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Resumo 

"Sais complexos" de copolímeros em bloco e surfactantes (𝐵𝐶𝑃𝐶𝑆), contendo 

um bloco neutro e hidrossolúvel e um bloco iônico complexado com íons surfactante, foram 

preparados a partir de copolímeros em bloco de poli(acrilamida)-bloco-poli(ácido acrílico), 

onde o bloco acrilato foi neutralizado por contra-íons surfactantes de dodecil ou 

hexadeciltrimetilamônio através de interações eletrostáticas. A combinação de 

Espalhamento de Luz Dinâmico (DLS) e Estático (SLS), Espalhamento de Raios-X em 

Baixos Ângulos (SAXS), Potencial Zeta, Microscopia Eletrônica de Transmissão 

Criogênica (Cryo-TEM), Calorimetria Diferencial de Varredura (DSC) e Ressonância 

Magnética Nuclear com Campo de Gradiente Pulsado (PFG NMR) foi empregada para 

estudar os 𝐵𝐶𝑃𝐶𝑆 em solução aquosa em uma ampla faixa de concentração. 

A dispersão dos 𝐵𝐶𝑃𝐶𝑆 em solução originou partículas com uma coroa 

estabilizadora de bloco neutro e hidrossolúvel do copolímero rodeando um núcleo hidratado 

consistindo nas unidades de carga oposta complexadas. Utilizando os 𝐵𝐶𝑃𝐶𝑆, partículas 

com um núcleo líquido-cristalino são obtidas de maneira reprodutível e comportam-se de 

maneira diferente daquelas obtidas convencionalmente misturando-se soluções aquosas 

individuais do copolímero em bloco e do surfactante com seus respectivos contra-íons 

simples. Em ambos os casos, as partículas são estruturas metaestáveis, com propriedades 

físico-químicas, como tamanho e presença ou ausência de estrutura interna, fortemente 

dependentes do procedimento de preparo. 

Medidas de PFG NMR revelaram que as partículas dispersas de 𝐵𝐶𝑃𝐶𝑆 

coexistem com pequenos agregados e uma baixa quantidade de íons surfactantes 

dissociados. Tanto o núcleo das partículas quanto a coroa foram investigados sob diferentes 

abordagens. A adição de quantidades adequadas de álcoois de cadeia longa às partículas 

dispersas de 𝐵𝐶𝑃𝐶𝑆 levou à variação do seu arranjo interno, produzindo uma variedade de 

estruturas líquido-cristalinas adicionais. Nanopartículas de metal (prata e ouro) foram 

seletivamente ligadas à superfície de partículas de 𝐵𝐶𝑃𝐶𝑆, formando nanoestruturas do tipo 

planeta-satélite com potenciais aplicações em catálise interfacial. 

Os sais complexos foram também estudados em amostras com diferentes 

concentrações contendo 20-99% em massa de água. Os resultados de SAXS revelaram pela 

primeira vez, para amostras hidratadas, a formação de estruturas hierárquicas ordenadas em 

ambas as escalas de tamanho do copolímero em bloco e do surfactante, análogas às 



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

surfactante no estado sólido 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,1 RNA2, and other proteins3 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).5,6 In material science, electrostatic complexation between oppositely charged 

polymers are used to create chemically and thermally stable fibers (Figure 1D).7 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).8 

 

 

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 II 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 III, 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. 

 

 

 

 

 

 

 

 



19 

 

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 (𝐶12𝑇𝐴𝐵𝑟 and 𝐶16𝑇𝐴𝐵𝑟), whose structures are 

displayed in Figure 2.9,10 

 

 

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 aqueous 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.9,10 
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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 𝑙𝑎𝑜⁄             (1) 

where 𝑣 is the volume of the hydrophobic portion, 𝑙 the length of the hydrocarbon tail and 𝑎𝑜 

the effective area per headgroup.11 The volume 𝑣 (in nm3) and the length 𝑙 (in nm), for a fully 

stretched hydrocarbon tail, can be calculated according to: 

𝑣 = 0.0274 + 0.0269𝑛  (2) 

𝑙 = 0.154 + 0.127𝑛             (3) 

where 𝑛 is the number of carbon atoms in the hydrocarbon tail.12 Typical 𝐶𝑃𝑃 values for 

aggregates with different shapes are displayed in Figure 3. 

 

 

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.10 
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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.9,10 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)13, as illustrated in 

Figure 4. 

 

 

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.9 

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.14 The liquid crystalline phases studied in this work are the micellar cubic, 

hexagonal, lamellar and the hexagonal and micellar reverse phases. 
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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).9,10,13,14 

Hexagonal Phase 

The hexagonal phase has a p6mm 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 

𝐿, where they are in a gel-like state. 9,10,13,14 

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. 9,10,13,14 

 

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.10,15,16 
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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.10 

Polyelectrolytes that are fully deprotonated in solution will be refereed here as a polyion (Figure 

5B). 

 

 

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.17-21 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 Ion 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.9,17-19 

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 surfactant20 and at sufficiently high salt concentrations, the charges are screened, 

and the complexes disassembled.22,23 

 

 

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).24-26 
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The literature contains several terms for such structures, such as polyion complex 

micelles, 𝑃𝐼𝐶 micelles,27 complex coacervate core micelles, 𝐶3𝑀𝑠,26 and (inter)polyelectrolyte 

complexes, 𝑃𝐸𝐶,28,29 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. 

 

 

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.26 In this work, we have 

expanded our studies in 𝐶3𝑀𝑠 formed by 𝑃𝐴𝐴𝑚 − 𝑏 − 𝑃𝐴𝐴 𝐵𝐶𝑃 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, 𝐶16𝑇𝐴𝐵𝑟 

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.30 
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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.31-33 

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.34,35 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.36 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 𝐶12𝑇𝐴𝐵𝑟 and 𝐶16𝑇𝐴𝐵𝑟 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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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

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.37 

In a scattering experiment, a detector measures the intensity of scattered radiation 

at a specific angle 𝜃, i.e. the angle between the wavevector of the incident beam 𝑘𝑖
⃗⃗  ⃗ and the 

scattered beam 𝑘𝑠
⃗⃗  ⃗. By subtracting 𝑘𝑠

⃗⃗  ⃗ from 𝑘𝑖
⃗⃗  ⃗, the scattering vector 𝑞  is then obtained. Its 

absolute value is calculated as: 37 

𝑞 =  
4𝜋sin (

𝜃

2
)

λ
   (4) 

where λ 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 λ = 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 𝑔1(𝑡) according to:37,38 

𝑔2(𝑡) = 1 +  𝛽|𝑔1(𝑡)|2  (5) 

where 𝛽 is a parameter that considers deviations from ideal correlation of the detector and 𝑡 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, 𝑔1(𝑡) can be fitted to a single-

exponential functional with a characteristic relaxation time, 𝜏. For polydisperse particles, 𝑔1(𝑡) 

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

𝑔1(𝑡) =  ∫ 𝜏𝐴(𝜏)exp (−𝑡/𝜏)𝑑𝑙𝑛𝜏
+

−
  (6) 

All the correlation functions obtained during the light scattering experiments were 

analyzed with the help of a Regularized Positive Exponential Sum (REPES)39, based on 

equation 6 and because it was obtained a monomodal distribution of particle sizes, a cumulant 

analysis was employed, where the 𝑔1(𝑡) function is described as:40 

ln|𝑔1(𝑡)| =  − τ + 
1

2!
µ2(t)2 − ⋯  (7) 

where   is the relaxation rate ( = 𝜏−1) and µ2 is the second cumulant.  

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

𝐷 =  


𝑞2
  (8) 
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𝐷𝑜 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 < 𝑅𝐻 >0 of a particle by employing the Stokes-Einstein equation:41 

< 𝑅𝐻 >0= 
𝑘𝑇

6𝜋𝑜𝐷𝑜
  (9) 

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

instead of 𝐷𝑜, equation 9 gives the apparent 𝑅𝐻. The DLS measurements were performed at IQ-

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 𝑅𝑔 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(𝑞)

𝐼𝑡𝑜𝑙𝑢𝑒𝑛𝑒(𝑞)
𝑅𝑡𝑜𝑙𝑢𝑒𝑛𝑒(𝑞)(

𝑛𝑠𝑎𝑚𝑝𝑙𝑒

𝑛𝑡𝑜𝑙𝑢𝑒𝑛𝑒
)2  (10) 

which normalizes the measured sample intensities with the Rayleigh ratio 𝑅𝑡𝑜𝑙𝑢𝑒𝑛𝑒 (𝑞) of a 

reference that is toluene, corrects for the background (the scattering of the cuvette filled with 

water 𝐼𝑠𝑜𝑙𝑣𝑒𝑛𝑡 (𝑞) and with toluene 𝐼𝑡𝑜𝑙𝑢𝑒𝑛𝑒 (𝑞)) and considers the refractive indexes of the 

sample 𝑛𝑠𝑎𝑚𝑝𝑙𝑒 and of the toluene 𝑛𝑡𝑜𝑙𝑢𝑒𝑛𝑒.37,38 

The 𝑅𝑔 of a particle can be obtained by the Guinier approximation:42 

𝐼 (𝑞) = 𝐼(0)exp (−
𝑅𝑔

2𝑞2

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(𝑞)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.42,43 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 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃  (13) 

where 𝑛 is an integer, 𝑑 is the distance between the lattice planes and 𝜃 is the Bragg angle, as 

illustrated in Figure 10. 

 

 

Figure 10. Schematic representation of a X-ray diffraction experiment. 𝜆 is the beam wavelength, 𝑑 is the distance 

between the lattice planes and 𝜃 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 𝑙. 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 𝐼(𝑞) at the relative peak ratios of 

11/2, 21/2, 41/2, 51/2, 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 11/2, 41/2, 91/2, etc., with Miller Indices of (100), (200), 

(300), etc.43 
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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:43 

𝑑 =  
2𝜋

𝑞1
  (14) 

where 𝑞1 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:43 

𝑎 =  
2𝑑

√3
  (15) 

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

𝑞 and the Miller Indices, as:43 

(
𝑞

2𝜋
)2 = (

1

𝑎
)2(ℎ2 + 𝑘2 + 𝑙2)  (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 𝑈𝐸 and depends on the particle charge and the surrounding medium. 

𝑈𝐸  is then measured by observing the Doppler shift in the scattered light.44  

The surface charge of a particle is usually expressed in terms of its zeta potential 𝜁, 

i.e. the electric potential at the slipping plane. The zeta potential and electrophoretic mobility 

are related by the Henry equation:44 

𝑈𝐸 = 
2𝜀𝜁𝑓(𝑘𝑎)

3
  (17) 

where 𝜀 is the dielectric constant of the solvent,  is the viscosity of the medium and 𝑓(𝑘𝑎) is 

the Henry’s function. The laser doppler electrophoresis measurements were performed at IQ-

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.45 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 technique 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 -150oC. Such technique is called cryogenic Transmission 

Electron Microscopy, Cryo-TEM.46 

In a Cryo-TEM experiment, a droplet of the sample is placed onto a carbon-coated 

copper grid under controlled environmental conditions, usually 25oC 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 -180oC 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 ∆𝐻 of the 

transition:47 

∆𝐻 =  ∫ 𝐶𝑃
𝑇𝑓

𝑇𝑖
 𝑑𝑇 (18) 

where 𝑇𝑖 and 𝑇𝑓 are the initial and final temperatures where the thermal event takes place, 

respectively. The temperature corresponding to the peak maximum is usually called as 𝑇𝑚. 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 1H NMR spectra vary as the gradient 

strength is increased.  The attenuation of the signal intensity 𝐼 is thus given by:48 

𝐼 =  𝐼𝑜exp (−𝐷𝛾2𝛿2𝑔2 (∆ −
1

3
𝛿))           (19) 

where 𝐼𝑜 is the signal intensity in the absence of gradients, 𝐷 is the translational diffusion 

coefficient, 𝛾 is the magnetogyric ratio, 𝛿 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°-τ1–90°-τ2–90°-τ1–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:48 

𝐷𝑜𝑏𝑠 =  𝐷𝑓𝑟𝑒𝑒 + (1 − )𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  (20) 

where 𝐷𝑜𝑏𝑠 is the observed diffusion coefficient of the molecule (surfactant or polyion) in the 

presence of the particle, 𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the particle diffusion coefficient, and 𝐷𝑓𝑟𝑒𝑒 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 =  𝜀𝑏𝑐  (21) 

where 𝐴 is the absorbance, 𝜀 is the molar extinction coefficient, 𝑏 is the optical path length and 

𝑐 is the concentration.49 

                   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 I 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 II 

shows the effect of added long-chain alcohols to dilute particle dispersions.  

Paper III compares particles prepared by the 𝐶𝑆 approach with those prepared by 

the conventional method, that is, by mixing individual aqueous 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 IV. 

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 II  

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 II describes 

𝐵𝐶𝑃𝐶𝑆 made from 𝑃𝐴𝐴𝑚42 − 𝑏 − 𝑃𝐴𝐴42 𝐵𝐶𝑃, where the acrylate charges are neutralized by 

dodecyl- or hexadecyltrimethylammonium surfactant counterions. The final products were 

named 𝑃𝐴𝐴𝑚42 − 𝑏 − 𝐶12𝑇𝐴𝑃𝐴42 and 𝑃𝐴𝐴𝑚42 − 𝑏 − 𝐶16𝑇𝐴𝑃𝐴42, 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 𝐶12𝑇𝐴𝑃𝐴30 and 𝐶16𝑇𝐴𝑃𝐴30. 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 − 𝑃𝐴𝐴𝑚/cationic 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 𝑃𝐴𝐴𝑚42 − 𝑏 − 𝐶12𝑇𝐴𝑃𝐴42 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 

(𝑅𝐻) of 𝑃𝐴𝐴𝑚42 − 𝑏 − 𝐶12𝑇𝐴𝑃𝐴42 and 𝑃𝐴𝐴𝑚42 − 𝑏 − 𝐶16𝑇𝐴𝑃𝐴42 particles loaded with different amounts of 

octanol or decanol. The values of 𝑅𝐻 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 III of this thesis and will be discussed in the next topic. 

 

2.2 Paper III 

The results of Paper II 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 III, 𝑃𝐴𝐴𝑚133 − 𝑏 − 𝐶12𝑇𝐴𝑃𝐴49 and 𝑃𝐴𝐴𝑚432 − 𝑏 − 𝐶12𝑇𝐴𝑃𝐴70 

𝐵𝐶𝑃𝐶𝑆 were prepared employing the 𝐶𝑆 approach and were dispersed in water to form particles 

named as 𝐶𝑆_𝐶12𝑆 and 𝐶𝑆_𝐶12𝐿, respectively. Particles conventionally prepared were also 

obtained employing the same surfactant and 𝐵𝐶𝑃 and are referred as 𝐶𝑃_𝐶12𝑆 and 𝐶𝑃_𝐶12𝐿. 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), 𝐶12 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_𝐶12𝑆 and 𝐶𝑆_𝐶12𝐿 particles dispersed in 1 mM 𝑁𝑎𝐵𝑟 aqueous solution 

were also prepared and are called 𝐶𝑆_𝐶12𝑆#𝑁𝑎𝐵𝑟 and 𝐶𝑆_𝐶12𝐿#𝑁𝑎𝐵𝑟. 

A combination of SLS, DLS and SAXS revealed that particles prepared by the two 

methodologies display striking differences (Figure 12A). Because 𝐶𝑃_𝐶12𝑆 and 𝐶𝑃_𝐶12𝐿 

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_𝐶12𝑆 and 𝐶𝑆_𝐶12𝐿 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 II: 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_𝐶12𝑆#𝑁𝑎𝐵𝑟 and 𝐶𝑆_𝐶12𝐿#𝑁𝑎𝐵𝑟) led to destabilization and a macroscopic phase 

separation within hours. 

 

I II III IV V VI

0

100

200

300

400

500

R
H

 /
 n

m

-40

-30

-20

-10

0

 Z
e

ta
 P

o
te

n
ti

a
l 

/ 
m

V

(A)

0 25 50 75 100 125 150 175 200

100

150

200

250

300

350

 CS_C
12

S

 CS_C
12

L

 

 

R
H

 /
 n

m

time /days

(B)

 

Figure 12. (A) Apparent hydrodynamic radius (𝑅𝐻) and zeta potentials for I. 𝐶𝑆_𝐶12𝑆. II. 𝐶𝑆_𝐶12𝐿. III. 𝐶𝑃_𝐶12𝑆. 

IV. 𝐶𝑃_𝐶12𝐿. V. 𝐶𝑆_𝐶12𝑆#𝑁𝑎𝐵𝑟. VI. 𝐶𝑆_𝐶12𝐿#𝑁𝑎𝐵𝑟. (B) Time evolution of the apparent hydrodynamic radius 

(𝑅𝐻) for 𝐶𝑆_𝐶12𝑆 and 𝐶𝑆_𝐶12𝐿 particles. The values of 𝑅𝐻 and zeta potential are presented as avg ± SD, triplicate 

of independent preparations. 

 

The colloidal stability of 𝐶𝑆_𝐶12𝑆 and 𝐶𝑆_𝐶12𝐿 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_𝐶12𝑆) 

aggregate and separate out of the solution after around 6 months. 𝐶𝑆_𝐶12𝐿 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 𝐶12𝑆, 𝐶16𝑆 and 𝐶12𝐿 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 𝐶12𝑆. (B) Fraction of dissociated surfactant ions 

() 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_𝐶12𝐿 particles displayed enhanced colloidal stability (Paper III) 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 III) 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 𝑃𝐴𝐴𝑚133 − 𝑏 − 𝑃𝐴𝐴49 and 𝑃𝐴𝐴𝑚432 − 𝑏 − 𝑃𝐴𝐴70 BCP 

neutralized by dodecyl- or hexadecyltrimethylammonium cationic surfactants (giving rise to 

samples named 𝐶12𝑆, 𝐶12𝐿, 𝐶16𝑆 and 𝐶16𝐿), 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 𝑞-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. 

 

 

 

Figure 15. Diagrams of structures observed on 𝐶𝑆 (i) and 𝐵𝐶𝑃 (ii) length scales in 𝐵𝐶𝑃𝐶𝑆/water mixtures: (A) 

𝐶12𝑆. (B) 𝐶12𝐿 (C) 𝐶16𝑆. (D) 𝐶16𝐿. The hatched areas in A and B represent phase coexistences. In all cases, the squared 

areas represent dispersions in H2O 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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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. 
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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.1 Several reports have shown that the physicochemical properties of 

C3Ms are process-dependent, indicating that they are not equilibrium structures but metastable 

aggregates.2-8 

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.9-14 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.9-12 

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 1.9-12 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. 9-12 

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.13,14 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.13,14   
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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.14 Similar 

results were found for BCPCS dispersed particles, featuring other neutral blocks, poly(ethylene 

oxide), PEO, and poly(N-isopropylacrylamide), PNIPAm.15 

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 PAAm133-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 earlier13. PAAm422-b-PAA69 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 MΩ.cm-1, 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 PAAm-b-PAA 

block copolymers employed in this work. 

Block copolymer PAAm / g.mol-1 PAA / g.mol-1 𝑫1 

PAAm133-b-PAA49 9415 3500 2.12 

PAAm432-b-PAA70 30680 5000 1.63 

1 – D = 𝑀𝑤/𝑀𝑛, 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.13-15 Briefly, the hydroxide form of 

the C12TABr 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_C12L, where the term CS denotes for the approach used to prepare 

them (CS, in this case), C12 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 

PAAm block (PAAm133-b-PAA49) and 𝐿 for the BCP with a long PAAm block (PAAm432-b-

PAA70). 

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_C12S#NaBr and 

CS_C12L#NaBr. 

Preparation of particles by the CP approach. Individual dilute aqueous solutions 

containing the sodium salt of the BCP and C12TABr 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_C12S and CP_C12L. 

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 (λ= 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 (θ) of 90° 

for 0.001-0.01 wt% dilute samples. SLS measurements were performed at 20°≤θ≤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.13 The effective hydrodynamic radii <

𝑅𝐻 >0 from DLS (cumulant analysis and Stokes-Einstein approximation) and the effective 

radius of gyration < 𝑅𝑔 >0  from SLS (Guinier analysis) were calculated according to 

conventional methods.17,18 A Malvern Nano Zetasizer instrument with a 632.8 nm laser and 

detector positioned at 173° was employed to measure the apparent 𝑅𝐻 of the dispersed particles 

in the colloidal stability studies. The zeta potential (ζ) 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 Å and 

the sample-to-detector distance was calibrated employing silver behenate. The obtained CCD 

images were integrated and treated with the software Fit2D19 to obtain the scattering function 

𝐼(𝑞), where 𝑞 = (4𝜋 𝜆⁄ )𝑠𝑖𝑛 (ɵ 2)⁄ , with 𝜆 being the wavelength and ɵ 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 λ = 1.54 Å 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 software20 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 =  2𝜋 𝑞⁄ , which enables us to calculate the 

corresponding mean lattice parameter (𝑎).23 All measurements were performed at 25oC. 
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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.24 5 μl of 1 wt% CS_C12S and 

CS_C12L 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 θ=90° for 0.001-0.01 wt% dilute samples. By 

extrapolating the diffusion coefficients values (D) to concentration c = 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, < 𝑅𝐻 >0, presented in Table 2. SLS measurements 

were performed at 20°≤θ≤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 < 𝑅𝑔 >0 were also obtained by extrapolating the 

𝑅𝑔 values to c = 0 (Fig. 1C) and are displayed in Table 2. 

For the particles prepared by the CP approach (CP_C12S and CP_C12L), the <

𝑅𝑔 >0/< 𝑅𝐻 >0 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.26 This was confirmed by SAXS analysis 

coupled with SLS data, to cover a large q-range. 
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Fig. 1. (A) Diffusion coefficients (D) as a function of sample concentration (c) calculated based on DLS data at 

θ=90°. Dashed lines are linear fits employed to extrapolate data to c = 0. (B) Guinier plots based on SLS data for 

samples at 0.01 wt% concentration. Dashed lines are linear fits. (C) Radius of gyration (𝑅𝑔) as a function of sample 

concentration measured by SLS. Dashed lines are linear fits employed to extrapolate data to c = 0. ○ CS_C12S, □ 

CS_C12L, ∆ CS_C12S#NaBr,  CS_C12L#NaBr, ◊ CP_C12S,  CP_C12L. 
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Table 2. Effective hydrodynamic radius < 𝑅𝐻 >0, effective radius of gyration < 𝑅𝑔 >0 and 

< 𝑅𝑔 >0/< 𝑅𝐻 >0 shape factor for all the investigated samples. 

Sample < 𝑹𝑯 >𝟎 / nm1 < 𝑹𝒈 >𝟎 / nm2 < 𝑹𝒈 >𝟎/< 𝑹𝑯 >𝟎 

CS_C12S 97.4 94.8 0.973 

CS_C12L 87.5 85.7 0.979 

CS_C12S#NaBr 91.9 90.3 0.982 

CS_C12L#NaBr 82.2 80.9 0.984 

CP_C12S 22.6 17.1 0.756 

CP_C12L 20.7 15.8 0.763 

1. Obtained from DLS data at θ=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_C12S and CP_C12L 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_C12L (Fig. 2B). 
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Fig. 2. SLS and SAXS data for 0.01 wt% samples. (A) ○ CS_C12S, □ CS_C12L, ∆ CS_C12S#NaBr,  

CS_C12L#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, c 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) ◊ CP_C12S,  CP_C12L. 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 / nm1,2 

CS_C12S  

Core-shell ellipsoid 

a = 84.0, b = 22.0, c = d = 3.5 

CS_C12L a = 85.0, b = 26.0, c = 9.0, d = 12.0 

CS_C12S#NaBr a = 90.0, b = 16.0, c = d = 3.0 

CS_C12L#NaBr a = 88.0, b = 20.0, c = 9.0, d = 13.0 

CP_C12S Core-shell sphere a = 20.0, b = 3.0 

CP_C12L a = 18.0, b = 12.0 

1. In the core-shell ellipsoid model, a, b, c 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 q-range to check the presence of long-range order in their cores. 

Fig. 3A shows SAXS patterns obtained for CS_C12S and CS_C12L dispersions. The scattering 

peaks displaying a spacing ratio of 41/2:51/2:61/2 indicated a Pm3n micellar cubic structure in the 

particle cores.23 The lattice parameters (𝑎) for the cubic phases were 8.40 nm, in agreement 

with previous results on similar systems.13-15,27 For the salt-containing particles 

(CS_C12S#NaBr and CS_C12L#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_C12S and CS_C12L. (B) CS_C12S#NaBr and 

CS_C12L#NaBr. (C) CP_C12S and CP_C12L. 

 

The particles prepared by the CP approach, that is CP_C12S and CP_C12L, 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.9-12 The observed 

correlation peak at q ~ 1.5 nm-1 corresponds to the 4 nm inter-micellar average distance, as 

described elsewhere. 9-12 

The average crystalline core size (ξ) for particles displaying a liquid crystalline 

cubic core was estimated based on Scherrer equation23, 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_C12L particles displayed larger crystalline core size if 
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compared with the parent CS_C12S. All particles dispersed in NaBr aqueous solutions present 

core sizes smaller than those prepared in pure water. 

 

Table 4 – Average crystalline core size (ξ) for particles displaying a liquid crystalline core 

dispersed in water and in NaBr aqueous solution. 

Sample Core structure ξ / nm 

CS_C12S micellar cubic 140 

CS_C12L micellar cubic 78 

CS_C12S#NaBr micellar cubic 51 

CS_C12L#NaBr micellar cubic 45 

 

            3.3 Colloidal stability study 

Freshly prepared 0.01 wt% dilute dispersions were characterized regarding their 

apparent hydrodynamic radii (𝑅𝐻) and zeta potentials (ζ). Table 5 summarizes the results for 

all the different investigated particles. The average 𝑅𝐻 values for the salt-free particles prepared 

by the CS approach, CS_C12S and CS_C12L, 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 (𝑅𝐻), polydispersity index (PDI) and zeta potential (ζ) 

for all investigated samples (avg.  ± SD, triplicate of independent preparations). 

Sample 𝑹𝑯 / nm1 PDI ζ / mV 

CS_C12S 110±10 0.12 -35±5 

CS_C12L 120±10 0.13 -35±5 

CS_C12S#NaBr 440±20; 110±20 0.40 0 

CS_C12L#NaBr 250±30 0.31 0 

CP_C12S 45±10 0.20 0 

CP_C12L 42±10 0.20 0 

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

 

According to Table 5, particles prepared employing the CS methodology but 

dispersed in 1 mM aqueous NaBr solution displayed average 𝑅𝐻 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 (𝑅𝐻) from time zero 

(the time of sample preparation) up to 6 months. This study was conducted only in CS_C12S 

and CS_C12L samples, in which an enhanced stability was visually observed (Fig.4A and B). 

CS_C12S#NaBr and CS_C12L#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_C12L also presented the same behavior and phase-separated after few days 

(Fig.4E and F). 

 

 

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_C12L. (C) CS_C12S#NaBr. (D) CS_C12L#NaBr. (E) CP_C12S. (F) 

CP_C12L. 

 

CS_C12S and CS_C12L dispersions are stable for several months, without any signs 

of macroscopic phase separation. The CS_C12S particles displayed two distinct phases after 

around 6 months. At the same time, CS_C12L 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_C12S 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_C12L remained stable, with no 

changes in their average size (Fig. 5A). 

(A) (B) (C) (D) (E) (F) 
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Fig. 5 (A) Evolution of the apparent hydrodynamic radius (RH) as a function of time of sample preparation for 

CS_C12S and CS_C12L 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_C12S: 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_C12L: 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_C12L 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_C12S freshly prepared. (B) CP_C12S after freeze-drying 

and redispersion. (C) CS_C12S freshly prepared. (D) CS_C12S 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_C12L freshly prepared and 6 months-aged samples at 1.0 wt% concentration 

were studied. Fig. 7A and B show an overall view of CS_C12S 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_C12L samples (Fig. 7C and D).  

(A) (B) (C) (D) 
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Freshly prepared CS_C12S specimens have been tilted during data collection at 

different angles. At 0o tilting angle, the image displays a spherical-shaped particle (Fig. 7E). 

However, by tilting the specimen to 60o 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_C12S particles, as well as for CS_C12L. Aged CS_C12S 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_C12L 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_C12S (freshly prepared). (C) and (D) 

CS_C12L (freshly prepared). (E) CS_C12S (freshly prepared) at 0o tilting angle. (F). CS_C12S (freshly prepared) at 

60o tilting angle. (G). CS_C12S (6 months-aged). (H) CS_C12L (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.14 

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_C12S and CS_C12L particles, displaying a very similar average size as measured by 

DLS, show smaller domain size for CS_C12L 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 

PAAm block in CS_C12L 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.13 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.28 In addition, if 

the neutral block is too short, the C3Ms form a macroscopic precipitate.28 

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 lengths13, neutral blocks (such 

as PEO and PNIPAM)15 and core structures.14 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.14 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_C12S#NaBr and CS_C12L#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_C12S#NaBr and CS_C12L#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_C12L 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_C12L, 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.29 A special case where long-rang ordered particles with spherical 

shape was seen is those holding a lamellar inner structure.30 Berret et al.10 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_C12S presented a striking difference if compared to the freshly 

prepared dispersions (Fig. 7G), aged CS_C12L 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 PAAm-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 report16 that 

indicated that hierarchical structures formed in both block copolymer and surfactant length 

scales are the equilibrium structures for these entities.  
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Fig. S1. SAXS patterns obtained for CS_C12L dispersion at 1.0 wt%, prepared employing PEO511-b-PAA77 as the 

neutral-ionic block copolymer.  

 

Table S1. Apparent hydrodynamic radius (𝑅𝐻), polydispersity index (PDI) and zeta potential 

(ζ) for freshly prepared CS_C12L dispersion, prepared employing PEO511-b-PAA77 as the 

neutral-ionic block copolymer (avg.  ± SD, triplicate of independent preparations). 

Sample 𝑹𝑯 / nm1 PDI ζ / mV 

CS_C12S 120±10 0.14 -33±5 

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

CS_C12L dispersion at 1.0 wt%, prepared employing PEO511-b-PAA77 as the neutral-ionic block copolymer.  

 

Fig. S3. Cryo-TEM image of 1 wt% freshly prepared CS_C12L particle dispersion prepared employing PEO511-b-

PAA77 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. Ferreira1, Lennart Piculell2*, Watson Loh1* 

 

1Institute 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@iqm.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.1-6 

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.7-10 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.11-13  

Very recently, the phase behavior as a function of the water content in concentrated 

BCPCS systems has also been investigated.14 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 D2O 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.15-20 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 D2O, 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 PAAm133-b-PAA49 was 

described earlier11. PAAm422-b-PAA69 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 C16TABr, of 99% purity, and D2O 

(99.9% D atoms), were purchased from Sigma-Aldrich (USA) and used as received. Deionized 

water with a resistivity above 18.2 MΩ.cm-1, 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 PAAm-b-PAA 

block copolymers employed in this work. 

Block copolymer PAAm / g.mol-1 PAA / g.mol-1 D 1 

PAAm133-b-PAA49 9415 3500 2.12 

PAAm432-b-PAA70 30680 5000 1.63 

1 – D = 𝑀𝑤/𝑀𝑛 , 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.11-13 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 C12L, where the terms C12 and C16 denote the surfactant alkyl 

chain length and S and L refer to the length of the PAAm block in the BCP employed in the 

synthesis; S for the BCP with a short PAAm block (PAAm133-b-PAA49) and L for the BCP with 

a long PAAm block (PAAm432-b-PAA70). 

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 D2O 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−1. 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−1, 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 

javascript:popupOBO('CMO:0000613','b917187h')
javascript:popupOBO('CHEBI:24636','b917187h','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=24636')
javascript:popupOBO('CHEBI:50406','b917187h','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50406')
javascript:popupOBO('CMO:0001883','b917187h')
javascript:popupOBO('CMO:0001883','b917187h')
javascript:popupOBO('CHEBI:50406','b917187h','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50406')
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this work was the stimulated echo (PFG-SE) with a pulse sequence of 90°-τ1–90°-τ2–90°-τ1–

echo.15  In this experiment, the attenuation of the signal intensity  𝐼 is given by15 : 

         𝐼 =  𝐼𝑜exp (−𝐷𝛾2𝛿2𝑔2 (∆ −
1

3
𝛿))  (1) 

where 𝐼𝑜 is the signal intensity in the absence of gradients, 𝐷 is the translational diffusion 

coefficient, 𝛾 is the magnetogyric ratio, 𝛿 is the time of gradient pulse, ∆ 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 by15 

𝐷𝑜𝑏𝑠 =  𝐷𝑓𝑟𝑒𝑒 + (1 − )𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒          (2) 

where 𝐷𝑜𝑏𝑠 is the observed diffusion coefficient of the molecule (surfactant or polyion) in the 

dispersion, 𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the particle diffusion coefficient, 𝐷𝑓𝑟𝑒𝑒 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 𝐷𝑓𝑟𝑒𝑒 in eq. 2, were 

measured and are displayed in Table 2. 

 

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

Molecule D / x 10-10 m2.s-1 

C12TA+a 4.86 

C16TA+b 4.14 

PAAm133-b-PAA49
c 0.66 

PAAm432-b-PAA70
d 0.31 

 

a. In 10 mM C12TABr solution (cmc = 12 mM) 

b. In 0.7 mM C16TABr solution (cmc = 1 mM) 

c. In 10 mM, based on AA monomer, PAAm133-b-PAA49 solution 

d. In 10 mM, based on AA monomer, PAAm432-b-PAA70 solution 
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The self-diffusion coefficients for particles or molecules at infinite dilution, D0, can 

be obtained by considering obstruction effects according to:21 

𝐷𝑜𝑏𝑠 = 𝐷𝑜 (1 − 𝑘)   (3) 

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,22 which gives 𝑘 ~ 0.75.23 The  values were calculated assuming that the density 

of the BCPCS is 1 g/cm3 and assuming that the particle’s cores contain 50 vol% of water. The 

D0 can be converted to effective hydrodynamic radius, < 𝑅𝐻 >0, according to:21 

< 𝑅𝐻 >0= 
𝑘𝑇

6𝜋𝑜𝐷𝑜
  (4) 

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

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 (λ= 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 (θ) of 90° for 0.001-0.01 wt% dilute samples. 

By extrapolating the diffusion coefficients (D) to concentration c = 0, the effective D values 

(D0), i.e. the D values at infinite dilution, were obtained for the investigated particles and 

converted to effective hydrodynamic radius, < 𝑅𝐻 >0, according to eq. 4. The obtained results 

are displayed in Figure S1 and Table S1. 

 

Results 

Intact Samples. Samples containing C12S, C16S and C12L at 1.0 wt% 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 1H 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 (○) polyion (□) in 

C12S; C16TA+ ions (○) polyion (□) in C16S; C12TA+ ions (○) polyion (□) in C12L. 

 

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 1H 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. 
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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 < 𝑅𝐻 >0 , the results are shown in Figure 5. These sizes were 

also compared with the < 𝑅𝐻 >0 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 

wt%, 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 < 𝑅𝐻 >0 values obtained by DLS and by PFG NMR. 
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Figure 4. Effective hydrodynamic radius, < 𝑅𝐻 >0, obtained for polyions by PFG NMR in intact samples at 1 

wt%. As a comparison, < 𝑅𝐻 >0 for BCPCS particles obtained by DLS is also shown (blue squares). 

 

The fraction of dissociated surfactant ions () 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,  𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 was assumed to be given by the measured 

self-diffusion coefficient of polyions. Surprisingly, for intact samples (Figure 1B), equation 2 

gave very high  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  

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, resulting16 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  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 (), and the results are shown in Figure 7.  
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Figure 7. Fraction of dissociated surfactant ions () 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 𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 equals 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.5,6 Interestingly,  is significantly larger for C12L, 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.22 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. 
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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 D2O. Red lines represent the linear fits used to extrapolate data to c = 0. 

 

Table S1. Effective hydrodynamic radii (< 𝑅𝐻 >0) for BCPCS dispersed particles in D2O 

obtained by DLS and data displayed in Figure S1. 

BCPCS < 𝑹𝑯 >𝟎 / nm 

C12S 104.7 

C16S 100.9 

C12L 109.3 

 

Conductivity 

Aqueous solutions of C12TABr and C16TABr 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 C12L 

intact samples at 1 wt% is also displayed in the same figure (horizontal lines). If one assumes 

 = 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 C12L, 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 () of C12TABr solutions as a function of C12TA+ surfactant ion concentration (open 

symbols). The horizontal lines denote the conductivity of C12S (red) and C12L (blue) intact samples at 1 wt%. (B). 

Conductivity () of C16TABr solutions as a function of C16TA+ surfactant ion concentration (open symbols). The 

horizontal green line denotes the conductivity of C16S 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.1 More 

recently, the conjugation of metal NPs to other nanomaterials, including polymer-based 

structures (micelles,2-6 microgels,7-8 particles9-10), carbon nanotubes,11 dendrimers,12 cellulose 

nanocrystals,13 silica and other inorganic nanoparticles14 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.6,15,16 

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.6 Using this 

approach, several nanoconjugate systems have been described in the recent years, aiming at 

different potential applications. Block copolymer micelles;2-6 pH- and temperature-responsive 

microgels7-8 and cross-linked polymer particles9-10 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.17-24 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) 

approach21-24, 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.22,23 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.17-20 

Because liquid crystalline particles have been widely studied for a variety of 

applications25, specially the loading and release of substances, and have been reported to display 

long-term colloidal stability,22,23 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 



133 

 

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.26,27 

 

 

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 PAAm422-b-PAA69, 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 (1H-NMR) and gel permeation 

chromatography (GPC). Dodecyltrimethylammonium bromide, (C12TABr), Silver Nitrate 

(AgNO3), Tetrachloroauric Acid Trihydrate (HAuCl4.3H2O), Poly(N-vinyl-2-pyrrolidone) 

(PVP) 50 KDa, Sodium Borohydride (NaBH4) and Sodium Chloride (NaCl) were purchased 

from Sigma-Aldrich (USA). Benzyl Alcohol (C7H8O), Benzoic Acid (C7H6O2), Potassium 

Carbonate (K2CO3), Ethyl Acetate (C4H8O2) and Hydrochloric Acid (HCl) were purchased 

from Synth (Brazil). Mineral Oil Nujol® was purchased from Mantecorp (Brazil) and consisted 

in a mixture of higher alkanes from C15 to C30. 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 MΩ.cm-1, 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.21-23 Briefly, the hydroxide form of the 

dodecyltrimethylammonium surfactant, here abbreviated as 𝐶12𝑇𝐴+, 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 1:1.17-20 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.21-23 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 (DH) of the particles were determined using the Stokes–Einstein 

relationship for translational diffusion. The zeta potential (ζ) 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 

μL) 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.28 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 HCl 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 (SCSOCH2CH3) terminal groups bounded to the PAAm block were 

reduced to thiol groups by a reaction with excess sodium borohydride, as described 

elsewhere.6,29 The amount of converted thiol groups was determined by the Ellman’s method30 

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 HCl 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.31 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 HCl 1 M and washed 

with 3 portions of 4 mL ethyl acetate. The organic phase was then analyzed by UV-Vis 

spectroscopy (λ = 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 41/2:51/2:61/2, indicated a Pm3̅n 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.21-23 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. 21-23 
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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 (DH) 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 17-23 

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.22 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.22 
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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.17-20 The SAXS data (Figure S4) displayed no scattering peak, 

confirming the amorphous nature of the CP particles. As discussed in detail in a previous 

report22, 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 elsewhere28 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.32 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.32,33 In 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 PAAm 

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.6,29 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 6.6x10-21 µmol.nm-2, 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. 
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               SAXS data (Figure 2) indicated that, upon attachment of metal NPs to the CS particles 

surface, their liquid crystalline cores remained Pm3̅n 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 NPs34 and gold 

nanorods35. 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 DH 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.12 

             CP particles (thiol content of 6.9x10-21 µmol.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 aggregation32,33, 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 32, 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 separation22. 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. 

 

 

Figure 6. UV-Vis spectra of CS-Ag (A) and CS-Au (B) conjugates as a function of NaCl 

concentration and solution pH. 
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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 

Gaussian fits (red lines) for emulsions stabilized by CS-Ag: freshly prepared (A) and after 3 

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.26 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 years1,36,37, 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.28,31,38,39 In addition, a variety of reports have shown the 

great catalytic efficiency of Au-supported NPs in the aerobic alcohol oxidation.40-42 

                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 

(λmax = 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.31 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,31 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 Co 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 Conversion / % k / h-1 TOF / h-1a,b 

Ag 49±5 0.144±0.021 4.0±0.4 

Au 84±1 0.161±0.018 7.0±0.2 

CS-Ag 45±3 0.145±0.019 3.8±0.2 

CS-Au 82±2 0.172±0.013 6.8±0.2 

a. defined as the number of converted moles of benzyl alcohol per metal moles per hour28 

b. calculated for reaction time in which the product concentration remained unchanged. 
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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.28 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 NPs28,31,38,39 or supported NPs40-42, 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 S1. Variation of absorbance at 412 nm as a function of thiol (SH) concentration in 

standard L-Glutathione solutions analyzed by UV-Vis spectroscopy. 
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Figure S2. Variation of absorbance at 230 nm as a function of benzoic acid in standard solutions 

analyzed by UV-Vis spectroscopy. 
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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 S5. Size distribution obtained by DLS (A) and zeta potential values (B) for CP particles 

and CP particles conjugated to Ag (CP-Ag) and Au (CP-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, triplicate of independent preparations. 

 

 

Figure S6. TEM images and size distribution histograms (n = 200) with Gaussian fits for Ag 

(A) and Au (B) NPs. 



164 

 

 

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 S10. UV-Vis spectra of (A) CP-Ag and (B) CP-Au conjugates 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 activitya of the investigated nanoconjugates with 

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

NP size / nm Polymer Coating Alcohol to 

Au molar 

ratio 

Conv. / % TOF / h-1 Ref. 

3.0 Poly (o-phenylenediamine) 33 95 5.5 1 

1.3 Poly(vinylpyrrolidone) 50 99 8 2 

2.5 PICBb 100 99 4 3 

5.0 Poly (o-phenylenediamine) 200 53 18 4 

6.7 Poly(1-vinylpirrolidin-2-

one-3-carboxylate) 

100 83 21 5 

a. Reaction in aqueous phase, at room temperature, base: K2CO3, oxidant: ambient air. 

b. polymer-incarcerated bimetallic nanocluster catalyst 
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