius slightly larger than 100 nm are produced.
The size ratio core/lattice parameter (n) of the nanoparticles
studied in this report was estimated by simply dividing the
average particle diameter by the lattice parameter for each
phase, as detailed in the Supporting Information. This ratio
varied in the range 27 + § for all internal structures (see Table
S1). For conventionally prepared nanoparticles, the cores are
much smaller and may be too small to accommodate a number
of units sufficient to form a crystalline structure with long-range
order. Taking into account the average size of conventionally
prepared nanoparticles (~30 nm)" and the lattice parameter of
a cubic phase (8.4 nm), for example, n is around 3, which is
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Figure 5. SAXS patterns for a 1.0 wt % dispersion of PAAm,,-b-
C,,TAPA,, showing the reversibility of alcohol-induced structural
changes: (A) cubic structure in the n-alcohol-free reference dispersion;
(B) lamellar structure with added decanol at R = 0.613; (C) return to
cubic structure after 3 days of dialysis of the latter sample against
deionized water. All measurements were performed at 25 °C.
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Figure 6. DSC thermograms for (A) 46.7 wt % C,,TAPAs, 19.1 wt %
water, 152 wt % decanol system and (B) an aqueous dispersion
containing 1.0 wt % PAAm,,-b-C,(TAPA,, and 0.8 wt % decanol. R =
0.325 for both samples.

Table 2. Transition Temperatures (T,,), Peak Width
(AT,;,), and Transition Enthalpies (AH), with Standard
Deviation, for the Gel-to-Liquid-Crystalline Phase
Transition for 1.0 wt % PAAm,,-b-C,(,TAPA,, Dispersion
and C,(TAPA,,/Water/Decanol System”

complex salt ToCE) ATy, CC) AH (kJ-mol™")”
PAAm,,-b-C TAPA,, 287 37 36+ 1
C,TAPA,, 289 36 35 +1

“R = 0.325 for both samples. "AH expressed as k] per mole of alkyl
chains (surfactant + n-alcohol).

around 10-fold lower than what is described in this paper and
most likely not enough to constitute a liquid-crystalline domain.
Similar arguments were used, for example, by Guillot et al,” to
explain the absence of a liquid-crystalline order in hexosomes
(dispersions of reverse hexagonal lipid-based phases) below 30
nm (the lattice parameter being a = 5.82 nm).

Colloidal complexes similar to those studied here are known
to display properties that depend on the sample preparation
procedures. Cationic lipid—polyelectrolyte (DOTAP/PAA)
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complexes were reported as systems out of equilibrium.'”
Polyelectrolyte complex dispersions formed by oppositely
charged polymers in aqueous media were also described to
vary in size, structure, and stability depending on the mixing
conditions.” Tarahovsky et al.*® described lipoplexes (DNA—
lipid complexes) with phase preferences depending on the
sample preparation. Nizri et al.” reported the study [by means
of cryo-transmission electron microscopy (TEM) and dynamic
light scattering (DLS)] of liquid-crystalline nanoparticles
formed by the direct mixing of C,TAB (x = 10—16) and
sodium poly(acrylate) solutions, leading to different surfactant/
polymer molar charge ratios (Z). They described a wide range
of particle sizes depending on the Z values, the surfactant alkyl
chain length, and the way the experiments were conducted.
These findings are also valid in complex dispersions composed
of positively charged polymers and negatively charged
surfactants.””*” The commonly encountered history depend-
ence suggests that the nanoparticles studied in the present work
are not equilibrium structures and that their size is process-
dependent, which is consistent with the properties of colloidal
dispersions. Nevertheless, we have established a method to
produce, in a reproducible fashion, nanoparticles with colloidal
properties that remain unchanged for several weeks. It is known
that the shape of the internally structured nanoparticles may
display changes depending on the core structure, giving rise to
anisotropic geometries.”” However, such an investigation has
not been conducted thoroughly yet and discussions about the
shape of the produced nanoparticles are out of the scope of the
present report.

Although the CSs were prepared at a charge molar ratio
(polymer/surfactant) equal to 1, the produced nanoparticles
possess a net negative charge, as indicated by their zeta
potential values. This indicates that there is a dissociation of
surfactant ions from the surface of the CS core of the
nanoparticles, producing an excess of anionic acrylate charges at
the core surface. The nanoparticles containing the dodecyl-
trimethylammonium surfactant ion had a slightly more negative
zeta potential than those with the hexadecyltrimethylammo-
nium surfactant. This can be related to the difference in
hydrophobicity and, hence, in aqueous solubility of the two
surfactant ions, as reflected in their different critical micelle
concentration (cmc) values,”" with the dodecyltrimethylammo-
nium surfactant ion displaying more dissociation in the aqueous
phase. The addition of n-alcohols promoted a decrease in the
zeta potential of the liquid-crystalline nanoparticles. The
incorporation of nonionic cosolutes into amphiphilic aggregates
may induce a charge dilution, yielding nanoparticles with a
lower surface charge. The higher the proportion of n-alcohol
located in the surfactant aggregates, the higher the decrease in
the zeta potential value.

Colloidal nanoparticles have a tendency to agglomerate as a
result of van der Waals attractive forces. Two modes of
preventing the agglomeration and stabilizing the nanoparticle
dispersions kinetically are via electrostatic and steric stabiliza-
tion, and the resultant dispersion stability is a balance between
repulsive and attractive forces between the particles. The
electrostatic stabilization results from the repulsion between the
nanoparticles caused by the dissociated counterions in the
electrostatic double layer. The steric repulsion between
nanoparticles surface-covered with polymer chains may also
contribute to the kinetic stabilization of the nanoparticles.” It
is believed that the poly(acrylamide) neutral chains composing
the shell may contribute to the stabilization of the colloidal

DOI: 10.1021/acsomega.6b00267
ACS Omega 2016, 1, 1104-1113

70



ACS Omega

Table 3. Hydrodynamic Radii (Ry,), Polydispersity Index (PDI), and Zeta Potential () for Poly(acrylamide)-b-CS
Nanoparticles at Varying n-Alcohol/CS Mass Ratios (R) (av + SD, Triplicate of Independent Preparations)

poly(acrylamide)-b-CS R (octanol) R (decanol)
PAAm,,-b-C,,TAPA,, 0 0
0.256
0.262
0.613
0.620
0.256
0.262
0.613
0.620
PAAm,,-b-C,(TAPA,, 0 0
0.818
4.067
8.540
0.142
0.321
0.325
0.335

nanoparticles, together with the surface charge, through both
steric and electrostatic stabilization mechanisms. It has been
observed that the colloidal dispersions are kinetically stable
with no sign of macroscopic phase separation for several weeks.
The observed variations in the zeta potential values could have
consequences for the long-term colloidal stability of the
nanoparticle dispersions; however, the latter topic is beyond
the scope of the present study.

Internal Structure of the Nanoparticles. Previously
reported ternary phase diagramsm'12 have shown that CS/n-
alcohol mixtures, such as pure CSs, display a finite maximum
water uptake when equilibrated against excess water. With
added decanol or octanol, the maximum water uptake of the
CS/n-alcohol mixtures varied in the range 35-55 wt %,
depending on the specific choices of CSs and n-alcohol and
their mixing ratio. An obvious question is then whether the
maximally water-swollen cores of poly(acrylamide)-b-CS nano-
particles obey the same phase diagrams, that is, if the same
structure is obtained, at a given n-alcohol/surfactant ion ratio,
in the nanoparticle core as for the corresponding homopolymer
CS/alcohol mixture. This direct comparison was made and is
presented in Figure 7 below.

Because of a non-negligible fraction of the alcohol residing in
the water phase of the very dilute dispersions of poly-
(acrylamide)-b-CS studied here, previously reported*" partition
coefficients of the n-alcohols between dodecyl- and hexadecyl-
trimethylammonium bromide micelles and water were used to
calculate the true mole fractions of alcohol, X,, of the mixed
surfactant aggregates in the cores, based on overall sample
compositions. The points in Figure 7 indicate the thus
calculated compositions and the determined structures of the
cores of the copolymer nanoparticles. As a background in
Figure 7, reference phase boundaries shown have been
calculated from data for maximally swollen C,TAPA;y/n-
alcohol mixtures, taken from refs 10 and 12. Clearly, there is an
exact correspondence, within the resolution of the two studies,
between the two types of maximally swollen CS/n-alcohol
mixtures. Because the C;,TAPAj)/octanol system was not
included in the previous studies, the reference phase diagram
for these mixtures is lacking in Figure 7D.
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Ry; + SD (nm) PDI ¢ + SD (mV)

110 + 10 0.12 o
115 £ 10 0.14 =305
115 £ 10 0.13 —28 + 4
125 + 10 0.15 =255
125 £ 10 0.13 —22:%:§
120 + 10 0.11 =-32+3
120 £ 10 0.12 =305
115 + 10 0.14 255§
115 £ 10 0.10 23+ 5
11S £ 10 0.11 =255
120 + 10 0.13 —22.+5
120 = 10 0.12 -20+2
130 + 10 0.10 =14 +35
120 £ 10 0.13 =255
120 + 10 0.12 -20+S
118 £ 10 0.15 -20+S
115 £ 10 0.12 -18+5

A

B

c

L +H: Hz + L2
D

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Xa

Figure 7. Phase evolution as a function of n-alcohol content for the
systems: (A) C,,TAPA,,/water/decanol; (B) C,,TAPA,y/water/
decanol; (C) C,TAPA, /water/octanol; (D) C,,TAPA,,/water/
octanol. Legend: C = cubic, H = hexagonal, L = lamellar, H, =
reverse hexagonal, and L, = reverse micelles. These phase diagrams,
based on the data from refs 10 and 12, refer to maximally water-
swollen CS samples with an overall CS/water mass ratio of 0.45. The
inserted points show structures for the corresponding poly-
(acrylamide)-b-CS/n-alcohol systems, using the same color codes as
in the reference phase diagrams, obtained in the present study. The
core compositions shown are based on the true n-alcohol contents
(see text).

As shown above, it was possible to reproduce the structures
found in homopolymer CS/water/n-alcohol ternary mixtures in
the cores of the corresponding poly(acrylamide)-b-CS nano-
particles dispersed in an aqueous medium. In addition, the
lattice parameters were also very similar, based on the data of
refs 10 and 12. The close correspondence found is not self-
evident because one would expect some influence of the
poly(acrylamide) chains of the block copolymer on the
surfactant aggregate arrangement. A comparison of the effective
radii of the nanoparticles, approximately 100 nm, with the 11
nm length of a fully stretched block of 42 acrylamide units
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implies that a fraction of the poly(acrylamide) blocks must
necessarily reside among the surfactant aggregates in the cores.
However, apparently, they affect neither the mesophase
structure nor the aggregate-to-aggregate distance represented
by the lattice parameters, for any of the structures investigated.

Moreover, it was a priori expected that the core—shell
interface and the consequent confinement of these structures
could impose restrictions on the lattice parameters of 2D or 3D
internal structures, but such effects were not seen. Confinement
effects on the arrangement of the liquid-crystalline structures in
the inner part have previously been reported. Golan and
Talmon'” described lamellar structures in the form of onion-
like aggregates formed in complexes between cationic lipids and
oppositely charged polyions. The same arrangement of
bilayered structures was found in colloidal complexes formed
by the electrostatic association between ionic lipids and an
oligonucleotide.”® Cubosomes™ and hexosomes™ with dis-
torted structures were also reported elsewhere.

In some samples, two different internal structures were found
to coexist in the liquid-crystalline nanoparticle dispersions. The
systems must then feature either particles with two phases
coresiding in the same core or a mixture of two kinds of
particles featuring single-phase cores of two very different
structures that also differ substantially in composition. The
average n-alcohol mole fractions in the particle cores are in the
same range as for the corresponding bulk systems belonging to
a three-phase region (hexagonal, lamellar, and excess isotropic
solution). Hence, again, the structural data agree with those for
the homopolymer CSs. From the corresponding homopolymer
CS phase diagrams (see Figure 7), it can be inferred that there
is a large difference in the alcohol content between the two
coexisting phases in the hexagonal/lamellar two-phase area, for
example. Guillot et al.** have also reported oil-loaded liquid-
crystalline nanoparticles, in which the SAXS data indicated
phase coexistence, depending on the oil content. In their
interpretation, the possibility to have a mixture of nanoparticles
having different internal liquid-crystalline structures was
rejected because the oil would be transferred from oil-rich
nanoparticles to the oil-poor ones. On similar grounds, we favor
the interpretation that mixed-phase dispersions of the systems
studied here contain nanoparticles with the two phases
coresiding in the same core. However, the present results do
not allow us to distinguish these two cases.

The n-alcohols, when incorporated in surfactant aggregates,
can give two different effects commonly known as cosurfactant
and cosolvent effects, leading to changes in the structure of the
aggregate.'”'* Decanol acts as a cosurfactant, being incorpo-
rated with the surfactant ions in the mixed aggregates, where
the hydroxyl groups are located at the interface.” This effect
results in an increase in the critical packing parameter, favoring
the formation of structures with low and even inverted
curvatures.'” Reverse structures, such as the reverse hexagonal
and micellar phases, are seen to form only for octanol and at
high octanol mole fractions. From this, one can conclude that
octanol functions as a cosolvent better than decanol forming an
octanol-continuous domain that can dissolve the reverse CS
aggregates, leading to the formation of an isotropic L, phase at
the highest octanol contents. This is in accordance with
previous findings, for homopolymer CSs, that the efficiency as a
cosolvent increases for shorter alcohols.'”'*'* The estimated
solubility of the homopolymer CS C,,TAPA;, is 10 and 40% in
decanol and octanol, respectively.'’

1110

In contrast to the nanoparticles containing normal ordered
phases, there are few reports on liquid-crystalline nanoparticles
with reverse structures; the latter reports concern essentially
lipid—water dispersions.”” " In the present study, two different
reverse phases were found: a disordered micellar and a
hexagonal phase. The reverse hexagonal phase is composed
of cylindrical micelles, in which the polymer/aqueous phase is
located inside of the cylinders with the surfactant chains
facing the outside of the oil phase. Bernardes et al.'” studied
reverse micelles in bulk systems formed by poly(acrylate)—
hexadecyltrimethylammonium CSs, water, and different alco-
hols (octanol, hexanol, and butanol). Their results indicated the
formation of alcohol-soluble aggregates, where each aggregate
had a core of one polyion chain in water, surrounded by
neutralizing surfactant ions. Such an aggregate was described as
a reverse micelle with a spine.

A few findings of nanoparticles with reverse internal
structures have been reported in the literature, such as the
aqueous tetradecane-loaded monolinolein particles, which can
display cubic, hexagonal, discontinuous cubic, and micellar
reverse structures, depending on the oil content.** Nakano et
al.”” and Tran et al* have also reported reverse particles
occurring in monoolein-based aqueous dispersions, when a
fatty acid (oleic or decanoic) is added to the system. More
recently, citrem (citric acid ester of glycerides) nanoparticles
dispersed in an aqueous medium were also shown to comprise
the internal reverse micellar (L,) structure when mixed with
lipids.*” However, our study is the first report on nonlipid
nanoparticles displaying reverse liquid-crystalline structures at
room temperature.

Depending on the n-alcohol fraction incorporated into the
core, the nanoparticles may display a lamellar interior structure.
Bilayers in the gel phase are highly ordered and packed
structures.” In some cases, the cooling of confined bilayers
below the T, does not result in gel phase formation, which is
attributed to the presence of an effective area constraint. It was
also shown that the curvature of the bilayers affects its
properties compared to the planar lamellar state. For vesicles of
both lipids and surfactants, the transition temperature is found
to decrease gradually with decreasing vesicle size for aggregates
smaller than +70 nm in diameter.”** In the limit of high
curvature, for very small vesicles, the formation of gel domains
is strongly suppressed, which is directly related to the increase
in the bending modulus of gel bilayers with respect to bilayers
in the fluid state.”*

In view of these previous findings, the quantitative agreement
between dispersed poly(acrylamide)-b-CSs and nondispersed
homopolymer CSs regarding both T,, and AH for the thermally
induced L;—L, phase transition is quite remarkable. It indicates
that, apparently, there is no significant curvature or confine-
ment effect on the lamellar structures composing the core of n-
alcohol-loaded dispersed nanoparticles. This result thus follows
the general pattern found here and in one previous® study that
the dispersed poly(acrylamide)-b-CS systems reproduce the
phase behavior of bulk homopolymer CSs.

By dialysis, it was possible to achieve the initial liquid-
crystalline structure of the nanoparticles by removing the n-
alcohol incorporated in the core of the nanoparticles. This
highlights the possibility to switch the internal structure of the
poly(acrylamide)-b-CS nanoparticles from water-continuous to
oil-continuous, or vice versa, by simply adding or removing the
alcohol.
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Bl CONCLUSIONS AND OUTLOOK

In this work, we were able to reproduce the liquid-crystalline
phases of the bulk systems in the cores of poly(acrylamide)-b-
CS nanoparticles. The various phases were achieved by the
incorporation of n-alcohols in the ordered cores, acting as
cosurfactants, inducing variation in the packing parameter of
the surfactant aggregates, and for n-octanol, as a cosolvent in
reverse structures. The SAXS data revealed the following liquid-
crystalline phases, depending on the nature and concentration
of n-alcohol: cubic, hexagonal, lamellar, reverse hexagonal, and
reverse micellar phase. Apparently, the confinement of the
phases into nanometric cores does not change their structural
properties. DLS measurements revealed nanoparticles with
~100 nm average radius. These dispersions are kinetically
stable, most likely due to steric and electrostatic repulsion
arising from PAAm surface chains and negative zeta potentials,
respectively. The colloidal and structural properties of the
dispersions are dependent on the mixing pathways, but by using
our procedure to prepare poly(acrylamide)-b-CS nanoparticles,
we were able to obtain liquid-crystalline core nanoparticles with
reproducible colloidal and structural features.

In summary, the investigated poly(acrylamide)-b-CS dis-
persed systems present a rich structural variety in the cores of
the nanoparticles, which can be controlled in a systematic way
by the addition or removal of n-alcohols. This is interesting as a
versatile system for the purposes of delivering active agents and
stimuli-responsive systems, for example. The present study also
contributes to a better understanding of the nature of polyion/
oppositely charged surfactant interactions and the mapping of
ordered liquid-crystalline structures confined in colloidal
domains. Over the years, lipid-based liquid-crystalline nano-
particles have become the subject of many scientific studies
pointing out their applications as drug-delivery systems, surface
coatings, and environmentally responsive colloids and their use
as versatile model particles for soft matter studies, for example.
We present here a chemically different way to produce these
internally structured nanoparticles, with the advantage of
possessing a potential switchable mechanism that allows a
precise control of the internal phase. The knowledge of liquid-
crystalline structures is fundamental in the design of colloidal
materials with desired properties and functions, as evidenced by
the huge research effort on various applications of polymer/
surfactant dispersions. Thus, the information reported in the
present study is encouraging for future work involving cryo-
TEM, aiming at the determination of the aggregates shape and
arrangement of the confined liquid-crystalline structures and to
elucidate the possible phase coexistence in the nanoparticle
core and how the coexisting phases are arranged.

B EXPERIMENTAL SECTION

Chemicals. The acid form of the symmetric block
copolymer P(AA,,-b-AAm,,) was synthesized using controlled
radical polymerization as described in a previous work of our
group.” Dodecyltrimethylammonium bromide and hexadecyl-
trimethylammonium bromide, (C,,TABr and C,,TABr,
respectively) of 99% purity were purchased from Sigma-Aldrich
(USA). The alcohols used were n-octanol (Sigma, USA) and n-
decanol (Fluka, USA); both were of the highest purity available
(99%) and used as received. Deionized water with a resistivity
above 18.2 MQ-cm™ as obtained by a Milli-Q system was used
in all experiments.

mm

Preparation of Poly(acrylamide)-b-CS Block Copoly-
mers. All poly(acrylamide)-b-CS block copolymers were
prepared by titrating the hydroxide form of the surfactants
(C,,TA" and C,,TA") obtained by an ion-exchange step, with
aqueous solutions of the acid P(AA,-b-AAm,,) until the
equivalence point, following the general procedure described
earlier for CSs prepared in our laboratories.”"”'> The
equivalence point at pH 8.6—8.9 was found to be the same
as that determined using the homopolymers.°™” The mixture
was left overnight at 4 °C and its pH was adjusted to the
equivalence point when necessary, with P(AA,-b-AAm,,)
solution. The poly(acrylamide)-b-CS block copolymers were
freeze-dried to obtain their powders, which were kept in a
desiccator. The final products were named PAAm,,-b-
C,TAPA,; and PAAm,,-b-C,(TAPA,, according to the alkyl
chain length of the surfactants used in their preparation.

Sample Preparation. The dispersions were prepared by
vortexing the appropriate amounts of CSs and water for
approximately 1 min to achieve the final poly(acrylamide)-b-CS
concentration of 1.0 wt %. The samples containing n-alcohols
were prepared in the same way, with the addition of desired
amounts of octanol or decanol to the solids before adding water
and vortexing.

Techniques. SAXS. SAXS measurements were taken to
identify the liquid-crystalline structures formed in the nano-
particle cores. The measurements were taken at the SAXSI
beamline of the Brazilian Synchrotron Light Laboratory, LNLS,
in Campinas, Brazil. The samples were positioned in a cell with
two flat mica windows, and a thermal bath connected to the
sample holder was used for temperature control. The X-ray
wavelength was 1.608 A, and the sample-to-detector distance
was around 0.6 m, as calibrated using silver behenate. The
obtained charge-coupled device (CCD) images were integrated
and treated with Fit2D software™® to obtain the scattering
function I(q), where q = (47/2) sin(0/2), with A being the
wavelength and € being the scattering angle. The relative
diffraction peak positions were used to identify the mesophase
structures of the liquid-crystalline nanoparticles. The inter-
planar distance (d) between two reflecting planes is given by d
= 21/q, which enables us to calculate the corresponding mean
lattice parameter (). The scattering pattern of the so-called L,
(micellar reverse) phase shows only one broad correlation peak,
corresponding to the micelle—micelle correlation distance. All
measurements were recorded at 25 °C.

DSC. DSC measurements of the poly(acrylamide)-b-CS
block copolymer dispersions were taken using a Microcal VP
high sensitivity differential scanning calorimeter (Microcal Inc.
Northampton, MA, USA) equipped with 0.542 mL twin total-
fill cells. Scanning was performed at a heating rate of 60 °C h™"
from 10 to 80 °C. For the concentrated homopolymer CS
samples, the DSC measurements were taken using a Q1000
differential scanning calorimeter, TA Instruments. Around 5 mg
of sample was hermetically sealed into an aluminum pan.
Measurements were taken at a heating rate of 90 °C-h™" from
10 to 80 °C. In all cases, the analyses were made with null
prescan, producing fully reproducible results when comparing
consecutive runs. Transition enthalpies were obtained by
integrating the area under the thermograms along the
temperature range. The calorimetric analyses were made in
triplicate.

DLS. The dispersions were evaluated using DLS at 25 °C,
using a Malvern Nano Zetasizer instrument with a 632.8 nm
laser and a detector positioned at 173°. From the apparent
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diffusion coefficients, the hydrodynamic radii (Ry) of the
nanoparticles were determined using the Stokes—Einstein
relationship for translational diffusion. The zeta potential ({)
was estimated based on the electrophoretic mobility measure-
ments using the Smoluchowski model.
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Figure S1. SAXS patterns for PAAmg,-b-C;,TAPA4, nanoparticles with varying amounts of
added decanol A) R = 0.262; B) R = 0.620; or octanol C) R = 0.262; D) R = 0.620 displaying
hexagonal or lamellar structures. All samples contained 1.0 wt % of poly(acrylamide)-b-CS,

analyzed at 25°C.
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Figure S2. SAXS profiles for PAAm4,-b-C¢TAPA4; nanoparticles with interior displaying
lamellar structures by the addition of different amounts of decanol A) R = 0.325; B) R = 0.335;

Samples containing 1.0 wt. % of poly(acrylamide)-b-CS. Analyses performed at 25°C.
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Table S1. Size ratio core/lattice parameter (n) for the different poly(acrylamide)-b-CS

nanoparticles employed in this work.

Poly(acrylamide)-b-CS | R (octanol) | R (decanol) n
PAAm4,-b-C,TAPA4, 0 0 13
0.256 - 26

0.262 - 25

0.613 - 27

0.620 - 27

- 0.256 27

- 0.262 27

- 0.613 25

- 0.620 25

PAAmM4,-b-CsTAPA4, 0 0 24
0.818 - 28

4.067 - 32

8.540 - 32

- 0.142 28

- 0.321 28

- 0.325 27

- 0.335 27

“n” represents size ratio core/lattice parameter and is calculates based on the equation n = (Dy /

a), where Dy is the hydrodynamic diameter (Dy = 2Ry) and a is the lattice parameter for each
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structure. The length of the PAAm chains is neglected as we assume that it is much smaller than

the core size.
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ABSTRACT

Complex coacervate core micelles (C3Ms) formed by a stabilizing corona consisting of
poly(acrylamide) water-soluble blocks surrounding a core consisting of poly(acrylate)-
dodecyltrimethylammonium hydrated complex have been prepared by different approaches: the
conventional mixing (CP approach) of solutions containing the block copolymer and surfactant,
with their respective simple counterions, and dispersion of a freeze-dried complex prepared in
the absence of simple counterions (CS approach). The complexes were then investigated under
different conditions: dispersion of a salt-free CS in salt-free water, and dispersion of a salt-free
CS in a dilute salt solution, the latter condition yielding dispersions with the same composition
as the conventional mixing (CP) process. Additionally, a dispersion of a salt-containing freeze-
dried CP in pure water has also been studied. The obtained particles have been characterized
by light and X-ray scattering techniques, zeta potential and cryogenic transmission electron
microscopy. Particles prepared by the CP approach display spherical shape, disordered cores,
low surface charge that resulted in poor colloidal stability and are smaller than those prepared
by the CS method, that display a micellar cubic core and colloidal stability that can be tuned by
the length of the neutral block composing the corona. In addition, particles prepared by the CS
approach are oblate rather than spherical. Our results demonstrate that these C3Ms are
metastable structures, with physicochemical properties strongly dependent on the preparation
procedure.



84

1. INTRODUCTION

Complex coacervate core micelles (C3Ms) are particles formed by water-soluble
neutral-charged block copolymers and oppositely charged macroions in solution. The
oppositely charged species can be ionic surfactants, charged homopolymers or other neutral-
cahrged block copolymers. C3Ms usually display a stabilizing corona consisting of neutral
water-soluble blocks of the copolymer surrounding a core consisting of complexed oppositely
charged units. Their cores, which are water-insoluble but hydrated, can display a liquid- or
solid-like arrangement.® Several reports have shown that the physicochemical properties of
C3Ms are process-dependent, indicating that they are not equilibrium structures but metastable
aggregates.?®

Among the several examples of C3Ms presented in the literature, water-dispersible
core-shell nanoparticles made from charged—neutral block copolymers (BCP) and oppositely
charged surfactants have also been reported, where the most studied systems were comprised
of alkyltrimethylammonium cationic surfactants and the block copolymer poly(acrylamide-b-
acrylic acid), here abbreviated as PAAm-b-PAA.°* These nanoparticles were described as
possessing a core that contains several densely packed-surfactant micelles surrounded by the
anionic block of the copolymer, due to the electrostatic association between the oppositely
charged species. The outer part consists in a corona composed by the neutral PAAm chains.®12

It has been described, basically, two methodologies to prepare the core-shell
particles. The conventional procedure is based on the mixing of individual aqueous solutions
containing the neutral-charged block copolymer and the charged surfactant, with their
respective counterions, in a charge ratio of 1.%12 Such approach will be refereed here as CP,
referring to conventional procedure. Extensive studies have shown that the particles, with
average size of 50 nm, prepared by the CP approach display cores arranged in a disordered
state, showing no long-range order. In addition, these nanoparticles were shown to display a
spherical shape and, because of the low surface charge, a poor colloidal stability. °*2

Our group has recently expanded the studies on PAAm-b-PAA-cationic surfactant
particles by employing a new methodology based on the complex salt (CS) approach.'®* In this
case, the acrylate units of the BCP are neutralized by alkyltrimethylammonium cationic
surfactant ions, giving rise to block copolymer complex salts, here abbreviated as BCPCS, free
of counterions. Interestingly, the dispersions produced from BCPCS gave particle cores
displaying a Pm3n micellar cubic or hexagonal liquid crystalline structure, depending on the

surfactant ion alkyl chain length.**
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In addition, particles prepared by the CS approach displayed larger average sizes,
in the 200-300 nm range, besides a negative surface which implicated in an enhanced colloidal
stability, producing particles that remained essentially unchanged for several weeks.'* Similar
results were found for BCPCS dispersed particles, featuring other neutral blocks, poly(ethylene
oxide), PEO, and poly(N-isopropylacrylamide), PNIPAm.°

It is questionable whether the small differences in composition, that is the presence
(CP approach) or absence (CS approach) of low concentrations of inorganic ions, resulting from
the two methods of preparation, could be the cause of the remarkable differences in the
properties of the particles. It is known that important properties of the nanoparticles, such as
their shape, may display changes depending on the preparation procedure and the fact that the
particles prepared by the two methods display striking differences in the surface charge may
implicate in differences in the colloidal stability of the dispersions as the time evolve.
Additionally, the length of the neutral blocks, i.e. the corona thickness, may also influence on
the particle’s stability. However, such an investigation has not been conducted thoroughly yet
and discussions about the size, shape and long-range order in core-shell particles prepared by
the SM and CS approaches of the produced nanoparticles are lacking in the reports to date.

Then, in this context we are interested in investigating the colloidal and structural
characteristics of particles composed of PAAm-b-PAA BCP and dodecyltrimethylammonium
cationic surfactant prepared by two different methodologies. The impact of copolymer block
proportions, absence and presence of simple counterions and mixing conditions are also
investigated. Static and Dynamic Light Scattering (SLS and DLS) coupled with SAXS (Small
Angle X-ray Scattering) have been employed to characterize the variety of particles obtained
in terms of size, shape and colloidal stability. In addition, samples were also investigated by
means zeta potential, besides cryogenic transmission electron microscopy (Cryo-TEM) for

selected samples.

2. EXPERIMENTAL
Chemicals. The block copolymer PAAmMi33-b-PAA49 in which the subscript
characters refer to the weight average number of repeating units of each block, was synthesized
and characterized as described earlier'®. PAAM422-h-PAAsy Was a gift from Rhodia (Cranbury,
USA). The properties of the block copolymers are presented in Table 1.
Dodecylltrimethylammonium bromide, (C12TABr) and Sodium Bromide (NaBr), of 99%

purity, were purchased from Sigma-Aldrich (USA) and used as received. Deionized water with
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a resistivity above 18.2 MQ.cm™, as obtained by a Milli-Q® system, was used in all

experiments.

Table 1 — Weight average molar mass of the blocks and dispersity (D) of the PAAmM-b-PAA
block copolymers employed in this work.

Block copolymer = PAAm/g.mol!  PAA/g.mol? D!
PAAM133-b-PAAsg 9415 3500 2.1°
PAAM432-b-PAA7 30680 5000 1.63

1-D=M,,/M,, as determined by gel permeation chromatography
2 — According to ref. 16
3 — According to ref. 10

Preparation of salt-free particles by the CS approach. The two BCPCS were
prepared following the general procedure described earlier.***° Briefly, the hydroxide form of
the C1oTABr surfactant, obtained by an ion-exchange step, was titrated with aqueous solutions
of the BCP in the acid form until the equivalence point (pH 8.6-8.9). The resulting mixtures
were left overnight at 4°C and their pH were adjusted to the equivalence point when necessary,
with the corresponding BCP solution. The BCPCS in the solid form were isolated from the
solution by freeze-drying the mixture and were kept in a desiccator. The particle dispersions
were prepared by vortexing (Vortex-Genie 2 mixer - Scientific Industries, operating at 3200
rpm) for ca. 1 minute, the appropriate amounts of BCPCS in water to achieve the final solid
concentration of 1.0 wt %. The particles obtained by employing this methodology will be
refereed as CS_C12S and CS_CaoL, where the term CS denotes for the approach used to prepare
them (CS, in this case), Ci» for the surfactant alkyl chain length and S and L referrer to the
length of the PAAm block in the BCP employed in the synthesis, S for the BCP with a short
PAAmM block (PAAmM133-b-PAA49) and L for the BCP with a long PAAm block (PAAM43.-b-
PAA7).

Preparation of salt-containing particles by the CS approach. The same
procedure was employed to prepare the salt-containing dispersions, where the BCP were
dispersed in 1 mM NaBr aqueous solution. The samples were named as CS_C1>S#NaBr and
CS_Ci2L#NaBr.

Preparation of particles by the CP approach. Individual dilute aqueous solutions
containing the sodium salt of the BCP and C1,TABr were mixed in a vortex vibrator for ca. 1

minute. The concentrations of the initial solutions were adjusted in a such a manner to achieve
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a final molar charge ratio of 1 in the mixture. Following the same trend, the samples obtained
in this step were named as CP_C1,S and CP_CyoL.

Techniques. Dynamic and Static Light Scattering (DLS and SLS). Light scattering
measurements were performed on a CGS-3-based compact goniometer system (ALV-GmbH,
Langen, Germany), equipped with a detection system in a pseudo—cross-geometry, with a 22
mW He—Ne laser (A= 632.8 nm) and an ALV 7004 multi-tau correlator. cis-Decalin was used
as the refractive index-matching liquid. DLS was performed at the detection angle (6) of 90°
for 0.001-0.01 wt% dilute samples. SLS measurements were performed at 20°<0<140° in
intervals of 5° for samples at the same concentration range. The refractive index increment for
the particle dispersions was taken from Vitorazi et al.'® The effective hydrodynamic radii <
Ry >, from DLS (cumulant analysis and Stokes-Einstein approximation) and the effective
radius of gyration <R, >, from SLS (Guinier analysis) were calculated according to
conventional methods.1"*® A Malvern Nano Zetasizer instrument with a 632.8 nm laser and
detector positioned at 173° was employed to measure the apparent Ry, of the dispersed particles
in the colloidal stability studies. The zeta potential ({) was estimated based on the
electrophoretic mobility measurements using the Smoluchowski model.

Small angle X-ray scattering (SAXS). SAXS measurements were performed at the SAXS1
beamline of the Brazilian Synchrotron Light Laboratory, LNLS, in Campinas, Brazil. The
samples were positioned in a cell with two flat mica windows and a thermal bath connected to
the sample holder was used for temperature control. The X-ray wavelength was 1.608 A and
the sample-to-detector distance was calibrated employing silver behenate. The obtained CCD

images were integrated and treated with the software Fit2D*° to obtain the scattering function
1(q), where q = (4”//1)51'71 (e/2), with A being the wavelength and e the scattering angle.

Some measurements were also performed using a Ganesha 300XL SAXSLab instrument,
housed at Physical Chemistry — Lund University, equipped with a sealed micro-focus X-ray
tube with A = 1.54 A and a pin-hole collimated beam with an asymmetrically positioned 2D
300K Pilatus detector. In this case, samples were analyzed in 1.3 mm diameter quartz glass
capillaries (Hilgenberg). SASView software?® was used to fit experimental data of dilute 0.01
wt% samples to the “Core-Shell Ellipsoid” and “Core-Shell Sphere” models, which are
described in details in references 21 and 22. The relative diffraction peak positions observed in

the 1.0 wt% samples were used to identify the structures formed. The interplanar spacing (d)
between two reflecting planes is given by d = 2”/q, which enables us to calculate the

corresponding mean lattice parameter (a).?® All measurements were performed at 25°C.
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Cryogenic Transmission Electron Microscopy (Cryo-TEM). Specimens were prepared in a
controlled environment vitrification system (CEVS) at 25°C at 100% relative humidity, to
prevent evaporation from the specimen, as described elsewhere.?* 5 pl of 1 wt% CS_C1,S and
CS_CyoL freshly prepared and 6 months-aged dispersions were placed on a carbon film
supported by a cupper grid and blotted from the front and from the back with filter paper to
reduce film thickness, after different relaxation times: 0 and 10 s. The grid was quenched in
liquid ethane at — 196 °C, stored under liquid nitrogen (-196 °C) and transferred to a Cryo-
TEM (Philips CM120 BioTWIN Cryo) equipped with a post-column energy filter (Gatan GIF
100), using an Oxford CT3500 cryo-holder and its workstation. The acceleration voltage was
120 kV and the working temperature was below — 180 °C. The images were digitally recorded

with a CCD camera (Gatan MSC 791) under low-dose conditions.

3. RESULTS
3.1 Light and X-ray scattering study of dilute particle dispersions

DLS experiments were performed at 6=90° for 0.001-0.01 wt% dilute samples. By
extrapolating the diffusion coefficients values (D) to concentration ¢ = 0 (Fig. 1A), the effective
D values, i.e. the D values at infinite dilution, were obtained for the investigated particles and
converted to effective hydrodynamic radius, < Ry >, presented in Table 2. SLS measurements
were performed at 20°<0<140° in intervals of 5° for samples in the same concentration range,
that is 0.001-0.01 wt%. By employing the Guinier analysis of the SLS data (Fig. 1B, for samples
at 0.01 wt%), the effective radius of gyration < R, >, were also obtained by extrapolating the

Ry values to ¢ = 0 (Fig. 1C) and are displayed in Table 2.
For the particles prepared by the CP approach (CP_Ci2S and CP_CioL), the <

R4 >¢/< Ry >, shape factor values between 0.756 and 0.763 are in good agreement with the
value for a sphere (0.775).25 However, for all investigated particles prepared employing the CS
approach, the shape factor values were far from what is expected for a homogeneous sphere
(Table 2), indicating the shape of elongated objects.?® This was confirmed by SAXS analysis

coupled with SLS data, to cover a large g-range.
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Fig. 1. (A) Diffusion coefficients (D) as a function of sample concentration (c) calculated based on DLS data at
0=90°. Dashed lines are linear fits employed to extrapolate data to ¢ = 0. (B) Guinier plots based on SLS data for
samples at 0.01 wt% concentration. Dashed lines are linear fits. (C) Radius of gyration (R,) as a function of sample
concentration measured by SLS. Dashed lines are linear fits employed to extrapolate data to c =0. o CS_C1.S, o

CS_CuL, A CS_C1,S#NaBr, V CS_Ci,L#NaBr, © CP_Cy,S, * CP_Cy,l.
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Table 2. Effective hydrodynamic radius < Ry >, effective radius of gyration < R, >, and

< R4 >¢/< Ry >( shape factor for all the investigated samples.

Sample <Ry >o/nmt < Ry;>o/nm? <Ry >e/<Ry>g
CS_Cu12S 97.4 94.8 0.973
CS_CulL 87.5 85.7 0.979
CS_Ci12S#NaBr 91.9 90.3 0.982
CS_Cau2L#NaBr 82.2 80.9 0.984
CP_C1S 22.6 17.1 0.756
CP_CioL 20.7 15.8 0.763

1. Obtained from DLS data at 6=90° based on data displayed in Fig. 1A.
2. Obtained from SLS data and Guinier analysis (Fig. 1B and 1C).

Fig. 2 shows SLS + SAXS plots for all investigated samples. The experimental data
for the particles prepared by the CS approach were best fitted with a core-shell oblate ellipsoid
model, which dimensions are displayed in Table 3, confirming the existence of flattened
objects, as suggested by light scattering results presented above. Also, in agreements with the
previously displayed results, CP_C1»S and CP_Ci.L scattering data were fitted with a core-shell
sphere, with dimensions also presented in Table 3. Hence, the light and X-ray scattering results
for dilute particle dispersions indicated great similarities between salt-free and salt-containing
particles prepared employing the CS methodology (Fig, 2A) and notable differences when
compared with the samples prepared by the simple mixing of the individual solutions of the

components with their respective counterions, that is CP_C12S and CP_Cy.L (Fig. 2B).
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Fig. 2. SLS and SAXS data for 0.01 wt% samples. (A) o CS CS, o CS_Cypl, A CS_C12S#NaBr, V
CS_CioL#NaBr. Black lines represent the best fit for core-shell oblate ellipsoid according to the model described
in ref. 21. The inset shows a representation of the core-shell ellipsoid in which a, b, ¢ and d represent the equatorial
radius of the core, the polar radius of the core, the thickness of the shell at equator and the thickness of the shell at
polar, respectively. (B) 0 CP_C1,S, * CP_C1,L. Black lines represent the best fit for core-shell sphere according
to the model described in ref. 22. The inset shows a representation of the core-shell sphere in which a and b

represent the radius core and the thickness of the shell, respectively.
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Table 3. Dimensions obtained for the different investigated particles derived from the best fits
obtained for the experimental light and X-ray scattering data according to the core-shell

ellipsoid and sphere models.

Sample Fitted model Dimensions / nm?*?2
CS_Cu12S a=84.0,b=220,c=d=35
CS_CuoLL Core-shell ellipsoid a=85.0,b=26.0,c=9.0,d=12.0
CS_Ci12S#NaBr a=90.0,b=16.0,c=d=3.0
CS_Cu2L#NaBr a=88.0,b=20.0,c=9.0,d=13.0
CP_C12S Core-shell sphere a=20.0,b=30
CP_C12L a=18.0,b=12.0

1. In the core-shell ellipsoid model, a, b, ¢ and d represent the equatorial radius of the core, the polar radius of the
core, the thickness of the shell at equator and the thickness of the shell at polar, respectively. In the core-shell
sphere model, a and b represent the radius core and the thickness of the shell, respectively.

2. All the obtained parameters were obtained assuming a polydispersity index of 0.12 and 0.13 for the radius of

the core in in the ellipsoid and sphere models, respectively.

3.2 SAXS on particle dispersions at 1.0 w%

Particles prepared by the CS and CP approach at 1.0 wt% concentration were
characterized by SAXS at wide g-range to check the presence of long-range order in their cores.
Fig. 3A shows SAXS patterns obtained for CS_C1.S and CS_Ci.L dispersions. The scattering
peaks displaying a spacing ratio of 412:5'2:612 indicated a Pm3n micellar cubic structure in the
particle cores.?® The lattice parameters (a) for the cubic phases were 8.40 nm, in agreement
with previous results on similar systems.*1>2" For the salt-containing particles
(CS_C12S#NaBr and CS_Ci12L#NaBr) the core structures were also micellar cubic (Fig. 3B).
However, in the presence of NaBr, the lattice parameters of the liquid-crystalline structures

have increased to a = 9.0 nm.
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Fig. 3. SAXS patterns obtained for samples at 1.0 wt%. (A) CS_Ci,S and CS_CyyL. (B) CS_C1S#NaBr and
CS_Cy,L#NaBr. (C) CP_C1;S and CP_CyaL.

The particles prepared by the CP approach, that is CP_C1.S and CP_Cy2L, displayed
only one scattering peak in the SAXS patterns (Fig.3C), indicating the formation of cores in
which the surfactant micelles are arranged in a disordered state, i.e. they are amorphous. These
results are consistent with what has been previously reported for core-shell particles formed by
the surfactant and block copolymer with their respective counterions.®? The observed
correlation peak at g ~ 1.5 nm™ corresponds to the 4 nm inter-micellar average distance, as
described elsewhere. 12

The average crystalline core size (&) for particles displaying a liquid crystalline
cubic core was estimated based on Scherrer equation?, considering the full width at half
maximum of the highest intensity diffraction peak in the SAXS patterns (Fig.3A and B). The

results are summarized in Table 4. CS_Cy»L particles displayed larger crystalline core size if
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compared with the parent CS_C1,S. All particles dispersed in NaBr aqueous solutions present

core sizes smaller than those prepared in pure water.

Table 4 — Average crystalline core size (§) for particles displaying a liquid crystalline core
dispersed in water and in NaBr aqueous solution.

Sample Core structure &/ nm
CS_Cu1S micellar cubic 140
CS_CuoL micellar cubic 78

CS_Ci12S#NaBr micellar cubic 51
CS_Ci2L#NaBr micellar cubic 45

3.3 Colloidal stability study
Freshly prepared 0.01 wt% dilute dispersions were characterized regarding their
apparent hydrodynamic radii (Ry) and zeta potentials ({). Table 5 summarizes the results for
all the different investigated particles. The average Ry values for the salt-free particles prepared
by the CS approach, CS_C1.S and CS_Ci2L, was around 110-120 nm. The polydispersity index
(PDI) was consistently ca. 0.1. All particles displayed a negative surface charge, as evidenced

by their zeta potentials values.

Table 5. Apparent hydrodynamic radius (Rj), polydispersity index (PDI) and zeta potential ()
for all investigated samples (avg. * SD, triplicate of independent preparations).

Sample Ry /nm? PDI £/ mv
CS_C12S 110410 0.12 -35+5
CS_CupoL 120+10 0.13 -35+5
CS_C12S#NaBr 440+20; 110+20 0.40 0
CS_Cu12L#NaBr 250430 0.31 0
CP_C12S 45410 0.20 0
CP_CupoL 42410 0.20 0

1. Measured in a Malvern instrument at 0=90°

According to Table 5, particles prepared employing the CS methodology but
dispersed in 1 mM aqueous NaBr solution displayed average Ry values larger, as well as the

PDI. Surprisingly, the zeta potentials values decreased to ca. 0 in the presence of small amounts
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of salt. Particles prepared by the CP approach, displayed a distribution of size around 40 nm
and zeta potential values close to charge neutrality.

The colloidal stability of the different particle dispersions as a function of time of
sample preparation was also studied by means of their hydrodynamic radii (Ry) from time zero
(the time of sample preparation) up to 6 months. This study was conducted only in CS_C1,S
and CS_Ci.L samples, in which an enhanced stability was visually observed (Fig.4A and B).
CS_C1S#NaBr and CS_CyoL#NaBr particles displayed very poor colloidal stability (Fig.4C
and D), presenting a macroscopic phase separation within few hours of sample preparation.
CP_C12S and CP_CyoL also presented the same behavior and phase-separated after few days
(Fig.4E and F).

BIITEII O] D) ]

Fig. 4. Photographs of freshly prepared (left side) and 7 days-aged (right side) particle dispersions prepared by
different methodologies. (A) CS_C12S. (B) CS_CizL. (C) CS_C12S#NaBr. (D) CS_CioL#NaBr. (E) CP_C1.S. (F)
CP_CyalL.

CS_C12S and CS_CyoL dispersions are stable for several months, without any signs
of macroscopic phase separation. The CS_C1,S particles displayed two distinct phases after
around 6 months. At the same time, CS_C1,L dispersions visual aspect remained unchanged,
displaying a homogeneous opaque appearance, as in the freshly-prepared samples. Quantitative
analysis of the data displayed in Fig. 5A corroborates the information obtained by visual
inspection. It is possible to observe that the average size of the CS_C12S particles presented a
continuous increase over the investigated period, reaching an average radius of around 300 nm,
where the macroscopic phase separation takes place.

The aggregation and consequent phase separation observed for CS_C1,S particles
after around 6 months were reversible. The redispersion by vortex mixing the solid phase at the
bottom of the sample gave nanoparticles with a similar average size than the non-aged
dispersions (Fig.5, red symbol). In an opposite manner, CS_Ci,L remained stable, with no

changes in their average size (Fig. 5A).
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Fig. 5 (A) Evolution of the apparent hydrodynamic radius (Ru) as a function of time of sample preparation for
CS_Ci2Sand CS_CyoL particles. CS_C12S (r) denotes a 6 months-aged sample after redispersion by vortex mixing.
Dashed lines are guide to the eyes. Results are displayed as avg + SD (three independent preparations) (B)
Evolution of SAXS patterns as a function of time of sample preparation for CS_C;,S: freshly prepared (black line),
6 months-aged (gray line) and 6 months-aged sample after redispersion by vortex mixing (red line). (C) Evolution
of SAXS patterns as a function of time of sample preparation for CS_Ci,L: freshly prepared (black line) and 6

months-aged (gray lines) sample.

SAXS patterns (Fig.5B) were recorded for freshly prepared and 6 months-aged

CS_C12S samples, in intact dispersions, to better understand the aging effects observed in the
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above-mentioned results. The core structures, i.e. micellar cubic arrangement, remained
unchanged over the investigated period. However, it is possible to note that the Bragg peaks
became broader as the time of sample preparation increased. The SAXS patterns were recovered
after redispersion by vortex mixing of the 6 months-aged sample (Fig.5B). In addition, SAXS
results confirmed that CS_C1,L samples remained essentially unchanged over the investigated
time (Fig.5C).

To better understand the striking differences in the colloidal stability of particles
prepared by the CS and CP approach, the dispersions prepared by the CP approach were freeze-
dried after sample preparation. The resulting particles in the powder form were mixed with
water using a vortex vibrator for ca 1 minute. Large aggregates in solution were formed, instead
of dispersed nanometric particles, as illustrated in Fig. 6. The freeze-drying and redispersion of
particles by the CS approach have not altered their aspect when compared with the freshly

prepared dispersions (Fig. 6).

Fig. 6. Photographs of the particle dispersions. (A) CP_C1,S freshly prepared. (B) CP_C.S after freeze-drying
and redispersion. (C) CS_C1,S freshly prepared. (D) CS_C,S after freeze-drying and redispersion.

3.4. Cryo-TEM study of selected samples

Cryo-TEM was employed, as a complementary technique, to investigate important
features of the particle dispersions, such as their shape and colloidal stability. For this purpose,
CS_C12S and CS_CyoL freshly prepared and 6 months-aged samples at 1.0 wt% concentration
were studied. Fig. 7A and B show an overall view of CS_C1,S freshly prepared dispersion,
where is seen several semi-spherical and elongated particles (Fig. 7A). Magnification (Fig. 7B)
clearly shows particles with long range order, with an average size in the range of 200-300 nm,
which corroborates the light and X-ray scattering results. Similar results were found for
CS_CuoL samples (Fig. 7C and D).
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Freshly prepared CS_C12S specimens have been tilted during data collection at
different angles. At 0° tilting angle, the image displays a spherical-shaped particle (Fig. 7E).
However, by tilting the specimen to 60° angle, the image shows that the particle has shrink
along one dimension, assuming a flattened shape (Fig. 7F). Similar results were found for a set
of visualized CS_C1,S particles, as well as for CS_Ci,L. Aged CS_C1,S sample displayed a
pattern of light domains separated by dark boundaries of uniform thickness covering the surface
(Fig. 7G), instead of the well dispersed particles seen in the non-aged samples. CS_Ci,L aged
sample remained essentially unchanged (Fig. 7H).
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Fig.7 Cryo-TEM images obtained for 1 wt% samples. (A) and (B) CS_Ci2S (freshly prepared). (C) and (D)
CS_CyoL (freshly prepared). (E) CS_C1,S (freshly prepared) at 0° tilting angle. (F). CS_C12S (freshly prepared) at
60° tilting angle. (G). CS_C1,S (6 months-aged). (H) CS_Ci,L (6 months-aged).

4. DISCUSSION

Core-shell structures are formed as discrete particles at small concentration of all
investigated dispersions in water. The aggregate inner structures are formed by several
surfactant micelles organized in a micellar cubic or amorphous arrangement depending on the
preparation procedure. It is questionable if the small differences in the composition of the
samples could be the cause of the remarkable differences in the arrangement in the particle
cores. In a previous report, it was assumed that the particle size could be more important on the
formation of long-range order in the cores. Because the particles obtained by the CP approach
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display smaller average size, their cores would not be large enough to constitute a liquid-
crystalline domain.

It has been also noticed that the PAAm block length also plays an important role on
the long-range order of the internally-structured particles. SAXS data (Fig. 3A) for micellar
cubic CS_C1S and CS_CioL particles, displaying a very similar average size as measured by
DLS, show smaller domain size for CS_Ci,L particles (Table 5). Similar behavior has been
observed for salt containing CS samples (Fig. 3B and Table 5).

Hence, variations in the long-range ordered domain sizes may be related to the long
PAAmM block in CS_Cy,L particles, in which the corona takes up a larger fraction of the particle
with decreased core sizes. In fact, it has been demonstrated that, for block copolymers with very
long PAAm blocks, the core size is so small that does not display long-range order.*® Similar
arguments were also used to explain the formation and stability of C3Ms. It has been shown
that a corona block that is three times longer than the core block is a prerequisite for stable
micelles and with very asymmetric block length ratios, no micelles are formed.?® In addition, if
the neutral block is too short, the C3Ms form a macroscopic precipitate.?®

By comparing particles prepared by the same approach, the commonly encountered
preparation dependence suggests that these particles are not equilibrium structures and that their
size is process-dependent, which is consistent with the properties of colloidal, i.e. kinetically
stable, dispersions. By using the CS approach, it is possible to achieve particles with the same
average size, even though they display different block copolymer lengths®®, neutral blocks (such
as PEO and PNIPAM)*® and core structures.!* Particles prepared by the CP approach also
display reproducible size, regardless of the block copolymer length.

Apart from the average size, another striking difference by comparing CS- and CP-
based particle dispersions is that the first display a negative surface charge, as evidenced by
their zeta potential values, while the later ones possess surface charge close to zero (Table 5).
The presence of negative surface charge in the particles is related to the surfactant dissociation
from the complex core into the aqueous phase and has been discussed before in one of our
previous report.** Similar behavior is expected in CP-based particles.

However, the presence of surfactant and block copolymer counterions (bromide and
sodium, respectively), even at small concentrations, seems to shield the surface charge of these
particles, leading to aggregates with zeta potentials close to charge neutrality. This is confirmed
by comparing the results for CS_C1,S#NaBr and CS_Ci.L#NaBr dispersions (Table 5). At 1
mM of salt, the surface charge of these particles is completely vanished, indicating the great

role of the counterions on the zeta potential of the currently studied particles.
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The observed variations in the zeta potential values could imply in the long-term
colloidal stability of the particle dispersions depending on the preparation procedure, because
the Kinetic stability comes from both electrostatic and steric repulsive forces. In fact, particles
prepared by the CS approach presented enhanced colloidal stability, with no signs of
macroscopic phase separation for months, as illustrated in Fig. 4. Oppositely, salt-containing
particles, either those prepared by the CP approach or CS_C1,S#NaBr and CS_Ci.L#NaBr,
displayed very poor colloidal stability. Such results indicate the importance of the surface
charge on the stabilization of the particles.

However, by comparing the stability of CS_C12S and CS_C1.L particle dispersions,
which possess the same average zeta potentials, one could note that the corona thickness, i.e.
the PAAm block length, also plays an important role in the particle stabilization (Fig. 5A), the
thicker the corona, the higher the stability of the particle dispersions. Hence, one could conclude
that the neutral block composing the corona contribute to the stabilization of the colloids,
together with the surface charge, through electrostatic and steric stabilization mechanisms, with
the latter being more important if a highly kinetically stable dispersion is desired for salt-free
CS particles.

The Cryo-TEM images obtained for selected samples confirmed the formation of
long-range ordered cores for CS_C12S and CS_Ci.L, as evidenced by the presence of several
crystalline planes (Fig. 7A-D). The images obtained by tilting the specimens also indicated
anisometric particles, which are thinner in one of the dimensions (Fig. 7 E and F), corroborating
the results obtained by light and X-rays scattering, that indicated oblate-like particles in both
cases.

This is consistent with previous reports on similar polyelectrolyte-surfactant
dispersed particles, that also indicated internally-structured anisometric particles, instead of
simple spherical arrangement.?® A special case where long-rang ordered particles with spherical
shape was seen is those holding a lamellar inner structure.®® Berret et al.'° have reported Cryo-
TEM images of CP-based particles that corroborate the absence of internal structure and round-
shape aggregates, as inferred in the present work.

Cryo-TEM images seem also to agree with the results obtained in the colloidal
stability study. While aged CS_C1,S presented a striking difference if compared to the freshly
prepared dispersions (Fig. 7G), aged CS_CioL features remained essentially unchanged (Fig
7H). However, we have observed that the preparation procedure for the Cryo-TEM analysis
originated a variety of structures with distinct features and these results have to be further

investigated.
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5. CONCLUSIONS

C3Ms based on PAAmM-b-PAA block copolymer, with different block proportions,
and cationic dodecyltrimethylammonium bromide surfactant have been prepared by two
different approaches and studied. It has been shown that the particles prepared by mixing
individual aqueous solutions containing the components (CP approach), with their respective
counterions, are round-shaped and display a liquid-like core, while those prepared in the
absence of simple counterions (CS approach) presented cores large enough to sustain a liquid-
crystalline core, which structure is determined by the surfactant. In addition, these particles
displayed flat-like shape, with one dimension significantly smaller than the other.

Small amounts of simple counterions, plays an important role on the surface charge
and, consequently, on the colloidal stability of the particle dispersions. More importantly, the
corona thickness also contributes to the stabilization of the aggregates. Both effects prevent
irreversible particle aggregation. In the absence of surface charge and long neutral blocks
composing the shell, the particles will reversible aggregate and a macroscopic phase separation
takes place.

C3Ms have been widely studied in the last decade and their equilibrium nature have
been highly discussed. Here we show that C3Ms prepared by the CS approach are metastable
structures and display features that are process-dependent, agreeing with our recent report*® that
indicated that hierarchical structures formed in both block copolymer and surfactant length

scales are the equilibrium structures for these entities.

ASSOCIATED CONTENT
Supporting information
SAXS, DLS and Cryo-TEM results for CS_Ci.L particles prepared employing poly(ethylene

oxide-b-acrylic acid) (PEOs11-b-PAA77) as the neutral-ionic block copolymer.
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Fig. S1. SAXS patterns obtained for CS_C12L dispersion at 1.0 wt%, prepared employing PEOs11-b-PAA77 as the

neutral-ionic block copolymer.

Table S1. Apparent hydrodynamic radius (Ry), polydispersity index (PDI) and zeta potential
(©) for freshly prepared CS_C12L dispersion, prepared employing PEOs11-b-PAA7; as the
neutral-ionic block copolymer (avg. + SD, triplicate of independent preparations).

Sample Ry /nm? PDI ¢/ mv

CS_CuwS 120+10 0.14 -33+5

1. Measured in a Malvern instrument at 6=90°
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Fig. S2 Evolution of the apparent hydrodynamic radius (Ru) as a function of time of sample preparation for

CS_C12L dispersion at 1.0 wt%, prepared employing PEOs11-b-PAAz7 as the neutral-ionic block copolymer.

Fig. S3. Cryo-TEM image of 1 wt% freshly prepared CS_Ci,L particle dispersion prepared employing PEOsi1-b-

PAA;7 as the neutral-ionic block copolymer.



109

Paper IV

Molecular assembly in block copolymer-surfactant
nanoparticle dispersions: Information on dissociated
species from PFG NMR.

Guilherme A. Ferreiral, Lennart Piculell®”, Watson Loh'"

Ynstitute of Chemistry, University of Campinas (UNICAMP), P.O. Box 6154, 13083-970,
Campinas — SP, Brazil.
2Division of Physical Chemistry, Lund University, P.O. Box 124, S-221 00, Lund, Sweden

* wloh@igm.unicamp.br
* lennart.piculell@fkem1.lu.se



110

Abstract

Structured block copolymer-surfactant particles are formed when complexes of charged ionic-
neutral block copolymers, neutralized by surfactant counterions, are dispersed in aqueous
media. The charged species stay electrostatically associated in water, leading to a hydrated
surfactant-rich core stabilized by a neutral block corona. The resulting core-shell particles have
been previously studied in terms of their average size, core structures and colloidal stability.
Yet, little is understood regarding the extent of dissociation of the constituent ionic species and
their exchange between the particles. Here, we address these issues by measuring the self-
diffusion coefficients (D) of the surfactant ions and polyions employing Pulse-Field Gradient
Nuclear Magnetic Resonance (PFG NMR). Additional measurements based on Dynamic Light
Scattering (DLS) and conductivity were also performed. It is possible to prepare, by
centrifugation, systems that contained one phase concentrated in particles separated from a clear
dilute phase. D values for surfactant and block copolymer in the two phases indicated that the
dilute phase contained a fraction of small aggregates of surfactant ions and anionic-neutral
block copolymers, diffusing together at least an order of magnitude more rapidly than the
particles. The fraction of block copolymer found in the dilute phase was nearly constant,

independently of the overall concentration of the dispersions.
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Introduction

Several reports have studied the electrostatic complexation between water-soluble
neutral-ionic block copolymers (BCP) and oppositely charged species in solution. The resulting
structures are collectively known in the literature as complex coacervate core micelles, C3Ms,
and feature a stabilizer corona of neutral water-soluble polymeric block surrounding a hydrated
core consisting of complexed oppositely charged units.!®

The most commonly studied oppositely charged species in C3Ms are block-copolymers
and surfactants. In recent years, equimolar mixtures of poly(acrylamide)-block-poly(acrylic
acid) (PAAm-b-PAA) and a cationic surfactant, with their respective counterions have been
studied.”1° Extensive results have shown that the resulting aggregates displayed an average
diameter of 50 nm and surfactant-rich cores with no long-range order.

Recently, however, studies involving the above-mentioned complex mixtures have been
expanded by employing a new methodology based on the complex salt (CS) approach. In the
latter approach, the water-insoluble complexes are prepared by neutralizing the acrylate units
of the BCP are neutralized by alkyltrimethylammonium cationic surfactant ions in a simple
acid-base titration reaction, resulting in block copolymer complex salts, here abbreviated as
BCPCS, free of counterions.

Notably, by dispersing the freeze-dried BCPCS in water, particles with a diameter of ca.
300 nm with particle cores displaying long-range liquid crystalline structures were obtained.
Such BCPCS dispersed particles have been studied by our group in the last years, regarding
their colloidal and core-structure features, by varying the molecular composition of the
complexed species and by adding extra components, such as cosurfactants.!13

Very recently, the phase behavior as a function of the water content in concentrated
BCPCS systems has also been investigated.'* The latter study showed that the BCPCS did not
truly dissolve in water; mixtures containing more than ca. 50 wt% water were actually phase-
separated into a concentrated ordered phase and a dilute phase. Because of the similar densities
of the BCPCS and water, a separation into two macroscopic phase separation of the
concentrated systems was difficult to achieve in normal water; even after extensive
centrifugation a uniformly turbid mixture was obtained. However, when D,O was used as a
solvent, the centrifugation of water-rich samples resulted in a macroscopic separation of a dilute
bottom phase from a concentrated top phase.

Regardless of the composition of BCPCS or the regime concentration in hydrated

samples, our knowledge on the molecular aggregation into C3Ms is incomplete. Methods such
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as scattering techniques and electron microscopy are primarily sensitive to the large particles
that are formed, but information on the possible existence of also smaller particles and
dissociated individual molecules in the dispersions is still lacking.

Because of this, we investigate in this work, by means of Pulse-Field Gradient Nuclear
Magnetic Resonance (PFG NMR), the molecular assembly in BCPCS dispersions. PFG NMR
methods are widely employed to measure translational diffusion of surfactants and BCP and
their molecular assemblies and thus provide easily accessible ways to estimate their size via the
Stokes—Einstein equation, in which the hydrodynamic radius is obtained.'>?° Moreover,
information of bound and dissociated surfactant and BCP species can be obtained via their
diffusion coefficients. Dynamic Light Scattering (DLS) and conductivity measurements have
here also been employed as complementary techniques.

Here we study dispersions, in D20, of BCPCS with two different block proportions,
neutralized by dodecyl- or hexadecyltrimethylammonium surfactant ions, at 0.1, 1 and 10 wt%.
In addition, we study individually the top and bottom phases that separate on centrifugation of

such dispersions at the same three initial concentrations.

Experimental

Chemicals. The synthesis of the block copolymer PAAMi33-b-PAAss was
described earlier'!. PAAmMaz-b-PAAss was a gift from Rhodia (Cranbury, USA). Both
polymers have been used in previous studies by in our group, and their characterization is
described in references 12 and 14. In both cases, the subscript characters refer to the weight
average number of repeating units of each block (Table 1). Dodecyl- and
Hexadecylltrimethylammonium bromide, C12TABr and CisTABr, of 99% purity, and D.O
(99.9% D atoms), were purchased from Sigma-Aldrich (USA) and used as received. Deionized
water with a resistivity above 18.2 MQ.cm™, as obtained by a Milli-Q® system, was used in the
preparation of the BCPCS as stated below.
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Table 1 — Weight average molar mass of the blocks and dispersity (D) of the PAAmM-b-PAA
block copolymers employed in this work.

Block copolymer PAAm/g.molt  PAA/g.mol? D!
PAAM133-b-PAA4g 9415 3500 2.12
PAAM432-b-PAA70 30680 5000 1.63

1-D=M,, /M, , as determined by gel permeation chromatography
2 — According to ref. 14
3 — According to ref. 10

Preparation of the BCPCS. Three BCPCS were prepared following the general
procedure described earlier.*"** Briefly, the hydroxide form of the surfactants, obtained by an
ion-exchange step, was titrated with aqueous solutions of the BCP in the acid form until the
equivalence point (pH 8.6-8.9). The resulting mixtures were left overnight at 4°C and their pH
values were adjusted to the equivalence point, when necessary, with the corresponding BCP
solution. The BCPCS in the solid form were isolated from the solution by freeze-drying the
mixture and were kept in a desiccator. The BCPCS obtained by employing this methodology
will be refereed as C12S, C16S and C1oL, where the terms C12 and C16 denote the surfactant alkyl
chain length and S and L refer to the length of the PAAmM block in the BCP employed in the
synthesis; S for the BCP with a short PAAmM block (PAAmM133-b-PAA49) and L for the BCP with
a long PAAm block (PAAM432-b-PAA7).

Preparation of the particle dispersions. The particle dispersions were prepared
by vortexing (Vortex-Genie 2 mixer - Scientific Industries, operating at 3200 rpm) for ca. 1
minute, the appropriate amounts of BCPCS in D20 to achieve the final solid concentration of
0.1, 1.0 and 10.0 wt %. These samples were studied as prepared and will be refereed as intact
samples. In addition, dispersions at 0.1, 1.0 and 10.0 wt%, prepared following the same
procedure, were centrifuged for 24 hours at 30000 rpm prior to the measurements. Both
concentrated (upper) and dilute (bottom) phases formed by centrifugation were collected and
studied. These samples will be refereed as centrifuged samples.

NMR measurements. The NMR experiments were performed on a Bruker DMX-
200 operating at 200 MHz proton resonance frequency equipped with a Bruker diffusion probe
having a maximum gradient strength of 9.6 Tm™. Pulsed field gradients (PFGs) where
generated in a Bruker DIFF-25 gradient probe driven by a BAFPA-40unit. These measurements
were performed using a maximum gradient strength of 4.52 Tm™%, with a pulse gradient time of

1.0 ms and the time between the start of two gradient pulses was 20 ms. The method used in
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this work was the stimulated echo (PFG-SE) with a pulse sequence of 90°-t1—90°-12—90°-11—

echo.’® In this experiment, the attenuation of the signal intensity I is given by*® :
I = I,exp(—Dy?§%g*? (A —§6)) (1)

where I, is the signal intensity in the absence of gradients, D is the translational diffusion
coefficient, y is the magnetogyric ratio, & is the time of gradient pulse, A is the diffusion time,
and g is the gradient strength. All measurements were carried out at 25.0+0.5°C. All data
processing and fitting of the diffusion coefficients has been done using the spectrometer
software (Topspin 2.1, Bruker). Each diffusion coefficient results from the fit of 12-14 data
points (peak areas).

In principle, any non-overlapping peak from the surfactant or the polyion can be
used to analyze the diffusion of the respective species. Based on a two-state model, assuming
that the molecule is either bound to the particle or free in solution and that the chemical
exchange between those two states is fast, the observed diffusion coefficient is given by*®

Dops = @Dfree + (1 — @) Dparticie (2)
where D, IS the observed diffusion coefficient of the molecule (surfactant or polyion) in the

dispersion, Dpq¢icie 1S the particle diffusion coefficient, Dy, is the diffusion coefficient of

free surfactant ion or polyion, and « is the fraction of free dissociated molecules. Molecular
diffusion coefficients of surfactant ions and polyions, corresponding to D, in eq. 2, were

measured and are displayed in Table 2.

Table 2. Molecular self-diffusion coefficients of surfactant ions and polyions.

Molecule D/x1010 m2gst

C12TA™ 4.86

CiTA*™® 4.14
PAAM;33-b-PAA" 0.66
PAAM432-b-PAA7 0.31

a. In 10 mM C1, TABr solution (cmc = 12 mM)
b. In 0.7 mM C1TABr solution (cmc = 1 mM)
c. In 10 mM, based on AA monomer, PAAM133-b-PAA4g solution
d. In 10 mM, based on AA monomer, PAAMy3;-b-PAA7 solution
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The self-diffusion coefficients for particles or molecules at infinite dilution, Do, can
be obtained by considering obstruction effects according to:%
Dops = Do (1 = ko) @)
where k is a constant related to particle shape and ¢ is the volume fraction of particles in the
sample. In a previous report, it was found that the BCPCS particles were non-spherical, similar
to an oblate,?? which gives k ~ 0.75.2 The ¢ values were calculated assuming that the density
of the BCPCS is 1 g/cm?® and assuming that the particle’s cores contain 50 vol% of water. The

Do can be converted to effective hydrodynamic radius, < Ry >, according to:%
(4)

where k is the Boltzmann constant, 77, the solvent viscosity and T, the temperature.

kT

< RH >0= 671'770D0

Dynamic Light Scattering (DLS). Light scattering measurements were performed
on a CGS-3-based compact goniometer system (ALV-GmbH, Langen, Germany), equipped
with a detection system in a pseudo—cross-geometry, with a 22 mW He—Ne laser (A= 632.8 nm)
and an ALV 7004 multi-tau correlator. cis-Decalin was used as the refractive index-matching
liquid. DLS was performed at the detection angle () of 90° for 0.001-0.01 wt% dilute samples.
By extrapolating the diffusion coefficients (D) to concentration ¢ = 0, the effective D values
(Do), i.e. the D values at infinite dilution, were obtained for the investigated particles and
converted to effective hydrodynamic radius, < Ry >, according to eq. 4. The obtained results

are displayed in Figure S1 and Table S1.

Results

Intact Samples. Samples containing C12S, C16S and CioL at 1.0 wit% were studied
as prepared. The surfactant ion self-diffusion was analyzed from the methyl proton signal of
the trimethylammonium headgroup, located at 3.1 ppm in the *H NMR spectra. The BCP
diffusion coefficient was obtained from the signal of the protons of methylene group at 1.8 ppm.
Figure 1A shows the obtained self-diffusion coefficients for surfactant ions and polyions in all

investigated intact samples.
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Figure 1. Self-diffusion coefficient values (D) as a function of concentration for: C12TA* ions (o) polyion (o) in

C12S; C16TAT ions (o) polyion () in C16S; C12TAT ions (o) polyion (o) in Cyol.

Centrifuged Samples. The self-diffusion coefficients of surfactant ions and polyions
in the concentrated and dilute phases obtained by centrifuging the BCPCS dispersions at
different overall concentrations were also measured and are displayed in Figure 2. Based on the
methylene peak areas in the *H NMR spectra, the concentration of BCP in the dilute phase was

estimated for each of the investigated samples. The results are displayed in Figure 3.

0.8 0.8 ®)
A ] .
0.7 4 (A) Dilute Phase 0.7 Dilute Phase
o 064 ©
064 O O Surfactant lon 1 o O~ Surfactant lon
q O Polyion 05 4 8 e O Polyion
- 0.5 < E .
2 a L2 044 R
£ o4 L E A 4
g 0091 Concentrated Phase = Concentrated Phase
Z % 0.06
0 0.06 4 --O-- Surfactant lon a) O - Surfactant lon
-0 Polyion O Polyion
— Q..
0.03 4 8:::8 0.03 a
'::::a B
0.00 T T — T T T T T T 1 0.00 T T —T
0 4 6 8 10 0 4 6 ) 10

BCPCS conc. / wt%

BCPCS conc. / wt%



117

\\

0.8
1 (©) .
o Dilute Phase
0.6 H
i O .
0
0.4 + =} --O--- Surfactant lon
1 -0 Polyion
< o .-
2 0.2 4 o
IS 4
9 Concentrated Phase
> 0.06
[a) O Surfactant lon
O Polyion
0.03 8 a
B8
000 +—F———T——T7T——T T
0 2 4 6 8 10

BCPCS conc. / wt%

Figure 2. Self-diffusion coefficients (D) for surfactant ion and polyion in the concentrated and dilute phases

obtained for centrifuged samples at different (overall) initial concentrations for (A). C12S. (B) C16S. (C) C12L. The

lines are guide to the eyes.
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Figure 3. Concentration of BCP (expressed as acrylate (A") concentration) in the dilute phase obtained in the

centrifuged samples as a function of overall initial BCPCS concentration. The lines are guide to the eyes.

Discussion

The self-diffusion coefficient values for polyions in intact samples (Figure 1A) and

in the concentrated phase of the centrifuged samples (Figure 2A-C) were similar, indicating

that they predominantly contained particles of similar size. By using eq. 3 and 4, the diffusion

coefficients for intact samples were corrected with respect to obstruction factors and converted

to effective hydrodynamic radius < Ry >, , the results are shown in Figure 5. These sizes were

also compared with the < Ry >, values obtained by DLS (Figure S1, Table S1) for intact 1
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wt% dispersions of BCPCS. The results are also shown in Figure 5. The observation that the
effective particle sizes obtained by PFG NMR and DLS are very similar for intact samples at 1
wit%, indicate that the self-diffusion coefficient values for polyion basically corresponds to the
self-diffusion coefficients of the particles. This result consistently indicates that the polyions
are essentially all incorporated into BCPCS aggregates. Since the particle concentration in each
phase of centrifuged samples was not determined, we have not performed similar comparisons
regarding < Ry >, values obtained by DLS and by PFG NMR.

210

180 ~ O  PFG-NMR
O bpLs
150 —
S
£ 120 - o
A> u]
o 8 a
V' 90 -
60 —
30 1 1 1
C12s C16S Cil2L
BCPCS

Figure 4. Effective hydrodynamic radius, < Ry >, obtained for polyions by PFG NMR in intact samples at 1
wt%. As a comparison, < Ry >, for BCPCS particles obtained by DLS is also shown (blue squares).

The fraction of dissociated surfactant ions (o) was therefore tentatively calculated
from the observed diffusion coefficients based on equation 2 and the molecular diffusion
coefficients of surfactant ions displayed in Table 2. Since we found that essentially all polyions
were incorporated in BCPCS aggregates, Dpqyticie Was assumed to be given by the measured
self-diffusion coefficient of polyions. Surprisingly, for intact samples (Figure 1B), equation 2
gave very high a values, indicating that up to 30 % of the surfactant ions were dissociated from
the particles in all BCPCS. This value may a priori be considered unrealistic; such a large
fraction of surfactant ions simply cannot be dissociated from the BCPCS complexes in a system
where no other ions than surfactant ions are present to neutralize the polyion charges.
Additional measurements of solution conductivity (Figure S2), confirmed that the calculated o

values for intact samples from PFG NMR data were unrealistic.
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At this stage we are unable to explain quantitatively the very high diffusion
coefficient that we reproducibly observed (several additional measurements were made) for the
surfactant ion in intact samples. We strongly suspect, however, that the assumption of rapid
exchange may not hold for the surfactant ion, and that all surfactant ions may not be visible in
the high-resolution NMR spectrum. The cores of the large BCPCS particles are known to
contain surfactant ions arranged in ordered liquid crystalline structures, resulting®® in slow
surfactant diffusion coefficients and very broad spectra. Further analysis and experiments are
required, however, for a verification of this hypothesis and a quantitative explanation of the
obtained results.

By contrast, for centrifuged samples of all three BCPCS, the observed self-diffusion
coefficients for polyion and surfactant ion were quite similar in the concentrated phase, with
the surfactant ion diffusion being only slightly more rapid than the polyion ion diffusion. This
result indicates that the surfactant ions are also essentially quantitatively incorporated in the
large BCPCS particles and makes the surfactant diffusion coefficients obtained for the intact
samples more remarkable. Nevertheless, our reasons to doubt that we are observing a true
average diffusion coefficient for all surfactant ions must hold also for these concentrated
dispersions of large BCPCS particles. Therefore, we refrain from calculations of o for these
systems.

A rather unexpected result of our study concerns the finding of small particles in
the dilute phases of centrifuged samples. Notably, the concentration of block copolymer found
in the dilute phase (Figure 3) increased with the overall BCPCS concentration, but the fraction
(corresponding to the percentage of BCP in the dilute phase in respect to the overall BCP
concentration of the sample) of the total BCPCS found in the dilute phase was nearly constant,
independently of the overall concentration of the dispersions, as shown in Figure 6. A weak but
consistent dependence on the BCPCS was found, however, indicating a slightly larger fraction
the dilute phase of the BCPCS with the longer neutral block.
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Figure 6. Fraction of block copolymer, expressed in terms of acrylate (A”) concentration, in the dilute phase for
centrifuged samples as a function of overall concentration for the different BCPCS.

Clearly, for a truly binary mixture of BCPCS composed of strictly monodisperse
polyions and surfactant counterions, the concentration of BCPCS in the dilute phase would be
independent of the overall concentration of the system at thermodynamic equilibrium, since it
would then simply correspond to the solubility of the BCPCS in water. One conceivable origin
of a constant soluble polymer fraction in the dilute phase could thus be the existence of a
molecularly distinct fraction of polymer, which is unable to form complexes with the surfactant
owing to a low or vanishing content of charged units. However, this explanation is ruled out in
our case by the finding from NMR that the dilute phase also contains surfactant ions, and that
the diffusion coefficients of these surfactant ions show that they are, in fact, associated with the
polyions. The surfactant ion diffusion coefficients are much lower than the respective molecular
diffusion coefficients (Table 2), and their concentration dependence closely follows that of the
polyions (Figure 2).

The polyion diffusion in the dilute phases, in turn, varies as expected from the
molecular masses of the respective polyions, i.e. increases in the sequence D(C12L) < D(C16S)
~ D(C12S). The complex diffusion coefficients show a rather strong concentration dependence,
but for the lowest initial concentration they in fact approach the diffusion coefficients of the
respective single polyions (Figure 2 and Table 2). Collectively, the data thus indicate that the
dilute system contains small BCPCS complexes, each containing surfactant and at most a few
polyions, the latter being of a size comparable with the average size of the BCP used in the

complex formation.
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Owing to a lack of evidence suggesting that the properties of the polyions in the
dilute phase complexes differ markedly from the average properties of the respective samples,
we must think of a different explanation for their existence. One possibility is that the small
aggregates in the dilute phase simply represent a fraction of very small aggregates from a wide
distribution of aggregate sizes. We must then assume that the same size distribution is
reproducibly created during the dispersion of the BCPCS in water, that it is only weakly
dependent on the initial concentration of BCPCS used to produce the dispersion, and that the
created particles are stable in time.

In any case, the complexes of the dilute phases are sufficiently small to justify the
assumption of rapid exchange and narrow NMR linewidths, so that the use of eq. 2 should be
legitimate for these systems. Hence, we have used eq. 2 to calculate the dissociated fraction of

surfactant ions (o), and the results are shown in Figure 7.
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Figure 7. Fraction of dissociated surfactant ions (o) as a function of BCPCS concentration in the dilute phases
obtained by centrifuging BCPCS samples at different overall (initial) concentrations. The lines are guide to the

eyes.

In the calculations, we have assumed that D,,,¢;ce €quals the measured diffusion
coefficient of the polyion in each sample. For C12S and C16S the fractions of free surfactant ions
are very small, indicating that the latter are in fact self-assembled into micelles complexed to
the polyions, in agreement with experimental evidence on the nature of polyion-surfactant ion

complexation in dilute solution.>® Interestingly, o is significantly larger for CyoL, indicating
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that the presence of a large neutral block on the polyion may hinder the micellization of the
surfactant at the polyion to some extent.

Previous findings that the particles obtained by dispersing the BCPCS have
properties, like size and core structure, that depend on the method of preparation strongly
suggested that the mixtures are, in fact, non-equilibrium dispersions of an insoluble BCPCS
phase.?? The small aggregates observed in the dilute phase of centrifuged samples are
interpreted as a fraction of small BCPCS aggregates that coexist with the large particles, besides
a small fraction of dissociated surfactant ions. The small aggregates are formed by block

copolymer chains in which the surfactant ions are connected to the anionic block.

Conclusions

The obtained results suggest that the dispersion of BCPCS generates a fraction of
small aggregates, apart from the large particles. The molecular components in the dilute phase
seem to be very similar those in the concentrated phase, that is block copolymer chains with
attached surfactant ions, suggesting that BCPCS is truly a single component, i.e. it does not
dissolve to form species that are molecularly different in the dilute phase. Apart from these
aggregates, a small amount of surfactant ions is dissociated from the complexes and the fraction
of uncomplexed polyion is essentially zero. Further control experiments will be performed to
better understand the rapid diffusion of surfactant ions in intact samples.

ASSOCIATED CONTENT
Supporting information
DLS and conductivity results for investigated particle dispersions.
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Dynamic Light Scattering (DLS)
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Figure S1. Diffusion coefficients (D) as a function of BCPCS concentration obtained by DLS

in D20. Red lines represent the linear fits used to extrapolate data to ¢ = 0.

Table S1. Effective hydrodynamic radii (< Ry >,) for BCPCS dispersed particles in D.O
obtained by DLS and data displayed in Figure S1.

BCPCS < Ry >¢/nm
C12S 104.7
C16S 100.9
CiolL 109.3

Conductivity

Aqueous solutions of C1oTABr and C16TABT surfactant, as a function of surfactant ion
concentration were prepared, and their conductivity was measured in a digital conductivity
meter. The results are displayed in Figure S2. The conductivity of the C12S, C16S and CioL
intact samples at 1 wt% is also displayed in the same figure (horizontal lines). If one assumes
o = 0.3 (see text in the main article), the concentration of dissociated surfactant ions in the
solution would be around 6 mM, 5.4 mM and 4 mM for C12S, C16S and CioL, respectively

(based on the molecular weight of a BCPCS unimer - diblock copolymer chain with its
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associated surfactant counterions). Clearly, the results in Figure S2 show that the measured

conductivities of intact samples at 1 wt% corresponds to much lower concentrations of free

surfactant ions.
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Figure S2. (A). Conductivity (k) of C12TABr solutions as a function of C1,TA* surfactant ion concentration (open

symbols). The horizontal lines denote the conductivity of C12S (red) and Ca,L (blue) intact samples at 1 wt%. (B).

Conductivity () of C16TABTr solutions as a function of C1sTA" surfactant ion concentration (open symbols). The

horizontal green line denotes the conductivity of C46S intact sample at 1 wt%.
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ABSTRACT

Gold (Au) and silver (Ag) nanoparticles (NPs) were covalently conjugated onto the surface of
thiol-functionalized block copolymer particles containing surfactant-rich liquid crystalline
cores. The resulting planet-satellite nanoconjugates displayed enhanced colloidal stability upon
changes in solution pH or ionic strength and interfacial properties that resulted in the
stabilization of oil-in-water emulsions. These biphasic systems were used as medium for
catalyzed aerobic oxidation of benzyl alcohol to benzoic acid and the nanoconjugates displayed
catalytic activity comparable to the single Ag and Au NPs in aqueous medium, with the
advantage of an easier and more efficient separation of unreacted alcohol and product from
reaction medium, making this the first report on interfacial gold- and silver-catalyzed aerobic
alcohol oxidation. These results, and the flexibility of the present approach, support the proposal
of this methodology as a general platform for interfacial catalysis based on these novel

nanomaterials.
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INTRODUCTION

Gold (Au) and silver (Ag) nanoparticles (NPs) have been extensively studied in the last
years due to their tunable properties, such as size, shape and surface, making them suitable for
applications in a wide range of fields including catalysis, sensors and nanomedicine.! More
recently, the conjugation of metal NPs to other nanomaterials, including polymer-based
structures (micelles,?® microgels,”® particles®1?), carbon nanotubes,!* dendrimers,? cellulose
nanocrystals,!® silica and other inorganic nanoparticles** were the subject of various studies
resulting in the proposition of novel applications. Among the different types of conjugates
investigated, hybrid nanostructures based on Ag and Au NPs and polymer-based nanomaterials
have received great attention. In these conjugates, the metal NPs can be located into the core,
along the whole structure, or at the outer surface of the polymer-based nanomaterials, in the last
case generating planet-satellite nanostructures, in which the polymer-based nanomaterial
comprises the planet and the metal NPs, the satellites.51>16

The fabrication of polymer-based planet-satellite nanostructures is particularly
interesting because it was shown that the surface-exposed metal NPs can be easily accessed by
species in the surrounding media, a step that is crucial for catalysis and sensing purposes. Such
a strategy also allows the control of the inter-particle distance of surface-located metal NPs
which is well known to impact on their optical, electronic and magnetic properties.® Using this
approach, several nanoconjugate systems have been described in the recent years, aiming at
different potential applications. Block copolymer micelles;?® pH- and temperature-responsive
microgels’® and cross-linked polymer particles®'? are examples of polymeric nanomaterials
assembled with Au and Ag NPs which have been used for catalytic, stimuli-responsive and drug
delivery purposes.

The potential uses of the planet-satellite nanostructures in a variety of fields strongly

depends on their colloidal stability, regarding both polymer and metal NPs, because in most of
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the cases, the nanoconjugates are finely-tuned to display specific properties that must remain
unchanged upon suitable variations in environment conditions, specially the pH and ionic
strength. Hence, the fabrication of new polymer-based nanoconjugates with excellent colloidal
stability is highly desired.

Core-shell particles, collectively known as complex coacervate core micelles (C3Ms),
made from charged—neutral block copolymers and oppositely charged surfactant ions have been
widely reported in the last years and the most studied systems are comprised of
alkyltrimethylammonium cationic surfactants and the block copolymer poly(acrylamide)-
block-poly(acrylic acid), PAAM-b-PAA.1%* The particles core contains several densely
packed-surfactant micelles surrounded by the anionic block of the copolymer and the outer part
consists in a corona composed by the neutral PAAm chains. By using the “complex salt” (CS)
approach?:24, the production of dispersed particles with a variety of surfactant-rich liquid
crystalline cores were shown to be achieved. In addition, these particles, refereed here as CS,
were shown to display enhanced colloidal stability.?2? It was noted that the CS particles display
different properties, such as size, surface charge and core structure, if compared with those
typically found for particles, refereed here as CP, prepared by the conventional procedure of
mixing polyelectrolyte and surfactant in water, with their respective simple counterions.*”2°

Because liquid crystalline particles have been widely studied for a variety of
applications?, specially the loading and release of substances, and have been reported to display
long-term colloidal stability,???3 the selective attachment of Au and Ag NPs to the surface of
CS particles was investigated in the present work aiming at the fabrication of functional
nanoconjugates owing to the combination of the properties of both nanomaterials (Figure 1).
The interfacial activity of the nanoconjugates was investigated and the catalytic efficiency of
the nanoconjugates was tested towards the aerobic alcohol oxidation reaction at the interface of

oil-in-water emulsions. Interfacial catalysis is an important topic because the interfacial contact
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between two distinct phases can initiate or accelerate, due to the large contact area, the reaction
between substances that are dissolved in or constitute different phases. Another advantage of
interfacial catalysis is the ease in recovering the unreacted substance and the product when they

display differences in their solubilities, causing each one to concentrate in a different phase.?6:?’

Neutral-Anionic Block Copolymer

—>
—>

e 00
:%’r%% Metal (Ag. Au) NPs

Cationic Surfactant Micelles

Planet-Satellite Nanostructures

Figure 1. Schematic representation of planet-satellite nanostructures formed by block

copolymer nanoparticles with surfactant-rich cores surface-decorated with Ag and Au NPs.

EXPERIMENTAL
Chemicals

The block copolymer PAAMa2-b-PAAsg, in which the subscript characters refer to the
average number of repeating units of each block, was a gift from Rhodia (Cranbury, USA) and
characterized by proton nuclear magnetic resonance (*H-NMR) and gel permeation
chromatography (GPC). Dodecyltrimethylammonium bromide, (C12TABr), Silver Nitrate
(AgNOg), Tetrachloroauric Acid Trihydrate (HAuCl4.3H20), Poly(N-vinyl-2-pyrrolidone)
(PVP) 50 KDa, Sodium Borohydride (NaBHs) and Sodium Chloride (NaCl) were purchased
from Sigma-Aldrich (USA). Benzyl Alcohol (C7HgO), Benzoic Acid (C7HsO2), Potassium
Carbonate (K>COg), Ethyl Acetate (C4sHgO2) and Hydrochloric Acid (HCI) were purchased
from Synth (Brazil). Mineral Oil Nujol® was purchased from Mantecorp (Brazil) and consisted

in a mixture of higher alkanes from Cis to Cso. All the chemicals were purchased with the
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highest available purity and used as received. The anion-exchange resin Dowex Monosphere
550A (OH) was purchased from Sigma-Aldrich (USA) and used after activation with 1 M
Sodium Hydroxide (NaOH; Sigma-Aldrich, USA) solution. Deionized water with a resistivity

greater than 18.2 MQ.cm™, obtained from a Milli-Q® system, was used in all experiments.

Preparation and characterization of CS particles

The CS used in the present work was prepared following the general procedure
described earlier in our laboratories.?® Briefly, the hydroxide form of the
dodecyltrimethylammonium surfactant, here abbreviated as C;,TA™, obtained by a previous
ion-exchange step, was titrated with 0.5 M, in acrylate monomer, aqueous solution of the block
copolymer in the acid form until the equivalence point, usually at pH 8.6-8.9. The mixture was
then left overnight at 4°C and its pH was adjusted to the equivalence point when necessary,
with the block copolymer solution. The CS was freeze-dried to obtain a powder, which was
kept in a desiccator. The CS dispersed particles were prepared by vortexing the appropriate
amount of CS and water for approximately 1 min to achieve the final CS concentration of 1.0
wt %. As a reference, particles conventionally prepared by the simple mixing of the solutions
containing the surfactant, with its respective counterion, and the block copolymer were also
prepared in a charge molar ratio of 1:1.1-2° These particles were named here as CP, referring to
the conventional procedure used to produce them.

Small Angle X-ray Scattering (SAXS) was performed to characterize the liquid-
crystalline core of the CS and CP particles. The measurements were taken at the SAXS1
beamline of the Brazilian Synchrotron Light Laboratory, LNLS, in Campinas, Brazil, as
described previously.?!?® The dispersions, diluted to 0.01 wt%, were also evaluated using
Dynamic Light Scattering (DLS) using a Malvern Nano Zetasizer instrument with a 632.8 nm

laser and a detector positioned at 173°. From the apparent diffusion coefficients, the
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hydrodynamic diameter (Dn) of the particles were determined using the Stokes—Einstein
relationship for translational diffusion. The zeta potential ({) was estimated based on the
electrophoretic mobility measurements using the Smoluchowski model.

Transmission Electron Microscopy (TEM) images were recorded on a Zeiss CEM902
microscope using an operating voltage of 120 kV. Samples were prepared from about a drop (5
pL) of particle dispersion, diluted to 0.01 wt%, that was mixed with a drop of 1 wt % uranyl
acetate solution. The resulting solution was then deposited on a 200 mesh formvar-coated
copper grid and dried in air at room temperature. The dilution and negative staining were
employed for CS and CP particles, as well as for their conjugates with metal NPs, due to their
low contrast under electron beam and to avoid particle aggregation or disruption caused by

sample drying.

Preparation of Ag and Au NPs

Ag and Au NPs with an average size of 5 nm were synthesized by an adapted method
described elsewhere.?® Briefly, aqueous solutions (10 mL) containing the silver or gold salts in
the concentration of 1 mM were stirred with 0.2 mmol of PVP 50 KDa (based on pyrrolidone
monomer). The pH was brought to 9 by adding 1 M NaOH aqueous solution. After that, 0.3 mL
of NaBH4 (100 mM) was added. The mixture was stirred for another 1 h and a yellow or pink
aqueous dispersion containing the Ag or Au NPs, respectively, was obtained and kept at room
temperature, after their pH was adjusted to 7 by adding 1 M HCI aqueous solution. The samples
were characterized by DLS, zeta potential, TEM and UV-Vis spectroscopy, using an HP8453
spectrometer. The metal concentration in the NPs dispersions was obtained by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) in a Perkin Elmer Optima 3000
DV spectrometer. The particle sizes were measured using the TEM images manually with the

help of ImageJ Software sizing tool.
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Conjugation of Ag and Au NPs to CS and CP particles

To ensure that the metal NPs would be bound to the CS particles, the surface of the
later were functionalized with thiol (SH) groups because of their strong interaction with Ag and
Au NPs. The xanthate (SCSOCH2CHz) terminal groups bounded to the PAAm block were
reduced to thiol groups by a reaction with excess sodium borohydride, as described
elsewhere.®?® The amount of converted thiol groups was determined by the Ellman’s method®
from the corresponding calibration curve elaborated based on L-Glutathione Reduced (Sigma-
Aldrich, USA) standard solutions (Figure S1). Later, the CS particles surface-functionalized
with SH groups and the Ag or Au NPs were mixed, under magnetic stirring, at room
temperature, in a 1:1 mass proportion. The pH of the final dispersions was then adjusted to 7.
The obtained conjugates were named as CS-Ag and CS-Au, to describe the CS particles surface-
decorated with Ag and Au NPs, respectively. These conjugates were characterized by DLS,
zeta potentials, TEM and UV-Vis spectroscopy. Following the same procedure, CP conjugates

with Ag and Au NPs, refereed here as CP-Ag and CP-Au, were prepared and characterized.

Colloidal stability tests

The stability of the dispersions containing the conjugates (CS-Ag, CS-Au, CP-Ag, CP-
Au) was studied over a wide range of sodium chloride concentration and pH. The ionic strength
was adjusted by adding salt, from 100 to 500 mM of NaCl, and the pH of the dispersions was
varied from 2 to 10 using 1 M HCI or NaOH aqueous solutions. The resulting dispersions were
then analyzed by UV-Vis spectroscopy and by visual inspection. The colloidal stability of the
parent Ag and Au NPs as a function of salt concentration and pH were also studied as a control

experiment.
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Emulsification tests

The ability of the CS-Ag and CS-Au conjugates to stabilize oil-in-water emulsions was
tested by vortexing the aqueous conjugate dispersions (1 wt%) with mineral oil, in a volume
proportion of 8:2, for around 1 minute. The average size of the droplets, as well as the emulsions
stability over the time, were analyzed by optical microscopy using a Nikon E800 microscope.

As a reference, Ag and Au NPs and CS and CP particles were also tested as emulsifiers.

Interfacial catalytic tests

Because of the results obtained in the colloidal stability and emulsification tests, that
will be presented below, the oil-in-water emulsions stabilized by CS-Ag and CS-Au conjugates
were chosen for catalytic tests involving the aerobic oxidation of alcohols to carboxylic acids.
This reaction was chosen as a proof-of-concept because it has already been reported to be
catalyzed by Au NPs, at room temperature, in aqueous medium under mild basic pH.3! The tests
were performed as follows: in a tube containing 8 mL of the CS-Ag or CS-Au aqueous
dispersions, with metal concentration of 0.5 mM (as determined by ICP-OES), 0.75 mmol of
potassium carbonate and 0.25 mmol of benzyl alcohol, the later dissolved in 2 mL of mineral
oil, were added and the resulting mixture was vortexed for 1 minute and kept under mild
magnetic stirring at room temperature.

At each hour, 1 mL of the reaction mixture was collected and centrifuged at 5000 rpm
to break the emulsion and separate the aqueous and oil phases. The aqueous phase, containing
the product in the form of potassium benzoate, was quenched by adding HCI 1 M and washed
with 3 portions of 4 mL ethyl acetate. The organic phase was then analyzed by UV-Vis
spectroscopy (A =230 nm) and the amount of benzoic acid was quantified based on a previously

obtained calibration curve (Figure. S2).
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At the end of the reaction, i.e. the time in which the product concentration remained
unchanged, the remaining emulsion was centrifuged at 5000 rpm for 1 hour and the conjugates,
settled at the bottom of the vessel, were recovered, redispersed and used again in a new reaction,
to check the catalyst recycling. This recycling test was performed 5 times for each of the
catalysts (CS-Ag and CS-Au). At the end of each cycle, the metal concentration in the aqueous
phase was determined by ICP-OES. As a control experiment, the Ag and Au NPs were also

used as catalysts in the aerobic oxidation of benzyl alcohol to benzoic acid in aqueous medium.

RESULTS AND DISCUSSION
CS and CP particles

Figure 2 shows the SAXS pattern obtained for CS dispersed particles. The peaks with
a spacing ratio of 42:5Y2:612 indicated a Pm3n micellar cubic liquid crystalline structure, with
a lattice parameter of 8.4 nm. Interestingly, it shows that the dispersion of stoichiometric CS
containing water-soluble neutral blocks produced particles with core structures that agree with
the phases previously observed for maximally water-swollen corresponding homopolymer
CS.223 Additional results also showed that CS particles with a variety of liquid crystalline core
structures can be prepared from CS containing other combinations between surfactant ions and
neutral-charged block copolymers, as well as cosurfactants, such as long chain n-alcohols,
indicating the versality of the system in terms of an accurate control over the core structures

when compared with the traditional lipid-based liquid crystalline dispersions. 2123
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Figure 2. SAXS patterns (shifted along the y-axis) for the CS particles, CS particles surface-
functionalized with thiol groups (CS-SH) and CS particles conjugated to Ag and Au NPs (CS-
Ag and CS-Au). Arrows indicate the expected peak positions, according to the peak ratios of

the correspondent phase considering the first peak.

The freshly prepared dispersions were also characterized regarding their
hydrodynamic diameter (Dn) and zeta potential values and the results are displayed in Figure
3A and B, respectively. The average size of the CS particles was around 250 nm with a
polydispersity index (PDI) consistently around 0.1. By using our procedure, particles with the
above-mentioned average size are easily produced but the literature on similar systems /-2
suggests that these particles are out of equilibrium and that their size is process-dependent,
which is consistent with the properties of any colloidal dispersion. The zeta potential values
(Figure 3B) suggest that the CS particles display a negative surface charge of around -35 mV
due to, probably, the dissociation of surfactant ions from the CS core of the particles, producing

an excess of anionic acrylate charges at the core surface.?? These CS dispersions displayed
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particles with average size that remained unchanged over several months, with no signs of

macroscopic phase separation.?
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Figure 3. Size distribution obtained by DLS (A) and zeta potential values (B) for CS particles,

Ag and Au NPs and CS particles conjugated to Ag (CS-Ag) and Au (CS-Au) NPs. In A, the

average size is indicated for each of the investigated systems. In B, the mean zeta potential

values are displayed as the avg + SD, from triplicates of independent preparations.

The TEM images obtained for CS particles, shown in Figure S3, corroborate the DLS

data, indicating spherical aggregates with diameter in the range of 100-200 nm. It is important

to emphasize that these particles are self-assembled structures that only exist as dispersed

aggregates in aqueous solution. By removing the solvent, the particles aggregate, forming large

objects. To avoid such segregation, the samples used for TEM analysis were diluted to 0.01

wt% and negative-stained with uranyl acetate, that helps fixating the aggregates and both in

increasing the contrast of the organic material under the beam of electrons and setting the

particles at the solid substrate.
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As a reference, CP particles were also prepared and characterized. It is already known
that these particles, prepared by mixing individual aqueous solutions of the charged—neutral
block copolymer and the charged surfactant, with their respective counterions, are also core-
shell aggregates. Further studies revealed that the micelles in the core of the particles are
arranged in a disordered state.!’?° The SAXS data (Figure S4) displayed no scattering peak,
confirming the amorphous nature of the CP particles. As discussed in detail in a previous
report??, the smaller core size could be the cause of absence of liquid crystalline structure in the
CP particles. Available data on particle size (Figure 3A and S3) show that the CS particles
display larger cores than the CP particles (Figure S3 and S5). Hence, the later would not be
large enough to constitute a liquid crystalline domain. Another important difference from CS
particles is that the CP ones display a surface charge close to zero, as evidenced by their zeta

potential values (Figure S5).

Ag and Au NPs

A synthetic route described elsewhere?® was adapted to prepare metal NPs with
diameter around 5 nm. DLS (Figure 3A) and TEM data (Figure S6) present the average size of
Ag and Au NPs and, additionally, show that they are spherical and well-dispersed. The size
distribution histograms based on TEM images are also displayed in Figure S6. UV-Vis
spectroscopy was also employed to characterize the metal NPs because of the sensitivity of
their surface plasmon resonance (SPR) band to their size and state of aggregation.? Figure 4A
and B show the UV-Vis spectra for Ag and Au NPs, respectively, indicating the SPR bands
located at 402 and 521 nm, respectively, in accordance with the literature for NPs with average
size of 5 nm.32* |n addition, these metal NPs display negative zeta potentials (Figure 3B), due

to the presence of remaining borohydride ions adsorbed to the NPs surface.
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Figure 4. UV-Vis spectra obtained for Ag (A) and Au NPs (B) and their respective conjugates

with CS particles. Dashed lines indicate the maxima position of SPR band.

CS-Ag and CS-Au conjugates

To ensure that the metal NPs would be strongly bound to the CS particles, the later
were surface-functionalized with thiol groups, taking the advantage of the fact that the PAAmM
blocks possess, as ending groups, xanthate (from the controlled polymerization reaction), that
has been already shown to be converted to thiol groups which interact with metal NPs.62° SAXS
(Figure 2) and additional data that will be presented below indicate that the surface
functionalization did not alter the nature of the CS particles. The amount of thiol groups on the
surface of the particles was 6.6x102! umol.nm, indicating that approximately 90% of the
initial xanthate groups were converted to SH. Once thiol groups were added to their surface,
the CS particles were mixed with the previously prepared Ag and Au NPs, in a mass ratio of

1:1, and the resulting conjugates were further studied.



143

SAXS data (Figure 2) indicated that, upon attachment of metal NPs to the CS particles
surface, their liquid crystalline cores remained Pm3n micellar cubic, with no significant
variation in the cell parameter, as evidenced by the positions of the scattering peaks that
remained essentially the same. These results indicate that the Ag and Au NPs were probably
located at the particles surface and displayed no affinity for the liquid crystalline core. This is
interesting because it has been shown that the addition of metal-based NPs to liquid crystalline
particles usually alter their structure. Examples come from reports on cubosomes (dispersions
of reverse bicontinuous lipid cubic phases) functionalized with iron oxide NPs* and gold
nanorods. In both cases, the addition of metal NPs promoted changes in the cell parameter of
the initial liquid crystalline structure or favored the formation of additional structures. However,
the liquid crystalline particles in the present study were obtained in such a way that their shell
was functionalized to ensure the location of metal NPs at the outermost surface.

DLS data (Figure 3A) show that the resulting conjugates display an average
hydrodynamic diameter of ca. 380 nm, indicating an increase of about ~ 50% when compared
with the original CS particles. The increase in Dy values most likely not a result of an increase
in the CS size due to the conjugation with Ag and Au NPs, but rather a result of the NP greater
surface charge, and consequently, increase in hydration layer.

TEM images (Figure 5) confirm this, by showing the dry CS particles, with basically
the same average size after surface decoration with metal NPs. An important additional
observation is that the Ag and Au NPs were mainly attached to the outer part of the CS particles,
and retained their original size and state of aggregation, when compared with the original metal
NPs (Figure S6). The DLS and TEM results show that the formation of CS particles surface-

decorated with Ag and Au NPs was successfully achieved by using this protocol.
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Figure 5. TEM images obtained for CS-Ag (A) and CS-Au (B) conjugates. Samples were
negative stained with uranyl acetate solution. Insets show magnification of the squared areas in

the respective images.

Zeta potential values (Figure 3B) show that the CS-Ag and CS-Au conjugates possess
a high negative surface charge, (ca. -65 mV), probably because both components, the original
CS and metal NPs, are also negatively charged (Figure 3B). Such high zeta potential values
result in improved colloidal stability, as will be described below.

Conjugating the Ag and Au NPs onto the surface of thiol-modified CS particles, led to
no visual change of their appearance as compared to that of the original metal NPs. This was
confirmed by UV-Vis spectra (Figure 4) that reveal that the SPR band shows a small red-shift
to 407 and 526 nm, for Ag and Au NPs conjugated to CS, respectively, indicating the absence
of any noticeable aggregation between the conjugated metal NPs, which is also consistent with
the TEM results (Figure 5). According to the literature on similar systems, i.e. colloids surface-
decorated with metal NPs, the small red-shift in the SPR band is an indication that local

concentration of Ag and Au NPs has increased at the CS particles surface and decreased the
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average spatial distance between metal NPs compared to that in the original Ag and Au NPs
dispersions.?

CP particles (thiol content of 6.9x102' umol.nm™2) were also successfully surface-
decorated with Ag and Au NPs, as evidenced by the DLS (Figure S5), TEM (Figure S7) and
UV-Vis spectroscopy (Figure S8) results. An important information that should be highlighted
in this case is that, because the original CP particles display no surface charge (Figure S5), the
zeta potential values for CP-Ag and CP-Au conjugates were almost half of those values
observed for CS-Ag and CS-Au conjugates, which also impacts on their colloidal stability, as

will be discussed in the following topic.

Colloidal stability tests

Depending on the desired application, metal NPs may be exposed to medium with
significant variations of ionic strength and pH values, among other environmental variables.
Hence, NPs with enhanced stability are highly desired to avoid aggregation and to retain their
original properties. Because the SPR band is related to NPs size and state of aggregation®>%, it
can be used as a parameter to monitor the stability of the metal NPs: changes in the position of
the band as surrounding conditions are varied may indicate aggregation of NPs. UV-Vis
spectroscopy was, therefore, used to monitor the stability of the conjugates and the original
metal NPs as a function of salt concentration and pH changes.

Because the original metal NPs displayed low negative surface charge, they are
described to be quite sensitive to the addition of salt and will immediately and irreversibly
aggregate 2, which is confirmed in Figure S9. At 100 mM of NaCl, the SPR bands vanish
because the surface charge of the NPs is shielded, leading Ag and Au NPs to completely
aggregate and separate from the solution (confirmed by visual inspection of the samples). The

metal NPs also show signs of aggregation at pH = 2, and remain stable at pH = 10.
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In remarkable opposition, the CS-Ag and CS-Au conjugates display excellent colloidal
stability upon salt addition and pH changes, as evidenced by the SPR bands that remain
unchanged (Figure 6). Even at high salt concentrations (500 mM) and low pH (pH = 2), no
aggregation was observed. This enhanced stability of the conjugates is ascribed to their high
surface charge (ca. -65 mV) and the presence of hydrophilic polymer corona that prevent
particle aggregation and phase separation??. Because the CP particles display zeta potential
values close to zero, their conjugates with metal NPs did not present such an improved colloidal
stability (Figure S10), confirming the importance of the surface charge of the CS-Ag and CS-
Au conjugates for their stabilization. These results were the first to indicate the advantage of
using surfactant-block copolymer particles prepared by the CS method when compared with

those prepared by the conventional CP approach.
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Figure 6. UV-Vis spectra of CS-Ag (A) and CS-Au (B) conjugates as a function of NaCl

concentration and solution pH.



147

Emulsification tests

The ability of the CS and CP particles conjugated to Ag and Au NPs to stabilize oil-
in-water emulsions was studied by mixing the aqueous dispersions containing the conjugates
with mineral oil in a volume proportion of 8:2. The systems were vortexed for 1 minute and the
appearance of the samples was visually monitored. As a control experiment, emulsions
stabilized by Ag and Au NPs and CS and CP particles were also prepared. The observations
(Table 1) indicated that the best stabilizers were the conjugates with CS particles, with emulsion
stability superior to 3 months. The CS particles, solely, could stabilize the emulsions for days
before phase separation. All other stabilizers resulted in emulsions with very poor colloidal
stability.

Table 1. Stability time of the oil-in-water emulsions stabilized by different particles.

Emulsion Stabilizer Stability time*

CS Days

CP Minutes

Ag Seconds

Au Seconds
CS-Ag Months
CS-Au Months
CP-Ag Minutes
CP-Au Minutes

*Interval at which macroscopic phase separation was observed.

The more stable emulsions were visualized by optical microscopy and the droplets
size was monitored over 3 months. The results, shown in Figure 7, confirm the visual
observation and showed that the emulsions stabilized by CS-Ag and CS-Au displayed excellent
colloidal stability. Their average droplet size remained essentially the same over the
investigated time interval. The excellent stability of such emulsions is attributed to the highly
negatively-charged conjugates located at the oil-water interface, preventing the droplets

aggregation via electrostatic inter-droplet repulsion.
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Figure 7. Optical micrographs and respective size distribution histograms (n = 200) with
months (B) and emulsions stabilized by CS-Au: freshly prepared (C) and after 3 months (D).
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Pickering emulsions, i.e. emulsions stabilized by particles, are known to display
enhanced stability when the stabilizing particles are small in such a way they can form a
compact shell surrounding the dispersed droplets in the continuous phase.? In the present case,
the control experiments indicate that surface charge and the amphiphilic character of the CS-
Ag and CS-Au conjugates seems to be equally important for emulsion stabilization. The
emulsification tests confirmed the advantage of using metal NPs conjugate to CS instead of CP
particles, in agreement with the results obtained in the colloidal stability tests, presented above.
Because of these results, CS-Ag and CS-Au were chosen as model systems in the interfacial

catalytic experiments, that will be discussed below.

Interfacial catalytic tests

Because metal NPs have been envisaged for catalytic purposes in a variety of chemical
reactions in the last years}®3’ the CS-Ag and CS-Au conjugates that presented enhanced
colloidal stability and emulsification properties were tested as potential catalysts in the biphasic
aerobic oxidation of benzyl alcohol to benzoic acid. This model reaction was chosen because it
is already known that Au NPs, in aqueous solution, can accelerate the conversion of alcohols
to carboxylic acids under mild experimental conditions, i.e. no need of high temperatures,
pressure, controlled atmosphere, etc.?831:3:3% |n addition, a variety of reports have shown the
great catalytic efficiency of Au-supported NPs in the aerobic alcohol oxidation.*%-4?

Because the CS-Ag and CS-Au conjugates stabilize oil-water interfaces, a potential
use of the emulsions as a medium for interfacial catalysis was seen, with the advantages that
the unreacted starting component and the product would concentrate in the oil and aqueous
phase, respectively, favoring their separation after the reaction was ended. For this, another
reason considered for this choice is the significant difference in aqueous solubility between

benzyl alcohol and benzoic acid.
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The conjugate dispersions were used as the aqueous phase, after pH adjusting with
potassium carbonate, and were mixed with the oil phase, containing the dissolved benzyl
alcohol, in the same water-to-oil volume proportion used to prepare the previously investigated
emulsions, (8:2 water-to-oil ratio). The resulting emulsion was further stirred at room
temperature and the amount of benzoic acid formed was monitored by UV-Vis spectroscopy
(Amax = 230 nm), after separation and acidification of the aqueous phase containing the product
in the form of its potassium salt (Figure S11).

Figure 8A shows the yields as a function of reaction time, at the same experimental
conditions, by employing the different catalysts. As a reference, the catalytic activity of the
pure metal NPs was also studied in aqueous solution, at the same metal content. As described
elsewhere, the Au NPs displayed enhanced catalytic efficiency when compared to other metal
NPs, Ag, in the present case.®! Their conjugates with CS particles presented a similar behavior,
indicating that the catalytic efficiency of the metal NPs remained essentially the same when
they were anchored in the surface of surfactant-block copolymer particles. This seems
consistent with the previous results that indicate that the metal NPs are located at the outer
surface of the conjugates.

The small yield differences observed when the metal NPs are compared with their
respective conjugates with CS particles may be related to higher available surface of the original
Ag and Au NPs, differently of the conjugates, in which the metal NPs are covered by PVP and
partially-covered by PAAm chains from CS particles. Because side products, such as benzyl
benzoate and benzaldehyde, are known to be formed, in all cases,* benzyl alcohol is not fully
converted to benzoic acid. The linear variation of product concentration with time indicates a
first-order reaction (Figure 8B), with rate constants (k) displayed in Table 2, as well as the TOF
(turnover frequency) values, which are higher or at least comparable, for Au, to the performance

of other polymer-coated metal NPs under similar conditions (Table S1).
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Figure 8. Conversion of benzyl alcohol to benzoic acid as a function of reaction time (A) and

the variation of benzoic acid concentration C normalized by the initial concentration C, as a

function of reaction time (B). Data are displayed as the avg + SD, from triplicates of

independent preparations. In B, the dashed lines represented the linear fit for the data.

Table 2. Maximum conversion, rate constants (k), and turnover frequencies (TOF) for the

different catalysts used in the aerobic oxidation of benzyl alcohol to benzoic acid (avg = SD,

from triplicates of independent preparations).

Catalyst
Ag
Au

CS-Ag

CS-Au

a. defined as the number of converted moles of benzyl alcohol per metal moles per hour?®

b. calculated for reaction time in which the product concentration remained unchanged.

49+5

84+1

453

82+2

Conversion / %

k/ht

0.144+0.021

0.161+0.018

0.145+0.019

0.172+0.013

TOF / hiab

4.0+0.4

7.0£0.2

3.8+0.2

6.8+0.2
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After the reaction was finished, the remaining emulsion was centrifuged at 5000 rpm
for 1 hour and the conjugates, settled at the bottom of the vessel, were collected, redispersed in
water containing potassium carbonate and vortexed with the oil phase containing benzyl
alcohol. The resulting emulsion was used again as a medium for a new alcohol oxidation
reaction. The recycling tests were performed 5 times for each of the catalysts (CS-Ag and CS-
Au). As a control experiment, the recycling of Ag and Au NPs was also studied in aqueous
medium. For the five cycles employing CS-Ag and CS-Au as catalysts, the loss of activity was
significantly decreased (Figure 9A), while for Ag and Au NPs, there was a significant reduction
from the initial catalytic efficiency (Figure 9B).

This decrease could be attributed to the leaching of the original Ag and Au catalysts,
as indicated by ICP analysis of the product phase (Figure 9C). In addition, centrifugation and
redispersion may induce the metal NPs, with decreased colloidal stability, to form large
aggregates that cannot be fully dispersed and possess smaller surface area, which also may
greatly impact on their catalytic efficiency.?® Hence, this compilation of results demonstrates
the great efficiency and versatility of the CS-Ag and CS-Au recyclable catalysts for the aerobic
oxidation of alcohols in a biphasic system in which the unreacted substance and product are
easily separated.

It is important to emphasize that great catalytic results have been found elsewhere for
Au-catalyzed aerobic alcohol oxidation. However, all of these reports deal with water-
dispersible Au NPs?831.38.3% or supported NPs*-*2, making this the first report on the use of metal
NPs to perform interfacially-catalyzed oxidation of benzyl alcohol and additionally the

nanoconjugates described here could be reused with little loss of their activity.
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Figure 9. Catalytic efficiency of CS-Ag and CS-Au conjugates (A) and Ag and Au NPs (B) in

the aerobic oxidation of benzyl alcohol to benzoic acid. The metal concentration as a function

of number of cycles is displayed in (C). The results are displayed as avg = SD, from triplicates

of independent preparations

CONCLUSIONS

A new approach to the formation of satellite-like nanostructures, based on Ag and Au

NPs anchored to the outermost surface of block copolymer-surfactant liquid crystalline

particles, is reported. Thanks to the combination of both metal NPs and CS particles, the
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conjugates display improved colloidal stability and emulsification properties, while keeping
important properties of the individual components, such as the catalytic activity of the metal
NPs. These conjugates display great catalytic efficiency towards alcohol aerobic oxidation in
biphasic systems that facilitate the product recovery from the reaction mixture.

The present metal-polymer-surfactant conjugates represent a relevant example of using
nanotechnology tools by combining advantageous properties of an assembly structure to those
of functional materials such as the metal NP catalysts. More than representing a great
combination of complex systems, they display properties that could not be reproduced by the
individual components. Because colloidally-stable metal NPs are highly desired for multiple
purposes and new strategies to obtain such nanomaterials have been widely anticipated, the
information reported in the present study is encouraging for future work involving similar novel

functional nanomaterials with sophisticated structures and tunable multifunctionalities.
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Figure S3. TEM image obtained for (A) CS and (B) CP particles negative stained with uranyl

acetate solution.
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Figure S4. SAXS pattern for CP particles aqueous dispersion at 0.01 wt%.
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Figure S7. TEM image obtained for (A) CP-Ag and (B) CP-Au conjugates negative stained

with uranyl acetate solution.
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Figure S8. UV-Vis spectra obtained for CP-Ag (A) and CP-Au (B) conjugates. The spectra of
Ag (A) and Au (B) NPs are displayed again for comparison purposes. Dashed lines indicate the

position of SPR band in all cases.
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Figure S9. UV-Vis spectra of (A) Ag and (B) Au NPs as a function of NaCl concentration and

solution pH.
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Figure S11. UV-Vis spectra evolution as a function of reaction time in the aqueous phase for

interfacial aerobic benzyl alcohol oxidation to benzoic acid catalysed by CS-Au

nanoconjugates.

Table S1 Comparison of the catalytic activity? of the investigated nanoconjugates with

examples from the literature for the Au-catalyzed oxidation of benzyl alcohol.

NP size / nm Polymer Coating Alcoholto | Conv./% | TOF/h? | Ref.
Au molar
ratio
3.0 Poly (o-phenylenediamine) 33 95 55 1
1.3 Poly(vinylpyrrolidone) 50 99 8 2
2.5 PICBP 100 99 4 3
5.0 Poly (o-phenylenediamine) 200 53 18 4
6.7 Poly(1-vinylpirrolidin-2- 100 83 21 5

one-3-carboxylate)

a. Reaction in aqueous phase, at room temperature, base: KoCOs, oxidant: ambient air.

b. polymer-incarcerated bimetallic nanocluster catalyst
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ABSTRACT: Block copolymer—surfactant “complex salts”
(BCPCS), containing one neutral water-soluble block and one
polyion/surfactant-ion block, were prepared from poly-
(acrylamide)-block-poly(acrylic acid) block copolymers by neutral-
izing the acrylate charges with cationic dodecyl- or hexadecyl- n
trimethylammonium surfactant counterions. The BCPCS were
studied in hydrated samples containing 20—99 wt % water (and no
additional ions) employing small-angle X-ray scattering (SAXS),

0P NH, ? Excess of Water
e

WNeZe

Water > 50 wt%
Two-Phase System

Water < 50 wt%
One-Phase System

dynamic light scattering (DLS), and visual inspection. Selected

samples in D,O were also investigated. The results reveal for the first time, for hydrated samples, the formation of ordered
hierarchical structures on both block copolymer and surfactant length scales, analogous to structures that have previously been
reported for solvent-free block copolymer—surfactant complexes in the solid or melt. The BCPCS structures do not dissolve but
display a finite swelling also in the presence of excess water. The structure on the BCP length scale (lamellar or hexagonal)
depends only on the BCP, whereas the structure on the CS length scale (hexagonal or micellar cubic) depends on both the
surfactant ion and the water content. The results strongly suggest that the observed concentrated hierarchical structures are the
equilibrium states for BCPCS in water, although small aggregates formed reproducibly in the dilute regime have been reported
for BCPCS and similar systems, collectively known as complex coacervate core micelles (C3Ms).

B INTRODUCTION

A variety of reports on micelles formed through the
electrostatic complexation between water-soluble neutral—
ionic block copolymers and oppositely charged species in
solution have emerged in the past two decades and attracted
considerable interest resulting in several investigations on both
fundamental and applied aspects of these structures. The
studied oppositely charged species include synthetic (co)-
polymers with different architectures, biopolymers, such as
proteins and DNA, and surfactants." "' The literature contains
several terms for such structures, such as polyion complex
micelles, PIC micelles,""* complex coacervate core micelles,
C3Ms,™" and (inter)polyelectrolyte complexes, PEC.">'* For
convenience, we will here use the term C3M for the micellar
core—shell structures, formed in aqueous solutions, featuring a
stabilizer shell consisting of neutral water-soluble units
surrounding a water-insoluble (but hydrated) core consisting
of complexed oppositely charged units.®

Several studies, exclusively limited to dilute systems, have
reported C3Ms formed by a charged—neutral diblock
copolymer, here abbreviated as BCP, and an oppositely
charged polyelectrolyte'® or an oppositely charged surfactant."®
There are also C3Ms consisting of two BCP in which the
charged blocks are oppositely charged.'” The commonly
encountered history dependence found in some studies'* >
suggests that C3Ms are not equilibrium structures and that
their properties are process-dependent, i.e., depend on their

v ACS Publications © 2018 American Chemical Society

9915

preparation procedure. A variety of works have reported that
the average size, micelle shape, colloidal stability, and nature of
the core (liquid-, solid-, or crystal-like), among other features,
are strongly dependent on experimental conditions such as the
mixing protocol, the mixing ratio between the two oppositely
charged species, the solution pH, salt concentration, polymer
chain length, and so forth.'*=%”

Thus, van der Kooij et al.'® demonstrated that the polymer
chain length and (especially) the salt concentration strongly
affect the stability, size, and shape of C3Ms formed from
poly(acrylate) (PA) and poly(N-methyl-2-vinylpyridinium)-
block-poly(ethylene oxide) (PM2VP-b-PEO). Bronich et al."”
reported complexes of poly(ethylene oxide)-block-poly-
(methacrylate) (PEO-b-PMA) with single-, double-, and
triple-tail surfactants that display a wide range of particle
size, shape, and stability upon changes in the block proportions
of the copolymer, the surfactant alkyl chain length, mixing
ratio, and salt content. Similar results were found for aqueous
mixtures of PEO-b-PMA copolymer with N-alkylpyridinium
cations’ and for poly(N-isopropylacrylamide)-block-poly-
(acrylate), PNIPAM-b-PA, C3Ms with dodecyltrimethyl-
ammonium bromide (C,,TABr).”’
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Voets and co-workers® have shown the reversibility of disk-
shaped C3Ms formation of aqueous solutions containing
poly(acrylamide)-block-poly(acrylate) (PAAm-b-PA) and poly-
(2-methylvinylpyridinium iodide)-block-poly(ethylene oxide)
(PEO-b-P2MVP). Interestingly, long-range order within
coacervate domains has been observed in extremely dilute
(<1 wt %) triblock copolyelectrolyte complexes with increasing
block copolymer concentration although previous studies on
similar systems reported the lack of ordered structures in such
low concentration range.22 Recently, Wu et al.>* discussed the
nonequilibrium features of complex formation between
poly(ethylene oxide)-block-poly(vinylbenzyltrimethyl-
ammonium chloride) (PEO-b-PVBTMA) and poly(ethylene
oxide)-block-poly(styrenesulfonate sodium) (PEO-b-PSS) in
the presence of salt prepared by distinct protocols.

Regardless of the detailed preparation protocol, C3Ms are
almost invariably made by mixing two salts; that is, the
“original” counterions of the oppositely charged species are
included in the resulting mixture. In particular, mixtures
containing PAAm-b-PA and a cationic surfactant, with their
respective counterions, at a charge ratio of 1, have been widely
studied in the past decade.”* "’ The aggregates observed
displayed an average diameter of SO nm with cores containing
surfactant jon aggregates arranged in a disordered state,
showing no long-range order. Our group has recently expanded
the studies on PAAm-b-PA-cationic surfactant complexes by
employingg new methodology based on the complex salt (CS)
approach.”*’ In this case, the acrylate units of the BCP are
neutralized by alkyltrimethylammonium cationic surfactant
ions using a simple acid—base reaction, resulting in block
copolymer complex salts, here abbreviated as BCPCS, free of
counterions. Interestingly, the dispersions produced by
dispersing such BCPCS in water gave particles with a diameter
ca. 300 nm with particle cores displaying a Pm3n micellar cubic
or hexagonal liquid crystalline structure, depending on the
surfactant ion alkyl chain length.

There is a striking absence of studies of concentrated
mixtures of hydrophilic BCPCS with water. This is surprising
since it is well-known that solvent-free melts of analogous
block copolymers, that is, block copolymers where one block
has amphiphilic molecules associated with the repeat units,
typically form hierarchically ordered structures on both the
amphiphile and the block copolymer length scales.’’~*

The first attempts to study polymeric materials with order
on multiple length scales were reported by ten Brinke and
Ikkala and co-workers, who thoroughly investigated complexes
formed by a variety of poly(styrene)-block-poly(vinylpyridine)
copolymers and different amphiphilic compounds in the melt
state. Their work demonstrated that it is possible to obtain
several types of hierarchical structures such as lamellar-within-
lamellar, lamellar-within-cylindrical, cylindrical-within-lamellar,
spherical-within-lamellar, and lamellar-within-spherical ones,
depending on the relative sizes of the copolymer blocks and
the alkyl chain length of the amphiphile.**~*

More recent examples come from complexes of charged—
neutral block copolymers and ionic surfactants, where the
studied systems are composed of poly(y-benzyl-L-glutamate)-
block-poly(L-lysine) with dodecanesulfonic and dodecyl-
benzenesulfonic acids,*' poly(ethylene oxide)-block-poly(L-
glutamic acid) with primary positively charged alkylamines,"”
and poly(styrene)-block-poly(methacrylic acid) with
alkyltrimethylammonium surfactants.”> ™ All these systems
displayed a structural hierarchy in the solid and melt states,
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involving long-range order on the block copolymer length scale
and well-defined aggregates on the surfactant length scale
within the domains formed by the surfactant-containing blocks.

In view of the structural richness found in the solvent-free
BCPCSs or analogous block copolymers, the lack of systematic
studies of the structures in the concentrated region of hydrated
hydrophilic BCPCS is remarkable. In addition, the finding that
the particles obtained by dispersing the BCPCS have
properties, like size and core structure, that depend on the
method of preparation raises questions about the equilibrium
state of the dilute mixtures: are they true solutions or, in fact,
nonequilibrium dispersions of an insoluble BCPCS phase? The
present report aims to at least partially fill these gaps in our
knowledge. One should note that the study of concentrated
BCPCS systems is best performed on systems, that as
mentioned above, are free of the “original” counterions. In
mixtures including the latter ions the resulting simple salt
would give rise to a screening salt at a concentration that
follows the BCPCS concentrations, which would strongly
influence the system properties at high concentrations.
Therefore, we have here performed structural studies of
stoichiometric CS of the block copolymer PAAm-b-PA
neutralized by dodecyl- or hexadecyltrimethylammonium
cationic surfactants over a very wide range of concentrations
in water.

Besides the influence of the surfactant chain length,
the influence of the (a)symmetry of the block copolymer
block lengths has also been investigated. The strategy is based
on the previous experiences with systems formed by the
corresponding homogolymer CS and water***” and BCPCS in
the dilute nagirne.ls’Z Small-angle X-ray scattering (SAXS) and
dynamic light scattering (DLS) together with visual observa-
tion of the samples have been used to identify and characterize
the phases at different length scales and a full panorama of the
block copolymer complex salts behavior in hydrated
concentrated systems is presented.

B EXPERIMENTAL SECTION

Chemicals. The block copolymer PAAm,;;-b-PAA, in which the
subscript characters refer to the weight-average number of repeating
units of each block, was synthesized as described earlier™® and
characterized by proton nuclear magnetic resonance (‘"H NMR) and
gel permeation chromatography (GPC). PAAm,,,-b-PAA, was a gift
from Rhodia (Cranbury, NJ) and has also been characterized by 'H
NMR and GPC. The properties of the block copolymers are
presented in Table 1. Dodecyl- and hexadecyltrimethylammonium

Table 1. Weight-Average Molar Mass of the Blocks and
Dispersity (D) of the PAAm-b-PAA Block Copolymers
Employed in This Work

block copolymer PAAm (g mol™") PAA (g mol™") D“
PAAm, 35-b-PAAy 9418 3500 21"
PAAm,3,-b-PAA;, 30680 5000 1.6°

“D = M,/M,, as determined by GPC. bAccording to this work.
“According to ref 27.

bromide (C,,TABr and C,sTABr, respectively), of 99% purity, were
purchased from Sigma-Aldrich (USA) as well as the anion-exchange
resin Dowex Monosphere SSOA (OH) and were used as received.
Deionized water with a resistivity greater than 18.2 MQ cm™, as
obtained by a Milli-Q system, was used in all experiments, unless

otherwise stated.
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Preparation of BCPCS. All BCPCS were prepared following the
general procedure in our laboratories, described earlier.”**” Briefly,
the hydroxide form of the dodecyl- or hexadecyltrimethylammonium
surfactant ion (henceforth abbreviated C,,TA* or CjsTA", respec-
tively) obtained by a previous ion-exchange step, was titrated with 0.5
mol L7, in acrylate monomer, aqueous solutions of the block
copolymers in the acid form until the equivalence point, usually at pH
8.6—8.9. The mixture was then left overnight at 4 °C, and its pH was
subsequently adjusted to the equivalence point (when necessary) with
the respective block copolymer solution. The BCPCS were freeze-
dried to obtain their powders, which were then kept in a desiccator.
The final products were named PAAm, 3;-b-C,,TAPA 5, PAAm,;;-b-
C,sTAPA,;, PAAm,y,-b-C,,TAPA,, and PAAm,y,-b-C,;TAPA,
according to the surfactant alkyl chain length and the block lengths
of the copolymer used in their preparation. The products are
henceforth abbreviated as C,S, Cy4S, C),L, and C4L, respectively,
where the terms C}, and C;4 denote the surfactant alkyl chain length
and S and L refer to the length of the PAAm block in the BCP: S for
PAAm,;; and L for PAAm,;,.

Sample Preparation. Samples in a wide range of concentrations
were prepared by weighing the appropriate amounts of BCPCS and
water in glass tubes. After mixing with a vortex vibrator, the tubes
were flame-sealed. The mixing was continued in a centrifuge at 5000
rpm and 25 °C, where the tubes were turned end over end for 4
weeks. The samples were left to equilibrate at 25 °C for at least one
month prior to the measurements. The range of BCPCS
concentration varied from 1.0 to 80 wt %. Selected samples were
also prepared in D,O (Sigma-Aldrich, USA), following the standard
procedure described above.

Techniques. Small-Angle X-ray Scattering (SAXS). SAXS
measurements were performed to identify the liquid-crystalline
structures formed by the BCPCS in water. The measurements were
performed at the SAXS1 beamline of the Brazilian Synchrotron Light
Laboratory, LNLS, in Campinas, Brazil. The samples were positioned
in a cell with two flat mica windows, and a thermal bath connected to
the sample holder was used for temperature control. The X-ray
wavelength was 1.608 A, and the sample-to-detector distance was
calibrated employing silver behenate. The obtained CCD images were
integrated and treated with the software Fit2D** to obtain the
scattering function I(q), where q = (47/2) sin(©/2), 4 is the
wavelength, and © is the scattering angle. The relative diffraction peak
positions were used to identify the structures formed. The interplanar
spacing (d) between two reflecting planes is given by d = 27/q, which
enables us to calculate the corresponding mean lattice parameter
(a).*” All measurements were performed at 25 °C.

Dynamic Light Scattering (DLS). Dilute phases formed in biphasic
systems were analyzed for the presence of nanoparticles by DLS at 25
°C, using a Malvern Nano Zetasizer instrument with a 632.8 nm laser
and a detector positioned at 173°. From the apparent diffusion
coefficients, the hydrodynamic diameter (Dy;) of the nanoparticles
were determined using the Stokes—Einstein relationship for transla-
tional diffusion.

Bl RESULTS

Hydrated BCPCS samples were prepared in the concentration
range 1.0—80.0 wt % in H,O. All samples were analyzed by
SAXS at different g ranges to cover structures formed at both
surfactant and BCP length scales and by visual inspection
under normal and crossed polarized light. The SAXS patterns
recorded for the various samples are shown in Figures 1—3 for
large scattering vectors and in Figure 4 for small scattering
vectors. The results indicate that all samples in the
concentration range 5—80 wt % featured hierarchically ordered
structures on both the BCP and the CS length scales. The most
dilute samples (1 wt %) showed liquid-crystalline order on the
CS length scale but no long-range order on the BCP length
scale.
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Figure 1. SAXS patterns at high g for C,,S—H,O mixtures at different
C},S concentrations: (A) 1.0—50.0, (B) 60.0, and (C) 70.0—80.0 wt
%. In (A) the patterns are shifted along the y-axis for better
visualization of the data. In (B) dashed gray arrows or solid black
arrows indicate the peak positions of a micellar cubic phase and a
hexagonal phase, respectively. In all cases, arrows indicate the
expected peak positions, according to the peak ratios (corresponding
labels) of the correspondent phase considering the first peak.
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Figure 2. SAXS patterns at high ¢ for C,,L—H,O mixtures at different
C),L concentrations: (A) 1.0—40.0, (B) 50.0, and (C) 60.0—80.0 wt
%. In (A) the patterns are shifted along the y-axis for better
visualization of the data. In (B) dashed gray arrows or solid black
arrows indicate the peak positions of a micellar cubic phase and a
hexagonal phase, respectively. In all cases, arrows indicate the
expected peak positions, according to the peak ratios (corresponding
labels) of the correspondent phase considering the first peak.

The structures seen on the CS length scale for the C,,-based
hydrated BCPCS were either micellar cubic Pm3n (for the
more dilute samples) with peaks at 1:2172:41/2; 512,812 etc,,
spacing ratios (Figures 1A and 2A) or p6mm hexagonal (at the
highest concentrations) with peaks at 1:3'%4'2 positions
(Figures 1C and 2C). A coexistence of the two different
structures was observed for both C},S and C),L at intermediate
concentrations (Figures 1B and 2B). The results obtained for
C,6S-based BCPCS (Figure 3A and 3B) indicated a hexagonal
structure of the long-chain surfactant ions in the entire
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Figure 3. SAXS patterns at high q for (A) C;(S—H,0 and (B) C,sL—
H,0 mixtures at different concentrations. The patterns are shifted
along the y-axis for better visualization of the data. In all cases, arrows
indicate the expected peak positions, according to the peak ratios
(corresponding labels) of the correspondent phase considering the
first peak.

concentration range investigated, with the more concentrated
samples displaying sharp peaks of a highly ordered liquid-
crystalline structure.

Notably, these structures on the CS length scale were the
same as those previously found for the corresponding hydrated
homopolymer CS***” and dilute BCPCS dispersions.ls‘zg The
cell parameters calculated for all the surfactant liquid-
crystalline structures observed in hydrated BCPCS samples
are presented in Table S1. Although there is a slight change
with the water content, they fall consistently in a narrow range,
as seen before for hydrated homopolymer CS.*’ The only
exception is C;,S at 60 wt % and above, where the cell
parameters displayed slightly higher values, if compared with
the correspondent hydrated homopolymer CS.* In a previous
study, the domain size in the CS length scale was estimated at
ca. 100 nm, according to SAXS data, for similar BCPCS in the
dispersed state.”

The most novel results from this study are the ordered
structures on the longer length scale demonstrated for samples
in the concentration range 5—80 wt % by the SAXS patterns
recorded at small scattering vectors (Figure 4). For the
hydrated samples based on the “short” BCP (C,,S and CycS)
peaks at 1:4'2 or 1:41/2:9'2 spacing ratios indicate the
formation of a lamellar structure. By contrast, the samples
containing the “long” BCP (C,,L and C,cL) displayed SAXS
patterns at 3242 or 1:3'/2:4!2 positions, indicating the
formation of a hexagonal structure. Their cell parameters are
listed in Table S2. Evidently, the long-range structures for the
studied systems are independent of water content and
surfactant ion chain length but do depend on the (a)symmetry
on the BCP length scale. However, the cell parameters (Table
S2) decrease with increasing concentration for all BCPCS
throughout the range 5—80 wt %.

As a reference, all BCPCS were also studied by SAXS in
their freeze-dried state used for preparation of the hydrated
samples (see the Experimental Section). The freeze-dried
samples were analyzed at small and large scattering vectors in
SAXS. Notably, the patterns (Figures SI and S2) at both
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length scales were quite different from those of the hydrated
samples displayed above. A set of peaks on the CS length scale
were observed for C,,S and C,4S freeze-dried powders, while
for Cj,L and C,4L only one well-defined peak could be seen in
the SAXS patterns (Figure S1). On the BCP length scale, no
structure was detected (Figure S2).

All hydrated samples were visually observed after the
extensive mixing procedure and photographs are presented in
Figure S3. Samples prepared in H,O showed no signs of a
separation into two or more phases on a macroscopic length
scale, despite the extensive centrifugation cycles. However, the
visual observations of several clear samples at high BCPCS
concentrations, while samples at lower concentrations were
invariably turbid, suggested that the samples at lower
concentrations were actually biphasic.

The very similar specific volumes of the BCPCS and H,0,
combined with the high viscosity of the resulting mixtures, may
make centrifugation an inefficient method to achieve a
macroscopic phase separation. Equilibration could be an
issue for such samples and systems out-of-equilibrium may
lead to misleading results. This was checked by making
selected samples, following the standard procedure of
preparation, in D,0, which has a 10% higher density than
H,O0. Indeed, visual observation of the samples in D,0O (Figure
S3) revealed macroscopically separated phases at concen-
trations below ca. 50 wt %.

SAXS patterns obtained at low g on the D,O samples
(Figure S4) confirmed the existence of higher order structures,
lamellar for C,,S and C;4S and hexagonal for C;,L and CyL, in
agreement with the results in H,O. However, as shown in
Figure S, the cell parameters (listed in Table S3) deviated from
those obtained for BCPCS/H,0, mostly at low concentrations.
A series of samples prepared at 5 wt % invariably gave much
lower d-spacings in the macroscopically phase-separated
samples prepared in D,O than they did in the uniformly
turbid samples in H,O. Interestingly, the spacings for the
phase-separated D,O samples at 5 wt % were essentially
determined solely by the BCP length, following the sequence
CpL & CiL > CiS = Cp,S. The best agreement between
results in D,0 and H,0O was found for C,,S. The D,O results
for C,,S clearly show a plateau of the d-spacing values in the
two-phase region below ca. S0 wt % BCPCS, as expected for a
biphasic system of only two components at varying mixing
ratios. A similar plateau was obtained in H,0O, except for an
isolated jump of the d-spacing at 5 wt %. Because the same
structures were seen, as evidenced by SAXS, in samples
prepared in H,0 and D,0, we do not assume that changing
the solvent would induce significant variation in the behavior
of the samples, except for revealing the equilibrium state for
some of them (macroscopically separated phases), in this
specific study.

Figure 6 shows bar diagrams summarizing the phases and
structures in our four BCPCS, as deduced from SAXS results
together with the visual appearances (clarity/turbidity,
occurrence, or not of macroscopic phase separation in D,0)
of the samples. The upper bar shows the structures on the CS
length scale, including regions of phase coexistence for the C,,-
based systems, whereas the lower bar shows structures on the
BCP length scale, together with information about the one- or
two-phase regions in mixtures with water. The squared areas at
high dilution in the lower bar diagrams reflect the observation
that dispersions prepared at 1 wt % in H,O showed no
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structure on the BCP length scale; note, however, that they did
show structure on the CS length scale.

To distinguish nonequilibrium dispersions from thermody-
namically stable solutions in dilute mixtures is notoriously
difficult. Rather than investigating progressively more dilute
mixtures in D,0 for this purpose, we chose to gain additional
information about the possible existence of soluble BCPCS
aggregates by analyzing by DLS the dilute phases taken out
from all macroscopically phase-separated samples in D,O.
These measurements (Table S4) indeed revealed the existence
of particles (presumably small aggregates) in the optically clear
dilute phases, but these particles had comparatively small
hydrodynamic diameter, falling in the ranges 12.2—14.1 nm for
the short BCP and 22.3—27.2 nm for the long BCP.

B DISCUSSION

General Features. In this study, we consistently observed
hierarchical ordered structures in hydrated BCPCS. Notably,
the structures observed for the freeze-dried precursor materials
were very different (Figures S1 and S2). Among the previous
studies of solvent-free BCPCS in the literature, those published
by Ayoubi and co-workers** are the most similar to the present
work, in terms of the chemical composition of the BCPCS and
the methods by which the complexes were prepared. By a
selective complexation between alkyltrimethylammonium
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Figure 6. Diagrams of structures observed on CS (i) and BCP (ii)
length scales in BCPCS/water mixtures: (A) C,,S, (B) C,,L, (C)
Cy6S, and (D) C,6L. The hatched areas in (A) and (B) represent
phase coexistences. In all cases, the squared areas represent
dispersions in H,O were no structure was observed at the BCP
length scale.

surfactants ions and poly(styrene)-block-poly(methacrylic
acid) (PS-b-PMAA) diblock copolymers, at various grafting
densities (number of surfactant ions per carboxylate group of
the PMAA block), they prepared complexes consisting of a
hydrophobic PS block covalently connected to a strongly
amphiphilic CS block.

In the melt state, these complexes displayed simultaneous
microphase (between PS and CS blocks) and nanophase
(within the CS domains) separation. The authors showed that
such separations led to the formation of various structure-
within-structure two-scale self-assemblies, similarly to what we
have observed for the hydrated samples of this study. The
observed structures include spheres-in-spheres in a liquid-like
state, spheres-in-spheres in a body-centered-cubic arrange-
ment, spheres-in-hexagonal, spheres-in-lamellar, and hexago-
nal-in-lamellar structures.**™*

Importantly, the structures observed by Ayoubi et al. were
achieved by annealing the samples in the melt state at
appropriate temperatures and time intervals. ™% By contrast,
the freeze-drying procedure employed in this study to produce
the dry precursor materials, with no subsequent effort made to
anneal the samples, cannot be expected to generate equilibrium
structures of the respective solvent-free BCPCS. The
comparison between our results and those of Ayoubi and co-
workers'* ™ therefore strongly suggest that (i) our freeze-
dried BCPCS samples do not display equilibrium structures,
but (ii) a sufficiently high water content (20 wt % or above)
facilitates molecular motion in the BCPCS to the extent that
the equilibrium structures at different length scales can

develop.
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Our study casts new light on the issue of the thermodynamic
versus kinetic stability of small BCPCS aggregates or “micelles”
in water: At least for the studied combinations of BCP and
surfactant ion, and at least in the absence of additional small
ions (such as the original counterions emanating from
conventional preparation procedures), our studies clearly
indicate that dilute mixtures of BCPCS with water are two-
phase systems at equilibrium, featuring a water-swollen
concentrated phase that is hierarchically ordered on two
length scales and a phase of essentially excess water. The latter
phase was here found to contain small particles (Table
$4), much smaller than the “micelles” typically found by the
conventional procedure of mixing polyelectrolyte and
surfactant in water, usually in the range 30-200
nm.'®'"9727175% However, the salt-free BCPCS produced
and studied here are quite easily dispersed in water by, for
example, vortex mixing, as found in this and previous studies
from our laboratory.ls'w'55 Thus, more experiments would be
required to establish whether the small particles found here in
the dilute phase actually represent a true equilibrium solubility.

Structures on the CS Length Scale. BCPCS hydrated
samples in the 1.0—80.0 wt % concentration range all displayed
liquid crystalline structures on the CS length scale that agree
with those previously found for analogous homopolymer CS or
BCPCS dispersions.z8'29‘46’47’” The hydrated C,4S and C,4L
systems show a p6mm hexagonal structure in the entire studied
range of concentrations, whereas hydrated C},S and C),L
systems display two structures: a Pm3n micellar cubic structure
at high water content and a hexagonal p6mm structure only at
low water contents. The cell parameters of the micellar cubic
and hexagonal phases formed in the BCPCS/water mixtures
were found to be rather hydration-independent (Table S1).
This is again consistent with what has been seen for previously
investigated homopolymer CS at varying water contents.”

For the C),-based BCPCS/water mixtures, the coexistence
of micellar cubic and hexagonal structures was seen to occur at
concentrations around 50 or 60 wt % for C;,L and C,,S,
respectively. Earlier studies have shown that for hydrated C,,S-
based homopolymer CS, even a very large difference of the
polyion length has small effects on the position of cubic/
hex;:gqual phase boundary, which occurs around 60 wt %
Ccs

This observation suggests that the same invariance of the
water content at coexistence may hold in the CS domains of
our hydrated BCPCS systems. It then follows that the reason
that the cubic/hexagonal transition occurs already at S0 wt %
C,L is an unequal partitioning of water between the PAAm
and the CS domains. In the system with long PAAm chains,
the water preferentially partitions to the PAAm domains
because of the osmotic stress that the PAAm domains exert on
the CS domains. This osmotic stress is lower for the short
PAAm chains in C},S. As a result, water seems to partition
equally between the PAAm and CS domains in the latter
system, at least at 60 wt % BCPCS. By increasing the length of
the neutral block, one can evidently create CS domains with an
enriched surfactant concentration, resulting in phase tran-
sitions at lower overall concentrations of the system.

Structures on the BCP Length Scale. Our SAXS results
at small scattering vectors (Figure 4 and Figure S4)
consistently show a lamellar structure on the BCP length
scale for the BCPCS featuring the short PAAm block (C,,S
and Cy4S), whereas the systems with the long PAAm block
(Cj,L and CL) give hexagonal structures. This variation in
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the shape of an amphiphilic aggregate, stabilized by nonionic
flexible chains in water, is well documented and understood for
classical nonionic surfactants and is explained by the lateral
interaction between the neutral “headgroup” chains at the
aggregate surfaces which becomes increasingly repulsive with
increasing chain length under good solvent conditions.”” An
increasing repulsion between the head groups gives rise to an
increasing curvature of the aggregate surface, causing the
preferred aggregate shape to switch, in our case from a two-
dimensional sheet to a one-dimensional rod. On the next level
of organization these aggregates pack into 1-D lamellar and 2D
hexagonal structures, respectively.

While consistent structures of our studied BCPCS thus
emerge from SAXS patterns, there is overall a considerable
scatter in the d-spacings deduced from the patterns (Figure 5)
at low q of the samples in H,O. Such scatter indicates that the
systems have not reached their equilibrium states, which could
be due to insufficient mixing and/or the fact that the BCPCS
are easily dispersed into stable dispersions in the presence of
excess water. By contrast, the limited data in D,0O are very
consistent (Figure 5), confirming our suspicion that the very
small difference in density between H,O and the BCPCS
makes the mixing by centrifugation difficult. This we consider
to be the main reason for the scatter in d-spacing observed for
all BCPCS at water contents below ca. 50 wt %, where the
systems in D,0O revealed a phase separation. For samples at
concentrations of S0 wt % and above, a significant scatter was
in fact only observed for the Cj,L and C 4L systems; the results
for C,,S in D,0 and H,0 and for CsS in H,O all fall on a
single smoothly decaying curve. We attribute the difference in
behavior for long and short neutral blocks to the difference in
structure on the BCP length scale: hexagonal phases are
generally much stiffer than lamellar phases and thus more
difficult to mix.

From the observed d-spacings in well-equilibrated homoge-
neous systems we can, in principle, calculate the dimensions of
the PAAm and CS domains of the hydrated BCPCS
aggregates. A basic assumption in such calculations is that
there is a narrow interface between the PAAm and the CS
domains (“strong segregation”), which is supported by the
observation that the latter domains show the same ordered
liquid crystalline phases as the corresponding hydrated
homopolymer CS: a significant penetration of PAAm into
these ordered structures seems unlikely. However, one also
needs additional information about partitioning of water
between the two domains. For the CS of the Cj,-based
systems we can actually estimate the water content in the CS
domains for the specific compositions where we observe a
coexistence between the cubic and hexagonal CS structures; as
discussed above, this coexistence suggests that the CS
concentration is close to 60 wt %.

The C),S system, where we have consistent SAXS data at
concentrations >S50 wt %, seems most suitable for a detailed
analysis. At 60 wt % in H,0, where we observed cubic/
hexagonal coexistence in the CS domain, we found a d-spacing
of 27.2 nm (Table S2). From this value and our estimate of 60
wt % CS in the CS domain we obtain (see the Supporting
Information for calculations) a value of 16.5 nm for the
thickness dj,cg of a hydrated CS domain in a lamella. This is a
quite reasonable thickness as it is comparable to, but shorter
than, twice the length of a fully stretched PA,y chain, which is
12 nm (the PA chains must necessarily be uniformly
distributed in the CS domain; no other counterions are
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present to neutralize the surfactant ion aggregates.) The
thickness dyppp, of the hydrated PAAm domain in the
structure lamella then becomes 10.7 nm (see the Supporting
Information for calculations).

For a lamellar geometry, we can also directly calculate from
the composition and the observed d-spacing—without any
assumption of the partitioning of the water—the average area
Ao taken up by one BCPCS unimer (one block copolymer
molecule with its neutralizing surfactant ions) in the lamellar
plane (see the Supporting Information for calculations). For 60
wt % Cy,S in H,O we obtain Ay, = 4.9 nm”. The numbers
Achain = 4.9 nm? and dyppp, = 10.7 nm can be compared with
the length of a fully stretched PAAm,;; chain, which is 33 nm.
Clearly, the PAAm chains must be highly coiled and
extensively interpenetrating in their domain.

As emphasized above, A, can be calculated for a
homogeneous lamellar phase from the known composition
and the measured d-spacing without any assumptions of the
distributions of the components in the direction perpendicular
to the lamellae. To try to estimate also how djcg varies with
water content throughout the lamellar one-phase region, we
will make the simple assumption that water partitions equally
between the CS and PAAm domains for C,,S, not only at 60
wt % as concluded above but for all investigated concen-
trations in the range >50 wt %. The error introduced by this
approximation should not be severe, given that the
contribution from water to the total volume decreases with
the total concentration. The results from these calculations for
C},S in H,O are shown in Figure 7.
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Figure 7. Thickness of a hydrated CS domain in a lamella (dycs) and
the average area (A,;,) taken up by one BCPCS unimer as a function
of concentration for C,,S in H,0O. The dashed line corresponds to the
1/concentration dependence expected for a one-dimensional
(constant A,,;,) deswelling of a lamellar phase (log—log plot).

The results in Figure 7 show that A, ;, increases significantly
as the lamellar structure is compressed on dehydration. The
reason, we suggest, is that the PAAm chains respond to the
decreasing thickness of their domain by expanding laterally.
This in turn results in a decrease of the lamellar spacing d, and
the thickness djycs, which is stronger than the simple 1/
concentration dependence that would result from a dehy-

dration at a constant value of A,
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We will not attempt a similarly detailed analysis of the
aggregate dimensions for the C;,L and Cj4L systems because of
the significant scatter in the recorded d-spacings. We will
restrict ourselves to a single calculation for 50 wt % C;,L in
D,0, justified by the overall very consistent results (Figure 7)
for samples in this solvent. Recalling that the chosen
composition showed a cubic/hexagonal coexistence in the
CS domain (Figure 2), we will again assume a concentration of
60 wt % CS in the CS domain. From this assumption and
assuming a cylindrical geometry of the hydrated C,,L
aggregate, we calculate (see the Supporting Information) a
value of 26 nm for the radius r,; of the cylindrical CS domain
at the center of the rod-like aggregate. This value is actually
quite significantly larger than the length of a fully stretched
PAgy chain (17 nm). Because the PA chains have to penetrate
the entire CS domain, this comparison suggests that the
symmetry of the CS aggregate is not strictly cylindrical. Indeed,
rods with “flattened” elliptical cross sections have been
observed in hexagonal phases of surfactants, especially at
high concentrations.”™”

The fact that we in our particular systems consistently found
the same structure for each of the two BCP, regardless of the
water content, should not be taken as evidence that this is
always the case. Here we deliberately chose to study BCPCS
based on two BCP that differ quite substantially in the PAAm
chain length. It seems possible—although this remains to be
proven—that one may find some intermediate interval of
PAAm chain lengths that would show a structural transition as
a result of a changing water content, most likely from a
hexagonal phase at high water contents to a lamellar phase at
low water contents. One observation above indicates that this
would be likely, namely, the flattened noncircular cross-
sectional area of the rods in the hexagonal structure suggested
by our analysis. In surfactant systems, the latter type of
noncylindrical rod-like aggregates are typically found before
the structure switches to a lamellar phase at high
concentrations.>”

B CONCLUSIONS

Our extensive results on four different salt-free hydrated
BCPCS systems over a wide range of compositions show that
hierarchical ordered structures on different length scales are
formed in such mixtures. The structures found on the BCP
length scale were lamellar or hexagonal, depending on the
block proportions of the copolymers used to obtain the
complexes. On the CS length scale, micellar cubic and
hexagonal liquid-crystalline structures were formed. These
structures depended not only on the surfactant alkyl chain
length but also on the water concentration in CS domain. The
latter water concentration could be tuned not only by the
overall water content but also by the appropriate choice of the
block proportions, since the neutral block absorbs more or less
water depending on its length, thereby concentrating the
surfactant in the CS domain and so affecting the phase
changes. BCPCSs in a solvent thus offer a richer hierarchical
phase behavior than analogous BCPCS in the melt. Addition of
cosurfactants, such as long-chain alcohols, provides additional
tools to vary the structure on the CS length scale, as previously
investigated.””

Although the formation of small aggregates in the dilute
regime has been reported both for BCPCS of the specific
chemical composition studied here and for similar systems
(“C3Ms” featuring different combinations of oppositely
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charged macroions in their cores), our detailed analysis of
the structures on the BCP level strongly suggests that the
hierarchical structures are in fact the equilibrium states for at
least salt-free BCPCS in water also in the presence of excess
water, where the structures only take up water to a finite
swelling limit. However, the true equilibrium repeat distances
at the BCP level may be difficult to obtain in practice, due to
the mixing issues, as demonstrated in experiments comparing
H,O0 and D,0 as solvents. The kinetic stability of non-
equilibrium states in normal water, which could be either dilute
dispersions or ordered structures in concentrated mixtures
subjected to extensive mixing, is aided by a typically small
difference in density between the BCPCS and H,O0.
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Figure S1. SAXS patterns for the four different BCPCSs in the freeze-dried state. Peaks
were assigned as being, probably, for a micellar Im3m cubic phase (a = 3.6 nm) and a
hexagonal structure (a = 3.6 nm) for C1,S and C¢S, respectively. For Cq,L and Cq4L,
only a single well-defined peak, marked with solid arrows, could be seen in each of the
SAXS patterns. Additional bumps could also be observed (dashed arrows) corresponding

to no identified structure
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Figure S2. SAXS patterns for the BCPCSs in the freeze-dried state recorded at small
scattering vectors. In all cases, no sharp scattering peaks were observed, probably
indicating the absence of any highly ordered structure in such a length scale. However,

for C1,S and C14S, some broad peaks (marked with dashed arrows) are apparent. Those

peaks could not be assigned to any specific structure.

180



181

' B
“Od B0 0 0000 »

o UUODO N B 0NN -~
D,0

1 [ I | | I I I

0 10 20 30 40 50 60 70 80
wt % BCPCS

Figure S3. Photographs of the BCPCS/H,0O and BCPCS/D,0 mixtures at different

concentrations for: (A) C12S. (B) C12L. (C) C16S. (D) C16L.
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Figure. S4. SAXS patterns for BCPCS/D,0 samples at small angle vectors.
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Table S1. Cell parameters (a) for the surfactant liquid-crystalline phases formed on

the CS length scale in BCPCS/H,0 mixtures.

BCPCS Concentration / wt% | Surfactant Structure a/nm
1.0 Cubic 8.40
5.0 Cubic 8.44
10.0 Cubic 8.42
20.0 Cubic 8.41
C12S 30.0 Cubic 8.40
40.0 Cubic 8.43
50.0 Cubic 8.44
60.0 Cubic + Hexagonal 9.80; 4.40
70.0 Hexagonal 4.40
80.0 Hexagonal 4.40
1.0 Cubic 8.43
5.0 Cubic 8.44
10.0 Cubic 8.44
20.0 Cubic 8.44
30.0 Cubic + Hexagonal 8.44; 3.70
Ci2L 40.0 Cubic + Hexagonal 8.45; 3.70
50.0 Cubic + Hexagonal 8.40; 3.80
60.0 Hexagonal 3.80
70.0 Hexagonal 3.70
80.0 Hexagonal 3.60
1.0 Hexagonal 4.40
5.0 Hexagonal 4.42
10.0 Hexagonal 4.41
20.0 Hexagonal 4.42
30.0 Hexagonal 4.39
C16S 40.0 Hexagonal 4.40
50.0 Hexagonal 4.42
60.0 Hexagonal 4.40
70.0 Hexagonal 4.38
80.0 Hexagonal 4.41
1.0 Hexagonal 4.40
5.0 Hexagonal 4.40
10.0 Hexagonal 4.42
20.0 Hexagonal 4.43
30.0 Hexagonal 4.42
Ci6L 40.0 Hexagonal 4.41
50.0 Hexagonal 4.39
60.0 Hexagonal 4.38
70.0 Hexagonal 4.42
80.0 Hexagonal 4.40




Table S2. Cell parameters for the structures observed on the BCP length scale in

BCPCS/H,0 mixtures.
BCPCS Conc. / wt% BCP Structure d / nm? a / nmb
1.0 - .
5.0 91.0 -
10.0 53.2 -
20.0 51.1 -
C12§ 30.0 46.2 -
40.0 Lamellar 39.7 -
50.0 38.1 -
60.0 972 -
70.0 19.1 -
80.0 123 -
1.0 - -
5.0 161.0 185.9
10.0 142.7 164.8
20.0 128.2 148.0
30.0 114.2 131.8
Ci2L 40.0 Hexagonal 103.0 118.9
50.0 86.0 99.3
60.0 73.9 85.3
70.0 64.7 74.8
80.0 61.6 71.1
1.0 . %
5.0 98.1 .
10.0 91.0 .
20.0 75.7 -
30.0 64.7 >
C16S 40.0 Lamellar 57.6 %
50.0 36.5 .
60.0 25.6 “
70.0 19.3 *
80.0 12.9 -
1.0 . .
5.0 149.5 172.7
10.0 133.6 154.3
20.0 116.3 134.3
30.0 91.0 105.1
C16L 40.0 Hexagonal 87.2 100.7
50.0 74.8 86.3
60.0 64.7 74.8
70.0 343 39.6
80.0 29.9 34.5

a— d is the interplanar spacing for any structure and the characteristic cell parameter of a

lamellar structure. b— a is mean distance between two adjacent cylinders in a hexagonal

structure.
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Table S3. Cell parameters for the structures observed on the BCP length scale in

BCPCS/D,0 mixtures.
BCPCS Conc. / wt% BCP Structure d / nm? a / nm®

5.0 52.2 -
20.0 49.7 -

C12S 40.0 Lamellar 47.6 -
60.0 29.7 -
80.0 13.7

Ci2L 5.0 96.4 111.2

Hexagonal

50.0 73.8 85.3

Ci16S 5.0 Lamellar 56.5

Ci6l 5.0 Hexagonal 91.9 106.2

a— d is the interplanar spacing for any structure and the characteristic cell parameter of a

lamellar structure. b—a is mean distance between two adjacent cylinders in a hexagonal

structure.
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Table S4. Hydrodynamic diameters (Dy) for particles in phase-separated dilute

phases in D,O measured by DLS (avg. + SD).

BCPCS Conc. / wt% Dy / nm
5.0 122+5
20.0 129+ 4
C12S 40.0 13.6+5
60.0 144417
80.0 14.1+5
5.0 22348

Cq2L
50.0 27216
Ci6S 5.0 13.1+5
Ci6L 5.0 23445
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Calculations of the BCP lamellar phase dimensions’?

For a uniform lamellar structure, we have that the thickness of the hydrated CS
domain, djs, is proportional to the d-spacing according to the relation:
dhcs = Phesd (1)
where @pcsis the volume fraction of the hydrated CS domain in the structure. The
thickness dppgam of the hydrated PAAm domain is then obtained as:
dhpaam = d — dpcs (2)

Let Acpqin be the average area in the plane of a lamella occupied by one BCPCS
unimer (one diblock copolymer chain with its associated surfactant counterions), and N
be the number of BCPCS unimers per unit volume of the system, which is assumed to be
homogeneous and lamellar. The volume element A.pqin X d contains on average two

BCPCS unimers in the lamellar bilayer, that is,

N= 2/Achaind 3)
or
Achain = Z/Nd (4)

In the calculations, we have used the molar mass of ca. 21240 for the C1,S unimer and a

partial specific volume of 1 cm?/g for the BCPCS unimer and for H,O.

Calculations of the BCP hexagonal phase dimensions'?

The values for cylinder radius (r.,;) for a homogeneous hexagonal phase can be
calculated based on the d-values according to:

Pncs2d?
Teyl = W )
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